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ARTICLE INFO ABSTRACT

Keywords: Duloxetine hydrochloride (DUL) is a BCS class-II antidepressant drug, acting via serotonin and norepinephrine
Duloxetine hydrochloride reuptake inhibition. Despite high oral absorption, DUL suffers limited bioavailability due to extensive gastric and
Elastosomes first-pass metabolism. To improve DUL's bioavailability; DUL-loaded elastosomes were developed, via full
ﬁ:rt;f::;omgy factorial design, utilizing various span®60: cholesterol ratios, edge activator types and amounts. Entrapment
In-vivo studies efficiency (E.E.%), particle size (PS), zeta potential (ZP) and in-vitro released percentages after 0.5 h (Qg sp) and
Transdermal 8 h (Qgn) were evaluated. Optimum elastosomes (DUL-E1) were assessed for morphology, deformability index,

drug crystallinity and stability. DUL pharmacokinetics were evaluated in rats following intranasal and trans-
dermal application of DUL-E1 elastosomal gel. DUL-E1 elastosomes [comprising span®60 and cholesterol (1:1)
and brij S2 (edge activator; 5 mg)] were optimum with high E.E.% (81.5 + 3.2%), small PS (432 + 13.2 nm), ZP
(—30.8 £ 3.3 mV), acceptable Qs (15.6 + 0.9%), and high Qg (79.3 + 3.8%). Intranasal and transdermal
DUL-E1 elastosomes revealed significantly higher Cpax (251 + 18.6 and 248 + 15.9 ng/mL) at Tryax (2 and 4 h)
and improved relative bioavailability (~ 2.8 and 3.1 folds) respectively, in comparison to oral DUL aqueous
solution. In-vivo histopathological studies were conducted to ensure the safety of DUL-E1. Elastosomes are
promising novel nano-carriers, capable of enhancing the bioavailability of DUL via various routes of
administration.

1. Introduction

Depression is the most serious disabling mental disorder, negatively
affecting the psychological as well as the physical health (Tawfik et al.,
2020). Depression influences about 264 million people, and is respon-
sible for about 60% of the suicidal incidences worldwide (Nemeroff,
2007; Rana et al.,, 2020). Commonly administered antidepressant
treatments; tricyclic antidepressants (first generation), selective sero-
tonin reuptake inhibitors, dopamine reuptake inhibitors, and norepi-
nephrine reuptake inhibitors (2nd generation) suffer various limitations
and have many side effects (Khatoon et al., 2019; Tawfik et al., 2021).

Consequently, more efficacious, safer, and better-tolerated pharmaco-
logical treatments of depression are needed.

Duloxetine hydrochloride (DUL; (3S)-N-methyl-3-naphthalen-1-
yloxy-3-thiophen-2ylpropan-1-amine) is considered a novel antide-
pressant drug acting via a dual mechanism, being selective serotonin as
well as norepinephrine reuptake inhibitor (Salem et al., 2022). It was
reported that DUL shows higher potency, more efficacy, and less toxicity
compared to other antidepressant drugs (Khatoon et al., 2019; Setia
et al., 2013). Although DUL shows high oral absorption (Elsenosy et al.,
2020), variable poor bioavailability (=~ 40%) is achieved due to the
extensive degradation in the acidic medium of the gastrointestinal tract
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and first-pass metabolism via the hepatic cytochrome P450 P1A2 (El
Sharawy et al., 2017; Salem et al., 2022). DUL, a BCS class-II drug, is
considered a promising candidate for intranasal, as well as transdermal
drug delivery, due to its physicochemical properties including lip-
ophilicity (log P = 4.2) and molecular weight (330 g/mol) (Peddapalli
et al., 2018).

Intranasal administration is a fast, potential drug delivery route that
enhances the delivery of various drugs to the brain, bypassing the blood-
brain barrier as well as enzymatic and hepatic metabolism (Elsenosy
et al., 2020; Khatoon et al., 2019; Yasir et al., 2022b). Nasal delivery is
an attractive route of drug administration owing to non-invasiveness,
fast onset of action, improved bioavailability and ease of administra-
tion (Abd-Elal et al., 2016; El Taweel et al., 2021; Yasir et al., 2021).

Transdermal administration is also a promising alternative drug
delivery route for various drugs, suffering from high dosing frequency,
extensive gastrointestinal and first-pass metabolism (Zafar et al., 2022b;
Tawfik et al., 2023). Transdermal drug delivery improves the bioavail-
ability, via delivering the drugs at a predetermined controlled manner
and improves the patient compliance owing to being painless, reduced
side effects, and dosing frequency (Aziz et al., 2018; Hassan et al., 2022).

Elastosomes (ultra-elastic nanovesicles) are of the most novel and
promising nano-vesicular drug delivery systems. Owing to their ultra-
elasticity, they were proved to enhance tissue penetration (Ali et al.,
2021). Bilosomes (modified niosomes) are nano-vesicles comprising bile
salts added to the conventional non-ionic amphiphiles (El Taweel et al.,
2021). Recent publications stated that bilosomes succeeded to enhance
the intranasal (El Taweel et al., 2021) as well as the transdermal (Ahmed
et al., 2020) delivery of various drugs. Elastosomes were developed by
modifying the composition of bilosomes, through the addition of
different edge activator (EA) types. Owing to the surface tension
lowering properties of both bile salts as well as EAs, elastosomes are
considered to be of greater deformability, in comparison to bilosomes
(Aziz et al., 2018; Mosallam et al., 2021). Being ultra-elastic, elasto-
somes squeeze themselves through the pores of the nasal mucosa as well
as the skin to reach deeper tissues. Elastosomes can enhance tissue
penetration via modifying the nasal mucosa and the stratum corneum
(Ali et al., 2021; El Taweel et al., 2021).

Various previous trials were conducted to overcome DUL's limita-
tions. El Sharawy et al. (2017), and Peddapalli et al. (2018) developed
DUL-loaded buccal films and buccal tablets respectively. Setia et al.
(2013) aimed to surpass the acidic drug degradation by preparing DUL-
loaded enteric coated mucoadhesive microspheres. Also, Khatoon et al.
(2019) chose the intranasal drug delivery route, for DUL brain targeting
and avoiding the hepatic metabolism. The rectal route was also explored
by Salem et al. (2022) for improving the bioavailability of DUL.

Our current work aims to develop and characterize DUL-loaded elas-
tosomes to enhance the bioavailability of DUL. Elastosomes were devel-
oped using vesicle forming material (cholesterol; CH), along with
surfactant (span®60), in the presence of bile salt (sodium deoxycholate;
SDC), and different edge activators (EAs). Two span®60: cholesterol ratios
(1:1 or 5:1), two EA types (brij S2 or cremophor RH 40); at two different
amounts (5 or 10 mg) were investigated. The optimum developed elasto-
somes (with respect to the in-vitro characterization studies) were pro-
moted for in-vivo histopathological safety assessment as well as in-vivo
bio-distribution studies in rats after intranasal and transdermal delivery.

The novelty of our study relies on the fact that elastosomal DUL have
not been investigated before. Furthermore, previous studies explored
the effect of the type as well as the amount of edge activator on the
characteristics of the developed elastosomes (Aziz et al., 2018; Mosallam
et al., 2021), however the factor Span® 60: cholesterol ratio was not
studied before. On the other hand, in-vivo biodistribution studies were
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conducted via two routes (intranasal and transdermal delivery) to
compare and choose the optimum one, beside in-vivo histopathological
studies were carried out on different organs (heart, liver, and brain) to
ensure the safety of the new systems and that no marked histopatho-
logical changes were found.

