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Purpose: Duloxetine (DLX) is dual serotonin and norepinephrine reuptake inhibitor suffer-
ing from limited bioavailability (= 40%) due to extensive hepatic metabolism. This work
aims to formulate and evaluate DLX intranasal thermoreversible cubosomal gels to enhance
its bioavailability and ensure efficient brain targeting.

Materials and Methods: Cubo-gels were prepared by 3° central composite design with
three independent factors, lipid ratio (glycerol monooleate: glycerol tripalmitate), Pluronic
F127%, and Pluronic F68%. The prepared formulations were evaluated for their particle size
(PS), gelling temperature (GT), entrapment efficiency (EE%), and in vitro release. The cubo-
gel with the highest desirability (0.88) was chosen as the optimized formulation. DLX cubo-
gel was evaluated using differential scanning calorimetry, Fourier-transform infrared
spectroscopy, X-ray powder diffraction, and transmission electron microscopy. Cytotoxicity
study, ex vivo permeation study and in vivo bio-distribution study were conducted to
evaluate the safety and efficacy of brain targeting.

Results: The optimum cubo-gel was composed of 3.76 lipid ratio, 20% w/v PF127, and 5%
w/v PF68. It had PS of 265.13 + 9.85 nm, GT of 32 + 0.05°C, EE% of 98.13 + 0.50%, and
showed controlled release behavior where 33% DLX was released within 6 hrs. The plain
in situ cubo-gel had a significantly higher ICsy, compared to DLX solution and DLX-loaded
in situ cubo-gel. The ex vivo permeation study showed 1.27 enhancement in the drug
permeation from DLX in situ cubo-gel. According to the in vivo bio-distribution study in
plasma and brain, the intranasal DLX in situ cubo-gel showed a 1.96 fold improvement in
brain bioavailability compared to the intranasal solution. Its BTE% and DTP% were 137.77
and 10.5, respectively, indicating efficient brain targeting after intranasal administration.
Conclusion: Accordingly, intranasal DLX in situ cubo-gel can be considered as an inno-
vative nano-carrier delivery system for bioavailability enhancement and efficient brain
targeting of DLX to maximize its effect.

Keywords: duloxetine, central composite design, cubosomes, thermoreversible in situ gel,

intranasal, brain targeting

Introduction

Duloxetine (DLX), {(3S)-N-methyl-3-naphthalene-1-acyloxy-3-thiophene-2-ylpro-
pan-1-amine}, is a dual serotonin and norepinephrine reuptake inhibitor used in
major depressive disorder. It is also used to manage urinary incontinence, fibro-
myalgia, and diabetic peripheral neuropathic pain.”> DLX is a biopharmaceutics
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classification system (BCS) class II drug, having limited
aqueous solubility. DLX solubility was reported to be
2.68 mg/mL at pH 6.8.> DLX is well absorbed after oral
administration but shows a lag time of 2 h before starting
the absorption and reaching its t,x after 6 h post-dosing.
DLX has limited and variable bioavailability (40% to
80%) due to extensive hepatic metabolism, and it is also
subjected to degradation in the acidic stomach medium,
which leads to subtherapeutic levels.*

Intranasal administration is an advanced drug delivery
route that allows effortless self-administration without
sterile equipment.® Fast drug delivery to the systemic
circulation from the nasal cavity occurs due to drug
absorption through a large single epithelial layer.” The
nasal route has privilege in brain targeting by direct drug
transfer to the brain through neuronal and extracellular
pathways and avoidance of the blood-brain barrier
(BBB).® The most significant advantage of the nasal
route is improving drug bioavailability by bypassing first-
pass hepatic metabolism, low enzymatic activity, and
direct delivery to the systemic circulation. Also, the nasal
delivery provides rapid onset of action, ease of adminis-
tration, and non-invasiveness. On the other hand, the
intranasal route suffers from limitations such as limited
formulation volume that can be inserted into the nasal
cavity, rapid mucociliary wash out which leads to short
residence time, and poor absorption to hydrophilic and
large molecules. These limitations can be overcome by
the preparation of drug-loaded in situ cubosomal gel.

New nano-vesicular systems like liposomes, cubo-
somes, and niosomes are considered interesting candidates
for nose to brain drug delivery. Their size and physical
characteristics make them a new promising tool that can
enhance drug residence time at the absorption site, protect
the encapsulated drug from degradation, promote mucosal
permeation, and control the release profile of the entrapped
drug.’

Cubosomes are one of the new nanocarriers. It consists
of a bicontinuous lipid bilayer separating two networks of
water channels. Cubosomes are composed of an amphiphi-
lic polar lipid such as glycerol monooleate (GMO), which
is the most common polar lipid used in cubosomes for-
mulation in the presence of a stabilizer like Pluronic F127
(PF127)." GMO can self-assemble in water to form
a micellar structure when its concentration exceeds the
critical micelle concentration (CMC). At higher concentra-

11,12

tions, it forms a bicontinuous cubic structure.

Cubosomes have many advantages like high entrapment

efficiency, controlled drug release, biocompatibility, bioad-
hesive properties, and thermodynamic stability."*

In situ intranasal gel, which is a solution at room tem-
perature (<25°C) and forms a gel when inserted into the nasal
cavity (32°C to 34°C), prolongs the nasal residence time of
the formulation so increases the penetration rate and
improves the nasal absorption.'* In situ nasal gels are com-
posed of thermoresponsive polymers like chitosan, pluronics,
xyloglucans, and hydroxypropyl methylcellulose.'® Pluronic
F127 (PF127) and Pluronic F68 (PF68) are the most frequent
thermoresponsive polymers used. Pluronics are triblock co-
polymers soluble in water and composed of polyethylene
oxide (PEO) and polypropylene (PPO) moieties. The ratio
between PEO and PPO is responsible for hydrophobic and
hydrophilic properties, respectively.'?

Central composite design (CCD) is a practical statisti-
cal experimental design for studying the main effects of
the experimental factors and their interactions using fewer
experimental runs compared to a full factorial design. It
covers many possible combinations and requires only
three levels of each factor. CCD can be used to predict

and optimize the the best

16,17

responses to prepare
formulation.

In a previous study, Alam et al examined the effect of
the administration of an intranasal infusion containing
DLX nanostructured lipid carriers (NLC) to improve the
amount of DLX in the brain and plasma.'® In another
study, Khatoon et al evaluated the intranasal administra-
tion of thiolated chitosan gel containing DLX proniosomes
to improve its brain delivery.'’

This study aims to formulate and characterize DLX
in situ cubosomal gel to improve its bioavailability and
enhance its brain targeting. A three-factor, three-level
CCD was used to study the effects of different variables
on the studied responses to prepare an optimized formu-
lation. The independent variables selected were: Lipid
ratio [Glycerol monooleate (GMO): Glycerol tripalmitate
(GTP)] (A), PF127 percentage (B), and PF68 percentage
(C). The dependent variables chosen in the study
included: particle size (PS) [Y;], gelling temperature
(GT) [Y,], entrapment efficiency percent (EE%) [Y3],
and percent released after 6 hours (Q6) [Y4]. The opti-
mum DLX in situ cubo-gel was physically characterized
using transmission electron microscopy (TEM). Finally,
the optimum formulation performance in brain targeting
was characterized by conducting ex vivo permeation and

in vivo bio-distribution studies.
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As per our knowledge, no previous studies prepared
cubosomes containing GTP, combined with GMO, to
investigate its effect on the EE%, Q6, and the brain target-
ing capability of the cubosomes placed in in situ gelling
systems. This novel formulation aims to combine the
advantages of the in situ gelling systems, namely, ease of
intranasal instillation, high retention time, and sustained
drug release after being converted into a gel; with the
small particle size and lipophilicity of cubosomes to
achieve better permeation and brain targeting of DLX.

