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Abstract
This study was proposed to develop an optimized sertraline hydrochloride (SER)–loaded bilosomal system and evaluate its 
potential for enhancement of drug oral bioavailability. A full 23 factorial design was used to prepare SER-loaded bilosomal 
dispersions by thin film hydration using span 60, cholesterol (CHL), and sodium deoxycholate (SDC). The investigated factors 
included the total concentration of span 60 and CHL (X1), span 60:CHL molar ratio (X2), and SER:SDC molar ratio (X3). The 
studied responses were entrapment efficiency (EE%) (Y1), zeta potential (Y2), particle size (Y3), and in vitro % drug released 
at 2 (Y4), 8 (Y5), and 24 h (Y6). The selected optimal bilosomal dispersion (N1) composition was 0.5% w/v (X1), 1:1 (X2), and 
1:2 (X3). Then, N1 was freeze dried into FDN1 that compared with pure SER for in vitro drug release, ex vivo permeation 
through rabbit intestine, and in vivo absorption in rats. Moreover, storage effect on FDN1 over 3 months was assessed. The 
optimal dispersion (N1) showed 68 ± 0.7% entrapment efficiency, − 41 ± 0.78 mV zeta potential, and 377 ± 19 nm particle size. 
The freeze-dried form (FDN1) showed less % drug released in simulated gastric fluids with remarkable sustained SER release 
up to 24 h compared to pure SER. Moreover, FDN1 showed good stability, fivefold enhancement in SER permeation through 
rabbit intestine, and 222% bioavailability enhancement in rats’ in vivo absorption study compared to pure SER. The SER-
loaded bilosomal system (FDN1) could improve SER oral bioavailability with minimization of gastrointestinal side effects.
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Introduction

Sertraline hydrochloride (SER) is an anti-depressant drug 
that belongs to selective serotonin reuptake inhibitors 
(SSRIs) class. It is widely prescribed for the treatment of 
major depressive disorders and other mental health dis-
orders including obsessive–compulsive disorder (OCD), 
panic disorder, post-traumatic stress disorder, premenstrual 
dysphoric disorder, and social phobia in a dose range of 
25–200 mg/day orally [1, 2]. SER is a hydrochloride salt of a 
weak base (pKa 9.48) that belongs to the biopharmaceutical 

classification system (BCS) class II drugs which are char-
acterized by poor aqueous solubility that critically limits 
its dissolution rate. The salt shows pH-dependent solubility 
with highest solubility at pH 4.5, and it turns back into its 
original base form when it enters the intestinal region mak-
ing aggregates which suppress its absorption [3, 4]. Addi-
tionally, SER undergoes extensive first-pass metabolism in 
the liver. As a result of low solubility, poor absorption, and 
extensive first-pass hepatic metabolism, SER shows low oral 
bioavailability (~ 44%). Thus, there is a great demand for 
strategies to improve SER bioavailability [2, 4]. Moreover, 
it was reported that direct contact of SER with the upper gas-
trointestinal tract (GIT) results in many side effects includ-
ing nausea, vomiting, and regurgitation especially with high 
doses. Therefore, minimizing gastric exposure by sustaining 
the release of SER is desirable to reduce these dose-related 
side effects [5].

Advancements in Modified-release Oral Drug Delivery: Delivery Throughout 
the Gastro-intestinal tract
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Several reported approaches were adapted for improving 
SER oral bioavailability including enterically coated sus-
tained release matrix tablet [5], complexation with cyclo-
dextrin and incorporation into orodispersible tablet [2], 
crystal modification [4], solid lipid nano-particles [6], and 
self-nano-emulsifying drug delivery system (SNEDDS) [3].

In recent studies, many colloidal vesicular carriers includ-
ing liposomes, niosomes, and bilosomes have shown obvi-
ous advantages over conventional dosage forms in oral drug 
delivery [7]. They can improve solubility and dissolution 
rates of the drug as well as enhance drug lymphatic trans-
port and thus bypassing the first-pass metabolism leading 
to improved oral bioavailability [8, 9]. Unfortunately, con-
ventional liposomes and niosomes are subjected to chemi-
cal and enzymatic destabilization in the GIT which limits 
their application in the oral drug delivery [7, 10]. However, 
incorporating bile salts within these vesicles makes them 
more resistant to harsh GIT environment destabilization than 
conventional vesicles and able to protect the entrapped drug 
to a higher extent after oral delivery [11]. Bilosomes are 
elastic nano-sized colloidal carriers similar to niosomes in 
structural composition (non-ionic surfactant and cholesterol) 
but incorporating bile salts. Bile salt acts also as permeabil-
ity enhancer through biological barriers including the intes-
tinal membrane and blood brain barrier (BBB). Moreover, 
Bile salt gives the vesicles a negative charge which provide 
higher storage stability and promote drug uptake through 
M-cells in the Peyer’s patch followed by cellular processes 
which extend into the underlying lymphoid tissue leading 
to drug transport via intestinal lymphatic system as well 
as the avoidance of hepatic first pass metabolism [7, 11]. 
Bilosomes have been reported to enhance oral bioavailability 
of many drugs as reported in several literatures [7, 12–14].

The aim of this study was to develop SER-loaded bilo-
somal system as a new oral carrier for SER. A full 23 fac-
torial design was used to statistically analyze the effect of 
formulation variables followed by selection of the optimal 
bilosomal formula by numerical optimization. Freeze drying 
was then conducted on the optimized formula to prepare a 
SER-loaded bilosomal powder. The freeze-dried form of the 
optimal formula was further evaluated for ex vivo intestinal 
permeation and in vivo absorption study in comparison with 
pure SER powder.

Materials and Methods

Materials

Sertraline hydrochloride (SER) was kindly donated as a 
gift by Pharco Pharmaceuticals (Alexandria, Egypt). Sorbi-
tan mono-stearate (span 60) was purchased from Oxford 

Laboratory (Mumbai, India); cholesterol (CHL) and sodium 
deoxycholate (SDC) were purchased from Alpha Chemika 
(Mumbai, India). Loperamide hydrochloride (internal stand-
ard) was purchased from Sigma-Aldrich (St. Louis, MO). 
HPLC grade methanol, chloroform, acetonitrile, formic 
acid, and ethyl acetate were purchased from Sigma-Aldrich 
(Steinheim, Germany). Disodium hydrogen phosphate and 
monosodium di-hydrogen phosphate were purchased from 
El Nasr Pharmaceutical Chemicals Company (Abu Zaabal, 
Egypt); sodium lauryl sulfate (SLS) and hydrochloric acid 
30% were purchased from Al-Gomhoria Company for medi-
cines and medical supplies (Cairo, Egypt). All other chemi-
cals were of analytical grade.

Methods

DSC

The compatibility of SER with bilosomal ingredients was 
investigated by DSC. The DSC thermograms of pure SER, 
span 60, CHL, and SDC, the 1:1 (w/w) binary physical mix-
tures of SER with each ingredient, and the quaternary physi-
cal mixture of SER with all ingredients in equal weight ratio 
(1:1:1:1) were recorded using a differential scanning calo-
rimeter (DSC-50, Shimadzu; Kyoto, Japan). Samples (4 mg) 
were weighed accurately, placed in standard aluminum pan, 
and heated at a constant heating rate of 10°C/min from 25°C 
to a temperature of 400°C under a flow of nitrogen gas with 
flow rate 25 ml/min to avoid sample oxidation [15, 16].

FTIR

The compatibility of SER with bilosomal ingredients was 
further investigated using FTIR. The FTIR spectra of pure 
SER, span 60, CHL, and SDC and the physical mixtures of 
SER with other bilosomal ingredients described previously 
in the “DSC” section were recorded using IR Spectropho-
tometer (Shimadzu 8400S, Lab Wrench, Japan). The sam-
ples were finely grinded with 100 mg of dry potassium bro-
mide powder, compressed into transparent disc, and scanned 
over the range 400 to 4000/cm [16].

