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ABSTRACT

The current studies entail systematic development, optimization and evaluation of
cationic self-nanoemulsifying drug delivery systems (C-SNEDDS) for enhancing the oral
bioavailability of candesartan cilexetil. Preformulation studies including equilibrium
solubility studies and phase titration studies facilitated the selection of Lauroglycol 90
(i.e., lipid), Tween 40 (i.e., emulgent) and Transcutol HP (i.e., cosolvent), while
oleylamine was used as a cationic charge inducer. D-optimal mixture design was
employed for systematic optimization of C-SNEDDS, evaluating them for globule size,
zeta potential, in vitro drug release and dissolution efficiency. Mathematical modeling
was carried out and optimized formulation was identified through numerical optimization
desirability function. Evaluation of the cellular uptake and permeability in Caco-2 cells
revealed 2.2-fold increase in apparent permeability (P,pp) and 6.4-fold reduction in the P-
gp efflux ratio of the candesartan cilexetil from C-SNEDDS vis-a-vis the free drug
solution. Nearly 5 to 6-fold enhancement in oral bioavailability was observed with the
optimized C-SNEDDS vis-a-vis the plain SNEDDS and free drug solution using in situ
single pass intestinal perfusion and in vivo pharmacokinetic studies, both conducted in
Wistar rats. Establishment of various levels of in vitro/in vivo correlations (IVIVC) for the
developed C-SNEDDS corroborated excellent goodness of fit between the in vitro drug
release data with the in vivo absorption parameters. Evaluation of the cytotoxicity of C-
SNEDDS by histopathological examination of rat intestine and MTT assay revealed high
safety and efficacy of the developed formulations. Overall, the present studies report the
successful development of novel C-SNEDDS of candesartan cilexetil with distinctly

improved biopharmaceutical performance.

Keywords: SNEDDS; Design of Experiment (DoE); Bioavailability; Pharmacokinetic;
IVIVC
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1. INTRODUCTION
Candesartan cilexetil is popularly recommended for the treatment and management of

1,

hypertension ! 2. However, its therapeutic efficacy gets markedly reduced owing to low

oral bioavailability as a function of poor solubility, extensive hepatic first-pass effect and

3, 4

high P-glycoprotein (P-gp) efflux . Several formulation strategies including solid

5 6 7

dispersions >, cosolvates ®, inclusion complexes 7 and nanosuspensions & have been
undertaken to enhance the oral bioavailability of candesartan cilexetil. However, none of
these formulations are found to be highly effective to address the low oral bioavailability
issues, as these tend to deal with poor solubility issue only. Lately, self-nanoemulsifying
drug delivery systems (SNEDDS) have been extensively investigated for augmenting the
oral absorption of highly lipophilic drugs owing to their inherent potential to improve

drug solubility and permeability, and eventually its oral bioavailability ° *°.

Multiple factors tend to influence the oral bioavailability of drugs from SNEDDS, such as
nature and type of lipids, surfactants and co-solvents, chain length of lipids and
surfactants, surface charge, etc '°. Several innovations have been made for developing
the specialized self-emulsifying formulations for improving the biopharmaceutical
performance of drugs !!'. Cationic SNEDDS (C-SNEDDS) in this context has been
reported to possess remarkably superior bioavailability enhancement potential as
compared to the plain SNEDDS, owing to the positively charged nature of the emulsion
globules attributed by charge inducers like oleylamine or sterylamine !°. This facilitates
permeability and absorption of drugs across the intestinal pathways leading to manifold

augmentation in the bioavailability ** '3,

The literature reports only one study on the use of conventional SNEDDS in improving its
in vitro drug release performance, without documenting any results on the in vivo
studies on potential oral bioavailability improvement 4. Attempts, therefore, have been
made for systematic development of novel C-SNEDDS of candesartan cilexetil for
enhancing its oral bioavailability, followed by comparison of the biopharmaceutical

performance with conventional SNEDDS through in vitro, in situ and in vivo studies.
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2. MATREIALS AND METHODS
2.1 Materials