Materials and Methods

Materials

Duloxetine hydrochloride (DLX) was kindly supplied by
EVA Pharma, Cairo, Egypt. Pluronic F127 (PF127),
Pluronic F68 (PF68), Glycerol monooleate (GMO), and
Glycerol tripalmitate (GTP) were purchased from Sigma-—
Aldrich, St. Louis, USA. All other chemicals and solvents
were of analytical grade and used without further purification.

Experimental Design

A three-factor, three-level (3*) CCD was conducted to
statistically optimize the formulation variables of 15
formulations with 5 repetitions of the center point for-
mulation (F8) per block using Design-Expert® software
(version 7, Stat-Ease Inc., MN, USA). The independent
variables were: Lipid ratio [ratio of GMO: GTP] (A),
PF127% (B), and PF68% (C). The levels of the factors
were selected as (-1, 0, and +1). The compositions of
the formulations with their actual representative values
are shown in Table 1. The dependant variables were
particle size (PS) [Y,], gelling temperature (GT) [Y,],
entrapment efficiency percent (EE%) [Y3], and percent
released after 6 hours (Q6) [Y4]. The polydispersity
index (PDI) and zeta potential (ZP) were also measured
for the prepared formulations. Desirability values were
calculated based on the response surface analysis of the
obtained data. They were used to select the optimized
composition having as much as possible of the desired
characteristics.

Preparation of DLX in situ Cubo-Gels
Preparation of Polymeric in situ Gelling Systems
According to the design mentioned above, different Pluronic
solutions were prepared according to the cold method pre-
viously described by Soga et al with some modifications.*’
PF127 and PF68 were accurately weighed and solubilized in

Table | Composition of the 3* CCD for DLX in situ Cubo-Gels

Formula | Factors Levels in Actual Values
Lipid Ratio PF127 (% wiv) PF68 (% wiv)
(A) (B) ©)
Fl 0.1 10 5
F2 0.1 10 10
F3 0.1 15 7.50
F4 0.1 20 5
F5 0.1 20 10
Fé6 5.05 10 7.50
F7 5.05 15 5
F8 5.05 15 7.5
5.05 15 7.5
5.05 15 7.5
5.05 15 7.5
5.05 15 7.5
5.05 15 7.5
F9 5.05 15 10
F10 5.05 20 7.50
Fll 10 10 5
Fl12 10 10 10
FI3 10 15 7.50
Fl4 10 20 5
FI5 10 20 10

10 mL distilled water by continuous stirring at 1000 rpm.
The dispersion was left to hydrate overnight at 4°C to obtain
a uniform, glassy solution. Table 1 shows the composition of
different gelling systems prepared.

Preparation of Thermosensitive Cubo-Gels

Variable ratios of GMO and GTP were accurately weighed
and mixed with 50 mg of DLX. The lipid mixture was melt in
a water bath at 70°C to obtain a clear lipid melt. The different
ratios of GMO to GTP are shown in Table 1. The homogenous
lipid melt is added drop wisely to the magnetically stirred
Pluronic solution at 1000 rpm and 25°C and left for 1 hour.

Characterization of the Prepared in situ

Cubo-Gels
PS, PDI, and ZP Analysis

The dynamic light scattering technique was used to ana-
lyze the cubosomes PS (Zetasizer Nano ZS-90, Malvern
Instruments, and Worcestershire, UK). Before measure-
ment, 1 mL of each formulation was diluted with distilled
water until being translucent. Additionally, PS distribution
was assessed by measuring the PDI. Finally, physical
stability was evaluated by analyzing the ZP of the diluted
formulation samples.

Triplicate measurements were
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provided for three isolated samples of each formulation;
the average values were determined for each + standard
deviation (SD).

Measurement of Gelling Temperature (GT)

GT was determined using the tilting method described by
Zaki et al.>' An aliquot of 2 mL of the prepared formula-
tion was transferred to a test tube and immersed in the
water bath. The water bath temperature was increased
gradually by one degree and allowed to equilibrate for 5
min at each new temperature. The sample was then exam-
ined for gelling. Gelling is confirmed when the meniscus
of the sample is no longer moving when the test tube is
tilted at a 90° angle.

Entrapment Efficiency Percent (EE%)

EE% is a measurement of DLX content encapsulated in
the cubosomes. EE% was evaluated using the ultrafiltra-
tion method. An aliquot of 0.5 mL from each formulation,
equivalent to 2.5mg DLX, was filtrated using a 0.22 um
syringe filter (Nylon 25 mm Luer syringe filter). After
filtration, the clear filtrate was diluted by distilled water,
and the free DLX content was analyzed using a UV spec-
trophotometer at ,,,, 286. The EE% was calculated using
the following equation:*?

G-

t

Entrapment efficiency % :( ) x 100 (1)

where C; is the total DLX, and Cg is the free DLX.

DLX in vitro Release Profiles from the in situ
Cubo-Gels

In vitro release of DLX was evaluated using the membrane
diffusion method.”> An aliquot of 1 mL of each formula-
tion equivalent to 5 mg DLX was transferred to a dialysis
membrane hydrated overnight in the release medium
(12-14 kDa, Sigma-Aldrich, St. Louis, USA). The dialysis
membrane was then immersed in 45 mL phosphate buffer
saline (PBS) pH 7.4 (to maintain sink condition) and
maintained at 37 £ 0.5°C. The medium was stirred at
50 rpm. At a defined time interval (0.5, 1, 2, 3, 4, 6 h),
3 mL samples were withdrawn and immediately replaced
by the same fresh medium volume. The withdrawn sam-
ples were analyzed by a UV spectrophotometer at A,,,.
286 nm.

Optimized Formulation Selection
The optimal formulation was selected using Design
Exper‘c® software with the minimum PS, GT, and Q6

correlated with the maximum EE%. Afterward, the opti-
mized formulation was prepared and subjected to physical
characterization using the same techniques to validate the
results with the predetermined one. Finally, the optimized
formulation was prepared and lyophilized for 24 h with
a condenser temperature of —45°C (Alpha 1-2 LD plus
CHRIST, Germany) for more characterization.

Characterization of the Optimized DLX

in situ Cubo-Gel Formulation

PS, PDI, ZP, GT, EE% and in vitro DLX Release

PS, PDI, ZP, GT, EE%, and in vitro release of the opti-
mized formulation were measured using the same methods
and techniques previously used to characterize the initial
set of formulations.

Gelling Time

The gelling time is the time required by the formulation
for the transition from solution to gel when inserted into
the nasal cavity. An aliquot of ImL formulation was
transferred in a test tube then fitted horizontally in
a water bath adjusted at 33 £ 0.5°C. The time required to
form gel was recorded using a stopwatch.**

pH Measurement

An aliquot of 1 mL of the optimized formulation was
diluted by 10 mL distilled water then the pH of the result-
ing solution was measured using a pH meter (Beckman
Coulter, USA), which was previously calibrated using
buffer pH 4 then pH 7.2

Transmission Electron Microscope (TEM) Imaging
The morphology, shape, and size of the optimum cubo-gel
were photographed using TEM (JXA-840; JEOL, Tokyo,
Japan). The cubo-gel was applied to the carbon-coated
copper array, and then the HR-TEM detection of the
cubosomes was conducted at an operating voltage of 200
kV in bright-field mode.