Experimental Design

A full 23 factorial design was constructed to study the 
effect of formulation variables on the preparation of SER-
loaded bilosomal dispersions using Design-Expert® ver-
sion 13.0.5.0 software (Stat-Ease, Inc., Minneapolis, MN, 
USA). As presented in Table I, the study design involved 
three formulation factors (independent variables) at two 
different levels and these studied factors were assessed for 
their effects on six selected responses (dependent variables). 
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ANOVA was generated for responses experimental data. The 
selection of best fit model for each response, either main 
effect (one-factor effect), 2-factor interaction (2FI), or 3-fac-
tor interaction (3FI) based on estimation of the statistical 
parameters, predicted R2 and predicted residual error sum of 
squares (PRESS). Thereafter, ANOVA statistical analysis for 
the best-fitted factorial model was approved to evaluate the 
level of significance of effect of the tested factors as well as 
their interactions on the responses. A statistically significant 
level was considered at P < 0.05.

Preparation of SER‑Loaded Bilosomal Dispersions

Eight SER-loaded bilosomal dispersions (N1–N8) were 
prepared by thin film hydration method using a mixture of 
surfactant (span 60) and CHL with incorporation of a bile 
salt (SDC) [17, 18]. SER-loaded bilosomal formulae were 
prepared by dissolving 50 mg of SER and the calculated 
amounts of span 60 and CHL in 21 ml chloroform: methanol 
mixture (2:1 v/v) in 250-ml rounded bottom flask. Then, 
the solution was evaporated in a rotary evaporator (IKA, 
HBIO basic, RV10B S99, Deutschland, Germany) under 
reduced pressure at 60°C and 120 rpm for 30 min, till for-
mation of a dried thin film on the inner wall of the flask. 
Thereafter, the dried thin layer was hydrated with 30 ml 
of distilled water pre-warmed at 58–60°C containing the 
desired amount of SDC under normal pressure at tempera-
ture just above the glass transition temperature (Tg) of span 
60 (58°C). The hydration process was done at 120 rpm for 
1 h in the presence of small glass beads 5 mm in diameter to 
confirm complete hydration and formation of SER-loaded 
bilosomes. The developed dispersion systems were probe 
sonicated for 3 min at room temperature to achieve particle 
size uniformity. Moreover, blank bilosomal dispersions were 
prepared with the same procedure in the absence of SER 
and stored with the SER-bilosomal dispersions at 4°C till 
further investigation.

Characterization of SER‑Loaded Bilosomal Dispersions

EE%  The percentage of SER entrapped in each formula was 
measured in triplicate using direct method. One milliliter 
of each formula and its corresponding blank was centri-
fuged using a cooling centrifuge at 4°C and 20,000 rpm 
for 1 h. The supernatant was discarded, and the bilosomal 
pellets were washed and re-suspended in distilled water 
to ensure the complete removal of the un-entrapped SER. 
The obtained dispersion was re-centrifuged, and the col-
lected pellets were dissolved and vortexed with 3 ml of pure 
chloroform for 1 min in order to disassemble the bilosomal 
particles and, then, further dilution of dispersion with 10 
ml methanol to dissolve all the entrapped SER. The same 
technique was applied on the blank bilosomal pellets, and 
the concentration of SER in the obtained methanol solution 
of each SER-loaded pellets was determined by measuring its 
UV absorbance against the methanolic solution of its cor-
responding blank pellets at 274 nm using a UV/visible spec-
troscopy (Jasco spectrophotometer, Japan) [19]. The entrap-
ment efficiency (EE%) of SER was calculated according to 
the following equation:

Zeta Potential and Particle Size  The zeta potential, vesicular 
size, and polydispersity index (PDI) of all bilosomal disper-
sions were determined using dynamic light scattering inte-
grated in Malvern Zetasizer (Malvern instruments/Worces-
tershire, UK). Bilosomal samples were 100-fold diluted with 
de-ionized water and measured in triplicate at 25 ± 0.5°C.

In Vitro Drug Release from SER Bilosomal Dispersions

The bilosomal pellets equivalent to 15 mg SER (separated 
by cooling centrifugation at 4°C and 20,000 rpm for 1 h 

(1)EE% =
Amount of entrapped SER

Original amount of SER added
× 100

Table I   Various independent 
and dependent variables used 
in the factorial design for 
preparation of SER-loaded 
bilosomal dispersions

CHL cholesterol, SDC sodium deoxycholate, SER sertraline hydrochloride

Independent variables
(Factors)

Levels

Low (− 1) High (+ 1)

X1 = total concentration of span 60 and CHL (%w/v) 0.5 1
X2 = span 60:CHL molar ratio 1 7
X3 = SER:SDC molar ratio 0.25 0.5
Dependent variables (responses) Constraints (goals)
Y1 = entrapment efficiency (%) Maximize
Y2 = zeta potential (mV) Maximize
Y3 = particle size (nm) Minimize
Y4 = cumulative drug released at 2 h (%) Minimize
Y5 = cumulative drug released at 8 h (%) Maximize
Y6 = cumulative drug released at 24 h (%) Maximize
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and washed with distilled water) of the different bilosomal 
formulations were re-suspended and vortexed with 7 ml of 
distilled water. The in vitro release of SER from the obtained 
bilosomal dispersions was performed using dialysis method 
described by Jadon et al., Khan et al., and Song et al. [20–22] 
with slight modifications.

Before testing, dialysis tubing cellulose membrane 
(molecular weight cutoff 12,000–14,000 Da, Sigma-Aldrich, 
St. Louis, MO) pieces of 7 cm length and 3.5 cm width were 
soaked overnight in de-ionized water. The drug release study 
was performed for 24 h using two consecutive release media, 
0.1 N HCl (pH 1.2) as a simulated gastric fluid (SGF) for 
the initial 2 h, and 0.1 M phosphate buffer (pH 6.8) con-
taining 1% SLS as a simulated intestinal fluid (SIF) for the 
remaining 22 h. The bilosomal dispersion was filled in the 
dialysis bag and tightly closed from the two ends using rub-
ber bands. The dialysis bag was then immersed in 80 ml of 
0.1NHCl (pH 1.2) for 2 h, then removed, and washed with 
distilled water. Thereafter, the dialysis bag was re-immersed 
for further 22 h in 20 ml of 0.1 M phosphate buffer (pH 6.8) 
containing 1% SLS. The release medium was stirred mag-
netically at 100 rpm, and the temperature was maintained at 
37 ± 0.5°C using digital hot plate stirrer (Witeg laboratory 
GmbH, Wertheim, Germany). At various time intervals 0.5, 
1, 2, 3, 4, 6, 8, and 24 h of the release study, 3-ml samples 
were withdrawn and immediately replaced with 3 ml of fresh 
medium to keep constant volume and sink conditions. The 
samples were filtered with sterile syringe filter (0.22 µm) 
and analyzed spectrophotometrically at 273 nm and 275 nm 
for 0.1 N HCl and 0.1 M phosphate buffer containing (1% 
SLS), respectively. The release studies were carried out in 
triplicate, and then, mean values were plotted as percentage 
cumulative drug release against time.

Release Kinetics and Mechanisms

The in vitro release data obtained were fitted to various 
kinetic models such as zero order (cumulative % drug 
released versus time), first order (log cumulative % drug 
remained versus time), and Higuchi’s model (cumulative% 
drug released versus square root of time). The correlation 
coefficient (R2) was determined for each model, and the best 
fitting model was selected depending on the highest correla-
tion coefficient (R2) value [23].

Moreover, release data were further analyzed according 
to Korsmeyer and Peppas model [24] given by the following 
equation:

where Mt is the amount of drug released at time t, M∞ 
is the amount of drug released at infinite time, K is the 
kinetic constant, and n is the release exponent indicative 

(2)Mt∕M∞ = Ktn

of the release mechanism. The n values used for explica-
tion of drug release mechanism from the prepared bilosomal 
dispersions were determined from the slope of the plot of 
log cumulative percent of drug release (≤ 60%) versus log 
time, where n ≤ 0.45 indicates a Fickian diffusion mecha-
nism. Values of 0.45 < n < 0.89 corresponds to non-Fickian 
anomalous transport while n = 0.89 corresponds to case II 
(polymer relaxational transport). If n > 0.89, this indicates 
super case II transport.

Optimization of SER‑Loaded Bilosomal Dispersions

In order to determine the optimal formula for further investi-
gations, a numerical optimization technique by the desirabil-
ity approach was performed utilizing Design-Expert® soft-
ware according to the constraints (goals) listed in Table I. 
The X1, X2, and X3 were kept within the range used in the 
present study. On the basis of these assigned goals, software 
determines the possible formulation composition with maxi-
mum desirability value.