Candesartan cilexetil was provided ex-gratis by Alembic Laboratories Ltd., Baroda, India.
Various lipids like Lauroglycol™ 90, Lauroglycol™ FCC, Maisine™ 35-1 and Transcutol®
HP were received as gift samples from Gattefosse, Saint-Priest, France. Capmul MCM®,
Captex® 200 and Capmul® PG 8 were procured from Abitec Corp., Ohio, USA. Ethyl
oleate, olive oil, sesame oil, palmitic acid, stearic acid, oleic acid and potassium
dihydrogen phosphate were purchased from S.D. Fine Chem, Mumbai, India, while
methanol and acetonitrile of HPLC grade were purchased from Merck and Co., Mumbai,
India. The surfactants like Tween 20, Tween 40 and Tween 80 were purchased from
Himedia, Mumbai, India. All other materials employed during the studies were of

analytical grade and were used as such as obtained.

2.2 Methods

2.2.1 Equilibrium solubility studies and construction of phase diagrams

Equilibrium solubility studies were carried out by adding excess amount of drug in 2 mL
of the lipids, surfactants and cosolvents, and shaken at 37 £ 1 °C in a water bath shaker
for 72 h . The equilibrated samples were centrifuged at 5000 rpm (1398 x g) for 10
minutes to remove the undissolved drug. The supernatant was filtered, suitably diluted
and analyzed using a HPLC method described in Section 2.2.6.3.2. The excipients
exhibiting maximal solubility for candesartan cilexetil were selected for phase titration
studies. Various combinations of surfactant/cosolvent mixtures (Snix), i.e., 1:1, 1:2, 2:1,
1:3 and 3:1 were prepared as per the HLB method to fulfill the requirement between 12
and 14 for formation of oil-in-water emulsion, and mixed with the lipid phase in the
range of 1:9 and 9:1 !, The mixtures were titrated with water to delineate the
boundaries of nanoemulsion region in the pseudoternary phase diagrams. The S, ratio
with optimal nanoemulsion region was selected for formulation development.

2.2.2 Preparation of C-SNEDDS as per the experimental design

Systematic optimization of the C-SNEDDS was carried out employing D-optimal mixture
design with the help of Design Expert® 9.0.1 (Stat-Ease, Minneapolis, USA), selecting the

4
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amount of Lauroglycol 90 (i.e., lipid), Tween 40 (i.e., surfactant) and Transcutol HP (i.e.,
cosolvent) as the factors. Supplementary material Table 1 summarizes the design
matrix containing the composition of experimental runs obtained for formulation of C-
SNEDDS. All the formulations were prepared by mixing the drug with lipidic and
emulsifying excipients to obtain a homogeneous mixture. The amount of candesartan
cilexetil in all the formulations was fixed at 16 mg. At the end, 1% w/w oleylamine was
added to the prepared formulations to obtain the C-SNEDDS with cationic charge ** Y/,
The C-SNEDDS were evaluated for various response variables viz. globule size and

dissolution efficiency in 30 min (DE30 ).

2.2.3 Optimization of C-SNEDDS and model validation studies

Optimization data analysis was carried out by multiple linear regression analysis (MLRA)
by fitting the experimental data to the second-order quadratic polynomial model
containing interaction terms. One-way ANOVA was performed by analyzing the model
parameters like, p-value, coefficient of correlation (r) and predicted error sum of squares
(PRESS). Response surface analysis was conducted for mechanistic understanding of the
interaction(s) among the studied factors and their influence on the response variables.
The optimum formulation was identified by desirability function followed by its
demarcation in the design space. Validation of optimization methodology was carried out
by preparing seven check-point formulations from the design space region including the
optimized formulation, followed by comparing the predicted responses with the observed

ones.

