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ARTICLE INFO ABSTRACT

Keywords: The present work deals with QbD-based development of FEB-loaded nanoemulsion (FEB-NE) in
Quality by design order to enhance bioavailability and permeability. In the beginning, the risk assessment was
Febuxostat i performed on different experimental variables using the Ishikawa diagram followed by FMEA
B?X be.hnkfa.l design study in order to find critical process parameter (CPP) and critical material attributes (CMAs). To
Bioavailability

build quality in nanoemulsion, the quality target product profiles (QTPP) and critical quality
attributes (CQAs) were determined. The different batches of FEB-NE were produced by the
microemulsification-probe sonication method. Effect of varying levels of independent variables
such as oil concentration (X;), Smix concentration (X3), and amplitude (X3) on responses such as
globule size (Y;), zeta potential (Y3), and entrapment efficiency (Y3) were studied using Box-
Behnken design (BDD). FEB-NE formulation was optimized using a graphical and numerical
method. The optimized formulation concentrations and their responses (CQAs) were located as
design space in an overlay plot. The spherical shapes of globules were visualized by surface
morphology using AFM and TEM. In vitro dissolution study showed 93.32% drug release from the
optimized FEB-NE formulation. The drug release mechanism followed by the formulation was the
Higuchi-matrix kinetics with a regression coefficient of 0.9236 (R?). FEB-NE showed enhanced
permeability using PAMPA (artificial non-cell membrane) and everted gut sac model method. The
developed optimized FEB-NE exhibited the enhancement of bioavailability by 2.48 fold as
compared to FEB-suspension using Wistar rats suggesting improvement of solubility of a lipo-
philic drug. The optimized batch remained stable for 90 days at 4 °C and 25 °C. Thus, QbD-based
development of FEB-NE can be useful for a better perspective on a commercial scale.
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1. Introduction

Febuxostat (FEB) is a potent and novel orally administered non-purine selective xanthine oxidase inhibitor used for the treatment of
gout [1]. It works as a xanthine oxidase inhibitor for its oxidized and reduced forms [2]. It is recommended typically to reduce the
urate level in patients suffering from gout [3]. Gout is produced by a condition known as hyperuricemia, where an excessive deposition
of uric acid in joints by which the patient experiences tremendous pressure and pain. Hyperuricemia is a risk factor for patient who has
serum urate levels of more than 6.8 mg/dL due to the production of monosodium urate crystals (MSU) [4].

To manage such a painful form of arthritis, FEB is a drug of choice for chronic gout conditions approved by the FDA (United States
Food and Drug Administration). FEB is a weak acid (pKa value 3.08) and falls under the category of class Il having limited solubility
and high permeability [5]. The oral bioavailability is hindered due to the first-pass effect and the concentration of drug is decreased by
38-39% in presence of food which results in reduced clinical applications [3].

Hence, there is a strong need to develop a new approach with novel formulation development for the treatment of gout. Several
formulations containing FEB exist in the market for oral administration. In that, self-microemulsion [6], liposomes [7], and nano-
emulsion [8]. A literature survey showed several reports on nanocrystals [9], neosomal gel [3], and nanosuspension [5]. However,
these formulations have their limitations like low entrapment efficiency, leakage issues, and lack of stability [10]. Apart from these,
scale-up difficulty, high manufacturing cost, and storage stability are the issues of liposomes [11]. Moreover, the sedimentation and
compaction problems of suspension [12] and reduced shelf life, aggregation, drug leakage, instability, and a fusion of vesicles of
neosomal gel [10,13] are the several issues that limit its clinical applications.

Among these strategies, the nanoemulsion (NE) formulation has emerged recently as a versatile and emerging choice that provides
steric stabilization potential between droplets, ease of absorption, increased solubility, permeability of drugs, and targeted delivery of
drug [14,15]. The selection of excipients is equally important for the development of NE that can provide the platform for various
insoluble drugs which results in higher drug loading and improve stability issues for commercial potential [10].

Despite the advantages, there are still certain legal issues and unanswered questions regarding the development of nano-
formulations. Numerous attempt has been made for the optimization process of NE involving one variable at a time (OVAT) while
keeping other variable constants in which interactions of variables and their effect is not possible [16,17]. The development of
products is traditionally by quality by testing (QbT) technique which is outdated and has no guarantee of quality for the developed
product [18]. Many government bodies such as USFDA, EMEA, and MHRA do not encourage QbT. It is very commendable to use a
quality-by-design (QbD)-based strategy in novel formulation development [19].

QbD is extremely recommended for building predefined quality in product with assurance and understanding at a higher level.
Time and cost saving is one of the benefits during development of a product using QbD. International Council for Harmonisation (ICH)
guidelines such as Q8: Pharmaceutical Development, Q9: Quality Risk Management, and Q10: Pharmaceutical Quality System
highlighted requirements and necessary implementation of regulatory bodies like FDA and EMA [20].

In the present paper, we prepared FEB-loaded NE by microemulsification-probe sonication method using QbD based approach
concerning the context of the predecided quality target product profile (QTPP). Secondly, elements of QbD framework such as critical
process parameters (CPPs) and critical quality attributes (CQAs) have been identified whose variability affects the QTPP [21]. For the
development of NE, the experimental variables were isolated by risk assessment techniques which results in the prediction of pa-
rameters that affects the product quality. Several experimental runs and optimized FEB-NE formulation were performed using
Box-Behnken Design (BBD). The morphology of globules was studied by atomic force microscopy (AFM), and transmission electron
microscopy (TEM). Drug release was monitored using dissolution studies. Permeability of FEB was observed using non-cell artificial
membrane method and gut sac model method. The in vivo studies using Wistar rats were conducted for improved bioavailability.

2. Materials and methods
2.1. Materials

FEB (Purity >99.0%) was kindly gifted by Lupin Research Park Pvt. Ltd. (Aurangabad, India). Various oils such as Captex 355P,
Captex 200P, Captex 355P, Capmul MCM, Capmul PG-12, and Capmul MCM were donated by Abitec Corporation Ltd. (Germany).
Labrafil, Lauroglycol™ 90, Transcutol HP, Labrasol, and Capryol 90 were obtained as a gift from Gattefosse Pvt. Ltd. (USA). Sunflower
oil, Oleic acid, Cotton seed oil, and Olive oil were purchased from the local market. Various surfactants such as Tween 80, Tween 20,
Span 80, PEG 200, and PEG 400 were obtained from Jinendra Scientific Pvt. Ltd. (Jalgaon, India). Lipoid E80 was gifted by Lipoid
GmbH (Germany). Methanol (Pure) and Ethanol (Pure) were obtained from Merck (India). Dimethyl Formamide (DMF) and Dimethyl
Sulfoxide (DMSO) were bought from Jinendra Scientific Pvt. Ltd. (Jalgaon, India). Double distilled water (DDW) was prepared in the
laboratory. The remaining chemicals and required reagents of analytical grade were procured and used in our experiment without re-
purification.