TEM

The morphology of the optimal SER-loaded bilosomal 
dispersion (N1) was examined using transmission electron 
microscopy (TEM). The freshly prepared bilosomal system 
was diluted with deionized water, and one drop was placed 
on a carbon coated copper mesh and left to dry to allow 
the adhesion of bilosomes to the carbon substrate. Then, 
it was stained with 1% w/v phosphotungstic acid dye and 
the mesh was subjected to air drying for 10 min at room 
temperature. The stained sample was then visualized using 
TEM (JEOLJEM-1400, USA) and photographs were taken 
at adequate magnifications.

Preparation of SER‑Loaded Bilosomal Powder

The bilosomal powder of the optimal formula (N1) was 
prepared using the freeze-drying technique as described by 
Ferreira et al. and Marín et al. [25, 26] with slight modifica-
tions. In 50-ml falcon tubes, the freshly prepared bilosomal 
dispersions of N1 were centrifuged using a cooling centri-
fuge at 4°C and 20,000 rpm for 1 h. The supernatants were 
discarded, and the obtained bilosomal pellets in each falcon 
tube were washed carefully for three times with distilled 
water and re-centrifuged at 4°C and 20,000 rpm for 1 h to 
ensure the complete removal of the un-entrapped SER. Then, 
the washed bilosomal pellets were vortexed and re-sus-
pended with 10 ml of distilled water. The produced disper-
sions were poured into plastic cups with perforated caps and 
initially frozen at − 20°C for 24 h. Then, the lyophilization 
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process was carried out using a freeze dryer (Christ Alpha 
1–2 LD; Osterode am Harz, Germany) coupled to a vacuum 
pump (Vacuubrand GmbH + Co. KG; Wertheim, Germany) 
operating at a vacuum level of 0.035 mbar, at a temperature 
of − 58 to − 60°C. The same procedure was applied on a 
blank formulations have the same composition of N1 except 
for the drug. The obtained freeze-dried SER-loaded biloso-
mal powder (FDN1) and the freeze-dried blank powder were 
stored in a desiccator at 25°C for further studies.

Determination of Drug Loading (%) in Freeze‑Dried 
Bilosomal Powder

Ten mg of the FDN1 powder were weighed accurately and 
dissolved in a mixture of 10 ml methanol and 3 ml chloro-
form. The concentration of SER in the obtained solution 
of the FDN1 powder was determined by measuring its UV 
absorbance at 274 nm against the solution of the blank bilo-
somal powder (the same FDN1 formula composition in the 
absence of drug). The % drug loading was calculated using 
the following formula [27]:

Furthermore, the % drug loading and EE% were com-
pared before and after lyophilization of the optimized bilo-
somal formula.

In Vitro Release from the Freeze‑Dried Bilosomal Powder

The release of SER from FDN1 powder was compared with 
its release from pure SER. The release experiment was 
conducted by the dialysis bag technique using USP II dis-
solution apparatus (Hanson Research, CA, USA) [22, 28]. 
Amounts of either FDN1 or pure SER equivalent to 25 mg 
SER were sealed into the dialysis bags with two ends closed 
tightly using rubber bands. Thereafter, each dialysis bag was 
tied to a paddle and immersed in 200 ml of 0.1 N HCl (pH 
1.2) for 2 h as a SGF release medium. Then, dialysis bags 
were removed from 0.1 N HCl, washed with distilled water, 
and re-immersed in 50 ml of 0.1 M phosphate buffer (pH 
6.8) containing 1% SLS till the end of experiment. The stir-
ring speed and temperature were maintained at 100 rpm and 
37°C ± 0.5°C, respectively. At various time intervals (1, 2, 
3, 4, 6, 8, 10, 12, 16, 20, and 24 h) of the release study, 3-ml 
samples were withdrawn out from the release medium and 
immediately compensated with 3 ml of fresh medium to keep 
up constant volume and sink conditions. The samples were 
filtered with sterile syringe filter 0.22 µm, and the amount 
of SER released was determined spectrophotometrically at 

(3)

Drug loading (%) =
Weight of SER in the bilosomal powder

Weight of the bilosomal powder
× 100

273 nm and 275 nm for 0.1 N HCl and 0.1 M phosphate 
buffer containing (1% SLS), respectively. The experiment 
was performed in triplicate, and the cumulative release per-
cent of SER was calculated.

The in vitro release mechanism of SER from FDN1 was 
determined by fitting the release data with different math-
ematical models; zero order kinetics, first order kinetics 
and Higuchi diffusion models. Also, Korsmeyer and Peppas 
model was applied and the exponent (n) value was calculated 
as it lights up other mechanisms of drug release [23].

Studies of Storage Effect on Bilosomal Powder (FDN1)

Samples of the prepared bilosomal powder (FDN1) were 
stored for 3 months at 25°C in a desiccator. The stability of 
FDN1 upon storage was assessed in terms of zeta potential, 
particle size, PDI, and % drug loading. The samples were 
analyzed after 0, 1, and 3 months for the previously men-
tioned characters. Moreover, the in vitro drug release was 
performed on the FDN1 powder after 0, 1, and 3 months of 
storage. Then, dissolution efficiency % (DE%) values after 
2, 8, and 24 h of release profiles after 0, 1, and 3 months 
storage were calculated according to the following equation 
[29]:

where (DE%) is as the area under the dissolution curve 
up to a definite time (t) expressed as a percentage of the area 
of the rectangle described by 100% dissolution in the same 
time. The term (y) symbolizes the drug percent dissolved at 
time (t). Areas under the curves were calculated using the 
trapezoidal method.

The data acquired after 1 and 3 months for all the assessed 
stability terms were analyzed for statistical significance with 
data at zero time by Student’s t test using Microsoft Office 
2007, Excel package. A statistically significant difference 
was considered at (P < 0.05). All measurements for storage 
effect studies were performed in triplicate (n = 3).

HPLC Assay of SER

The HPLC analysis was performed according to a reported 
method [30] with slight modifications. The HPLC system 
consisted of HPLC Agilent 1200 LC-Quaternary series 
pump (Agilent technologies Inc., Santa Clara, CA, USA) 
coupled to Waters UV/visible detector (Waters Corporation, 
Milford, MA, USA). The used column was XBridge™ C18 
column (5 µm, 4.6 × 250 mm, Waters Corporation, Milford, 
MA, USA), and the column temperature was maintained 

(4)
DE% =

t

∫
0

y × dt

y
100

× t
× 100
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at 35°C. A mobile phase consisting of 10 mM ammonium 
formate buffer (pH 4.5) and acetonitrile was used at 20:80 
(v/v) ratio in an isocratic elution mode at a flow rate of 
1.3 ml/min. The detector wavelength was fixed at 220 nm, 
and samples were injected at injection volume of 20 µl using 
a manual injector.

Validation of the HPLC Assay

The assay method was validated in terms of linearity, accu-
racy, and precision (intra-day and inter-day). The accuracy 
and precision determination were carried out with three rep-
licates of three different concentrations of 25 μg/ml (low-
quality control, LQC), 75 μg/ml (medium-quality control, 
MQC), and 175 μg/ml (high-quality control, HQC) samples.

Ex Vivo Drug Permeation Study

Ex vivo permeation for SER-loaded bilosomal powder 
(FDN1) was compared to pure SER using fresh rabbit gut. 
The protocol of this study was authorized by the Animal 
Ethics Committee of Faculty of Pharmacy, Helwan Uni-
versity, No. 03A2021. The aspects of animal handling in 
this study were conformed to the EU directive 2010/63/EU 
guidelines for animal experiments. One male rabbit weigh-
ing 2.5 kg was fasted overnight before starting the experi-
ment. The anaesthetized rabbit was sacrificed, and the small 
intestine was separated and cut off into small pieces of 7 cm 
length and 0.5 cm diameter. The calculated surface area for 
each obtained intestinal sac membrane was approximately 
11 cm2.