Differential Scanning Calorimetry (DSC)

DSC was performed on DLX loaded in situ cubo-gel and
free DLX to detect any physical change in DLX after
being entrapped in the cubosomes and to analyze its com-
patibility using (DSC-60, Shimadzu, Japan). Samples
(34 mg) were placed in an aluminum pan and heated by
a constant rate of 10°C/min, with an empty pan as
a reference, in a nitrogen atmosphere to a temperature
range 30°C - 350°C.
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Fourier-Transform Infrared Spectroscopy (FTIR)
DLX and drug-loaded in situ cubo-gel were analyzed by
FTIR (Thermo Scientific Nicolet 6700, USA) to detect any
possible interaction. The samples were compressed with
KBr into circular disks. The samples were scanned in the
range of 400 to 4000 cm .

X-Ray Powder Diffraction (XRPD)

X-ray diffraction patterns of free DLX and the optimized
in situ cubo-gel were carried out using the X-ray diffract-
ometer (model XD-610, Shimadzu, Kyoto, Japan) with Cu
as tube node. The diffractograms were recorded under the
following conditions: the voltage 45 kV, the current 30
mA, the steps 0.02°, and the counting rate 0.5 s/step at
room temperature. Data were collected using scattering
angle (20) ranged from 4° to 50°.'°

Cytotoxicity Assay

The study was conducted on oral epithelial cells purchased
from Nawah Scientific Inc., Cairo, Egypt. The cells were
supported by Dulbecco’s modified Eagle medium contain-
ing penicillin, streptomycin, and fetal bovine serum in
100 U/mL, 100 mg/mL, and 10%,
respectively.® Cell suspension (100 L aliquots) was incu-
bated at 37°C under carbon dioxide for 24 h in a 96-well
plate. Samples of DLX solution, the optimized plain in situ

concentrations

cubo-gel, and the optimized DLX loaded in situ cubo-gel,
100 pL each, with different concentrations (0.01, 0.1, 1,
10, 100 pg/mL), were added to the cell suspensions. An
aqueous solution of trichloroacetic acid (150 pL, 10% w/v)
was added to the cell after 72 h as a fixative agent. After
1 h of incubation at 4°C, the cells were washed 5 times
with distilled water, mixed with 70 uL Sulforhodamine
B solution (0.4% w/v), and incubated again at 25°C
away from light for 10 min.?” The cells were washed
with 1% w/v acetic acid solution three times, left to dry
overnight, and then mixed with TRIS buffer (150 pL, 10
mM). Finally, the absorbance was measured using a BMG
LABTECH®- FLUOstar
(Ortenberg, Germany) at 540 nm.

Omega microplate reader

Ex vivo DLX Permeation Study

Ex vivo permeation study was used to determine the
cubosomes ability to improve drug permeation through
the nasal mucosa and effective brain targeting. The per-
meation of DLX from the optimized cubo-gel was com-
pared to the DLX solution. The nasal membrane was
obtained from Rahmani sheep nostrils with an average
age of 6 months and a weight of 32 kg.**> The intact

membrane was identified, separated, cleaned, and stored
frozen. The excised membrane (1 cm diameter) was fixed
at one end of the specially designed glass tube. The tube
was fixed from the other end perpendicularly in a glass
container containing 50 mL PBS (pH 7.4). An aliquot of
ImL of the optimum formulation equivalent to 5 mg DLX
was added in the glass tube. The glass container was
immersed in the horizontally shaking water bath at tem-
perature 37°C £ 0.5 and 50 rpm for 24 hr. A 3 mL sample
was withdrawn at various time intervals (0.5, 1, 2, 3, 4, 6,
and 24 h), and the volumes lost by the samples’ with-
drawal were replaced with fresh medium. The samples
were analyzed by HPLC (Shimadzu, Tokyo, Japan). The
mobile phase was composed of acetonitrile in 10 mM
phosphate buffer pH 4.5 in the ratio of 55:45. The flow
rate was 1 mL/min. DLX was detected through a UV
detector (SPD-10 A, Shimadzu, Tokyo, Japan) at wave-
length 288 nm.> All measurements were done in triplicate,
and mean + SD was reported. The quantity of the drug
permeated was calculated as a function of the surface area
of the nasal membranes (ug/cm?). Then, the drug flux at

24 h (J,4) was calculated by this equation:*>2®

Amount of drug permeated per unit area
S = Time @

The drug permeated from the optimized formulation, and
the drug solution was statistically compared by one-way
ANOVA, then by Fisher’s least significant difference test.
The enhancement ratio (ER) was calculated to evaluate the
efficiency of the cubo-gel to improve the permeability in
comparison with the drug solution. ER was calculated

using the following equation:**>’

ER — Joa of the optimized formula

€)

Jog of the drug solution

In vivo DLX Bio-Distribution Study
Administration and Sampling

The animal experimental study protocol was approved by
the research ethics committee for experimental and clinical
studies at the Faculty of Pharmacy Cairo University [PI
(2194)]. The study adheres to the principles of the ethical
guidelines outlined by the International Council for
Laboratory Animal Science (ICLAS).>*?! Swiss albino
rats (No.: 46 and average weight: 100 gm) were randomly
divided into four groups. The first and second groups
administered the optimized in situ cubo-gel formulation
and the drug solution, respectively, through the intranasal
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(IN) route. The third group was administered an intrave-
nous (IV) formulation having the same composition of
optimum cubo-gel except that the PF127% was decreased
to 10% to avoid gel formation after IV administration of
the formulation. Finally, the fourth group was adminis-
tered the drug solution intravenously. The following equa-
tion was applied to calculate the animal dose:*

Ani
Human dose( ~2 ) = Animal dose( ~> , Animal km
ke kg )  Humankm

“

The K, is the conversion factor and equals 37 and 6
for humans and rats, respectively.

The optimized formulation and drug solution used
were both equivalents to 5 mg DLX. Polyethene tube
(inner diameter: 0.1 mm), fitted to a Hamilton syringe
was used for nasal administration. IV administration was
done through the tail vein. At each time interval (0.25, 0.5,
1, 1.5,2,2534,5, 6, 8, 24, 48 and 72 h) four rats, one
from each group, were anaesthetized and sacrificed. From
each rat, the brain was separated, and blood samples were
collected. Clear plasma was separated by the centrifuga-
tion of the blood samples at 4000 rpm for 15 min. The
plasma sample was kept in the freezer at —80°C till ana-
lysis. Each separated brain was washed with normal saline
(NS), weighed, and homogenized in PBS (pH 7.4) using
a homogenizer (Heidolph DIAX 900, USA) to form 50%
homogenate. Samples were kept at —80°C till analysis.