2.2. Animals

Wistar rats (male) around weight 175-185 g were allotted and housed in a cage with the provision of light and air in the laboratory
of R. C. Patel Institute of Pharmaceutical Education and Research (An Autonomous Institute) Shirpur, Dhule. Animals were kept to
acclimatize for 7 days before the study and provided with free water, feed, light, and air.
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2.3. Methods

2.3.1. HPLC analysis

The amount of FEB was established with slight modification by RP-HPLC method using the earlier reported method [1]. Briefly,
chromatography was performed using column, princetonSHER Ultima C-18 as a stationary phase with a dimension of (250 mm x 4.6
mm x 5 pm). The mobile phase consisting of Methanol: Potassium Dihydrogen Phosphate 10 mM Buffer, pH: 6.8 (70:30) was pumped
with a flow rate of 1.2 mL/min. The sample of volume 20 pL was injected into the HPLC system and detected by Waters 2996
Photodiode Array Detector (PDA) at 315 nm. The calibration curve was constructed using a linearity range 10-50 pg/mL and obtained
the regression coefficient (r? = 0.999). The estimated and developed method was validated in accordance with guidelines rendered by
ICH Q2 (R1) (2005) [22].

2.3.2. Choice of oil

For development of NE, the screening of oils and surfactants was performed. The described previously shaking flask process was
used for the assessment of solubility of FEB in various oils and surfactants [23]. The oil sample (1.0 mL) mixing with an excess quantity
of FEB was mixed with the aid of cyclomixer at a room temperature for a period of 48 h (Remi CM-101).

The oils used for screening such as Capmul PG 12, Captex 355P, Captex 200P, Cottonseed oil, Sunflower oil, Olive oil, Capmul
MCM, Labrafil, Oleic acid, Peceol, and Lauroglycol 90 respectively. Equilibrated samples were centrifuged and the supernatant was
isolated.

Further, the supernatant was filtered employing a 0.45 pm membrane filter. It was diluted suitably with methanol and amount of
FEB was analyzed using absorbance at 315 nm on UV-visible spectrophotometer [24]. Each study was accomplished in triplicate.

2.3.3. Choice of surfactant

The appropriate surfactant was screened based on the highest solubility of FEB in the surfactant [25]. The surfactants such as
Tween 80, Tween 20, PEG 200, PEG 400 Transcutol HP, Labrasol and Capryol 90, and Lipoid E80 were screened for solubility of FEB. In
brief, an excess quantity of FEB was added to a test tube containing a fixed amount (1 mL) of surfactant and mixed for 5 min with a
vortex mixture (Vortex-GeNei 2). Further, this sample was centrifuged at 4000 rpm for 10 min. The separated supernatant was diluted
suitably using methanol and absorbance was taken at 315 nm. Thus, the dissolved amount of FEB was determined in triplicate using a
calibration curve constructed previously [26]. Further, co-surfactant (as a secondary surfactant) was selected based on solubility and
HLB values. Thus, surfactant and co-surfactant and their ratio were decided based on particle size, stability, and HLB value [27].

2.3.4. Pseudoternary phase diagram to optimize the NE components

In order to construct pseudo-ternary phase diagram, the screened components such as oil, surfactant, and co-surfactant were
utilized in the spontaneous emulsification method [28]. Initially, the different ratios of surfactant and co-surfactant (1:1, 2:1, 3:1, 4:1%
w/Vv) were selected to prepare Spx at room temperature. Afterward, selected oil and specific Spx in varying ratios 1:9 to 9:1% w/v to
mark out the phase boundaries were mixed. The resulting solution was titrated against double-distilled water with stirring to obtain an
equilibrium phase. The solution was observed for clear, translucent, and single-phase NE. This NE was kept for 12 h under observation
for phase separation and after confirmation of the unseparated NE, a ternary phase diagram was constructed using CEMEX school
software [15,29].

2.4. QbD-based nutshell

2.4.1. Assignment of QTPP for NE

In QbD based nutshell, the development of NE was initiated by assigning QTPP with a view of a patient-centric approach [16].
Several factors in association with QTPP and their justifications are summarized in Table 1. The experimental attributes (CQA) such as
globule size, zeta potential (ZP), and entrapment efficiency (EE) are the responses for the experimental variables. Table S1 (provided as
supplementary) summarized the experimental attributes (CQA) and their justifications.

Table 1
QTPP elements for production of nanoemulsion with their justification.
QTPP Target Justification(s)
Dosage form Nanoemulsion Liquid dosage form is a preferred choice of adults and childrens
Dosage Type Controlled release Superior absorption potential possible with controlled release
Route of Oral Most preferred route for all includes adults and childrens for the treatment of Gout
administration
Drug content 85-95% To maintain therapeutic requirement and need of treatment
Drug release More than 85% Required for effective therapy and improve bioavailability of drug
Pharmacokinetics Maximum Cmax, Tmax and AUC The maximum plasma concentration attained vurses time provides higher drug absorption rate
determines performance and extent including evaluation of efficacy and safty data
Stability 12 months The therapeutic potential of the drug in nanoemulsion stabilies during storage period
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2.4.2. Risk assessment studies

Experimental factors involved in the development of NE were identified by plotting the Ishikawa diagram (Fig. 1). The factors
which possess risk and have an effect on responses were studied using FMEA based on RPN score. All these elements are based on
scientific knowledge, literature, and past experience [30]. The RPN score formula was determined using the product of severity (S),
occurrence (0), and detection (D).

Thus, based on RPN score, the identified experimental variables i.e. CPPs and CMAs were employed with three different levels (i.e.
low, medium, and high) to investigate the influence on critical attributes using BBD method.

2.4.3. Preparation of optimized placebo NE

After several trials, a transparent NE was obtained from a pseudo-ternary phase diagram. This batch was used as an optimized batch
and considered to be a placebo formulation for further study. Various primary parameters of the placebo batch were examined which
include, heating-cooling cycle, freeze-thaw test, and centrifugation test of NE [26]. The creaming, phase separation, and opalescence of
NE were observed visually. The optimization of the formulation was done based on the desired clarity, globule size, ZP, and EE.

2.4.4. Heating cooling cycle and centrifugation test

For the heating and cooling cycle, the placebo formulation was placed at 4 °C (refrigerator temperature) to 45 °C (high temper-
ature) for at least not less than 48 h. Each formulation was subjected to six cycles in order to determine the results.

Phase separation was conducted by centrifugation method in which each formulation was centrifuged at 2000 rpm for 15 min using
an ultracentrifuge (Beckman colter Optima max-XP) [31]. A qualifying formulation was used for further studies.

2.4.5. Freeze-thaw test
The stability of NE was further observed in various conditions using Freeze-thaw cycle. The rapid and sudden temperature change
applied to the test sample of NE can experience in several shipping process [32].