The intestinal sacs were flushed with warm saline solu-
tion to remove food residues and to be ready for the ex vivo 
permeability experiment. The pure SER suspension (5 ml) 
and the FDN1 powder suspension (5 ml) equivalent to 25 mg 
SER were filled into the mucosal side of the intestinal sac 
using a syringe, and both ends of the sac were ligated tightly 
with a thread [31]. Then, each intestinal sac was tied with a 
paddle rotating at 50 rpm in 70 ml of phosphate buffer (pH 
7.4) containing 1% SLS kept at 37 °C. The experimented 
was carried out for 8 h in USP II dissolution apparatus (Han-
son Research, CA, USA) under continuous aeration using 
aerator [32]. One-milliliter samples were withdrawn from 
the permeation medium at predetermined time intervals (1, 
2, 3, 4, 6, and 8 h) and replenished with the same volume 
of a fresh one to maintain the sink conditions. The study 
was carried out in triplicate, and the collected samples 
were filtered using a sterile syringe filter (0.22 µm), and the 
amount of SER permeated through the sac was determined 
using HPLC method. Then, a graph between the cumulative 
amounts of SER permeated per unit area of rabbit intestine 
(µg/cm2) versus time (h) was plotted. The slope of the graph 

was taken as permeation flux to calculate the apparent per-
meability coefficient (APC) as follows [12, 33, 34]:

where C0 represents the initial concentration of SER in 
the mucosal side (donor compartment).

The enhancement ratio (ER) of the FDN1 powder was 
then calculated using the following Eq. (13):

In Vivo Absorption Study

Experimental Animals  Ten adult healthy female Wistar rats 
with average body weight of 250 ± 17 g were enrolled in the 
study. The rats were randomly divided into two groups of 
equal size (5 rats each), and each group was housed in a sep-
arate cage and supplied with food and water. The protocol of 
the study was authorized by the Animal Ethics Committee of 
Faculty of Pharmacy, Helwan University, No. 03A2021. The 
use and treatment of animals enrolled in this study complied 
with the EU directive 2010/63/EU for animal experiments.

Dose Calculation for Rat  The human daily dose of SER was 
reported to be ranged from 0.7 to 2.9 mg/kg [35]. The rat 
equivalent dose was calculated by multiplication of the aver-
age SER human daily dose (1.8 mg/kg) by the Km ratio [36].

where Km symbolizes a correction factor estimated by 
dividing the average body weight (kg) of species to its body 
surface area (m2).

The value of Km ratio for converting human dose into 
rat equivalent dose was 6.2 (36). Thus, the calculated rat 
equivalent dose was found to be 11.16 mg SER/kg.

Study Design

In vivo drug absorption study was performed to evaluate 
the rate and extent of oral absorption of SER from the opti-
mized freeze-dried SER-loaded bilosomal powder (FDN1) 
compared to pure SER. In this study, rats were fasted over 
night before drug administration and continued fasting until 
2 h post dose, with water allowed. Rats were divided ran-
domly into two groups (A) and (B). Each rat in group (A) 
received a single oral dose of the prepared formula (FDN1) 
powder equivalent to (11.16 mg SER/kg), while rats in group 

(5)APC(cm∕h) =
Flux(μg∕cm2∕h)

C
0(μg∕ml)

(6)

Enhancement ratio (ER) =
APC of the bilosomal FDN1 powder

APC of the drug

(7)K
m
ratio = K

m
Human∕K

m
Rat
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(B) received single oral dose of the pure drug equivalent 
to (11.16 mg SER/kg). The formula FDN1 and pure SER 
were administered orally to the rats along with 4 ml of water 
(in form of aqueous suspension) using a feeding tube. One-
milliliter orbital sinus blood samples were collected directly 
from each rat under anesthesia into heparinized tubes using 
heparinized capillary needle at 0 (pre-dose), 0.25, 0.5, 1, 2, 
4, 6, 8, 12, and 24 h post dose. Plasma was separated imme-
diately from the blood cells by centrifugation at 4000 rpm 
for 10 min and stored frozen at − 80°C until analysis.

Analysis of SER Plasma Levels

The SER plasma levels were determined using liquid chro-
matography–tandem mass spectrometry (LC–MS/MS) 
adapted from a reported method with some modifications 
(37, 38). One hundred microliters of the internal standard 
(loperamide hydrochloride) stock solution (100 ng/ml) was 
added to 0.5 ml of each plasma sample and vortexed for 
1 min. Then, SER extraction solvent (4 ml ethyl acetate) was 
added and the samples were vortexed for 5 min on a rocker-
mixer Reax II (Heidolph, Schwabach, Germany). Thereafter, 
samples were centrifuged for 10 min at 4000 rpm and 4°C 
using (Eppendorf centrifuges 5804 R). The upper organic 
layer was separated and transferred into new Wassermann 
tubes and evaporated to dryness using vacuum concentrator 
(Eppendorf 5301; Hamburg, Germany). The dried residues 
were reconstituted with 500 µl of the mobile phase (acetoni-
trile:0.1% formic acid in water (80:20, v/v)). Then, tubes 
were vortexed for 1 min and finally transferred to the auto 
sampler vials where 10 µl was injected into the LC–MS/MS 
and analyzed. Additional LC–MS/MS analysis details are 
described in Online Recourse 1.

Statistical Analysis of Pharmacokinetic Parameters

The pharmacokinetic parameters following oral administra-
tion of the treatments were estimated for each rat in each 
group. The maximum SER plasma concentration (Cpmax, 
ng/ml), the time to reach Cpmax (Tmax, h), and the area under 
the plasma concentration–time curve from time zero to 
24 h (AUC​0–24, ng h/ml) were obtained from the individual 
plasma concentration–time curves. The values of the Cpmax 
and Tmax were obtained directly from plasma data while the 
AUC​0–24 was calculated using the trapezoidal rule method. 
The relative bioavailability % (Fr %) of SER-loaded bilo-
somal powder (FDN1) was calculated in comparison to the 
Pure SER as follows:

(8)Fr =
AUC

0−24 (FDN1) × Dose (PureSER)

AUC
0−24 (PureSER) × Dose (FDN1)

× 100

The obtained pharmacokinetic parameters (Cpmax and 
AUC​0–24) were analyzed by Student’s t test using Microsoft 
Office 2007, Excel package, while Tmax values were analyzed 
by the non-parametric Mann–Whitney test using GraphPad 
Instat® (version 3.05). A P-value < 0.05 was considered sta-
tistically significant difference.

Results and Discussion

DSC

DSC was performed to reveal the drug characteristics like 
polymorphic state, stability, and purity and to detect pos-
sible interactions between SER and excipients of biloso-
mal system [39]. As shown in Fig. 1, pure SER exhibited 
four endothermic peaks at 211, 221, 250.5, and 287.61°C 
which assured the crystalline nature of SER and indicated 
its presence in the thermodynamically most stable poly-
morph (form I) [40]. The first endothermic peak observed 
at 211°C represented the solid-solid transition of form I to 
form III. The endothermic peak at 221°C was correspond-
ing to the melting point of traces of form I that bypassed 
the solid–solid transition of form I to form III. The sharp 
endothermic peak appeared at 250.5°C was due to the melt-
ing point of the in situ generated form III, immediately 
followed by a comparatively larger endotherm at 287.61°C 
corresponding to the rapid thermal decomposition and 
degradation of SER [4, 40]. Regarding SDC, its thermo-
gram revealed the presence of a broad endothermic peak 
at 114°C possibly due to the loss of water molecules, with 
subsequent re-crystallization exothermic peak at 197.33°C 
followed by sharp endothermic peak at 351.63°C corre-
sponding to SDC melting point [41, 42]. Span 60 had a nar-
row and sharp characteristic endothermic peak at 56.95°C 
corresponding to its glass transition temperature (Tg) [19], 
whereas CHL showed a broad endothermic melting transi-
tion started at 40°C due to the loss of water molecules and 
a sharp endothermic melting peak at 145.45°C followed by 
rapid degradation of CHL [16, 41]. The distinctive melting 
points (Tm) of SER, SDC, span 60, and cholesterol were 
displayed in the DSC thermograms of all physical mix-
ture samples proving SER-excipients compatibility and the 
absence of interactions, whereas any difference found in the 
peak intensity, shape or height-to-width ratio, and slight 
peak temperature shifting may be due to the dilution effect 
of SER with the excipients [2, 43].