2. Materials and methods
2.1. Materials

Duloxetine hydrochloride (DUL), reboxetine (internal standard; IS)
were kindly donated by EVA Pharma (Cairo, Egypt). Cholesterol (CH),
sodium deoxycholate (SDC), acetonitrile (HPLC grade), brij S2 (poly-
oxyethylene (2) stearyl ether), span®60 (sorbitan monostearate), and
Spectra Por®© dialysis tubing (Mol. Wt cut off 12-14 g/mol) were bought
from Sigma-Aldrich® (St. Louis, MO). Cremophor RH 40 was procured
from BASF Co. (Florham Park, NJ). Chloroform, potassium dihydrogen
phosphate, methanol, and sodium chloride, disodium hydrogen phos-
phate were acquired from El-Nasr Pharmaceutical Chemicals Co. (Cairo,
Egypt). Hydroxypropyl methylcellulose (HPMC) K4M was brought from
Dow Chemical Company (Midland, US). All other (analytical grade)
reagents were used as provided.

2.2. Methodology

2.2.1. Development of DUL-loaded elastosomes

Thin film hydration technique was adopted for the development of
eight DUL-loaded elastosomes, comprising vesicle forming material
(CH), surfactant (span®60), bile salt (SDC), and edge activator (EA),
with slight modifications (Aziz et al., 2018; Dai et al., 2013). The
investigated variables were span®60: CH ratio (1:1 or 5:1), EA type (brij
S2 or cremophor RH 40) as well as EA amount (5 or 10 mg). In a round-
bottom flask (500 mL); drug (20 mg), along with the elastosomal com-
ponents (span®60, CH; 20 mg, SDC;5 mg and EA) were completely
dissolved in 10 mL organic solvent mixture of chloroform/methanol
(7:3, % v/v) using bath sonicator (Crest Ultrasonics Corp., Trenton, NJ)
(Mosallam et al., 2021). Utilizing a rotatory evaporator; DUL-loaded
clear organic solution was evaporated slowly (Heidolph VV 2000, Bur-
ladingen, Germany) at 60 °C, under vacuum to form a clear dry film, at
120 rpm for 30 min. Then, the obtained film was hydrated with distilled
water (10 mL), using the same apparatus, while revolving under normal
pressure, at 120 rpm for 1 h. Finally, the developed vesicles were bath-
sonicated for 30 min to reduce their size and were kept overnight at 4 °C
to equilibrate. For comparative study, DUL-loaded bilosomes, comprised
of span®60: CH (1:1) along with SDC (5 mg) in the absence of EA, were
prepared by the same technique.

2.2.2. In-vitro characterization of DUL-loaded elastosomes

2.2.2.1. DUL entrapment efficiency percentage (E.E.%). The indirect
technique was adopted via measuring the unentrapped DUL concen-
tration of each elastosomal dispersion (Aziz et al., 2018). Free DUL was
separated from the developed dispersions by ultra-centrifugation
(22,000 rpm) at 4 °C for 1 h (Heraeus Megafuge 1.0 R; Hanau, Ger-
many). Diluted supernatants were analyzed for unentrapped DUL con-
centrations (Shimadzu UV-1601 PC spectrophotometer, Kyoto, Japan)
at Amax 286 nm (Elsenosy et al., 2020). E.E.% values were calculated
according to the following equation. Three independent measurements
were utilized for the calculation of the mean + S.D.
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EE.% =

Total theoritical amount of DUL (mg) — Amount of unentrapped DUL (mg)
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Total theoritical amount of DUL (mg)

x 100 (@)

2.2.2.2. Particle size (PS), polydispersity index (PDI), and zeta potential
(ZP). PS and PDI measurements were conducted at 25 °C, via quasi-
elastic light scattering technique using Zetasizer Nano ZS (Malvern in-
struments; Worcestershine, UK) (Abd-Elal et al., 2016). To develop
appropriate intensity of light scattering, DUL-loaded elastosomal dis-
persions were adequately diluted (15 folds) before measurements at
25 °C. Homogenous distribution of PS could be revealed by low PDI
values (Tawfik et al., 2021). The physical stability could be determined
by measuring the electrophoretic mobility (ZP values) of the charged
DUL-loaded elastosomes using a laser doppler anemometer, connected
to the same equipment. Results were presented as mean (n = 3) + S.D.

2.2.2.3. In-vitro release studies. The membrane diffusion technique was
adopted for the determination of the in-vitro release profiles of DUL
from the developed elastosomes. Aliquots of DUL-loaded elastosomes
(equivalent to 5 mg DUL) were transferred to soaked semi-permeable
cellulose dialysis membrane. Following loading, the membrane tubing
was clamped and immersed in the release medium; phosphate buffer
saline (PBS; pH 7.4, 50 mL), in a shaking water bath (Unimax, IKA,
Staufen, Germany) maintained at 50 strokes per min and 37 + 0.5 °C
(Elsenosy et al., 2020). For the purpose of maintaining sink conditions,
replacement by fresh PBS was carried out after each sample (3 mL)
withdrawal, at pre-defined time points up to 8 h (0.5, 1, 2, 4, 6, and 8 h).
DUL concentrations were analyzed spectrophotometrically at Ayax 286
nm. DUL released percentages were plotted versus their corresponding
time points. Percentages of DUL released after 0.5 h (Qg sn) and 8 h (Qgp)
were determined for comparison and optimization. Parallelly, in-vitro
release profile of DUL from an aqueous DUL solution was similarly
conducted, to ensure that dialysis membrane didn't cause any retarda-
tion of drug release. Presented results were the average (+ S.D.) of three
experiments.

2.2.3. Statistical design and optimization of DUL-loaded elastosomes via 23
full factorial design

The statistical significance of the developed DUL-loaded elastosomes
was performed via a full factorial (2%) design, utilizing Design-Expert®
software version 7 (Stat-Ease, Inc., Minneapolis, MN). The evaluation of
three factors; X;: Span® 60: CH ratio, Xy: EA type and X3: EA amount
(each at two levels) was performed in this design; Table 1. The responses
were E.E.% (Y1), PS (Y2), ZP (Y3), Qo.sh (Y4) and Qgn (Ys). The desir-
ability values were assessed for optimization, where constraints were
adjusted to minimize PS, while maximize E.E.%, ZP (absolute value),
Qo.5h and Qgp. One-way ANOVA (p < 0.05) was conducted to test the

Table 1
Design parameters and response's constraints of 2 full factorial design of DUL-
loaded elastosomes.

Independent Variables Level of Variables

-1 +1)
X;: Span®60: CH ratio 1:1 5:1
Xo: EA Type Brij S2 Cremophor RH 40
X3: EA Amount (mg) 5 10
Response's Constraints
Y;: E.E. * (%) Maximize
Y,: PS (nm) Minimize
Y3: ZP (mV) Maximize (as absolute values)
Ya: Qo.sh (%) Maximize
Ys: Qgn (%) Maximize

statistical significance of each of the three factors on the chosen re-
sponses and to select the optimum DUL-loaded elastosomes which were
subjected to further studies.