2.4.6. Production of FEB loaded nanoemulsion (FEB-NE)

The components were selected for the preparation of NE based on preformulation studies such as solubility test and pseudo-ternary
phase diagram. The nanoemulsion (NE) containing FEB was formulated by the microemulsification-probe sonication method [27].
Schematic representation for the production of NE are shown in Fig. S1. Briefly, a measured amount of Captex 200P and Sp;x (2:1) was
mixed using a magnetic stirrer (Remi 2 MLH) with 700 rpm and maintaining a temperature above 45 °C. To this phase, the required
amount of FEB was incorporated. On the other hand, the water phase maintained the same temperature as that of oil phase. Here, the
order of mixing of excipients was significant in the preparation of NE.

The aqueous phase was added dropwise into the oil phase using a syringe while stirring to form a microemulsion. Further, this
preparation was homogenized using Ultra Turrax (IKA-T23) at 11,000 rpm for 9 min at 50-60 °C. The sample was then applied to ultra-
sonication using a probe sonicator (PCI Analytics Pvt. Ltd., Mumbai, India) with optimized 40% amplitude to obtain NE. The hot NE
was subsequently kept aside at room temperature for further study.

2.4.7. Box-Behnken Design (BDD)
The influence of various experimental variables was investigated using BDD of the experiment. For the development of FEB-NE and
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Fig. 1. Ishikawa diagram showing relationship between CPP and CMA for the preparation of NE.
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its optimization BDD with three factors, three levels were chosen. This is the best experimental model for response surface method-
ology. Because it allows to facilitate evaluation of the quadratic model parameters and the construction of subsequent designs. The lack
of fit of the model recognization and appropriate use of blocks can be possible. Moreover, using this design, experimentation under
extreme conditions can be avoided so as to obtain satisfactory results. In addition, in BDD design allows fewer experimental runs where
the number of factors is three [32].

The experimental variables were selected based on the screening methodology for employment in the design of experiments (DoE).
The oil (X;%) and Spix (X2%) and amplitude (X3%) were selected as the experimental variables with three coded levels (-1, 0, +1)
which have an impact on responses such as globule size (Y1), ZP (Y3) and EE (Y3). In this design, 17 experiments were run of which 5
experiments were replicated (Table 2). Data were analyzed using Design Expert-12 software and responses were considered significant
using ANOVA when probability (P) values were less than 0.05.

The polynomial equation obtained from the design is

Y :,H() + ﬁ]Al + /}zBZ +ﬁ3C3 + ﬁlz AB; + /}13A1C3 T ﬁnAan
Where Y is the response of experimental factor f3, is the intercept, # 1 to § 13 is the regression coefficient of respective variables.

2.4.8. Optimization of FEB-NE using BDD

The BBD can be applied for the optimization of NE formulation after the study of responses or variables. The optimization of NE
containing FEB was directly determined by graphical and numerical methods [33]. Based on the observations and constraints, the
desirability approach was considered for the optimized concentrations of factors followed by analysis using statistical methods.
Thereafter, the 3D response surface overlay plot and the contour plot were obtained for the concentration of optimized NE formulation.

2.5. Identification test of FEB-NE

In order to identify the type of NE, the basic identification test such as dilution test, conductivity test, and staining test was per-
formed in triplicates using optimized NE.

2.5.1. Dilution test, staining, and conductivity test

The rationale behind the dilution test of FEB-NE is to assess the cause of instability. Dilution was made in the ratio of 10:1 by adding
distilled water to the prepared NE to ensure stability [32,34]. The Lysochrome (diazo dye) was mixed with NE appropriately and
examined under the optical microscope. The conductivity test is performed for the electrically conductivity of NE preparation. In order
to find out the nature of NE (O/W or W/0), electrical conductivity (o) test was performed by a conductivity meter (Systronics, India).
The Pt/platinized electrodes were immersed in the NE formulation and electrical conductivity was observed digitally [32].

Table 2
Experimental variables with their actual responses using Box-Behnken Design (BDD).
Experimental variables Responses
Run  Oil concentration (X;) Smix concentration (X5) Amplitude (X3) *Globule size *Zeta potential *Entrapment efficiency
(%) (%) (%) Y1) (Y2) (Y3)

1 2.00 1.75 30 76.54 + 1.82 —26.5 + 1.02 89.6 + 0.01
2 2.00 1.75 50 67.91 +1.21 —26.0 + 1.62 87.62 + 0.12
3 2.50 2.00 30 73.20 + 0.01 —27.4 +£1.52 90.1 £ 0.32
4 2.00 2.00 40 53.83 + 1.53 —27.29 + 1.65 86.76 + 1.01
5 1.5 1.75 40 74.88 + 0.52 —23 £ 1.05 78.32 £ 0.19
6 2.00 2.25 50 73.61 + 0.14 —31 +£1.65 88.43 +1.23
7 2.00 2.00 40 53.83 + 0.65 —27.29 £+ 0.65 86.76 +£ 1.12
8 1.50 2.25 40 49.39 + 0.65 —30 + 0.95 93.43 + 1.74
9 2.00 2.00 40 53.83 + 0.74 —27.29 £ 1.85 86.76 + 1.52
10 1.50 2.00 50 34.85 + 1.04 —26.5 +1.23 83.42 +1.20
11 2.50 2.25 40 108.5 + 1.01 —39.5 +1.32 94.32 + 1.02
12 2.00 2.25 30 78.40 + 0.24 —37.6 £ 0.65 86.7 £ 1.08
13 2.5 1.75 40 75.48 + 0.95 —-11.8 £ 0.91 91.05 + 0.52
14 2.00 2.00 40 53.83 £ 1.65 —27.29 £ 1.02 86.76 + 0.35
15 2.00 2.00 40 53.83 + 1.22 —27.29 + 1.62 86.76 + 0.81
16 2.5 2.00 50 61.77 £ 1.52 —28.3 +£1.80 92.65 + 0.14
17 1.5 2.00 30 55.41 +1.02 —-27.2+0.12 84.2 +£ 1.65

Coded high values=(-1), Coded middle/mean values=(0), Coded low values=(+1), Maximum alpha values (axial points)= (+a), Minimum alpha
values (axial points)= (-a).
The values of responses are presented as mean + SD, (n = 3); *Values are measured by dynamic light scattering.
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2.6. Characterizations of FEB-NE

2.6.1. Globule size and PDI

The mean globule size was assessed by a Zeta sizer (Malvern, Worcestershire, UK) instrument. The sample solution was prepared by
diluting NE in distilled water in a ratio of 1:100 to avoid multiple scattering. This solution was poured into the disposable cuvette and
measured at room temperature. PDI is the width of size distribution in the sample and it was obtained during the measurement of size
in triplicates (mean + SD).

2.6.2. Zeta potential (ZP)

ZP is the potential difference present between a colloidal particle and the surrounding liquid. This is also known as surface electric
charge and the physical stability of the system. The samples of emulsion were diluted suitably using double distilled water and
measured by particle sizer (Nano ZS90, Malvern) with electrical conductivity tuned to 50 puS/cm. The surface charge (ZP) was
calculated using Helmholtz-Smoluchowski equation based on the electrophoretic light scattering technique in triplicates (mean + SD)
[35].