FTIR

The possible interactions between SER and the investi-
gated excipients were also evaluated using FTIR (Fig. 2). 
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As shown in Fig. 2A, the IR spectrum of SER was charac-
terized by the following absorption peaks: C–H stretching 
of N-bonded CH2 group at 2939.5/cm; vibrational peaks 
of aliphatic amine N–H at 2468.88 and 1138/cm; aromatic 
ring stretching of C–C and C–H at 1581.63 and 1562.34/
cm, respectively; CH3/CH2 scissoring vibrations at 1469.76/
cm; C–C ring vibrations at 1651.07/cm; symmetrical and 
asymmetrical vibrational peaks were observed between1429 
and 1404/cm which attributed to CH2/NH2 group symmet-
ric deformation and C–H deformation of CH3/NH group, 
respectively; vibrational peaks of C–N at 1211.30/cm; the 
harmonic C–H deformation of aromatic ring vibrational 
peaks was found between 1056 and 921.97/cm; out-of-plane 
deformation modes of C–H of the aromatic rings and C–CL 
were observed around 825.53/cm; and finally, vibrational 
peaks of C–CL at 786.96 and 744.52/cm [2, 5, 39, 44]. The 
IR spectrum of SDC (Fig. 2B) showed a significant broad 
absorption peak appeared at 3390.86/cm which attributed 
to hydroxyl group stretching. Moreover, characteristic 
vibrational peak were found at 2938.10 and 2862.36/cm for 
C–H, 1558.48 for COO−, and 1064/cm for C–O [45]. Span 
60 spectrum (Fig. 2C) showed three characteristic peaks at 
3429.43/cm, 2920.23/cm, and 1716.65/cm which indicate 
hydroxyl, carboxylic acid, and aldehyde functional groups, 

respectively, while CHL spectrum (Fig. 2D) showed vibra-
tional peaks of hydroxyl and carboxylic acid functional 
groups at 3417.86/cm and 2929/cm, respectively [46].

By comparing the FTIR spectra of pure SER and its phys-
ical mixtures with the excipients (Fig. 2E–H), no significant 
changes or shifting in the characteristic peaks of SER and 
different excipients were observed. Consequently, it can be 
deduced that there were no interactions between SER and 
the selected excipients proving SER-excipient compatibility.

Analysis of Factorial Design

Eight SER-loaded bilosomal dispersions were prepared by 
thin film hydration method with different compositions 
of span 60, CHL, and SDC as proposed by 23 full facto-
rial design according to composition shown in Table II. 
ANOVA (classical sum of squares — type III) for data 
analysis of factorial design was performed using Design-
Expert® software. All the studied responses were tested 
for fitting to main effect, 2FI and 3FI models. The best fit 
model for elucidating the effect of the independent vari-
ables on responses was the one with the highest predicted 
R2 and the lowest PRESS (predicted residual error sum of 
squares) [47, 48]. Moreover, adjusted R2 and predicted R2 
for the selected model should be within approximately 0.2 
of each other to be in a reasonable agreement [13]. Also, 
the value of model adequate precision should be more than 
4 to indicate adequate signal-to-noise ratio [41]. It was 
revealed that the 3FI model was the best fit model for the 
responses (Y1, Y2, Y4, Y5, and Y6) while the main effect 
model was the best fit model for the response (Y3).

The polynomial equations in terms of coded factors were 
used to analyze and predict the effect of the given levels of 
each factor (X1, X2, and X3), the two-factor interaction (X1X2, 
X1X3 and X2X3), and the three-factor interaction (X1X2X3) on 
the responses as the following:

where Y symbolizes the response, β0 is the inter-
cept, and β1–β7 are the model terms coefficients. The 
terms X1, X2, and X3 stand for the main effect while 
X1X2, X1X3, and X2X3 are the two-way interaction 
terms and show how the response changes when two 
factors are simultaneously changed. The term X1X2X3 
represents three-way interaction that shows how the 
response changes when three factors are simultane-
ously changed [49]. The positive sign of the coefficient 
indicates a directly proportional relationship between 
the factor and response, whereas the negative sign indi-
cates an inversely proportional relationship [13]. The 
experimental data of all responses are summarized in 

(9)
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Fig. 1   DSC thermograms of SER and different bilosomal forming 
excipients
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Table III. The coefficients of all model terms emanated 
from polynomial equations of measured responses are 
shown in Table IV. The 3D response surface plots for 
all responses are illustrated in Fig. 3.

Effects of Experimental Variables on EE% (Y1)

The EE% of SER within bilosomal formulae ranged from 
30 ± 1.3% for N5 to 87 ± 1.7% for N4 as summarized in 

Fig. 2   FTIR spectra of A  SER, B  SDC, C  span 60, D  CHL, E physical mixture (SER + SDC + span 60 + CHL), F  physical binary mixture 
(SER + SDC), G physical binary mixture (SER + span 60), and H physical binary mixture (SER + CHL)

Table II   Composition of the 
prepared bilosomal dispersions

CHL cholesterol, SDC sodium deoxycholate, SER sertraline hydrochloride

Formula code X1
Total conc. of span 
60 and CHL (%w/v)

X2
Span 60:CHL 
molar ratio

X3
SER:SDC 
molar ratio

Amount (mg)

SER Span 60 CHL SDC

N1 0.5 1 0.5 50 80 70 133
N2 0.5 7 0.5 50 133 17 133
N3 1 1 0.5 50 160 140 133
N4 1 7 0.5 50 266 34 133
N5 0.5 1 0.25 50 80 70 266
N6 0.5 7 0.25 50 133 17 266
N7 1 1 0.25 50 160 140 266
N8 1 7 0.25 50 266 34 266
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Table III, which proves the successful entrapping of SER 
into the bilosomal vesicles and the ability of bilosomes to 
be a promising carrier for SER. Statistical analysis of the 
3FI model using ANOVA revealed that the model terms (X1, 
X2, and X3) as well as the two-factor interactions (X1X3 and 
X2X3) had significant impact (P < 0.05) on EE% (Y1) while 
the two-factor interaction (X1X2) and the three-factor interac-
tion (X1X2X3) were insignificant (P ˃ 0.05). The individual 
effect of total span 60 and CHL concentration (X1) was sig-
nificantly positive on EE%. Thus, increasing the total con-
centration from 0.5 to 1%w/v was found to increase EE%. 
This result can be rationalized that increasing the concentra-
tion of bilayer-forming ingredients will definitely increase 
the number of the created bilosomes per unit volume and 
subsequently more amount of drug will be accommodated 
per unit volume which means higher carrying capacity [7]. 
Regarding span 60:CHL molar ratio (X2), it was observed 
that (X2) showed a significant (P < 0.05) positive effect 
on EE%. This might be attributed to the increased span 
60 levels. The long alkyl chain and low hydrophilic–lipo-
philic balance (HLB) of span 60 could improve the EE% by 
increasing the solubility and permeability of lipophilic SER 
into bilosomes vesicles [12, 41]. Also, CHL could compete 
with drug molecules for the alignment into the hydrophobic 

packing spaces of the vesicles’ bilayer membrane during 
vesicles formation in the hydration process [7, 50]. Conse-
quently, higher amount of SER would be incorporated into 
the bilosomes with higher X2 level (lower cholesterol level). 
Previously, it was reported that increased CHL levels led to 
increased EE% due to the increased hydrophobicity of the 
vesicles [12]. However, in this study, the effect of increasing 
span 60 levels was found to be more prominent.