Sample Preparation

For the standard calibration curve preparation, defined
volumes of DLX stock solution and 25 pL of reboxetine
solution (5 mg/mL), as an internal standard (IS); were
added to 0.5 mL plasma to construct calibration standards
with these concentrations: 0.1, 0.2, 1, 5, 20, 40, 60, 80,
100, 150, 200 and 250 ng/mL. For the sample preparation,
25 pL of IS was added to a 0.5 mL sample (plasma or
brain homogenate) and vortexed for 1 min in a 10 mL
glass tube. Then, as protein precipitant, 4 mL of ethyl
acetate was added to the previous sample, vortexed for 3
min, and centrifuged for 10 min at 3000 rpm. The organic
layer (3 mL) was separated into a new tube and dried
under vacuum using a centrifugal vacuum concentrator at
45°C (Eppendorf 5301; Hamburg, Germany). Dry residues
have been diluted in 500 pl of the mobile phase, and
(20uL) of this solution was injected into liquid chromato-
graphy with tandem mass spectrometry (LC-MS/MS)

analysis.*

LC-MS/MS

Plasma and brain samples were analyzed using LC-MS
/MS (Shimadzu, Japan) system fitted with a degasser
(DGU-20A3) and solvent distribution unit (LC-20AD)
and auto-sampler (SIL-20 A). A sensitive and validated
LC-MS/MS system was established for the quantitative
analysis of DLX using reboxetine as IS. The detection of
MS/MS was done using AB Sciex API-3200 mass spectro-
meter (Foster City, CA, USA) fitted with a turbo ion spray
interface at 550°C in positive ion mode. The ion spray
voltage was adjusted to 5500V. For analysis, an aliquot of
25 pL of the analyzed samples was injected on a C18
column, 100 A (50 x 4.6 mm) (Phenomenex, USA) with
PS 5 um. The mobile phase was isocratic and composed of
acetonitrile and 0.5% formic acid in water at 80:20 (v/v).
The flow rate was adjusted to 1 mL/min. Ion detection was
done using Multiple Reaction Monitoring (MRM) modes.
In DLX, the transition was from m/z 298.1 precursor ion
to m/z 154.2; in the case of reboxetine IS, it was from m/z
314.2 precursor ion to m/z 175.1. The data have been
analyzed using Version 1.4.2 of the Analyst Software
(Applied Biosystems Inc., Foster City, USA).*

Pharmacokinetics Parameters

The pharmacokinetic profiles of DLX were described
using the non-compartmental model after the IN adminis-
tration of both the optimum formulation and drug solution
to rats. The maximum concentration (C,,,x) and the peak
time (tmax) were obtained directly from the concentration-
time curve for plasma and brain. Other pharmacokinetic
parameters such as elimination rate constant (K), elim-
ination half-life (t;,), mean residence time (MRT), area
under the curves from zero to the last time (AUC.7,) and
to infinity (AUC_i,r) were calculated using Kinetica soft-
ware version 5 (Thermo Fisher Scientific, MA, USA).
Brain targeting efficiency was estimated by determining
the brain targeting efficiency (BTE%) and the drug trans-
port percentage (DTP%). BTE% is the exposure of the
brain to the drug after IN administration compared to that
obtained by IV administration. It was calculated by the

following equation:”**

B[N/PIN>
BTE% = | ——— | x 100 5
’ <BIV/PIV 2
The By and Py are the AUC._j¢ in brain homogenate (B)
and plasma (P), respectively, after IN administration of
optimized formulation and drug solution. On the other
hand, Bjy and Py are the AUCy_;,¢ in brain homogenate
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(B) and plasma (P), respectively, after IV administration.
BTE% of values range from 0 to +oo. Efficient brain
targeting after IN administration compared to IV is indi-
cated by values above 100%.’

Furthermore, the DTP% is the fraction of the drug
transferred directly from the nose to the brain from the
IN dose versus the total drug amount reaching the brain
after IN delivery. It was calculated using the following

equation:”*
By —B
DTPY% = <M> x 100 (6)
By
B
By = <i) X Py (7
Biv

Positive DTP% values up to 100% indicate that brain
drug levels are to a great extent due to direct nose to brain
transfer, whereas DTP% equal to 0 (or even negative) indi-
cates that the main brain entry pathway for the drug is
through the systemic circulation after [V administration.’

Stability Study

A stability study was performed on DLX in situ cubo-gel to
ensure its physical stability. An aliquot of 5 mL was taken
from the formulation and stored in a tightly closed amber
glass vial for 3 months at room temperature (25°C) and
refrigerator (4°C). After the 3 months, the samples were
evaluated by measuring its PS, PDI, ZP, and EE%. All
obtained data are the mean of three measurements + SD.

Statistical Analysis

All data were expressed as mean + standard deviation (SD).
The 3* CCD was generated and statistically analyzed using
Design—Expert® software (version 7, Stat-Ease Inc., MN,
USA). Analysis of variance (ANOVA) was used to demon-
strate the significance of each factor. The statistical analysis of
the permeation study and the pharmacokinetic parameters was
carried out using one way ANOVA test via SPSS 17.0 soft-
ware (SPSS Inc., Chicago, USA). The differences between
means were considered to be significant if the p-value
was <0.05.

Results and Discussion

Characterization of the Prepared in situ
Cubo-Gels

PS, PDI, and ZP Analysis

The PS of cubosomes had to be designed from 100 to 300 nm
to achieve brain targeting.'> The PS of the prepared

cubosomes ranged from 145.5 nm to 515.9 nm, as shown in
Table 2. This finding lies within the acceptable range for brain
targeting.13 In a previous study, the PS of proniosomes pre-
pared by Khatoon et al for brain targeting of DLX ranged from
166 to 842 nm."” The smallest size belonged to F4 prepared
using 0.1 lipid ratio, 20% w/v PF127 and 5% w/v PF68. The
linear model was the model of choice for the PS. The differ-
ence between adjusted R” and predicted R? must be less than
0.2 to indicate how the model can predict the response. PS
model showed adjusted R? (0.6613) and predicated R*
(0.538). The calculated equation for the PS analysis was:

PS=324.94 + 77.93 A - 42.2B +34.18C ®)

The effects of lipid ratio (A) and PF127% (B) on the
PS are shown in Figure 1A. ANOVA indicated that the
lipid ratio and the PF127% had a significant effect on PS
(p < 0.05). Increasing the lipid ratio, decreasing PF127%,
and increasing PF68% lead to larger PS. PFI27 is
a polymeric surfactant that acts as a stabilizer to the
cubosomes. Increasing the concentration of PF127 stabi-
lized the system sterically and made an efficient distribu-
tion of the crystalline structure of the cubosomes.*®’
Besides, increasing PF127 decreased the surface tension,
which facilitated the formation of cubosomes with smaller
PS. In a previous study, Abdelrahman, F.E. et al reported
that increasing PF127 concentration led to a decrease in
the PS of risperidone-prepared cubosomes.”” In another
study, Khatoon et al reported that increasing Tween 80
concentration led to a reduction in PS of DLX pronio-
somes due to the decrease in surface tension.'® GMO is an
amphiphilic polar lipid. At concentration above CMC, it
forms micelles. At higher concentrations, it forms
cubosomes.'® Increasing the lipid ratio means increasing
the GMO and increasing the PS of the formed cubosomes.

PDI is an in PS

® Lower values indicate monodispersity,

indicator of homogeneity
distribution.’
while high values indicate polydispersity. PDI results ran-
ged from 0.3 to 1, as described in Table 2. F9 has the
lowest PDI value of 0.222 + 0.02.