2.2.4. Characterization of the optimum DUL-loaded elastosomes

2.2.4.1. Transmission electron microscopy (TEM). TEM (Joel JEM 1230,
Tokyo, Japan) was utilized for visualizing the morphologic properties
and topographic characteristics of the optimum DUL-loaded elasto-
somes, after proper dilution and negative staining with (2% w/v)
phosphotungestic acid. Briefly, two drops of the diluted elastosomal
dispersion were stratified onto a copper grid (carbon-coated), stained
with a drop of phosphotungestic acid solution, and left to air-dry before
visualization at 80 kV (Abd-Elal et al., 2016; Tawfik et al., 2018).

2.2.4.2. Deformability index (DI). The elasticity of the optimum DUL-
loaded elastosomes was assessed via the extrusion technique, in com-
parison to the corresponding DUL-loaded bilosomes formulation (Aziz
et al., 2018; Van den Bergh et al., 2001). Firstly, both elastosomal and
bilosomal dispersions were (10-folds) diluted. Using air compressor
under 2.5 bar pressure (Haug Kompressoren AG; B€uchi Labortechnik
AG, Flawil, Switzerland), diluted dispersions were extruded through
200 nm pore size nylon filters (Jinteng Experiment Equipment Co., Ltd.,
Tianjin, China) (El Zaafarany et al., 2010; Lei et al., 2013). Presented
results were the means (+ SD) of three independent experiments. Ac-
cording to the mentioned equation; DI values were estimated (Gupta
et al., 2005):

DI = (r,/r,)° @

where J is considered to be weight of the extruded dispersion within 10
min, ry is considered to be the particle size (PS; nm) of the vesicles after
extrusion, and r;, is considered to be the pore size (nm) of the barrier.

2.2.4.3. Solid-state characterization study via differential scanning calo-
rimetry (DSC). The optimum developed DUL-loaded elastosomes were
freshly prepared, frozen, and lyophilized (—45 °C, 24 h) under (7 x
1072 mbar) reduced pressure (Novalyphe-NL 500 lyophilizer, Savant
Instruments; NY). The lyophilized elastosomes were subjected to the
following characterization study.

DSC thermograms of pure DUL, CH, span® 60, SDC, EA (brij S2),
physical mixture of all components, and the optimum developed DUL-
loaded elastosomes were assessed (Shimadzu DSC-60, Shimadzu,
Kyoto, Japan) using (99.9%) purified indium as reference. Each sample
was heated from 30 to 300 °C in flat aluminum pans at a rate of 10 °C/
min under nitrogen flow (30 mL/min) (Abd-Elal et al., 2020).

2.2.4.4. Effect of short-term storage after 3 months. For comparative
purpose to elucidate the effect of storage on the characterization of DUL-
loaded elastosomes, portions of the optimum elastosomal dispersions
were stored in tightly-sealed glass vials in refrigerator (5 + 2 °C) and
other portions were kept on the shelf at room temperature (25 + 2 °C)
for 3 months (Desai et al., 2011). After the end of the storage period,
both portions were compared to freshly prepared elastosomes and were
evaluated for E.E.%, PS, PDI, and ZP. The results were expressed as mean
+ SD (n = 3). SPSS® software version 22 was utilized for testing the
statistical significance by student t-test, where P values <0.05 were
considered significant.
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2.2.4.5. Development of DUL-loaded elastosomal gel. 0.5% w/v hydrox-
ypropyl methylcellulose (HPMC) gel was prepared and kept overnight in
the fridge to achieve clear hydrogel. DUL-loaded elastosomal gels were
prepared via the incorporation of the optimum DUL-loaded elastosomes
(DUL-E1) into the HPMC hydrogel at a ratio of 1:1.

2.2.4.5.1. In-vitro characterization of DUL-E1 gel

2.2.4.5.1.1. Determination of pH

pH of DUL-E1 gel was assessed after diluting 0.5 mL of the pre-
mentioned gel with 4.5 ml of distilled water and stirring on a mag-
netic stirrer for 5 min. Following, the electrode was immersed in the
diluted gel and was left to equilibrate for a minute. Three independent
measurements were conducted (Fahmy et al., 2018).

2.2.4.5.1.2. Determination of the rheological constants

A cone and plate viscometer (Brookfield viscometer; type DVT-2)
was utilized for determining the rheological properties of the investi-
gated DUL-E1 gel. 0.5 ml of the investigated gel was added to the plate.
The rate of shear was increased from 0.5 up to 100 min . Results were
determined and were used for applying power model equation: T = K(y)"
where 7 is the symbol of shear stress, y is the symbol of rate of shear, K is
the symbol of consistency index and finally n is the symbol of flow index
(El Taweel et al., 2021).

2.2.5. In-vivo DUL pharmacokinetic studies

2.2.5.1. Study design. Following the approval (PI-3145) of the Research
Ethics Committee at the Faculty of Pharmacy Cairo University, the in-
vivo pharmacokinetic studies were adopted in accordance with EU
Directive 2010/63/EU for animal experiments to compare DUL's phar-
macokinetics after the intranasal as well as the transdermal application
of DUL-E1 gel system versus the oral intake of DUL aqueous solution
(reference treatment). A randomized, three-treatment, one-period, par-
allel design was conducted.

2.2.5.2. Animals. Eighteen male Swiss albino rats (weighing 200-250
g) were obtained from and kept in the animal house (Faculty of Phar-
macy, Cairo University, Egypt), under suitable environmental condi-
tions, till the conduction of the experiment.

2.2.5.3. Treatment administration and sample collection. Rats were
assigned, randomly, to each of the three groups (6 rats each). Test
treatments were intranasally or transdermally applied, while reference
treatment was orally administered; all at 5 mg/ kg doses. Specific vol-
umes of the optimum DUL loaded-elastosomal (DUL-E1) gel were
applied intranasally to the first group, using narrow tubes (diameter:
100 pm) connected to Hamilton syringes. For efficient transdermal
application, the backs of the second group's rats were shaved properly,
prior to applying the optimum DUL loaded elastosomal (DUL-E1) gel.
Concerning the reference group, rats were administered equivalent
doses of DUL aqueous solution orally. The rats' doses were calculated by
applying the following equation (Reagan-Shaw et al., 2008).

Animal k
Human dose me) _ Animal dose Mg}, (Anmal xm 3)
kg kg Human km

Where, Km is the conversion factor (Km = 6 and 37 for rats and
humans, respectively). Blood was collected in plastic tubes (EDTA-
treated), at different sampling points (pre-dose, 0.5, 1, 2, 4, 6, 12, 24, 48
and 72 h). Collected blood samples were centrifuged (Centurion Scien-
tific LTD. Centrifuge, West Sussex, UK) at 5000 rpm for 15 min to
separate clear plasma. Plasma samples were frozen at —80 °C till being
analyzed (Elsenosy et al., 2020; Tawfik et al., 2021).