2.6.3. Entrapment efficiency (EE) and drug loading (DL)

The EE was obtained by the reported minicolumn centrifugation method [36,37]. Briefly, a 10% solution (w/v) of Sephadex® G25
M was prepared in ultra-pure water and kept to swell for over 24 h. On the other hand, minicolumn was prepared using a 1 mL syringe
in which a Whatman filter pad was inserted. The swelled Sephadex® G25 M was poured slowly into it and centrifuged for 5 min and
2000 rpm to obtain the packing of gel in the column. Over that the prepared nanoformulation (100 pL) was added slowly and
centrifuged again using the same speed and time. The emulsion traveled through the gel and eluted globules were further broken using
methanol. Subsequently, the sample was diluted and drug (%) was analyzed by taking absorbance at 315 nm spectrophotometrically
(Shimadzu 1700, Japan). The unentrapped drug was bound to the gel. The drug (%) entrapment was calculated by the mathematical
equation

A
% EE = KT x 100
Where A. = amount of FEB entrapped and A; = total amount of FEB existing in 100 pL sample of NE [38].

2.6.4. Drug content

The dilution of NE was prepared for the determination of drug content. The dilution in a proportion of 0.1: 100 with methanol was
made and absorbance at 315 nm was measured spectrophotometrically [15].

The drug content (%) was calculated by the following formula

Calculated quantity of FEB in NE
Initial quantity of FEB NE

Drug content (%) = x dilution factor x 100

2.6.5. pH and shear viscosity
The pH of FEB-NE was measured by a digital pH meter (ThermoFisher Scientific India Pvt. Ltd., Mumbai, India) by immersing the
glass electrode in NE at an ambient temperature [26]. The standard buffers of pH 9.0, 7.0, and 4.0 were used for calibration before use.
The viscosity of optimized NE was determined by RST Cone and Plate Rheometer (Brookfield, Middleborough, USA) with a spindle
C50-1 at a temperature of 25 + 0.5 °C [32,39].

2.6.6. Refractive index (RI) and percentage transmittance

Abbes refractometer was used to establish the RI of NE. This study was performed in triplicates [32]. The percent transmittance was
determined by spectrophotometrically in which measuring the absorbance of NE at 315 nm without dilution and distilled water was
taken as a blank [40].

2.6.7. Surface morphology of FEB-NE

2.6.7.1. Atomic force microscopy (AFM). Surface morphological information of FEB-NE was investigated by Scanning Probe Micro-
scopy (SPM) integrated by AFM coupled with Raman spectroscopy: TriA 100 (A. P. E. Research Nanotechnology, Italy) coupled with a
non-contact cantilever. Freshly prepared NE was diluted in double-distilled water and appropriately spread as a thin film on a mica
sheet. The spread samples were kept for air dry for 24 h at room temperature and thereafter, AFM topographic image with 3D view was
captured coupled with Gwyddion Software for surface morphological analysis. The instrument was operated using 256.23 Hz fre-
quency in scan mode [41,42].

2.6.7.2. Transmission electron microscopy (TEM). TEM was used to evaluate the morphological characteristics of globules such as
shape and size. The sample was prepared and deposited a single drop copper grid previously coated with carbon. An aqueous solution
of phosphotungstic acid (2% w/v) and uranyl acetate (1% w/v) were used as positive and negative contrast respectively. The image
was visualized at an accelerating voltage 200 kV by TEM (Jeol/JEM 2100, Japan) [43].
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2.7. Stablitity studies

Accelerated stability studies were performed for an optimized batch of NE for 3 months. The stability temperature and humidity
conditions i.e. 40 °C £ 2 °C and 75% RH + 5% RH were used as per the standard stability guidelines [44]. The optimized FEB-loaded
NE was filled into three separate vials and placed for stability studies in a stability chamber (Remi CHM-108S, India). Aliquots of NE
were withdrawn at intervals of 0, 45, and 90 days and analyzed for globule size, ZP, and EE [45,46].

2.8. Invitro studies and release kinetics

The in vitro release study was performed by the dialysis bag (MW 12,000-14,000 Da) technique. In brief, at first, the dialysis bag
was soaked overnight in a buffer solution. The FEB-NE (5 mL) was placed in the dialysis bag and tied on two ends of the tube. On the
other hand, the FEB suspension was prepared by using 0.5% carboxymethylcellulose and sealed at two ends to avoid leakage. The
dialysis bag was immersed in 200 mL buffer solution of pH 1.2 simulated gastric fluid (SGF) followed by pH 6.8 simulated intestinal
fluid (SIF) containing SLS (1%) medium maintained at 37 + 0.5 °C with continued stirring at 100 rpm [27]. The study was conducted
for a period of 24 h (first 2 h in (SGF) and then). The 1 mL sample was withdrawn at 0.5, 1, 2, 4, 8, 12, and 24 h and replaced by the
same freshly prepared buffer solution. The FEB-NE and FEB-suspension were examined spectrophotometrically [47].

The release mechanism of the drug was studied by comparing different release kinetic models for EFB-NE and EFB-suspension. For
the best-suited mechanism of drug release kinetics, the high correlation coefficient (Rz) value was selected.

2.9. Permeability study using artificial membrane and everted gut sac

PAMPA study was carried out using the following procedure adopted in our previous paper [27]. The passive permeability was
studied using a parallel artificial membrane permeability assay (PAMPA). In this study, the 96-well filter plate was used for the
permeation study for FEB-NE and EFB suspension (prepared by 0.5% sod. CMC). A freshly prepared phosphate buffer saline (PBS)
solution having pH 6.8 was used throughout the study. BD Gentest coated with a lipid layer was used to obtain permeability of drug. BD
Gentest membrane was inserted into a 96-well filter plate having a donor (upper compartment) and acceptor plate (lower compart-
ment). FEB-loaded NE and FEB suspension were diluted in a buffer (pH 6.8) solution to produce the concertation of 200 pg/mL. This
solution was filled in all wells in donor compartments. The prepared PBS solution was poured into the receptor compartment at
approximately 300 pL. This plate was kept for incubation and after 6 h samples from the donor and receptor were removed and suitably
diluted and subsequently analyzed using HPLC. This study was performed three times. The permeability (Pe) of the solution was found
using the equation given below [48].

P. = —In[1 — CA(t)/Cequi]ibrium]/A X (I/VD + I/VA) Xt

Where, P, indicates permeability (cm/s); A indicates effective area; VD indicates a donor volume, VA indicates receptor volume, t
indicates incubation time (s), CD (t) indicates compound concentration in the donor chamber; CA(t) is a compound concentration in
receptor chamber, and Cequilibrium represents the equation [CD(t) x VD + CA(t) x VA]L.

In addition, we performed everted intestine sac model method (ex-vivo) for complementary support to the PAMPA study. At first,
the rats did not have access to water and feed overnight. After scarifying the animals, a small intestine of length 10 + 0.2 cm was
removed and used for permeability study. The excised gut sac was reverted by using a glass rod. It was then washed with water and
kept in ice-cold KRB buffer solution. The sac was closed at one end and the sample solution of 1 mL was filled by second end and tied
properly. The prepared sac filled with the sample was kept in KBr buffer solution with supply of oxygen at a 37 °C temperature. At the
regular interval of time, 0.5 mL volume was withdrawn and replenished to maintain sink condition. The withdrawal sample was
suitably diluted and analyzed by UV-visible spectrophotometer in triplicates. The rate of drug transport through the sac over time was
calculated to obtain the permeability [10,27].