Moreover, SER:SDC molar ratio (X3) affected EE% posi-
tively. The formulae with SER:SDC molar ratio (0.5) showed 
higher EE% than their corresponding formulae which have 
lower SER:SDC molar ratio (0.25). This is probably due to 
the exaggerated fluidization of the vesicles’ lipid bilayers 
which contain greater levels of SDC (lower SER:SDC molar 
ratio) that can lead to drug leakage. Also, the presence of 
SDC in high concentrations in the bilosomal systems can 
induce vesicle bilayer-forming molecules to start making 
micelles which initially generate pores in the bilosomal 
membrane and cause drug leakage as a consequence; then, a 
complete conversion of the bilosomal membranes into mixed 
micelles occurs [18, 51]. The produced mixed micelles were 
reported to have lower drug loading capacity than its parent 
vesicles [52)], and it will increase the water solubility of 
SER during the hydration process and thus the soluble SER 

Table III   Results of responses (EE%, ZP, PS, Q2, Q8, and Q24) and PDI for the prepared bilosomal dispersions

EE entrapment efficiency, ZP zeta potential, PS particle size, PDI polydispersity index

Formula code Y1 
EE
(%)

Y2 
ZP
(mW)

Y3 
PS
(nm)

Y4 
Q2
(%)

Y5 
Q8
(%)

Y6 
Q24
(%)

PDI

N1 68 ± 0.70  − 41 ± 0.78 337 ± 19 44.81 ± 3.46 59.50 ± 1.42 69.57 ± 0.86 0.544 ± 0.09
N2 79 ± 0.50  − 37.4 ± 0.15 251 ± 7 36.97 ± 0.25 40.20 ± 0.36 44.23 ± 0.25 0.576 ± 0.03
N3 74 ± 1.60  − 40.5 ± 1.6 374 ± 23 19.67 ± 1.00 25.60 ± 0.60 34.70 ± 1.49 0.552 ± 0.05
N4 87 ± 1.70  − 40.3 ± 0.3 306 ± 4 18.37 ± 1.37 24.00 ± 1.64 29.50 ± 1.95 0.433 ± 0.02
N5 30 ± 1.30  − 40.6 ± 0.6 381 ± 35 56.23 ± 0.91 66.03 ± 2.07 75.50 ± 1.35 0.617 ± 0.1
N6 39 ± 0.16  − 36.8 ± 2.25 302 ± 2.6 38.47 ± 0.45 42.03 ± 0.06 47.27 ± 0.21 0.440 ± 0.009
N7 54 ± 2.0  − 41.2 ± 1.1 474 ± 79 48.93 ± 0.24 55.20 ± 0.76 66.70 ± 0.20 0.670 ± 0.09
N8 61 ± 0.50  − 44.5 ± 2.39 385 ± 41 31.07 ± 0.31 36.67 ± 0.49 42.30 ± 0.30 0.737 ± 0.024

Table IV   Values of intercept 
and coefficients of polynomial 
equations for all responses

Equation terms Coefficients

Y1 Y2 Y3 Y4 Y5 Y6

Intercept  + 61.62  + 40.32  + 350.89  + 36.81  + 43.65  + 51.22
X1  + 7.48  + 1.33  + 33.00  − 7.30  − 8.29  − 7.92
X2  + 4.94  − 0.5417  − 39.79  − 5.60  − 7.93  − 10.40
X3  + 15.50  − 0.4917  − 33.98  − 6.86  − 6.33  − 6.72
X1X2  + 0.0633  + 1.29 ___  + 0.8046  + 2.90  + 3.00
X1X3  − 3.95  − 0.7250 ___  − 3.63  − 4.24  − 4.48
X2X3  + 0.9742  − 0.4000 ___  + 3.31  + 2.70  + 2.76
X1X2X3  + 0.4833  − 0.4500 ___  + 0.8312  + 1.53  + 2.04
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will be separated in the supernatant after centrifugation and 
discarded [18].

The polynomial equation revealed a significant negative 
X1X3 interaction (P < 0.05) for the response (Y1). Thus, the 
combined effect of X1 and X3 on Y1 is less than the sum of 
their individual effects (antagonism), whereas a significant 
positive X2X3 interaction (P < 0.05) indicated the synergism 
between X2 and X3. Thus, the increase of X3 from 0.25 to 
0.5 leads to more positive effect on EE% upon increasing 
(X2) from 1 to 7.

Effects of Experimental Variables on ZP (Y2)

Zeta potential assessment is the most valuable technique 
for estimating the physical stability of vesicular disper-
sion against particles aggregation, enlargement, and sedi-
mentation (53). As shown in Table  III, all of the SER-
loaded bilosomes acquired zeta potential values ranged 
between − 36.80 and − 44.50 mV. These zeta potential values 
are sufficient to achieve adequate electric repulsion between 
vesicles to prevent their aggregation and maintain disper-
sion physical stability [17, 18]. Interestingly, this negative 
charge carried by the vesicles was reported to promote drug 
uptake through M-cells in the Peyer’s patch and enhance the 
drug absorption through the intestinal lymphatic transport 
pathway [7, 53, 54]. Furthermore, the negative charge has a 
membrane-destabilizing impact that can increase the fluidity 
of the intestinal membrane and facilitate the transportation 
of the bilosomal vesicles through it [53]. Statistical analysis 
of the 3FI model using ANOVA revealed that the model 
terms X1, X1X2 and X1X3 had significant impact (P < 0.05) 

on zeta potential (Y2), while X2, X3, X2X3 and X1X2X3 were 
insignificant (P ˃ 0.05).

The individual effect of X1 was significantly positive 
on zeta potential (P < 0.05). This might be attributed to 
increased CHL concentration which was previously reported 
to introduce a negative charge onto the vesicles’ surface due 
to the uneven polarity distribution of CHL hydroxyl group 
[55, 56], as well as increased surfactant concentration that 
cause an increase in the electrical conductivity [56, 57].

The positive coefficient of X1X2 interaction (P < 0.05) 
indicated the synergistic effect of increasing X2 from 1 to 7 
with the positive effect of increasing X1 from 0.5 to 1%w/v 
on the absolute value of zeta potential, whereas the sig-
nificant negative X1X3 interaction (P < 0.05) indicated the 
antagonistic combined effect of X1 and X3 on zeta potential. 
As the level of X3 decreased from 0.5 to 0.25 (i.e., SDC 
increased), the more increase in the absolute value of zeta 
potential would be observed upon the increasing X1. Thus, 
the incorporation of bile salt (SDC) within the bilosomal 
vesicular structure contributes in the appearance of negative 
charge on the bilosomal surface [41].

Effects of Experimental Variables on PS(Y3)

Vesicular particle size plays an important role in the in vitro 
release behavior, ex vivo intestinal permeation, and in vivo 
intestinal absorption of the drug, as small vesicular sizes up 
to 400 nm can improve intestinal drug absorption as well as 
oral bioavailability [58, 59]. Particle size values of the pre-
pared bilosomal formulae ranged from 251 ± 7 nm for N2 
to 474 ± 79 nm for N7 (Table III). Statistical analysis of the 
main effect factorial design model using ANOVA revealed 

Fig. 3   The 3D response surface plots showing the effect of independent variables on all responses
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that the model terms (X1, X2, and X3) had significant impact 
(P < 0.05) on particle size of bilosomal vesicles (Y3).

An increase in particle size was observed with increasing 
the total concentration of span 60 and CHL (X1) which may 
be due to the insufficient distribution of sonication energy 
in the concentrated bilosomal dispersions, and this sonica-
tion energy was accountable for reducing the vesicular size 
more efficiently [6]. Decreasing span 60:CHL molar ratio 
(X2) was found to increase the particle size. This could be 
due to the ability of high concentrations of CHL to hinder 
close alignment of vesicles’ bilayer forming lipids result-
ing in increased distribution of the water within the lipid 
bilayer and thus increase the width of the bilayer with subse-
quent increase of the particle size [14, 41]. Also, decreasing 
SER:SDC molar ratio (X3) from 0.5 to 0.25 was found to 
produce larger bilosomal vesicles which could be attributed 
to the high viscosity caused by high concentration of SDC 
in the hydration medium, enhanced flexibility, and decreased 
surface tension of the vesicles [11, 53, 54]. Moreover, PDI 
values for all the prepared bilosomal formulae ranged 
between 0.440 and 0.737 (Table III) indicating limited par-
ticle size distribution and good homogeneity [18].

Effects of Experimental Variables on % SER Released at 2, 8, 
and 24 h (Y4, Y5, and Y6, Respectively)

The release profiles of SER from the prepared bilosomal 
dispersions are illustrated in Fig.  4. The cumulative % 
SER released after 24 h (Q24) from all the prepared bilo-
somal dispersions were ranged from 29.5 ± 1.95% for N4 
to 75.50 ± 1.35% for N5 (Table III). The release profiles of 
all formulae exhibited a biphasic release pattern; a primary 
rapid release phase extended up to approximately 2 h, fol-
lowed by a slower release phase. The prompt release that 
occurred at the beginning might be attributed to the liberation 
of SER molecules adsorbed on the outer most surface of the 
bilosomal vesicles in addition to the diffusion of the other 
molecules located in the outer vesicles’ membrane directly 
into the release medium. Subsequently, SER molecules in the 
sequential inner layers diffuse to the neighboring outer lay-
ers towards the surface of the vesicle and then to the release 
medium which is a time-consuming and retardable process 
resulting in the secondary sustained release phase [7, 19].