2.2.5.4. Sample preparation. Triple Quadrupole LC/MS/MS mass spec-
trometer was utilized for the determination of DUL concentrations in the
thawed plasma samples (Micromass, Manchester, United Kingdom),
according to the technique developed by Elsenosy et al. (2020). 25 pL of
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Table 2
Output data of 2 full factorial design of the developed DUL-loaded elastosomes.
Output Responses
Y:EE. ° Yy PS Ys: ZP Y4 Qo.sh Ys: Qsn
(%) (nm) (mV) (%) (%)
R? 0.9678 0.9987 0.9643 0.9848 0.9947
Adjusted R? 0.9373 0.9977 0.9375 0.9735 0.9908
Predicted R? 0.8713 0.9948 0.8572 0.9395 0.979
Adequate 18.66 69.75 16.28 27.05 41.95
precision
p value 0.0019 < 0.0001 0.0024 0.0004 < 0.0001
F value 40.13 1040.22 36.03 86.87 253.05
Press value 27.64 1030 51.34 10.54 8.86

reboxetine solutions (internal standard (IS); 5 mg/ mL) were added to
plasma samples (0.5 mL). Briefly, DUL and IS were vortexed together for
5 min and extracted with organic solvent (ethyl acetate; 4 mL). For
separation, the organic layers were centrifuged (Eppendorf centrifuge
5804 R, Hamburg, Germany) at 4000 rpm for 10 min, then concentrated
via a vacuum concentrator (Eppendorf 5301, Hamburg, Germany) and
dried. Prior to injection; reconstitution of the dried samples was con-
ducted using 500 pL of the mobile phase (El Sharawy et al., 2017).

2.2.5.5. LC-MS/MS analysis of DUL. The analysis was adopted accord-
ing to a validated method for the quantitation of DUL in biological
samples via liquid chromatography— tandem mass spectrometry
(LC-MS/MS) using reboxetine as IS (El Sharawy et al., 2017; Elsenosy
et al., 2020).

2.2.5.6. Instrumentation. Determination of DUL concentrations was
achieved via detection on a triple Quadrupole LC/MS/MS mass spec-
trometer (Micromass, Manchester, United Kingdom). Detection of ions
was conducted using Multiple Reaction Monitoring (MRM) mode (+ve
ion mode) using an electrospray ionization source. The mass transitions
of DUL and IS ions were m/z 298.1 — 154.2 and m/z 314.2 — 175.1,
respectively. Analyst® Software Ver. 1.6 (AB Sciex Instruments,
Ontario, Canada) was used for analyzing the data. A calibration curve
(r2 = 0.999) was constructed over DUL concentration from 0.1 to 250
ng/mlL.

2.2.5.7. Chromatographic conditions. Analysis was adopted using a C;g
column; 50 x 4.6 mm; PS: 5um (Phenomenex, USA). The isocratic mo-
bile phase: a mixture of acetonitrile (80%) and 0.5% formic acid (20%)
was pumped at 1 mL/ min flow rate (pump; LC-20AD).

2.2.5.8. Pharmacokinetic and statistical analyses. Mean DUL plasma
concentration-time profiles (+ SD) were plotted for the three treatments.
Maximum DUL plasma concentration (Cyayx), time to reach Cpax (tmax),
half-life of elimination (t; 2), mean residence time (MRT(_,), area under
the curve from zero to the last sampling point (AUCy_72) and to infinity
(AUCy.,) were estimated by applying non-compartmental analysis using
Kinetica® software version 5 (Thermo Fisher Scientific Inc., Minneap-
olis, MN, USA). The percentages relative bioavailability of the test
treatments were calculated from AUC(o_,) value of each test treatment
relative to the AUC(o_) value of the reference treatment (Abd-Elal et al.,
2016; Tawfik et al., 2019). Results were expressed as mean (+SD), but
MRT and Tp,ax Were presented as median (range).

2.2.6. In-vivo DUL histopathological studies

At the end of the in-vivo pharmacokinetic studies, rats from the
different groups were sacrificed; where group 1 and 2 received intra-
nasal and transdermal application of DUL-E1 respectively, while group 3
was administered DUL aqueous solution orally. Autopsy samples were
collected from different organs (heart, liver, and brain), excised and then
fixed in 10% formalin solution. Specimens from different organs were
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Table 3
Experimental runs, independent variables (formulation factors) and dependent variables (measured responses) of 22 full factorial design of the developed DUL-loaded
elastosomes.
Formulae Formulation Factors (Independent Variables) Measured Responses (Dependent Variables)
X;: Span®60: CH ratio Xo: EA Type X3: EA Amount (mg) Y;: E.E. Y,: PS Y3: ZP Y4: Qo.sh Ys: Qsn
(%) (nm) (mV) (%) (%)
DUL-E1 1:1 Brij S2 5 81.5+ 3.2 432 +£13.2 —-30.8 £3.3 15.6 £ 0.9 79.3 £3.8
DUL-E2 1:1 Brij S2 10 789 £ 2.1 398 £ 9.1 —-37.3+45 18.1 +£2.8 85.8 £1.7
DUL-E3 1:1 Cremophor RH 40 5 77.2+2.9 385 + 21.5 —185+ 1.4 229+ 1.4 832+ 1.7
DUL-E4 1:1 Cremophor RH 40 10 70.3 + 4.1 353 £11.2 —22.7 £ 3.6 26.2+1.5 88.7 £ 2
DUL-E5 5:1 Brij S2 5 88.9+1.8 751 £17.3 —-322+22 104+ 1.8 66.4 + 0.8
DUL-E6 5:1 Brij S2 10 82.6 + 2.2 693 + 8 —39.4 + 5.3 14.5 + 0.9 72.1 £3.1
DUL-E7 5:1 Cremophor RH 40 5 80.4 +1.3 708 +16.2 —24.6 + 2 16.3 £2.9 71.5+1.9
DUL-E8 5:1 Cremophor RH 40 10 74.8 + 3.7 661 + 15.5 —28.4 + 3.3 20.1 £ 1.4 75.3 £1.3
DUL-bilosomes 1:1 - - 83.5+ 35 365 + 21.5 —-30.2 +£ 2.2 141+ 2.8 76.2 £2.2
placed in blocks of paraffin beeswax, then cut (Leica Microsystems
Y, =79.32542.35 x |-3.65 X ,—2.675 % 3 (€)]

SM2400, Cambridge, UK), and put onto glass slides. Prior to electric
light microscope observation; specimens were stained with hematoxylin
and eosin (H&E) stains (Sharma et al., 2015; Vishwakarma et al., 2017).

3. Results and discussion
3.1. Development of DUL-loaded elastosomes

Elastosomes are ultra-elastic nano-vesicular drug carriers, revealing
successful drug entrapment with high stability for various drugs espe-
cially lipophilic ones. Beside cholesterol, the main constituents of elas-
tosomes are surfactant, bile salt and edge activator (Ali et al., 2021; Aziz
et al., 2018; Mosallam et al., 2021). Eight DUL-loaded elastosomes were
successfully developed via thin film hydration technique, using DUL,
CH, span®60 (at a span®60: CH ratio of 1:1 or 5:1), EA (brij S2 or
cremophor RH 40; 5 or 10 mg), and SDC. DUL-loaded bilosomes (at a
span®60: CH ratio of 1:1, and EA free) were prepared via the same
technique for comparative purpose (Table 3).

3.2. Factorial design outcomes

A full factorial design is a helpful tool for identifying the variables
that potentially affect the developed system characterization. In our
work, statistical analysis was performed using 23 full factorial design.
The main model was selected. Signal to noise ratio was accurately
measured to confirm that the navigation of the used model to the design
space (Abd-Elal et al., 2020). Table 2 illustrated the output data, which
demonstrated that the ratio of every response was >4. In addition,
predicted R? was estimated to give a clear picture about a quality model
(Mosallam et al., 2021). To be in rational agreement, the difference
between the adjusted R? and predicted R? requires to be 0.20 away from
each other and all of the analyzed parameters had these results. An
equation in mathematics shows the connection between various causes
and outcomes; (+) sign exhibits a synergistic effect, whereas (—) sign
exhibits an antagonistic effect. The values of the coefficient X;, X5 and X3
indicate how these variables affect the associated responses.