The ZP is a stability indicator. It reflects the aggregation
tendency of the nanoparticles. The greater the ZP, the greater
the force of repulsion that decreases particle aggregation.*”
The ZP of the prepared cubosomes ranged from 1.6 to 10.6
mv, as shown in Table 2. The PF127 had a negative effect on
the ZP because of its non-ionic nature. On the other hand,
PF127 could act as a steric stabilizer that prevented the

aggregation of the prepared cubosomes.'>**4!
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Table 2 Average PS, GT, EE%, Q6, PDI and ZP for the Prepared DLX in situ Cubo-Gels

Formula | PS%SD (nm)(Yl) | GT(°C)(Y2) | EE% % SD (%) (Y3) | Q6 (%)(Y4) | PDIzSD ZP £ SD (mV)
FI 239+ 3 80 + 2 93.16 + 2.84 3487 + 2.8 | £0.1 6.1 £ 1.01
F2 290 £ 5 80 + 2 97.93 + 0.9 269 + 3.65 0.459 + 0.04 233 +0.58
F3 276.1 + 6.24 50 + 4.58 973+ 1.28 36.53 + 497 0.582 + 0.03 4+ 208
F4 145.8 + 4.8 34+2 98.57 + 0.51 2643 + 225 | £0.1 1.6 + 0.2l
F5 253 + 2.65 36 £2 99.68 + 0.49 645 + 4.13 0.274 + 0.02 1.6 + 0.08
Fé 384.9 + 456 80+ 5 96.9 + 0.07 31.97 + 454 0.508 + 0.07 9.4 £ 051
F7 3734 + 2.65 50 £3 97.3 + 0.6l 29.83 + 4.38 0.409 + 0.04 7.8 + 135
Fg° 307.5 + 6.6l 45+ | 98.56 + 0.6 38 236 0.365 + 0.03 10.6 + 1.8
348.1 + 436 45+2 98.14 + | 39.5 + 221 0317 + 0.02 833 115
285 £ 5 45+ 1.63 98.1 + 1.0 37.07 + 533 0.33 + 0.03 9.87 + 1.32
2715 + 4.44 45+ 3 98.03 + 0.25 387 + 1.67 0.297 + 0.04 82 +379
325.9 + 5.08 45 + 361 98.1 + | 36.2 + 455 0.281 + 0.04 9.7 £3.79
317.1 + 349 45 +2 98.1 +0.7 398 + 271 0.32 + 0.03 892
F9 331.4 + 461 50 £ 2 99.03 + 0.75 37.9 +3.29 0.222 + 0.02 8237
FI0 366.8 + 8.6l 34 £ 2,65 98.36 + 0.58 3553 + 1.76 0.4865 + 0.01 10 + 1.57
FlI 377 + 2.65 80+ 5 98.13 + 0.52 494 £ 101 0431 + 0.03 10.5 + 1.53
FI2 5159 + 529 80 + 2.65 99 + 0.52 257 +2.82 0.675 + 0.02 6.87 + 1.69
FI3 4716 +2.89 52 £ 2.65 99 £ 0.2 31.87 + 331 0.482 + 0.02 9.1 +2.85
Fl4 266 + 6.24 321 99.07 + 0.54 203 +2.14 0.496 + 0.02 6.67 +3.06
FI5 352.7 + 7.25 37 £ 2.65 99.3 +0.38 30.63 + 1.46 0.794 + 0.02 7.6 +1.25

Note: *F8 represents the center point formulation and its five repetitions.

Gelling Temperature (GT)

The thermo-reversible in situ nasal gel is a free-flowing
liquid at room temperature and transferred into a gel when
inserted into the nasal cavity.'> The temperature at which
the solution is transferred to gel is called the gelling
temperature (GT).** The GT of the designed formulations
ranged from 32°C to 80°C, as seen in Table 2. The range
33°C - 35°C is optimum for gelling inside the nasal
cavity.*> The lowest GT (32°C + 1) belonged to F14
which contains 20% PF127 and 5% PF68. The quadratic
model was the most fitting model used for polynomial data
analysis (p<0.001). The predicated R* (0.9822) was in
agreement with the adjusted R? (0.9550). The equation
used to describe the GT was:

GT =  46.55+0.1A-22.7B+0.7C-0.12AB+0.38AC
+0.88 BC+2.14 A%+8.14B%*+1.14 C? )

ANOVA indicated that the GT was dependent only on
PF127% with p<0.001. PF127 had a negative effect on the
GT; increasing PF127% leads to a significant decrease in
GT. The impact of PF127% on the GT is shown in Figure
1B. Pluronics are linear triblock co-polymer consisted of
polypropylene block (PPO) between two polyethylene
oxide blocks (PEO). The amphiphilic characteristics depend
on PPO and PEO length. Pluronic can be self-assembled into
micelle with hydrophobic PPO core and hydrophilic PEO

shell. By increasing concentration, gelation occurred at
lower temperatures due to the packing of the micelles.
PF127 and PF68 are the most frequent polymers used in
the thermoreversible gel. PF127 forms gel at a lower tem-
perature than PF68. Data analysis showed that the formula-
tion containing 20% PF127 formed a gel at a lower
temperature. Adding PF68 to PF127 further decrease sol-
gel transition temperature due to the hydrophilicity of PF68
which disrupts the hydration shell around PF127.%*

Entrapment Efficiency Percent (EE%)

As shown in Table 2, the obtained results revealed that EE
% ranged from 93.1% to 99.7%, indicating that the pre-
pared cubosomes showed high drug entrapment. The two-
factor interaction model was used with an acceptable
difference between adjusted R? (0.96) and predicated R*
(0.76). The equation describing the EE% was:

EE% = 98.16+0.85A+1.13B+0.81C-0.66AB-0.68AC-

0.60B C (10)
Statistical ANOVA analysis indicated that all vari-
ables had a significant positive effect on EE%

(p<0.001). Figure 1C and D represent the effect of
lipid ratio, PF127% and PF68% on the EE%. GMO is
an amphiphilic polar lipid. It can be self-assembled into
bicontinuous cubic structures in water.'> The formed
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Figure | 3D surface plot for the main effects and interactions of lipid ratio, PF127 percentage, and PF68 percentage on (A) PS (B) GT, (C and D) EE%, and (E) Q6. The lipid
ratio had a significant effect on PS, EE%, and Q6; the PFI127% had a significant impact on PS, GT, and EE%; the PF68% had a significant effect on EE% and Q6.
Abbreviations: PF127, Pluronic FI27; PF68, Pluronic Fé8; PS, particle size; GT, gelling temperature; EE%, entrapment efficiency; Q6, percent released after 6 hours.

cubic structure had powerful encapsulation power for
different drugs with different molecular weights and
polarities.** The second factor that affected the EE% is
PF127%. PF127 is a water-soluble non-ionic triblock
co-polymer with HLB = 22.*° PF127 has many func-
tions in this design; it acts as a solubilizer to the drug,
stabilizer to the cubosomes, and gelling agent. PF127
could increase the water solubility of the poorly soluble
drugs and increase the drug entrapment in the water
Besides, PF127 might
stabilize the cubosomes entrapping the drug by forming

4
channels of the cubosomes.*®

a coat over them. The coat could retain an excess
amount of DLX
entrapment.>’ The last factor that affected entrapment
is PF68%. Like the PF127, PF68 is a water-soluble co-
polymer with solubilizing efficiency, but less than

in such a way to increase its

PF127, so it could enhance the water solubility and the
entrapment of a poorly soluble drug like DLX.*® In
a previous study, it was stated that increasing Tween
80 concentration increased the EE% of DLX in the
due to the

prepared proniosomes increased drug

wettability.'” In another study, it was reported that
increasing the Tween 80 concentration increased the
EE% of risperidone due to the formation of a coating
layer over the prepared cubosomes, which retain addi-

tional drug amount.*?