Statistical analysis of the 3FI factorial design model using 
ANOVA revealed that the model main factors (X1, X2, and 
X3), the two-factor interaction (X1X2, X1X3, and X2X3), and 
the three-factor interaction (X1X2X3) had significant impact 
(P < 0.05) on the cumulative % drug released at 2 h Q2 (Y4), 
8 h Q8 (Y5), and 24 h Q24 (Y6).

All investigated formulation variables (X1, X2, and X3) had 
negative coefficients, indicating the inversely proportional 
relationship with the cumulative % drug released at 2, 8, and 
24 h. The negative effect of increasing the total concentration 

of span 60 and CHL (X1) from 0.5 to 1% (w/v) on SER 
release from bilosomal vesicles might be attributed to the 
stiffer solidified nano-vesicles and the higher medium vis-
cosity caused by the higher concentration of lipids [60]. The 
negative effect of changing span 60:CHL molar ratio (X2) 
from 1 to 7 on SER release might be due to increasing span 
60 levels in the bilosomal vesicles’ assembly. Span 60 has a 
low hydrophilic–lipophilic balance (HLB value = 4.7) and a 
very long saturated alkyl chain (stearate moiety = C18); thus, 
there is a high structural affinity between the hydrophobic 
SER and the stearate moiety of span 60. Also, span 60 has 
a high glass transition temperature (Tg = 58°C) which may 
account for producing very stable and firm bilayer mem-
branes that retard the drug leakage. Briefly, higher span 60 
ratios in the bilosomal vesicles’ structure show higher SER 
affinity and retard its diffusion to the release medium [19, 
61]. The negative effect of changing SER:SDC molar ratio 
(X3) from 0.25 to 0.5 is possibly due to the decreased micelle 
formation and fluidization of the bilosomal lipid bilayer due 
to decrease in SDC concentration [51, 54]. Regarding the 
two factor interactions, there were significant positive effects 
(P< 0.05) of (X1X2) and (X2X3) interactions on the responses 
(Y4, Y5, and Y6), whereas (X1X3) interaction had a significant 
negative effect (P< 0.05). Moreover, the three factor interac-
tion (X1X2X3) exhibited significant positive effect (P < 0.05) 
for the responses (Y4, Y5, and Y6).

Release Kinetics and Mechanisms

The in vitro release data obtained from the bilosomal for-
mulae were best fitted to the diffusion-controlled release 
model (Higuchi’s equation) as indicated from the highest 
correlation coefficients (R2) [23]. Moreover, when the data 
processed with Korsmeyer and Peppas model, bilosomal for-
mulae (N1, N2, N3, N4, N6, and N8) exhibited exponent n 

Fig. 4   In vitro release profiles of SER from the prepared bilosomal 
dispersions
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value less than 0.45 demonstrating Fickian diffusion release 
mechanism, while bilosomal formulae (N5 and N7) exhib-
ited exponent n value more than 0.45 and less than 0.89 
demonstrating the non-Fickian anomalous transport mecha-
nism, i.e., the drug release was governed by more than one 
process (diffusion and erosion mechanism) [23, 28].

Optimization of SER‑Loaded Bilosomal Dispersions

The optimization was carried out using numerical optimiza-
tion technique based on desirability approach. According to 
the constraints provided in Table I, Design-Expert® software 
revealed that N1 was the optimum formula that could satisfy 
most of the required constraints with the highest desirability 
value of 0.657. The optimum formula N1 was validated by 
comparing its experimental responses values with its pre-
dicted response values. The percentage deviation for each 
response was determined and was calculated as follows:

The % deviation for all responses did not exceed 4.11% 
as shown in Table V.

TEM

TEM photograph of the optimal bilosomal dispersion (N1) 
in Fig. 5 revealed that bilosomal vesicles were dispersed 
as non-aggregated individual particles with a predominant 
nano-sized spherical shape and well-defined core and outline.

Preparation of SER‑Loaded Bilosomal Powder

The main stability issues with nano-vesicle formulations are 
fusion, aggregation, swelling, and drug leakage. In order 
to improve their stability, it is recommended to store them 
in the dry powder form instead of their aqueous dispersion 
form. Indeed, freeze-drying technique has proven to be an 
effective method for long-term storage of these formulations 
in previous studies [62, 63]. Hence, bilosomes in powdered 
form are superior to traditional liquid form in respect of con-
venience of storage, transport, dosing, tableting, and capsule 
filling [15]. The selected optimal bilosomal dispersion (N1) 
was freeze dried to produce FDN1 powder and stored in a 
desiccator at 25°C for further studies.

Determination of Drug Loading (%) in Freeze‑Dried 
Bilosomal Powder

The % SER-loaded in the bilosomal powder (FDN1) 
was found to be 15.43 ± 0.91% w/w. This result was not 

(10)
%deviation =

|Predicted value − Experimental value|

Predicted value
× 100

significantly different (P > 0.05) from the % drug loading 
of the non-lyophilized form (N1) which was 11.66 ± 2.36%.

Moreover, comparing EE% before and after lyophilization 
of the optimized formula showed no significant difference 
(P > 0.05). The EE% was 68.24 ± 0.7% and 67.90 ± 3.99% 
for the non lyophilized form (N1) and the lyophilized form 
(FDN1), respectively.

In Vitro Release from the Freeze‑Dried Bilosomal 
Powder

The cumulative release profiles of SER from the bilosomal 
powder (FDN1) and pure SER are illustrated in Fig. 6. It 
could be noticed that a complete dissolution of pure SER 
was achieved within 10 h, whereas a remarkable sustained 
release up to 24 h from FDN1 bilosomes was observed. 
Within the first 2 h, 82.49 ± 6.11% of pure SER was dis-
solved while FDN1 showed only 23.75 ± 0.58% drug 
released. The high percentage dissolved of pure SER within 
the first 2 h in the SGF release medium could be the main 
reason for the side effects of SER in the upper GIT due to 
the direct contact with stomach. Also, thick mucus layer and 
short transit time of the stomach might hinder drug released 
in stomach and limit its absorption process. Thus, minimiz-
ing the gastric exposure by sustaining the release of SER as 
achieved from bilosomal powder (FDN1) is advantageous 
[5, 64]. Due to the basic nature of SER and pH-dependent 
solubility, the majority of the un-absorbed SER dissolved in 
the stomach might be converted to free base form when enter 
the intestinal region leading to particle aggregation in the 
alkaline intestinal medium resulting in poor or slow release 
and further poor absorption and low bioavailability [3, 4]. 
However, it was found that the total SER released from the 
prepared bilosomal powder (FDN1) in SIF was 66.82% 
compared to 17.51% only of pure SER dissolved. Hence, 
the vast majority of SER was released from FDN1 in SIF 
medium and the drug released in the intestinal region would 
be subjected to more efficient absorption due to the large 

Table V   Validation of the optimized SER-loaded bilosomal disper-
sion (N1)

EE% entrapment efficiency
* Absolute value of zeta potential

Response Predicted value Experimental 
value

% Error

EE% 68.23 68.00 0.34%
Zeta potential 41.00* 41.00* 0.00%
Particle size 323.70 337.00 4.11%
Q2 44.81 44.81 0.00%
Q8 59.50 59.50 0.00%
Q24 69.57 69.57 0.00%
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surface area, good permeability and long transit time of the 
intestine [64]. The solubilizing effect of bilosomes helped 
to maintain the drug into the solubilized state throughout its 
release in the alkaline SIF medium. Also, the particle size of 
the bilosomal vesicles provided larger surface area exposed 
to the release medium in case of FDN1 and thus permitting 
higher rate of drug release in the intestinal medium [7, 63].

The in vitro release data of FDN1 were best fitted to 
the diffusion-controlled release model (Higuchi’s equa-
tion) as indicated from the highest correlation coefficient 
(R2 = 0.9919). Moreover, when the data processed with 
Korsmeyer-Peppas model, FDN1 exhibited exponent n value 
equals to 0.715 demonstrating the non-Fickian anomalous 
transport mechanism [12, 23, 28].