3.3. Characterization of DUL-loaded elastosomes

3.3.1. Effect of formulation variables on the entrapment efficiency
percentage (E.E.%) of the developed DUL-loaded elastosomes

Significant barrier to effective drug delivery systems is the capacity
of these vesicles to entrap high percentage of drug with minimum
leakage (Abd-Elal et al., 2016). The E.E.% values of DUL within the
developed elastosomal nanovesicles were listed in Table 3 and ranged
from 70.3 + 4.1% to 88.9 + 1.8%. The effect of span®60: CH ratio (X;),
EA type (X») and EA amount (X3) on E.E.% was statistically estimated by
ANOVA and graphically displayed (Fig. 1A). The regression equation for
E.E.% in terms of coded factors, was as following:

The impact of span®60: CH ratio wasn't previously explored, where
previous publications on elastosomes used fixed span® 60: CH ratios;
4:1 (Mosallam et al., 2021) and 5:1 (Aziz et al., 2018). In our study,
varying the span®60: CH ratio (X;) significantly (p = 0.0072) influenced
the DUL E.E.%. Vesicles developed at a span®60: CH ratio of 5:1 (DUL-
ES5 - DUL-E8) revealed higher E.E.% compared to those developed at a
span®60: CH ratio of 1:1 (Fig. 1A). This result could be explained in the
light of the positive influence of span®60 on DUL E.E.%. The physico-
chemical properties of span®60; solid, saturated C;g alkyl chain with
lipophilic properties (HLB value: 4.7) and high transition temperature
(53 °C), enhance the encapsulation of more drug with minimum leakage
(Tawfik et al., 2021; Zafar et al., 2022a). In a parallel line, previous
study declared that the lower the HLB values of the vesicles' compo-
nents, the more the drug entrapment within the hydrophobic core of the
vesicular bilayers (Mosallam et al., 2021).

EA type revealed a significant (P = 0.0014) effect on the E.E.% of the
developed DUL-loaded elastosomes. Brij S2 based vesicles exhibited
higher E.E.% in comparison to cremophor RH 40 based vesicles. This
finding could be correlated to the difference in the hydrophobicity of
both EAs, where brij S2 (HLB value: 4) is more hydrophobic than cre-
mophor RH 40 (HLB value: 16) (Aziz et al., 2018). As mentioned pre-
viously, brij S2 based vesicles being more lipophilic, can effectively
entrap more lipophilic DUL within their hydrophobic bilayers (Abdel-
bary and Aburahma, 2015; Mosallam et al., 2021).

Increasing the EA amount considerably (p = 0.0045) reduced the E.E.
% of the developed DUL-loaded elastosomes. This finding could be
attributed to the leakage of DUL from the elastosomal vesicles via for-
mation of pores within the vesicles' membranes. Moreover, this could be
related to the solubilization or diffusion of DUL into the external me-
dium on elevating the EA amount, resulting in significant lower drug E.
E.%. Taking into consideration the fact that upon increasing the EA
concentration till the critical micelle concentration is reached, drug
solubilization takes place, inhibiting further drug entrapment (Fahmy
et al., 2021).

3.3.2. Effect of formulation variables on the particle size (PS),
polydispersity index (PDI), and zeta potential (ZP) of the developed DUL-
loaded elastosomes

It is beneficial to develop vesicles with tiny PS to enhance their
penetration through the membrane tissues. The PS values of the devel-
oped DUL-loaded elastosomes were listed in Table 3, ranged from 385 +
21.5nm to 751 £ 17.3 nm. The effect of span®60: CH ratio (X;), EA type
(X3) and EA amount (X3) on PS was assessed by ANOVA and graphically
displayed (Fig. 1B). The regression equation for PS in terms of coded
factors, was as following:

Y, = 547.625 4+ 155.625 x 1-20.875 x ,-21.375 X 3 5)
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Fig. 1. A.: Effect of formulation variables on the entrapment efficiency percentage (E.E.%) of the developed DUL-loaded elastosomes.

B.:

C
D..
E

Effect of formulation variables on the particle size (PS) of the developed DUL-loaded elastosomes.

.. Effect of formulation variables on the zeta potential (ZP) of the developed DUL-loaded elastosomes.

Effect of formulation variables on the cumulative DUL released percentages after 0.5 h (Qqsp) from the developed DUL-loaded elastosomes.
.. Effect of formulation variables on the cumulative DUL released percentages after 8 h (Qgp) from the developed DUL-loaded elastosomes.
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Fig. 1. (continued).

Span®60: CH ratio significantly (p < 0.0001) affected the PS of the
developed DUL-loaded elastosomes, where elastosomes bearing a
span®60: CH ratio of 5:1 (DUL-E5 - DUL-E8) showed greater PS
compared to their corresponding ones bearing a span®60: CH ratio of
1:1. These findings are in a close agreement with those of E.E.%. The
positive contribution of span®60 on the lipophilicity of the developed
elastosomes, and hence the E.E.%, could be the reason for the larger PS.

Moreover, EA type had a significant (p = 0.0018) influence on the PS
of the developed DUL-loaded elastosomes. Brij S2 based vesicles
exhibited greater PS compared to their corresponding cremophor RH 40
based ones. Although it was expected that cremophor RH 40 based
elastosomes reveal larger PS owing to their higher molecular weight.
However, the current results are supported by the E.E.% findings, where
brij S2 based vesicles showed higher E.E.%, in comparison to cremophor
RH 40 based vesicles, due to its greater lipophilicity which enhanced
greater DUL entrapment within the hydrophobic bilayers, and conse-
quently greater PS.

Increasing the EA amount (X3) significantly (p = 0.00017) reduced
the PS of the developed DUL-loaded elastosomes. This results could be
attributed to the decreased interfacial tension with increased EA
amount, thus increased capability of emulsification and micelle forma-
tion, leading to reduced tendency towards aggregation (Basha et al.,
2013; Fahmy et al., 2021). These findings were also in agreement with

the E.E.% results, where the higher the E.E.%, the greater the PS.

The developed DUL-loaded elastosomes showed PDI values varying
from 0.13 + 0.04 (DUL-E4) to 0.61 + 0.16 (DUL-E5), data not pre-
sented. The PDI values were directly correlated to the PS. Except for
DUL-E5, all elastosomes revealed low PDI < 0.3, indicating the suc-
cessful development of uniform elastosomal dispersions.

The stability of DUL-loaded elastosomes was determined through
assessing the electric charges (ZP values) acquired by the vesicles. ZP
values indicate how the systems are stable (Abd-Elal et al., 2016). In our
study, high negative ZP values (ranging from —18.5 + 1.4 to —39.4 +
5.3 mV) were revealed, which were sufficient to prevent aggregation of
vesicles during storage, as listed in Table 3. ZP variations are discussed
in terms of their absolute values, to avoid confusion since all systems in
our analysis had negative charges.