In vitro DLX Release

The DLX release from different cubo-gel formulations is
represented in Figure 2, and the Q6 values are shown in
Table 2. The formulations showed a slow drug release.
The extent of DLX release after 24 h ranged from 42.77
+ 7.01 to 101.38 + 1.7%. In a previous study, it was
reported that the extent of DLX release at pH 7.4 after
24 h from the prepared proniosomal gel and mucoadhe-
sive proniosomal gel was 30% and 24%, respectively.'®
This showed that our DLX cubo-gels could provide
and greater DLX
extents compared to the formulations in the previous

better-controlled release profiles

studies. Polynomial analysis, fitted with a 2-factor inter-
action model, was used to illustrate the release data at
Q6. There was an acceptable difference between
adjusted R? (0.908) and predicated R> (0.729).
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Figure 2 In vitro release profile of DLX in situ cubo-gels in PBS (pH = 7.4) at 37°C. Q6 ranged from 20.3 + 2.14 to 64.5 + 4.13% and the release extent ranged from 42.77

7.01 to 101.38 + 1.7%.

Abbreviations: DLX, duloxetine; PBS, phosphate buffer saline; Q6, percent released after 6 hours.

ANOVA showed that the lipid ratio and PF68% were
the factors significantly affecting the Q6 with (p<0.05).
Figure 1E represents the effect of lipid ratio and PF68%
on the Q6. The equation describing the Q6 was:

Q6 =
+10.13BC

+35.63-3.24A+0.74B+2.38C-6.54AB-5.32AC
(1D

The lipid ratio had a negative effect on the Q6 of the
release. The GMO is the most common lipid used in
cubosomes formulations; it might decrease the drug

release by delaying drug partitioning from the oily med-
ium to the aqueous medium.”> GTP is a hydrophobic
triglyceride formed by the acylation of the three hydroxyl
groups of the glycerol by palmitic acid. It could decrease
the wettability of the formulation with the release medium
and consequently reduced the drug release.*” On the other
hand, PF68% has a positive effect on the Q6; increasing
the PF68% lead to a significant increase in the drug release
from the cubosomes. PF68 is amphiphilic co-polymer act-

ing as a pore-forming agent and a release enhancer.**

submit your manuscript

9526

Dove

International Journal of Nanomedicine 2020:15


http://www.dovepress.com
http://www.dovepress.com

Dove

Elsenosy et al

Characterization of the Optimized DLX

in situ Cubo-Gel Formulation

PS, PDI, ZP, GT, EE% and in vitro DLX Release

The optimized formulation (composed of 3.76 lipid ratio, 20%
w/v PF127, and 5% w/v PF68) with desirability value 0.88 had
aPS 0f265.13+9.85 nm, PDI 0f 0.42 + 0.04, and ZP of 2.79 +
0.44 mV. The GT was 32 £ 0.05°C. EE% was 98.13 = 0.50%,
and the Q6 was 33%. These findings were in agreement with
the values predicted by the conducted statistical design.

Gelling Time

It is the time taken by the thermoresponsive formulations
to form a gel (sol-to-gel transition) at a specific tempera-
ture. The cubo-gel transformed into gel after 10 sec when
kept at 33 + 0.5°C.

pH of the Formulation

The pH of an intranasal product must be measured to
avoid nasal mucosal irritation. The pH of an intranasal
formulation must be from 5 to 6.5.* The cubo-gel pH
was 6.3. This result is in agreement with that reported by
Khatoon et al for DLX intranasal delivery. They reported
that DLX proniosomal gel and mucoadhesive proniosomal
gel had a pH of 6.44 and 5.67, respectively.'®

TEM Imaging
It was observed that the cubosomes were not typical cubic in

shape, as shown in Figure 3. In previous studies, Nasr et al

and Abo El-Enin et al found that the drug-loaded cubosomes
were nearly spherical with irregular polyangular shapes.'*’
This might be due to the GTP, which leads to a semi-cubic
(semi-spherical) shape as it is reported in previous studies
that GTP formed dense spherical nanoparticles.’®>' The
scanned cubosomes showed numerous water channels in
their structure as the GMO is self-assembled in water and
form a liquid crystalline cubic phase consisted of bicontin-
uous lipid bilayers with networks of water channels.'® The
cubosomes were well dispersed without aggregation; their
surface was smooth and irregular. Their size was in agree-
ment with that of the PS results. This PS was suitable for
passing the BBB and achieving brain targeting.

DSC

DLX and optimized in situ cubo-gel DSC thermograms are
shown in Figure 4. DLX thermogram displayed a high
endothermic peak at 167.87°C, indicating the crystalline
state of the drug.> However, the lyophilized cubosomes did
not have a sharp peak but have two little peaks at 51.4°C
and 65°C. This could indicate that DLX, when formulated
into the cubo-gel was encapsulated inside the cubosomes
in an amorphous state or may have undergone an
interaction.

FTIR
The FTIR spectra of DLX and lyophilized optimum
in situ cubo-gel are shown in Figure 5. The FTIR

Figure 3 TEM images of (A) optimized DLX in situ cubo-gel formulation and (B) magnified single cubosome. The images show the cubosomes with numerous water

channels in their structure.
Abbreviations: TEM, transmission electron microscope; DLX, duloxetine.

International Journal of Nanomedicine 2020:15

submit your manuscript

9527

Dove


http://www.dovepress.com
http://www.dovepress.com

Elsenosy et al

Dove

DSC (mW)

—— DLX
— Optimized cubo-gel

! [ ! [

T
0 50 100 150 200

T+ 1 T ' T r° 1
250 300 350 400 450

Temp (C)

Figure 4 DSC thermograms of DLX showing an endothermic peak at 167.87°C and of optimum DLX in situ cubo-gel showing the disappearance of the DLX endothermic

peak.
Abbreviations: DSC, differential scanning calorimetry; DLX, duloxetine.

spectra of GMO,*>* GTP,>*! PF127,°*>* and F68>
are obtained from previous studies found in the litera-
ture. The DLX spectrum showed distinct peaks at
1577.77 (aromatic alkenes), 1462.04 (thiophene ring),
and 1234.44 (carbonyl group).”® The spectra of the
lyophilized formulation showed a slight shift and
a decrease in the peak strength of these groups. These
findings were consistent with their DSC thermograms
and might be due to the possible interaction between
the GMO hydroxyl group and the carbonyl group in the
drug.”’

XRPD

Figure 6 represents the XR diffractograms of DLX and the
lyophilized optimized DLX loaded in situ cubo-gel. The
DLX diffractogram showed distinct peaks at 18.2°, 19.07°,
21.08°, 23.5°, and 28.1° (20) with relative intensity 45.32,
60.06, 100, 50.43, and 38.08, respectively, reflecting its
crystalline form.> These peaks disappeared in the diffrac-
togram of DLX loaded cubo-gel. This might indicate the
molecular dispersion of the drug within the cubosomes,
which leads to the loss of its crystalline nature and could
indicate the complete encapsulation of the drug in the

cubosomes.