Studies of Storage Effect on Bilosomal Powder 
(FDN1)

The average zeta potential (ZP), particle size (PS), PDI, 
% drug loading, and dissolution efficiency (DE %) were 
evaluated at (0, 1, and 3 months) (Table VI). The demon-
strated data showed that there was no significant difference 
(P < 0.05) between the values of ZP, PS, PDI, % drug load-
ing, and DE% at 2, 8, and 24 h at zero time and the values of 
such parameters after 1 and 3 months’ storage. These results 
can prove the stability of the lyophilized bilosomal powder 
FDN1 at room temperature. Interestingly, it was noticed 

that the particle size of bilosomes was decreased upon lyo-
philization from 337 ± 19 nm for N1 to 184.17 ± 10.6 nm 
for FDN1. This notice comes in agreement with a previous 
study by Shokri et al. [65].

HPLC Assay of SER

The described HPLC assay showed good linearity in the 
range of SER concentration (10–200 μg/ml) with regression 
coefficient (R2 = 0.999). The peak of the drug was sharp and 
symmetric with good baseline and minimal tailing at reten-
tion time of 3.449 min. The assay was proved to be sensi-
tive, accurate, and reproducible. The mean % recovery for 
intra- and inter-quality control samples ranged from 99.50 to 
101.41% reflecting high accuracy of the assay. Also, RSD% 
of all intra- and inter-quality control samples were less than 
2% indicating a high degree of intra- and inter-day precisions 
of the assay.

Ex Vivo Drug Permeation Study

The gut permeation study was performed on a rabbit intes-
tine to calculate the intestinal permeation efficiency of SER 
from FDN1 compared to the pure SER. The displayed per-
meation profiles (Fig. 7) distinctly confirmed the potential of 
the bilosomal delivery system to improve SER permeation 
through GIT membrane.

The permeation flux value was found to be 150.43 µg/
cm2/h and 29.52 µg/cm2/h for FDN1 and pure SER, respec-
tively. Consequently, the apparent permeability coefficient 
(APC) of FDN1 was found to be 4.2 × 10−2 cm/h which is 
markedly higher compared to pure SER that showed APC 
of 8.3 × 10−3 cm/h. The permeation enhancement ratio (ER) 
of FDN1 showed fivefold increment in the permeation of 
the drug. This permeation improvement is ascribed to the 

Fig. 5   Transmission electron microscope photograph of the optimal 
bilosomal dispersion (N1)

Fig. 6   In vitro release profiles of SER from the bilosomal powder 
(FDN1) versus pure SER
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nano-sized bilosomal vesicles and the successful internaliza-
tion of SER into these vesicles containing SDC bile salts. It 
has been reported that bile salts give an elastic property to 
the vesicles and serve as permeability enhancers due to its 
negative charge which has a membrane-destabilizing effect 
that increase the fluidity of biological barriers including the 
intestinal membrane and thus facilitate the drug diffusion 
and penetration across it. Moreover, the negative charge 
of the vesicles was previously mentioned to promote drug 
uptake through intestinal M-cells and enhance the drug 
absorption through the intestinal lymphatic transport path-
way [7, 13, 53].

Furthermore, the presence of non-ionic surfactant also 
enhances the permeation capacity by providing a hydrostatic 
pressure that opens the tight junctions of the intestinal mem-
brane, reducing the reticulo-endothelial uptake, and also 
inhibiting the P-gp efflux pump present in the enterocytes 
villus tip of the gastrointestinal tract in order to mitigate the 
drug pumping back into the intestinal lumen [12, 33].

In Vivo Absorption Study

The described liquid chromatography–mass spectrometry 
assay had a good linearity from 0.5 to 100 ng/ml with cor-
relation coefficient of R2 = 0.9991. Both SER and loperamide 
hydrochloride showed sharp symmetric peaks with good base-
line at retention time 0.397 and 0.390 min, respectively. The 
assay was proved to be sensitive, accurate, and reproducible. 
The mean % recovery for intra- and inter-quality control sam-
ples ranged from 97.03 to 104.05% reflecting high accuracy 
of the assay. Also, RSD% of all intra- and inter-quality control 
samples were less than 6% indicating a high degree of intra- 
and inter-day precisions of the assay.

Figure 8 shows the profiles of the mean plasma con-
centrations of orally administered SER from the investi-
gated formula (FDN1) and the pure drug as a function of 
time. The mean values of Cpmax were 201.52 ± 63.99 and 
112.93 ± 7.98 ng/ml and AUC​0–24 were 3848.29 ± 889.76 
and 1733.06 ± 404.56 ng h/ml, for FDN1 and pure SER, 
respectively. The median values of Tmax following admin-
istration of FDN1 and pure SER were 8 h and 6 h, with 
interquartile range (IQR) of 6 and 1, respectively. The 
difference between the Cpmax and AUC​0–24 values of both 

FDN1 formulation and pure SER was statistically signifi-
cant (P < 0.05). Regarding the Tmax, the non-parametric 
Mann–Whitney test verified that Tmax was insignificantly 
different at P < 0.05.

Table VI   Storage effect on FDN1 powder for 3 months

DE% dissolution efficiency %, ZP zeta potential, PS particle size, PDI polydispersity index

Time of stor-
age (month)

ZP
(mV)

PS
(nm)

PDI Drug loading (%w/w) DE%
at 2 h

DE%
at 8 h

DE%
at 24 h

0  − 28.23 ± 7.62 184.17 ± 10.6 0.393 ± 0.023 15.43 ± 0.91 12.65 ± 0.395 35.86 ± 1.003 64.91 ± 1.61
1  − 31.53 ± 3.84 252.07 ± 81 0.483 ± 0.066 15.37 ± 0.93 12.46 ± 0.235 35.95 ± 0.392 64.75 ± 0.49
3  − 28.40 ± 1.61 271.57 ± 74.46 0.506 ± 0.059 15.40 ± 1.06 12.75 ± 0.476 36.47 ± 0.931 64.25 ± 0.448

Fig. 7   Permeability behaviors of SER from the bilosomal powder 
(FDN1) versus pure SER

Fig. 8   SER plasma concentration–time curves after oral administra-
tion of single dose (11.16  mg/kg) of the investigated freeze-dried 
SER-loaded bilosomal powder (FDN1) and pure SER over 24 h. Each 
data point represents mean ± SD (n = 5). a  Significantly different (P 
˂ 0.05) from pure SER. b Not significantly different (P > 0.05) from 
pure SER
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The mean Cpmax and AUC​0–24 in the group administered 
FDN1 was 1.78- and 2.22-fold higher than the group admin-
istered the pure SER, respectively. Consequently, the relative 
bioavailability % (Fr %) of FDN1 formulation compared to 
pure SER was found to be 222% based on AUC​0–24. This 
improvement in the oral bioavailability of SER from bilo-
somal powder (FDN1) could be attributed to the successful 
entrapment of SER into the nano-sized bilosomal vesicles 
that composed mainly of the surfactant (span 60) which 
has a solubilizing effect and acts as penetration enhancer. 
Moreover, bilosomal vesicles included bile salts which give 
an elastic property to the vesicles, serve as permeability 
enhancers, and make vesicles resistant to physiological bile 
salts in the GIT. Also, the negative charge of the vesicles 
promotes drug uptake through intestinal M-cells of Peyer’s 
patch and enhances the drug absorption through the intesti-
nal lymphatic transport pathway, thus escaping the hepatic 
first-pass metabolism [7, 12, 13].

Conclusion

In this study, SER-loaded bilosomal formula (0.5% w/v span 
60 and CHL, span 60-to-CHL molar ratio = 1, SER-to-SDC 
molar ratio = 0.5) was selected as optimal system with accept-
able entrapment efficiency, zeta potential, particle size, PDI, 
and remarkable sustained in vitro drug release over 24 h with 
minimized release at 2 h. The lyophilized optimal bilosomal 
system exhibited good stability upon storage for 3 months at 
ambient conditions and achieved fivefold higher SER permea-
tion efficiency through rabbit intestinal membrane compared 
to pure SER. In vivo absorption studies in rats revealed rela-
tive bioavailability % (Fr %) of 222% for SER-loaded biloso-
mal powder (FDN1) compared to pure SER. Therefore, the 
developed SER bilosomal system is promising for oral admin-
istration of SER in order to improve its oral bioavailability 
with reducing gastric upset.
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