The permeability (Papp) was calculated by following equation, Papp = 52

where, J is designated as permeation flux, A is designated as surface area and Ci is denoted as initial drug concentration.

2.10. In vivo oral bioavailability study

The oral bioavailability study was performed using Wistar male rats approximately weighing 175-185 g. The animal experiment
procedure was prepared and approved by Institutional Animal Ethics Committee (IAEC), RCPIPER, Shirpur. All the experiments using
animals were performed by following the revised 1923 guidelines NIH publication No. 8023.

For this study, Wistar rats were divided into three cages and each cage having 6 rats. Animals were kept without feed for 12 h before
the study. The animal groups were categorized into FEB-NE, control, and FEB-suspension. The animal oral dose was calculated as 10
mg/kg and administered orally through oral gavage to the test group. The control group was administered only vehicle via same route
using oral gavage and FEB-suspension (prepared by adding 1% sodium carboxymethyl cellulose) was given to FEB-suspension group.
Before this, anesthetic solution composed of mixing ketamine and xylazine in 10:1 proportion was administered to the rats intra-
peritoneally [49]. The blood samples were withdrawn approximately 2-2.5 mL from retro-orbital plexus at various time points such as
0.5, 1, 2, 4, 8, and 24 h. Blood samples were collected in an eppendorf tube. The samples were mixed thoroughly by a di-sodium EDTA
solution to avoid clotting. Further, these Eppendorf tubes were shaken completely followed by ultracentrifuged at 3500 rpm for 15 min
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at 4 °C to separate the plasma. The separated plasma was stored in the refrigerator for further analysis [50].

The plasma was precipitated by adding ethyl acetate in 1:3 ratio (plasma: ethyl acetate). The prepared mixture was vortexed
properly followed by centrifugation (4000 rpm and 10 min) for separation of supernatant and precipitate. An aliquot was prepared
from the separated supernatant and blended with mobile phase and analyzed by HPLC (Waters Alliance 2695 Separation Module)
system. The data was obtained from the software (EmpowerTM FR3) installed in Waters HPLC system. Analysis was performed by
isocratic separation with a flow rate 1.2 mL/min.

2.11. Statistical analysis

All the calculations were performed by the Microsoft excel sheet enabled with PK solver 2.0 software. A non-compartmental study
enabled with a trapezoidal technique was studied to evaluate the pharmacokinetic parameters. Graph Pad Prism Ver. 4.0 enabled in
Computer was used for the analysis of statistical data. Afterward, Student’s t-test, one-way ANOVA followed by Dunnett’s tests were
analyzed and P < 0.05 was considered statistically significant. All the results were written in Mean + SD.

3. Results and discussion
The nanoemulsion is an effective delivery system for the lipophilic drug in order to facilitate ease of absorption, permeability, and

bioavailability. For the building of quality in the design of nanoemulsion formulation, QbD-based statistical optimization was per-
formed. This formulation was further investigated for physicochemical characterizations, permeability, and bioavailability studies.

3.1. Selection of right oil for development of NE

0Oil is an important component for the development of NE. The oil facilitates the entrapment of drug inside the globules. Hence it
was a crucial step in the development of NE. Captex 200P oil was chosen among the tested oils because it showed the highest solu-
bilization potential for FEB. The solubility behavior of the model drug FEB was displayed in Fig. S2.

3.2. Selection of appropriate surfactant for the development of NE

For the development of NE, the selection of proper surfactant is of utmost important for the stabilization. Surfactant reduces the
surface Gibbs-free energy and interfacial tension. They act by the mechanism of electrostatic and steric stabilization which results in
the inhibition of globule growth [5].

‘water water

Fig. 2. Pseudoternary phase diagram plotted with a) Captex 200P, Sp,ix (1:1), and water, b) Captex 200P, Sp;x (2:1), and water, c) Captex 200P, Spix
(3:1), and water, d) Captex 200P, S,ix (4:1), and water.
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Of the various surfactants, Tween 80 possesses the highest solubility of the drug and hence it was screened. The development of the
NE with Tween 80 alone reduces the particle size and less stability after keeping a long period. This might be due to insufficient
stabilizer required to cover the drug particles [5]. Thereafter, the NE was developed using an appropriate blend of Tween 80 and Lipoid
E50 which achieved minimized globule size with stable NE [15].

3.3. Preformulation and pseudo-ternary phase diagram for nanoemulsion (NE)

Before the process initiation, the first step was a screening of starting components for the formulation of NE. The screening study for
oils and surfactants was performed using the shake-flask method. Captex 200P as potential oil was screened among the oils tested.
Tween 80 and Lipoid E 80 were selected as potential surfactants used for stabilization. The higher solubility of drug in the oil and
surfactant is a function of entrapment efficiency and drug content.

Further, the appropriate ratio of surfactant-cosurfactant was finalized on the basis of the pseudo-ternary diagram. This diagram was
utilized for the determination of the emulsification region and precise Sp;x ratio to obtain a clear and stable emulsion. The excipient
selected for the preparation of NE should be miscible with each other. The Spix was prepared by several concentrations (1:9 to 9:1) of
Tween 80 and Lipoid E80 as surfactant-cosurfactant. Fig. 2 shows the NE region in the pseudo-ternary phase diagram. This figure
represents the minimum NE region for Spix 1:1 and the maximum Sy region for 2:1 was observed.

The colored portion represents the emulsification region and the uncolored represents turbid region. In this experiment, we took
different concentrations of Spix (1:1, 2:1, 3:1, 4:1). During this process the different emulsification regions (colored) were obtained and
this was totally based on aqueous titration [15]. The ratio 2:1 of Spix was found to be optimum for the NE formation and higher
stability was obtained. The three formulations were isolated as optimum for the NE because of higher stability and clarity. The ratio
1:9, 2:8, 3:7 (Oil: Spx ratio) was found optimum with the proper optimum Sy, ratio 2:1. After the application of stressed conditions
such as freeze-thaw cycle, heating-cooling cycles, centrifugation test, the optimum formulation was ensured in a ratio of 3:7 (Oil: Spix
ratio). Thus, this formulation was considered for further study and characterization.

3.4. QbD based nutshell

3.4.1. Assignment of QTPP

FEB loaded NE was initiated by assigning QTPP which was the features of drug release, pharmacokinetics, and stability. For the
targeting of the QTPP, the optimized quality attributes were identified such as globule size (Y1), ZP (Y2), and EE (Y3) to achieve the
desired product. These attributes were selected as response variables in BDD on the basis of various experiments and available
literature.