The impact of span®60: CH (X;), EA type (X5) and EA amount (X3) on
ZP values (mV) was estimated statistically and graphically displayed
(Fig. 1C). The following equation showed the regression equation of ZP
in term of coded factors as follow:

Y; = —29.2375-1.9125 x ;| +5.6875 x ,-2.7125 x 3 (6)

Span®60: CH ratio (X;) had a significant (p = 0.0392) impact on the
ZP values of the developed DUL-loaded elastosomes. Vesicles developed
at a high span®60 concentration (span®60: CH ratio of 5:1) revealed
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Fig. 2. In-vitro release profiles from the developed DUL-loaded elastosomes, in comparison to DUL aqueous solution.

higher absolute ZP values, in comparison to those developed at a low
span®60 concentration (span® 60: CH ratio of 1:1). Increasing the
span®60 concentration led to increase in charge, which in turn reduced
the vesicles' aggregation and hence enhanced their stability (Khalil et al.,
2013). Nonionic surfactants show an impact of the zeta potential in spite
of being non ionized. This could be attributed to the molecular polari-
zation or emulsifier adsorption on the acquired charges in water in the
presence of SDC (an ionic compound). As a result, an electrical double
layer might have been formed which reduced the aggregation of the
vesicles. Similar observations were reported by Khalil et al. (2013) and
Owodeha-Ashaka et al. (2021).

EA type (X3) significantly (p = 0.0009) affected the ZP of the
developed DUL-loaded elastosomes. Cremophor RH 40 based vesicles
exhibited lower absolute ZP values in comparison to brij S2 based ones.
This could be correlated to the difference in the hydrophilicities between
brij S2 (HLB = 4) and cremophor RH 40 (HLB = 16). Owing to residing
of cremophor RH 40 on the surface of the vesicular bilayer, and hence
shielding of their surface charge, great lowering of the absolute ZP
values was revealed (Aziz et al., 2018; Mosallam et al., 2021).

Moreover, boosting the EA amount (X3) considerably (P = 0.0128)
increased the ZP values of the developed DUL-loaded elastosomes. Such
finding coincides with that obtained by Aziz et al. (2018) who found that
10 mg EA-based diacerein loaded elastosomes attained significantly
higher ZP values, in comparison to 5 mg EA-based ones.

3.3.3. Effect of formulation variables on the cumulative DUL released
percentages from the developed DUL-loaded elastosomes

The in-vitro release profiles from the developed DUL-loaded elasto-
somes as well as from DUL aqueous solution were illustrated in (Fig. 2).
DUL released percentages from the aqueous solution were compara-
tively high, where almost all DUL was released within the first 2 h.
Contrarily, the developed DUL-loaded elastosomes were capable of
delaying the drug's release up to 8 h, where DUL released percentages
after 0.5 h (Qq.sn) ranged from 10.4 + 1.8 (DUL-E5) to 26.2 + 1.5 (DUL-
E4) and after 8 h (Qgp) ranged from 66.4 + 0.8 (DUL-E5) to 88.7 + 2
(DUL-E4). Biphasic release manner was attained from the developed
elastosomes, with a rapid release phase, followed by a slower one. The
fast partitioning of the surface adsorbed DUL into the release media,
which is responsible for the burst effect and rapid beginning of action.

Subsequently, slower sustained release phase was attained owing to the
slow partitioning of the entrapped drug, which is responsible for
maintaining the response over long period. The in-vitro release profile
from equivalent DUL-E1 gel was conducted and revealed retarded
release owing to the gel's viscosity, however it showed non-significant
different Qq.sn and Qgh (p > 0.05, from those obtained from DUL-E1
elastosomes.

The effect of span®60: CH (X;), EA type (X2) and EA amount (X3) on
the DUL released percentages after 0.5 h (Qqsn) and 8 h (Qgn) were
estimated statistically and graphically displayed in (Fig. 1D and 1E,
respectively). The regression equations for Qg sy and Qg in terms of
coded factors, were as following:

Y, = 18.0125-2.6875 x | +3.3625 x , +1.7125 x 3 @

Ys = 77.7875-6.4625 x | +1.8875 x , 4+2.6875 x ;3 8

Statistical analysis revealed that DUL released percentages after 0.5 h
(Qo.sn) and 8 h (Qgn) were significantly (p = 0.0007, p < 0.0001,
respectively) higher with elastosomes prepared at a span®60: CH ratio
of 1:1, compared to those prepared at a span® 60: CH ratio of 5:1. These
results can be explained in the light of E.E.% and PS results, where
increasing span®60 revealed higher DUL entrapment as well as greater
particle size, which were responsible for lowering the drug release rate
owing to the greater mass transfer resistance (Tawfik et al., 2020).
Comparable results were introduced by Fatouh et al. (2017) who
emphasized the impact of entrapment on retarding the rate of drug
release.

Moreover, EA type (X5) also had significant (p = 0.0003, p = 0.002,
respectively) effect on Qg sn and Qgp. Brij S2 based vesicles exhibited
lower drug release percentages compared to cremophor RH 40 based
vesicles. This could be related to the more hydrophobic nature of brij S2
as well as greater particle size, which decreased the drug release to the
surrounding release media (Aziz et al., 2018). These results run with that
published by Tawfik et al. (2018), they revealed the impact of vesicle's
hydrophobicity on decreasing the drug diffusion into the release
medium.

Furthermore, EA amount (X3) had significant (p = 0.004, p = 0.0005,
respectively) effects on DUL released percentages after 0.5 h and 8 h.
Increasing the amount of EA resulted in more drug released percentages
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Fig. 3. Transmission electron micrograph of a representative DUL-loaded
elastosomal system (DUL-E1).

from the developed vesicles. These findings were in close agreement
with those of PS. The smaller PS of the developed vesicles exhibited
more surface area available for release media and hence higher drug
released percentages were attained (Abd-Elal et al., 2016). Previous
studies reported the positive impact of PS on retarding the drug release
from lipophilic vesicular systems (Tawfik et al., 2018).
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3.4. Selection of the optimum DUL-loaded elastosomes

Based on the results obtained from the eight developed DUL-loaded
elastosomes; Design Expert® software assessed the desirability in order
to choose the optimum system with ideal physicochemical characteris-
tics (AlAl-Mahallawi et al., 2014; Aziz et al., 2018). The desirability
constraints of maximum E.E.%, ZP (absolute value), Qg sy and Qgp, with
minimum PS were achieved in DUL-E1 elastosomes, with high desir-
ability value of 0.834. DUL-E1l, comprised of CH, span®60 (at a
span®60: CH ratio of 1:1), and EA (brij S2; 5 mg), showed E.E.% of 81.5
+ 3.2%, PS of 432 + 13.2 nm, ZP of —30.8 + 3.3 mV, Qqsh and Qg
values of 15.6 & 0.9% and 79.3 + 3.8%, respectively.

3.5. Characterization of the optimum DUL-loaded elastosomes

3.5.1. Morphological examination

TEM images of the optimum DUL-loaded elastosomes (DUL-E1)
revealed well identified, spherical, non-aggregating vesicles with
smooth surfaces (Fig. 3). In addition to that, the diameter of the opti-
mum DUL-E1 obtained from TEM image was in good agreement with
that observed by Malvern Zetasizer.