Cytotoxicity Assay
The cytotoxicity test was conducted to ensure the safety of
the cubo-gel components on the epithelial cells. As shown
in Figure 7, the optimum plain in situ cubo-gel had
a significantly higher ICso (70.85 pg/mL) compared to
the drug solution and the drug-loaded in situ cubo-gel,
which had almost similar ICsy values (21.66 and 20.77
pg/mL, respectively). The results showed that the formula-
tion components were 3.27 times safer compared to the
drug. Moreover, the formulation components had no
synergistic effects on the drug cytotoxicity. Similar find-
ings were observed by Ali-Boucetta et al and Desai et al
studied the of PF127

58,59

who safety and lipid,

respectively.

Ex vivo DLX Permeation Study

The effect of the cubo-gel on DLX diffusion through the
nasal membrane was assessed using the permeation study.
This can help to predict the in vivo drug permeability.
Figure 8 shows the permeation profiles of DLX loaded
in situ cubo-gel compared to the DLX solution. DLX
in situ cubo-gel and DLX solution showed drug flux (J,4)
of 110.75 and 87.2 pg/h/cm?, respectively. This indicated
a significant increase in the permeation rate with p<0.001.
The enhancement ratio was 1.27, indicating an increase in
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Figure 5 FTIR spectra of DLX and optimum DLX in situ cubo-gel showing shifted and reduced peaks at 1577.77 (aromatic alkenes), 1462.04 (thiophene ring), and 1234.44

(carbonyl group).
Abbreviations: FTIR, Fourier-transform infrared spectroscopy; DLX, duloxetine.

the permeated drug amount per unit area through sheep
nasal membrane from the cubo-gel compared to the DLX
solution. A previous study reported that IN DLX pronio-
somal gel and mucoadhesive proniosomal gel showed
a flux of 8.6 and 16.1 pg/h/cm?, respectively.'? Our results
showed that the DLX in situ cubo-gel had a flux of 110.75
pg/h/cm? This confirms the superiority of our formulation
in enhancing DLX permeation through nasal mucosa com-
pared to previous studies.

Cubosomes’ physical characters and the compo-
nents involved in their structure might be the main
reasons for the permeability improvement. Nano-sized
drug delivery systems ranged from 1 to 1000 nm can
enhance mucosal permeation and cellular internaliza-
tion, and PS lower than 500 nm helps the nanoparticles
to squeeze in the non-viscous aqueous pores found in
the mucin network.” In a previous study, Shilo et al

found that the intracellular uptake of gold nanoparticles

(GNPs) was strongly dependent on GNPs PS. They
stated that when the drug was encapsulated in the
GNPs, the optimum size to cross the BBB and the
brain cells was 70 nm.°® In another study, Gao et al
stated that the PS significantly influenced the delivery
of methotrexate nanoparticles across the BBB. They
noted that a significant difference in permeation across
the BBB is found when the PS is below 100 nm, but
nanoparticles from 100 to 400 nm overcome the BBB
non-significantly.®!

Also, the PS influences the cellular uptake and inter-
nalization of the prepared cubosomes. Bourganis et al
reported that nanoparticles with a diameter smaller than
that of the olfactory axons (PS from 100 to 700 nm in
humans) could be intracellularly transported to the brain
via the olfactory neural pathway.®®> Acosta concluded that
nanoparticles with PS less than 500 nm had higher cellular

uptake than nanoparticles with larger PS.%
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Figure 6 XRPD of DLX showing distinct peaks at 18.2°, 19.07°, 21.08°, 23.5°, and 28.1° and of optimum DLX in situ cubo-gel showing the disappearance of these peaks.
Abbreviations: XRPD, X-ray powder diffraction; DLX, duloxetine.
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Figure 7 Cell viability of the optimized DLX in situ cubo-gel compared to plain in situ cubo-gel and DLX solution on oral epithelial cells showing that the plain in situ cubo-
gel had a significantly higher ICso (70.85 pug/mL) compared to the DLX solution and the DLX in situ cubo-gel, which had almost similar ICsq values (21.66 and 20.77 pg/mL,
respectively).

Abbreviations: DLX, duloxetine.
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Figure 8 Cumulative amount of DLX permeated per unit area across the nasal sheep membrane via the optimized DLX in situ cubo-gel compared to the DLX solution

showing increased permeation with 1.27 enhancement ratio.
Abbreviations: DLX, duloxetine.

Regarding the composition, PF127 and PF68 are co-
polymer surfactants with permeability enhancing ability,
so improve mucosal penetration. GMO, a polar lipid, and
the main component in cubosomes, could act as
a permeability enhancer by promoting the intercellular
lipid disorder by the interaction between its hydroxyl
group and the anionic oxygen in the polar head of phos-
pholipids membrane.®* These findings were in agreement
with the results reported by Abdelrahman, F.E. et al who
stated that the nanosize and the presence of Tween 80 in
risperidone cubosomes lead to enhanced drug permeation

22
across the nasal mucosa.

In vivo DLX Bio-Distribution Study

The calibration curve of DLX showed a linear response
from 0.1-250 ng/mL, with a determination coefficient
equal to 0.999. The analytical method used in the bio-
distribution study was validated to ensure its accuracy
and precision. The pharmacokinetics of DLX were studied
in plasma and brain homogenate after intranasal (IN) and
intravenous (IV) administration of both the formulation
and the drug solution. The in vivo drug behavior in plasma
and brain homogenate are shown in Figures 9 and 10. The
pharmacokinetics parameters are shown in Table 3.

The pharmacokinetics results showed that the DLX
level reached its peak concentration in the plasma and
the brain after 0.15 h upon the IN administration of both
the cubo-gel formulation and the drug solution. This short
tmax Might be attributed to the fast absorption through the
IN route while the oral administration of DLX suffered
from a 2 h lag time before absorption and the drug reached
its toay after 6 h.®> The plasma C,.x of the IN cubo-gel
was 215 + 7 ng/mL, and the IN solution was 239.63 + 5.7
ng/mL. In the brain tissue, the C,,,, of the IN cubo-gel was
51.8 £ 2.2 ng/mL, while the C,,,, of IN solution was 91.14
+ 4.15 ng/mL. In a previous study, Alam et al prepared
DLX nanostructured lipid carriers (NLC), which were
administered as a circulating IN infusion in rats. The
DLX NLC showed a drug concentration of 1869.247 ng/
mL in the plasma and 228.88 pg/g in the brain.'® The
higher absorption and permeation of IN DLX NLC com-
pared to our results might be attributed to many factors.
First of all, the circulating DLX NLC IN infusion covered
a larger area of the nasal mucosa for a more extended time
in contrast to the DLX cubo-gel, which suffered from
washing out by time. Secondly, the anesthesia of the rats
to facilitate the administration of DLX NLC IN infusion
could decrease the nasal mucociliary clearance and
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Figure 9 Mean plasma concentration-time profiles of IN DLX in situ cubo-gel in comparison to IN solution, IV formula, and IV solution after the administration in Swiss
albino rats. The in situ cubo-gel showed higher AUC ;s compared to the IN solution with relative bioavailability of 188.92%.
Abbreviations: DLX, duloxetine; IN, intranasal; IV, intravenous; AUCq_, area under the curves from zero to infinity.
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Figure 10 Mean brain homogenate concentration-time profiles of IN DLX in situ cubo-gel in comparison to IN solution, IV formula, and IV solution after the administration
in Swiss albino rats. The in situ cubo-gel showed higher AUC_;,s compared to the IN solution with relative bioavailability of 196.13%.
Abbreviations: DLX, duloxetine; IN, intranasal; IV, intravenous; AUCq_i, area under the curves from zero to infinity.
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consequently increase the residence time and absorption of
DLX NLC.