3.4.2. Risk assessment studies

The risk assessment steps were performed using FMEA (Table S2) for the identification of quality risk factors that could be used for
the production of NE [51]. The isolated experimental variables were enabled with the highest risk via the ranking-based system. This
system directly had an impact on the performance of the formulation. Hence, the isolated CPP i.e. Amplitude (%), CMA i.e. Oil (%), and
Smix (%) were considered as critical based on the RPN score. Thus, amplitude received the highest score to qualify in risk assessment
study because it has a unique quality to achieve globule size at nano level. Oil was considered as highest RPN rank due to the high
solubility of drug in oil. And due to this reason the drug content, entrapment efficiency, and drug release were efficient. The Spix
concentration stabilized the emulsion for a long time because of surfactant characteristics to prevent aggregation and agglomeration
and hence was selected as critical.

3.4.3. Effect of experimental variables using BDD

The design expert suggested different batches of FEB-loaded NE and run simultaneously to assess the effect of responses. The
globule size was found in the range required for the NE by the participation of oil, a combination of surfactant, and optimum
amplitude. ZP was one of the crucial responses in the design for the stabilization of NE. EE depends on the solubility of drug in oils and
was a function of the percent drug successfully entrapped in the globules.

3.4.4. Effect on globule size
The globule size is the response of the experiment depicted in Fig. S3. It ranged from 34.85 + 1.04 nm to 108.5 + 1.01 nm for all the
batches of BDD. The polynomial equation for globule size (Y;) shows in eq. (1).

Globule Size (Y;) = 53.83 + 13.05 x X;+1.89 x Xo— 5.68 x X3+14.63 x X; x X,40.96 x X5 x X342.71 x X7+20.52 x X3—0.23 x X3 ...(1)

Globule size has a synergistic relationship with the concentrations of oil and surfactant while an antagonistic relationship with
amplitude. It shows a positive combined effect of the concentrations of lipid and surfactant. The above equation shows the positive
effect of surfactant concentration and amplitude. Wave energy generated by the probe sonicator had a direct impact on the globules in
dispersion. The on-off cycle had a great influence on the reduction of particle size. The wave energy generated a cycle of compression
and rarefaction in the emulsion. Propagation of intense shock waves in liquids increases the speed of moving particles inside the liquid
and results in micromixing and uniform particles in emulsion. Hence, increase in amplitude increases the surface area of the particle
and simultaneously reduces the globule size [52]. Above the optimum level, globule size was slightly increased and this could happen
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due to the nucleation which leads to agglomeration [10].

3.4.5. Zata potential (ZP)

ZP is the surface charge on the globule of NE and ranged —11.8 + 0.91 to —39.5 £ 1.32. The response obtained from the exper-
imental run was depicted in Fig. S3.

The polynomial equation is represented in eq. (2)

ZP (Yy) = — 21.38 + 6.81 x X;—12.98 x X, —12.61 x X3-5.17 x X X Xp—14.10 x X; X X3+14.77 x X5 x X3 ... 2

It shows a positive effect on oil concentration and negative effect of surfactant concentration and a negative relationship with
amplitude. ZP has the negative effect of combined concentrations of lipid and surfactant while the negative effect of lipid and
amplitude. ZP has a synergistic effect on combined surfactant concentration and amplitude. ZP enhances the stability of the emulsion.
Hence ZP was the critical attribute in the development of the NE.

NE is thermodynamically unstable and can have a ZP value + 30 mV. In current work the ZP of NE coupled with nanosized globules
showed between —11.8 + 0.91 to —39.5 + 1.32 mV indicating stable system due to negative surface charge around the globules. But
high ZP value (Table 2) of FEB-NE system suggesting thermodynamically stable that renders difficulty in separation due to electric
repulsion.

3.4.6. Entrapment efficiency (EE)
EE had a positive effect on oil, surfactant, and amplitude. The result obtained for entrapment efficiency was shown in Fig. S3 and
was found to be in the range of 78.32 4+ 0.19 to 94.32 + 1.02. The polynomial equation is depicted in eq. (3).

EE (Y3) = 87.86 + 3.59 x X142.04 x X2+0.19 x X3 3)

The figure depicted a contour and response surface plot indicating the effect of experimental variables on entrapment efficiency and
level of significance was considered (p-value >0.05). The strong positive effect of oil mixture is due to its highest capacity to solubilize
the drug, FEB. At the same time drug shows emulsification capacity in the optimum ratio of Syjx which was finalized by the pseudo-
ternary phase diagram. The amplitude had a synergistic effect on the entrapment of drug. The entrapment also strengthens by the
stabilization of emulsion using a combination of surfactant and oil.

3.4.7. Statistical optimization of NE

BDD depicted the experimental variables and their various responses (Table 2). The experimental variables with their levels and the
constraints of various responses are displayed in Table S3. The experimental variables were studied as a function of globule size, ZP,
and EE. Results of ANOVA for the responses are displayed in Table 3 and best-fitted models and fit summary statistics are depicted in
Table S4.

The response surface methodology was employed for optimal formulation. Using numerical and graphical optimization method the
3D overlay plot region and contour region was obtained which indicates design space (Fig. 3). The obtained desirability value 0.706
(nearest to 1) was selected for optimized NE. The optimized FEB-NE was prepared using obtained set of concentrations of experimental
variables. The results were compared with predicted values and the calculated error (%) was depicted in Table 4.

3.4.8. Identification test (dilution, staining, and conductivity test)

An optimized FEB-loaded NE was clear and transparent solution. No signal of instability of NE was observed. Thus, the present FEB-
loaded NE was said to be oil in water (O/W) NE. A staining test was performed using oil-soluble dye. The optimized NE showed
colorless background and red-colored oil globules. The electrical conductivity power of NE is increased as the water content increases.
Thus, the NE was identified as o/w type of emulsion.

Table 3
ANOVA for responses measurement of particle size, zeta potential and entrapment efficiency.

Source Sum of squares df Mean square F-value p-value

Response 1: Particle size (Y1)

Quadratic Model 4367.92 9 485.32 47.69 0.0001 Significant
Residual 71.23 7 10.18

Cor Total 4439.15 16

Response 2: Zeta potential (Y2)

2FI Model 4766.25 6 794.38 7.48 0.0030 Significant
Residual 1062.36 10 106.24

Cor Total 5828.61 16

Response 3: Entrapment efficiency (Y3)

Linear Model 136.78 3 45.59 5.44 0.0121 Significant
Residual 109.04 13 8.39

Cor Total 245.82 16

df - Degree of freedom, F - Fisher’s ratio, and p-probability.
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Table 4

Design-Expert® Software

Globule Size (Y1)
& Design Points

I 108.5

34.85
X1=A:0il (X1)
X2 =B: Smix (X2)

Actual Factor
C: Amplitude (X3) = 50.00

Design-Expert® Software
Overlay Plot

Globule Size (Y1)

Zeta Potential (Y2)
Entrapment Efficiency (Y3)
# Design Paints

X1=A: Qil (X1)
X2 = B: Smix (X2)

Actual Factor
C: Amplitude (X3) = 50.00

Fig. 3. Optimization of formulation with (a) Contour region and (b) 3D overlay plot region.
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(b)
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o222
{80509

Globule Size
213 _| Globule Size (Y 45.1105
Zeta Potential -27.1022
Entrapment Effi 87.5106
X1 1.90
X2 2.02
200 —ap

Zeta Potential (Y2): -25
188 —

Zeta Potential ({2) -35

1.50 175 2.00 225

A: Oil (X1)

An optimized FEB-NE showing predicted and observed responses.