3.5.2. Deformability index (DI)

Deformability index values explain how the vesicular systems can
squeeze themselves through membrane pores smaller than their own
size without rupture (Kakkar and Kaur, 2011; Mosallam et al., 2021).
High values of DI were obtained from the optimum DUL-E1 elastosomes
(14.23 £ 1.43 g), which were significantly (p < 0.05) higher than their
corresponding values obtained from DUL-loaded bilosomes (6.75 + 0.5
g). This could be correlated to the presence of EA (brij S2) which in-
crease the fluidity of the vesicles and, consequently form more elastic
vesicles than their corresponding DUL-loaded bilosomes (Bsieso et al.,
2015; Mosallam et al., 2021).

3.5.3. Differential scanning calorimetry (DSC) Studies
Fig. 4 illustrated the DSC thermograms of pure drug, each component

\ v

30 60 90 120 150 180

210 240 270 300

Temperature (°C)

Fig. 4. DSC thermograms of DUL (a), cholesterol: CH (b), Span® 60 (c), sodium deoxycholate: SDC (d), brij S2 (e), physical mixture of DUL with elastosomal

components (f) and DUL-E1 lyophilized elastosomes (g).
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Table 4
Effect of storage on the characterization of the optimum DUL*-loaded elasto-
somes (DUL-E1).

Storage conditions EE. (%) Ps” (nm) PDI” zZp" (mV)

DUL-E1 at 25 °C (freshly 81.5 £ 432 + 0.24 + —-30.8 +
prepared) 3.2 13.2 0.02 3.3

DUL-E1 at 25 °C (after 3 78.9 + 443 + 0.33 + —28.4 +
months) 2.5 9.7 0.06 2.3

DUL-E1 at 4 °C (after 3 79.6 + 438 + 0.3 + —-30+1.2
months) 1.6 20.4 0.04

DUL: Duloxetine hydrochloride; E.E.: entrapment efficiency; PS: particle size;
PDI: polydispersity index; ZP: zeta potential.

of the optimum developed elastosomes, physical mixture of all compo-
nents along with the drug and finally DUL-E1 (optimum lyophilized
elastosomes). Analysis of the thermal behavior of the drug was con-
ducted throughout the optimum system, to shed light on any potential
interaction and to determine the crystalline or amorphous nature of the
drug. Pure DUL thermogram displayed sharp endothermic peak at
167.87 °C, related to its crystalline state (Elsenosy et al., 2020; Pandya
et al., 2015). The decomposition of cholesterol revealed a sharp endo-
thermic peak around 147 °C (Abd-Elal et al., 2016; Al-Mahallawi et al.,
2015). In accordance with their respective melting points, span®60 and
brij S2 had endothermic peaks at 55.01 and 49.88 °C, respectively (Aziz
et al., 2018). While, SDC showed exothermic peak around 190 °C
(Ahmed et al., 2020). The drug's characteristic endothermic peak was
seen in the physical mixture's thermogram. However, it was absent in
the lyophilized DUL-E1l's thermogram. This declared that DUL was
effectively embedded within the vesicular bilayers, in its amorphous
form.

3.5.4. Effect of short-term storage after 3 months

In order to develop successful nanovesicular drug delivery systems,
their stability is a crucial factor (Abd El-Alim et al., 2019). As shown in
(Table 4), non-significant (p > 0.05) differences were observed in E.E.%,
PS, PDI and ZP values of the freshly prepared optimum DUL-E1 elasto-
somes, in comparison to their corresponding stored ones at 4 + 2 °C and
25 + 2 °C after 3 months, respectively. Non-significant change in E.E.%
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proved the successful entrapment of drug within the elastosomal vesi-
cles. The inclusion of the negatively charged SDC could be the reason for
the non-significant changes in PS, PDI and ZP (Ahmed et al., 2020).
Moreover, no physical nor chemical changes were detected. These
findings confirmed the reasonable stability of DUL-E1 elastosomes.

3.5.5. In-vitro characterization of DUL-E1 gel

3.5.5.1. Determination of pH. The pH of DUL-E1 gel was 5.32 + 0.09
which is considered to be safe and is believed to cause no irritation after
application (Fahmy et al., 2018).

3.5.5.2. Determination of the rheological constants. DUL-E1 gel revealed
shear thinning flow, owing to the decrease in viscosity upon elevated
shear rate. Flow index value (n) of DUL-E1 gel was found to be 0.4129,
which is far smaller than one. Consequently, DUL-E1 gel revealed shear
thinning behavior and non-Newtonian flow (Fahmy et al., 2018).

3.5.6. In-vivo DUL pharmacokinetic studies in rats
The DUL plasma concentration-time profiles following the intranasal

Table 5

The estimated pharmacokinetic parameters and relative bioavailability (%) of
Duloxetine HCI following the intranasal and the transdermal application of DUL-
E1 (test treatments) versus the oral administration of DUL aqueous solution
(reference treatment) in rats (mean =+ s.d., n = 6).

Pharmacokinetic Intranasal Transdermal Oral DUL

parameters DUL-E1 DUL-E1 aqueous
solution

Crax (ng/mL) 251 + 18.6 248 + 15.9 135+ 8.6

Tmax (h) 2(2-2) 4 (2-4) 2(2-2)

Tel (h) 20.4 + 0.6 22.3+0.8 12 + 0.4

29.7 32.7

MRT.o (h) (29.2-30.4) (31.9-33.5) 18 (17-18.7)

AUC_75 (ng.h/mL) 6273 + 267 6842.5 + 230 2416.3 £+ 62

AUCy., (ng.h/mL) 6884.5 £ 275  7703.7 + 239 2456.3 + 68

Relative Bioavailability 280.28 313.63 B

based on AUCy.., (%)

—e—[ntranasal DUL-EI
Transdermal DUL-E1

Oral DUL aqueous solution

T
L

36 40 44 48 52 56 60 64 68 72

Fig. 5. Duloxetine HCl plasma concentration-time profiles following the intranasal and transdermal application of DUL-E1 (test treatments) versus the oral
administration of DUL aqueous solution (reference treatment) in rats (mean =+ s.d., n = 6).
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Fig. 6. A.: Histopathological view of heart after H&E staining in rats; group 1 (intranasal DUL-E1), group 2 (transdermal DUL-E1), and group 3 (oral DUL aqueous

solution).

B.: Histopathological view of liver after H&E staining in rats; group 1 (intranasal DUL-E1), group 2 (transdermal DUL-E1), and group 3 (oral DUL aqueous solution).
C.: Histopathological view of brain after H&E staining in rats; group 1 (intranasal DUL-E1), group 2 (transdermal DUL-E1), and group 3 (oral DUL aqueous solution).