Although the IN solution had higher C.,x in both
plasma and brain than the cubo-gel formulation,
a significant enhancement in DLX bioavailability is
achieved with the in situ cubo-gel as shown by the higher
values of the AUC,_7, and AUC,._,, displayed in Table 3.
The cubo-gel had a relative bioavailability of 188.92% and
196.13% in plasma and brain, respectively, compared to
the IN solution. This might be due to the controlled release
nature of the IN cubo-gel and its higher residence on the
nasal mucosa, leading to lower C,,,, at the beginning but
higher bioavailability eventually.

The IN cubo-gel also showed a significantly higher
bioavailability (208.43%) in the brain than the IV formu-
lation. This might be attributed to the direct transfer of the
nasal formulation through the olfactory pathway to the
brain and bypassing the BBB. On the other hand, the IN
cubo-gel was bioequivalent to the IV solution in the
plasma and the brain and bioequivalent to the IV formula-
tion in the plasma.®®

Additionally, the BTE% of the IN cubo-gel (137.77%)
was significantly higher than that of the IN solution
(75.02%), indicating more efficient brain targeting by the
IN cubo-gel. This might be attributed to the higher per-
meation of DLX from the cubo-gel either directly to the
brain through the olfactory pathway or to some extent
through the BBB after systemic absorption. These findings
were further supported by DTP%. The DTP% of the IN
cubo-gel was 10.5% but that of the IN solution was —
13.7%. The positive DTP% in the IN cubo-gel indicated
that the direct nose to brain pathway was responsible for
the high DLX brain levels, while the negative DTP% in
the case of the IN solution indicated that DLX entered the
brain preferentially via the systemic circulation after IV
administration.”

Furthermore, the higher bioavailability and the super-
iority in brain targeting of the IN cubo-gel compared to the
IN solution might be attributed to many other reasons.
Firstly, the instilled formulation was transformed into
a gel when inserted into the nasal cavity, leading to pro-
longation in the residence time of the formulation on the
nasal mucosa. This overcame the rapid mucociliary wash-
out, which is considered the most common problem with
the IN route.*”” Secondly, the lipophilic nature of the
cubosomes allowed better vesicle penetration and more
efficient drug absorption through the nasal mucosal mem-
brane and the BBB for the systemically absorbed part of

International Journal of Nanomedicine 2020:15

submit your manuscript 9533

Dove


http://www.dovepress.com
http://www.dovepress.com

Elsenosy et al

Dove

Table 4 Average PS, ZP, PDI and EE% of Optimum DLX in situ
Cubo-Gel After Storage for 3 Months at Room Temperature and

Refrigerator
PSt SD ZP+SD | PDI+SD | EE%* SD
(nm) (mV) (%)
Initial 265.13 % 9.85 | 279 £ 044 | 0.4 £0.05 | 98.13 + 0.50
Room 24120 £827 | 3.01 £ 031 | 023 +0.03 | 97.80 + 0.85
Temperature
Refrigerator | 272.17 +8.72 | 2.85 £ 0.02 | 037 £0.01 | 97.20 £ .01
the formulation. Thirdly, Bourganis et al reported

a correlation between the surface charge and the DTP%.
In particular, it can be observed that as the ZP approaches
zero, higher DTP% values can be achieved.®> Finally,
according to the BTE% and DTP%, the larger proportion
of the drug reached the brain directly through the olfactory
pathway, which is considered a unique access gate to the

brain as it is devoid of the BBB pro‘tection.9’68’69

Stability Study

The results in Table 4 showed that there were minimal
changes in cubosomes physical characters. In the case of
room temperature, there is slight decrease in PS and EE%.
In contrast, in the refrigerator (4-8°C), it was found that
there is a slight increase in PS and a minimal decrease in
EE%. ZP was also minimally changed at both room tem-
perature and refrigerator. The little changes in PS, ZP, and
EE% were statistically insignificant (P<0.05, paired ¢-test).
The presence of a high concentration of PF127 and PF68
allowed system stability due to their amphiphilic nature.*’

Conclusion

Thermoreversible DLX in situ cubo-gel was successfully
prepared with suitable GT, high EE%, small and uni-
form PS, and controlled drug release. Statistical analysis
of the 3° CCD showed that the lipid ratio had
a significant effect on PS, EE%, and Q6; the PF127%
had a substantial effect on PS, GT, and EE%; the
PF68% had a significant impact on EE% and Q6.
Optimum DLX in situ cubo-gel with the desirability of
0.88 was prepared and evaluated. It had PS of 265.13 +
9.85 nm, GT of 32 + 0.05°C, EE% of 98.13 £+ 0.50%,
and Q6 of 33%. The cytotoxicity study revealed that the
formulation components were 3.27 times safer compared
to the drug. The ex vivo permeation study showed
a 1.27 enhancement ratio in the flux, indicating an
increased drug permeation from the DLX in situ cubo-

gel. The in vivo bio-distribution study showed that the
IN in situ cubo-gel is much better than the IN solution
in bioavailability enhancement and brain targeting. The
IN in situ cubo-gel showed a 1.96 fold increase in brain
bioavailability compared to the IN solution. The BTE%
and DTP% of the in situ cubo-gel were 137.77% and
10.5%, respectively, indicating efficient brain targeting
after IN administration. The GMO and Pluronics incor-
porated in the cubo-gel formulation have powerful solu-
bilizing and penetration enhancing effects improving the
DLX encapsulation in the cubosomes and their absorp-
tion through the nasal cavity directly to the brain. Based
on these studies, the IN DLX in situ cubo-gel could be
considered as an innovative nano-carrier delivery system
for brain targeting of DLX to maximize its effect.
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DLX, duloxetine; BCS, biopharmaceutics classification
system; CMC, critical micelle concentration; PEO, poly-
ethylene oxide; PPO, polypropylene; CCD, central com-
posite design; GMO, glycerol monooleate; GTP glycerol
tripalmitate; PF127, Pluronic F127; PF68, Pluronic F68;
PS, particle size; PDI, polydispersity index; ZP, zeta
potential; GT, gelling temperature; EE%, entrapment
efficiency; Q6, percent released after 6 hours; SD, stan-
dard deviation, PBS, phosphate buffer saline; TEM,
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scanning calorimetry; FTIR, Fourier-transform infrared
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flux at 24 hours; ER, enhancement ratio; IN, intranasal;
IV, intravenous; IS, internal standard; LC-MS/MS, liquid
chromatography with tandem mass spectrometry; Cp,ax,
maximum concentration; tp.y, time for the peak; K.,
elimination rate constant; t;,, elimination half-life;
MRT, mean residence time; AUC,.;,, area under the
curves from zero to the last time; AUCy_;,¢, area under
the curves from zero to infinity; BTE%, brain targeting
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