Formulation variables

0il concentration (X;) (%)

Smix concentration (X5) (%)

Amplitude (X3) (%)

Concentrations

Responses

Predicted mean
# Observed mean

*Error (%)

1.9

Globule size (Y1)
45.11

47.84 + 0.14
6.05

2.02

ZP (Y2)
—27.10
—25.86 + 1.36
4.57

50

EE (Y3)
87.51

89.88 + 0.23
2.70

ZP, Zeta potential; EE, Entrapment efficiency. # Values indicates mean + SD (n = 3).
*Error (%) = (actual value - predicted value)/predicted value x 100.

3.4.9. Drug content and drug loading

The drug content was calculated to be 94.73% + 1.23%. It indicates the total amount actual drug (%) present in formulated NE. The
drug loading was analyzed by UV spectrophotometrically and calculated to be 0.45 mg/mL.

3.4.10. pH, and shear viscosity
The pH of optimized NE was found to be 7.2 + 0.2. This pH of NE is suitable for oral emulsion and would not be physiologically

irritant. The NE has an important characteristic such as low viscosity related to stability. FEB-NE was transparent and it was necessary
to measure the viscosity. The viscosity 48.25 + 1.54 mPas of the prepared NE was obtained.

11
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3.4.11. Refractive index (RI) and percent transmittance

A drop of FEB-NE (without dilution) was applied in the chamber of Abbe’s refractometer at 25 + 1 °C to determine the RI. The
refractometer displayed the RI value 1.232 + 0.102 confirming the transparent FEB-NE and showed the isotropic nature as an
additional characteristic.

After analyzing the optimized NE using spectrophotometrically, the calculated percentage transmittance observed was 98.19 +
0.03%. It indicates that the formulation was clear and transparent provided that the observed value was closed to 100%.

3.5. Surface morphology

3.5.1. AFM

The morphological characteristics of globules were captured by AFM (Fig. 4). The shape of FEB-NE was found nearly spherical and
size range maximum 92.5 nm slightly larger than the optimized NE batch. This is due to the tip-broadening effect when the cantilever
tip was in contact with soft materials [41]. A maximum height 73.29 nm was found which appeared similar to the mountain due to
clusters of globules.

3.5.2. HR-TEM

The HR-TEM image was displayed in Fig. 5. The nanoglobule was observed for TEM image which is equivalent to the globule
measurement by DLS method (Zeta sizer, Nano ZS90, Worcestershire, UK). Nanoglobules were observed as dark spherical shape with a
globule size below 100 nm. Thus, it was confirmed that the formulated emulsion was NE [53].

3.6. Stability

Under standard storage conditions of stability testing of new drug substances and suggested by ICH, the NE containing FEB was
observed for 90 days. The NE was observed as stable physically and chemically. Table 5 shows the results of stability studies for 90 days
for critical attributes of NE such as globule size, dispersity, ZP, and EE. No color change or phase separation were observed during the
study.

The globule size after 90 days increased which was found statistically significant (Unpaird student t-test, p < 0.05). Similarly,
dispersity was changed significantly upon storage for long duration of time (Unpaird student t-test, p < 0.05). It was observed NE was
stable up to the 4 months and might have the possibility of aggregation of globule upon long term. However, ZP, and EE did not change
significantly upon storage (Unpaird student t-test, p > 0.05).

3.7. In vitro release study

In order to achieve the bioavailability of poorly soluble FEB, the NE is the best system. The drug was encapsulated into a nanosized
globule to enhance the drug release and better therapeutic results. In vitro drug release behavior of EFB-NE and FEB-suspension was
performed at 1.2 pH for the first 2 h followed by 6.8 pH buffer (Fig. 6). The in vitro studies showed 93.32% drug release for FEB-loaded
NE and 43.23% for FEB suspension (Fig. 6).

The mechanism of release behavior for FEB-NE and FEB-suspension was studied using different kinetic models such as Zero order,
First order, Korsmeyer-Peppas, Higuchi-matrix, and Hixson-Crowell [38].

The mechanism of release kinetics was observed and found to be ‘Higuchi-matrix’ as a best-suited model for the FEB-NE and FEB-
suspension based on a comparison study of all release kinetic behaviors. The regression coefficient was obtained to be 0.9236 (R?)
(Table 6).

The maximum drug release was obtained from the optimized NE due to the nanosized globules which increases the surface area of
globules for diffusion. Similar results were obtained in previous study published by Gokhale et al. [32]. Thus, NE shows the controlled
release behavior in simulated physiological conditions.

93 nm

? JA/"/w’m i

®) ©)

Fig. 4. Photomicrograph of atomic force microscopy (AFM) with 3D view (A), profile of globule size (B), statistical quantities (C).
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Table 5

Heliyon 9 (2023) e15404

Size (dnm):  %Intensity  Width (d.nm):
Z-Average (d.nm): 47.91 Peak1: 6378 98.1 38.06
Pdl: 0277 Peak2: 4657 19 802.1
Intercept: 0.952 Peak3:  0.000 0.0 0.000

Result quality : Good

Size Distribution by Intensity

(A)

Fig. 5. Transmission electron microscopy (TEM) analysis (A) and globule size measurement by DLS method (B).

Stability studies for optimized FEB-NE.

Intensity (%)
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Size (d.nm)

Record 983: batch 6 size 1

10000

(8)

Parameters

Measurement on 1st Month

Measurement after 4th month

Measurement after 6th month

4°C

25°C

4°C

25°C

4°C

25°C

Physical appearance
Phase separation

No color change

No color change

No color change

No color change

No color change

No color change

No No No No No No
Globule size 42.23 £1.00 43.56 + 1.03 49.66 + 0.262 50.26 + 0.83 53.25 + 0.75 55.81 £ 0.76
Dispersity 0.126 + 0.02 0.158 + 0.03 0.259 + 0.07 0.289 + 0.01 0.289 + 0.02 0.245 + 0.02
*ZP —12.09 + 0.31 —13.03 + 0.55 —13.87 + 0.50 —13.59 + 0.35 —13.86 + 0.52 —13.96 + 0.37
**EE 89.36 + 0.41 89.76 + 0.12 89.36 + 1.03 88.12 £1.22 88.24 + 0.54 87.02 £ 0.21
*Zeta potential and **Entrapment efficiency.
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Fig. 6. Cumulative amounts of drug release profiles of optimized FEB-NE and FEB-suspension.
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Table 6
Comparison of drug release kinetics model.
Batch code Drug release kinetics model
First order Zero order Korsemeyer- Peppas Higuchi-matrix Hixson-Crowell
FEB-NE 0.9028 0.7093 0.8948 0.9236 0.8539
FEB-Suspension 0.571 0.5188 0.6905 0.7995 0.5537
“r®” represents correlation coefficient.