and the transdermal application of DUL-E1, respectively (test treat-
ments) versus the oral administration of DUL aqueous solution (refer-
ence treatment) are shown in Fig. 5. DUL pharmacokinetic parameters
were derived and tabulated, for comparative purpose (Table 5).
Interestingly, the Cpax of both test treatments were significantly (P <
0.01) different from the Cyax of the reference treatment. Oral DUL
aqueous solution attained significantly low Cpax (135 ng/mL), at me-
dian Tpax of 2 h. Following the intranasal application of DUL-E1,
maximum DUL concentration (251 + 18.6 ng/mL) was reached at a
median Tpax (2 h) similar to the Tpax of the reference treatment. This
rapidly achieved Tpax value could emphasize the fast drug absorption
via the intranasal route (Abd-Elal et al., 2016; Elsenosy et al., 2020).
However, upon the application of DUL-E1 transdermally, significant (P
< 0.01) high Cyax value (248 + 15.9 ng/mL) was revealed at a signifi-
cant delayed median Tpax (4 h). The observed delayed Tp,ax might be a
result of the barrier effect of the skin on drug penetration (Tawfik et al.,
2020). Modified release of DUL-E1 via the intranasal route could be
proved by the significantly (P < 0.01) prolonged elimination half-life
(from 12 h to 20.4 h) and MRT (g_«) (from 18 h to 29.7 h). This
finding might be attributed to the low clearance of DUL-E1 gel, and
subsequently prolonged mucociliary transit time (El Taweel et al., 2021;
Elsenosy et al., 2020). In a parallel line, transdermal DUL-E1 attained
significantly (P < 0.01) delayed median Tp,x (from 2 h to 4 h), beside

11

the significant (P < 0.01) elongation in the elimination half-life (from
12 h to 22.3 h) and in the MRT (¢_c) (from 18 h to 32.7 h). This could be
explained in the light of the prolonged circulation interval of the vesicles
via the transdermal route. Moreover, the skin might act as a reservoir for
DUL-E1, thus maintaining effective DUL concentration over an extended
period (Fahmy et al., 2018).

Compared to oral DUL aqueous solution, significant (P < 0.01)
enhancement of the DUL's bioavailability was noticed following the
application of both test treatments. After intranasal and transdermal
application of DUL-E1, the calculated relative bioavailabilities were
280.30% and 313.6%, respectively [upon comparing the AUC (o_«)
values of 6884.5 ngeh/mL and 7703.7 ngeh/mlL, respectively (test
treatments) versus 2456.3 ngeh/mL (reference treatment)].

The enhanced bioavailability of DUL could be credited to various
factors including, (i) the tiny particle size of the developed nanovesicles
(432 £ 13.2 nm) (Hassan et al., 2022), (ii) the elevated surface area:
volume ratio of the prepared vesicles, which enhanced the intimate
contact and residence time of DUL-E1 with the nasal mucosa (El Taweel
etal., 2021; Elsenosy et al., 2020) and the skin (Tawfik et al., 2021), (iii)
the high elasticity (D1; 14.23 + 1.43 g) of the elastosomes which facil-
itated their penetration (Aziz et al., 2018; Mosallam et al., 2021) owing
to the combined effects of surfactants (span®60, SDC) and EA, (iv) the
small molecular weight (330 g/mol) and great lipophilicity of DUL (log
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Fig. 6. (continued).

P = 4.2) (Elsenosy et al., 2020), which made DUL a good candidate for
intranasal and transdermal routes, as well as for crossing the BBB, and
(v) the avoidance of the extensive acidic degradation in the gastroin-
testinal tract as well as the enzymatic and liver metabolism (Elsenosy
et al., 2020; Hassan et al., 2022; Tawfik et al., 2021). It is worth
mentioning that the intranasal route has the privilege of bypassing the
BBB and transferring the drug directly to the brain via the olfactory
pathway, beside the systemic absorption (El Taweel et al., 2021; Else-
nosy et al., 2020; Yasir et al., 2022a).

3.5.7. In-vivo DUL histopathological studies

Histopathology of heart in group 1 revealed mild edema with few
mononuclear inflammatory cells infiltrating the myocardium (Fig. 6a &
b), meanwhile an apparently normal heart structure was observed in the
majority of the examined sections (Fig. 6¢), following the intranasal
application of DUL-E1. Apparently normal myocardium was revealed
upon the transdermal application of DUL-E1 (group 2) (Fig. 6d, e & f).
However, oral DUL aqueous solution declared marked histopathological
changes, where intense perivascular lymphocytic infiltration, inflam-
matory edema (Fig. 6g &h), and necrosed and hyalinized myocardial
fibers (Fig. 6i) were observed.

The examination of liver following the intranasal application of DUL-
E1 revealed diffuse hepatocellular vacuolation in the hepatic paren-
chyma characterized by existence of clear cytoplasmic vacuoles in
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hepatocytes, with centrally located nuclei and congested blood vessel
(Fig. 6a & b). Some of the examined sections showed portal congestion
and infiltration with mononuclear inflammatory cells (Fig. 6a). On the
other hand, others showed apparently normal liver structure (Fig. 6c).
Group 2 showed mild portal infiltration with mononuclear inflamma-
tory cells and apparently normal hepatocytes (Fig. 6d), following the
transdermal application of DUL-E1. While some other sections exhibited
hepatocellular degeneration and necrosis (Fig. 6e & f). Severe diffuse
hepatocellular vacuolation, portal infiltration with mild mononuclear
inflammatory cells infiltration were the main histological features of
group 3 (Fig. 6g, h & i).

Microscopic examination of brain sections of group 1 revealed few
congested blood vessels in the cerebral cortex associated with mild
neuronal edema and few degenerated neurons (Fig. 6a). Apparently
normal different regions of hippocampus (normal CA1-CA4 regions of
the hippocampus (Fig. 6b-f) and normal DG region of the hippocampus
(Fig. 6f)) were detected. Apparently normal cerebral cortex was detected
in group 2 (Fig. 6g). Similarly, the hippocampus revealed normal neu-
rons in different regions; CA1-CA4 (Fig. 6h-k), and DG (Fig. 6l).
Neuronal degeneration and neuronophagia with diffuse gliosis were
observed in group 3, following the administration of DUL solution orally
(Fig. 6m). No abnormalities were determined in the neurons of the
hippocampus (normal CA1-CA4 region of the hippocampus (Fig. 6n-q)
and normal DG region of the hippocampus (Fig. 61)).
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Fig. 6. (continued).

The obtained results emphasized that DUL-E1 was more preferential
and showed higher safety following its intranasal as well as transdermal
application, than oral DUL aqueous solution. However, in the light of the
histopathological safety assessment results; the transdermal route
declared better results in comparison to the intranasal one. The detected
side effects that appeared on the investigated organs (heart, liver, and
brain) following the administration of DUL aqueous solution could be
correlated to ADME via the oral route. So, attempts have been adopted
to deliver DUL via other various routes to avoid the hepatic metabolism
and improve the bioavailability (El Sharawy et al., 2017; Khatoon et al.,
2019; Salem et al., 2022). The histopathological results are in a parallel
in with DUL in-vivo pharmacokinetic studies.

4. Conclusion

In our work, DUL-loaded elastosomes (ultra-elastic nanovesicles)
were successfully developed with high drug loading in nano-sized range,
via thin film hydration method. The optimimum DUL-loaded elasto-
somes (DUL-E1) showed the highest desirability value (0.834) with
respect to maximum E.E.%, ZP (absolute value), Qg sn and Qgp along
with minimum PS. Compared to oral DUL aqueous solution, the phar-
macokinetics in rats emphasized the potential of DUL-E1 elastosomes,
via intranasal as well as transdermal route owing to its ultra-elastic
properties. DUL-E1 succeeded to improve the bioavailability of the
drug and modify its release rate, to initiate as well as maintain DUL
response for an extended period. Moreover, the safety of DUL-E1 after
intranasal and transdermal application was confirmed by in-vivo his-
topathological studies. Finally, DUL-loaded elastosomes could constitute
an advance in depression management by increasing the bioavailability
of duloxetine hydrochloride via various routes of administration with
great safety.
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