In this study, initial fast release for first 2 h followed by sustained release from NE was observed. On the other hand, FEB-suspension
shows very slow release and it could be due to lack of surfactant and drug’s own characteristic i.e. poor solubility. Moreover, the
composition of NE was oil which has highest solubility of drug showed a controlled manner of release from the nanoformulation. In
addition, surfactant (Tween 80) is part of the composition and facilitates to reduce the globule size which can absorb quickly. During
the preparation of NE, the model drug FEB was encapsulated in oil and surfactant which results in slow and sustained manner release
behavior to achieve desired effect.

3.8. PAMPA study and everted gut sac permeability method

The PAMPA study was used to find the permeability of the FEB across the transcellular mechanism of passive diffusion. The drug
has adequate lipophilicity in order to access the drug in systematic circulation. This is low-cost, robust, and reproducible permeability
study having high efficacy. The literature search revealed that no such passive permeability test was conducted for FEB-NE. The
comparison of NE and Drug-suspension has been observed and permeability has been increased by 2.72 fold (Table 7). It was found
that the improved permeability of NE due to the nanosizing and composition facilitates the opportunity for the permeability with the
formulations. The absorption and permeability were due to the reduced size of globules and surfactant (Tween 80) employed for
development of NE [54]. It has been noted that the absorption site was due to the drug’s enhanced solubility and GI environment. Most
importantly, the enhanced permeability was due to the amorphous drug encapsulated in globules.

Further, in order to support the PAMPA study we performed everted sac study in order to mimic the permeability of drug across the
intestine on FEB-NE and FEB suspension. Subsequently, it was observed that the permeability of NE has been increased as compared to
the FEB-suspension. Table 7 shows that NE has been increased 2.54 fold. Thus, the increase in permeability was due to the nanosizing
of drug encapsulated in globules. It could be due to the combined effect of surfactant and co-surfactant used in the development of NE.

PAMPA study always complements for the everted gut sac study with a proper correlation which provides valuable, reproducible,
and robust results associated with the permeability of formulation. Thus, improved permeability was observed in both studies i.e.
passive permeability and responsible for the absorption and enhanced bioavailability [10].

3.9. In vivo drug release mechanistic study

In vivo study was performed to find out the pharmacokinetic performance of drug entrapped in globules of novel synthesized FEB-
NE which were assessed using pK solver software. The linearity equation was used to find out the drug concentration in plasma
employing the estimated and validated HPLC method. The plot between plasma concentrations (ug/mL) versus time was observed after
oral administration of FEB-NE (Fig. 7). The pharmacokinetic parameters for oral administration of FEB-NE are displayed in Table 8. A
pharmacokinetic study showed an improvement in oral bioavailability 2.48 folds as compared to FEB-suspension. A pharmacokinetic
study showed the comparison between optimized FEB-NE, Control, and FEB-suspension group (Fig. 7), and the observations are
displayed in Table 8.

1. Cmax Was higher in case of optimized FEB-NE (0.491 =+ 1.31) than FEB-suspension (0.197 + 1.03) suggesting that higher oral
absorption of FEB from the NE. AUCy.¢ (2.105 + 1.04 pg/mL*h) was less in case of FEB-suspension than FEB-NE showing AUCy.
(5.239 + 2.15 pg/mL* h) which indicates an enhanced higher concentration of drug in the systemic circulation. The observation
shows that the improvement in the bioavailability of model lipophilic drug FEB and relative bioavailability was obtained 284%. It
means 2.48 fold increase in the bioavailability of optimized FEB-NE as compared to EFB-suspension.

2. During the NE production process the globule size reduced up to nano-level. Due to the reduced size and higher absorption rate,
enhanced the plasma drug concentration of FEB-NE which results in improved bioavailability. Moreover, FEB-NE observed the
controlled release of drug throughout the experiment.

3. Small and nano-range globule is equally important for absorption and improved bioavailability. Due to the reduced globule size, it
could be bypassed the liver metabolism. In addition, the easy absorption of FEB was observed due to the non-ionic surfactant
(Tween 80) which was used in our previous publications [27,30]. Ease of absorption enhances the drug transport through the
lymphatics which results in improved bioavailability.

4. The mean residence time (MRT) value of FEB-NE was found higher as compared to drug suspension (Table 8). It indicates the
circulation time was improved from the developed FEB-NE in comparison to drug suspension. Thus, a significant difference was
observed for MRT values. Thus, the pharmacokinetic study revealed improved bioavailability of EFB encapsulated in nanoemulsion
systems.
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Table

7

Permeability studies of optimized FEB-NE and FE-suspension.
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Permeability values

Formulations

Optimized FEB-NE

FEB-Suspension

Pe
Papp

1.96 + 0.02
1.78 £ 0.04

0.72 + 0.06
0.70 + 0.03

P. and Py, are the permeability (effective) and apparent permeability respectively.

Table 8

Pharmacokinetic profile of Control, FEB-Suspension and optimized FEB-NE in rat plasma.

Parameters

Control

EEB-Suspension FEB-NE
Tmax (h) 2 4 4
Cmax (ug/mL*h) 0.127 £ 0.16 0.197 + 1.03 0.491 +£1.31
AUC 0-t (ug/mL*h) 2.079 £ 1.12 2.105 + 1.04 5.239 + 2.15
AUC 0-c0 (pg/mL*h) 2.107 £1.25 3.40 £1.23 5.22 +2.32
MRT (h) 11.12 12.63 18.28
Relative bioavailability - - 248%

Values are represented as mean + SD (n = 3). Tpay, Time to peak drug concentration; Cp,ax, maximum concentration; AUC 0-t, area under the
concentration-time curve; AUC 0-co, area under curve to infinite time; MRT, mean residence time. One-way ANOVA and Dunnett’s tests were
applied to analze the data (significance level p < 0.05).
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Fig. 7. Plasma concentrations versus time profile after oral administration of optimized FEB-NE and FEB-suspension.

4. Conclusion

Thus, the FEB-NE was developed successfully by implementing QbD based approach. The experimental variables were identified by
the Ishikawa diagram and subsequently, potential failure modes of variables were detected based on RPN score. The quality and
stability of emulsion depend on the appropriate choice of surfactant and co-surfactant combination. In the present study, the ternary
phase diagram was constructed to select an area of FEB-NE using the proper combination of stabilizers. The FEB-NE was optimized
using BDD which renders the effect of experimental variables on their response. The optimized formulation showed a spherical shape
and uniform globule size depicted by AFM and TEM. The FEB-NE showed sustained release behavior and was stable for 90 days under
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standard storage conditions. The enhanced permeability was shown by PAMPA and everted sac method subsequently. The pharma-
cokinetic study revealed the bioavailability successfully improved by 2.48 folds. Thus, FEB-NE is the best option for oral delivery in
order to manage chronic gout conditions. The QbD based development of FEB-NE proved the economic and time-saving product and
can be a brilliant delivery system for FEB. Thus, NE can be produced on an industrial scale and has a large scope for development in
future.
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