2.2.4 Characterization of the C-SNEDDS

2.2.4.1 Self-emulsification efficiency, globule size and zeta potential

Aliquots (1 g of each) of the C-SNEDDS were diluted in 250 mL of simulated gastric fluid
(SGF, pH 1.2) under continuous stirring condition (50 rpm) in a USP XXXI Apparatus II
(DS 8000, Labindia Instruments, Mumbai, India) at 37 £ 0.5 °C. The time required for
complete dispersion of the C-SNEDDS was noted as self-emulsification time. Further, the

samples obtained after dispersion were subjected for globule size analysis, zeta potential

5
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measurement by Zetasizer 2000 HS (Malvern Instruments, Worcestershire, UK), and
visual observation under transmission electron microscope (JEM-2100 F, Jeol, Tokyo,
Japan).

2.2.4.2 In vitro drug release

In vitro drug release studies were carried out by dialysis bag method on the C-SNEDDS
employing 250 mL of SGF (pH 1.2) containing 0.5% sodium laurly sulfate at 50 rpm and
37 + 0.5°C for 2 h. Aliquots (2 mL) of the medium were withdrawn periodically at
suitable time intervals and replenished with an equal volume of fresh dissolution
medium. The samples were suitably diluted and analyzed by HPLC to calculate the
percent drug release with respect to time ' ' Analogously, the drug release studies
were carried out for the plain SNEDDS, free drug solution and marketed formulation
(Candesar®, Ranbaxy Lab Ltd, Gurgaon, India) for comparative evaluation of the drug
release characteristics. The raw data obtained from dissolution studies were analyzed
using in-house ZOREL software with in-built provision for applying the correction factor

for volume and drug losses during sampling (Eqg. 1)

VS n-1 V
C = Ai\TxZi=1 Ai|:v _tvtj| """""""" (Eq. 1)

t

Further, the dissolution efficiency was calculated for each type of formulation employing

the formula given in Eq. (2) as follows:

t
| S— (Eq. 2)
DE=——" —x100
Yo% (t; = t;)
where, y is the percentage of dissolved product. D.E. is the area under the dissolution
curve between time points t; and t, expressed as a percentage of the curve at maximum
dissolution, yigo, over the same time period. Comparison of the dissolution profiles of

various formulations was carried out by calculating dissimilarity factor (f;) and similarity

factor (f;) with the following formulae given in Eq. (3) and Eq. (4) as follows:
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{ R, _Tt}
f, == X 100 ----=-=m=mmmm- (Eq. 3)
Rt}
t=1
f, =50.Iog{[l+%Z(Rt —Tt)z}““’xlOO} --------------- (Eq. 4)
t=1

where, R; is the percentage of dissolved product for a reference batch at time point t, T,
is the percentage of dissolved product for the test batch, and n is the number of time

points.

2.2.5 Caco-2 cell culture experiments

2.2.5.1 Culture of Caco-2 cells

Caco-2 cells (ATCC, Manassas, VA, USA) were grown in the tissue culture flasks (75
cm?), and maintained under simulated atmospheric conditions, i.e., 5% CO, at 37°C. The
growth medium comprised of Dulbecco’s Modified Eagle’s culture medium (DMEM), 20%
fetal bovine serum (FBS), 100 IU/mL of penicillin and 100 pg/mL of streptomycin. The
pH of media was maintained at 7.4 with 0.1 N NaOH with presence of phenol red as pH
change indicator. Proper care and maintenance of the cells were up to 21 days until their
full growth followed by regular measurement of transepithelial electrical resistance
(TEER) with the help of Millicell-ERS device (M/s Millipore Corporation, Darmstadt,
Germany) to check the cell death, if any. The growth medium was changed on every
alternate day with the fresh medium for providing optimum nutrients to the cells. The
culture cells were trypsinized employing 0.25% Trypsin-EDTA solution (M/s Sigma
Aldrich, St. Louis, USA), once 90% confluent. The harvested cells were then used for the
subsequent studies.

2.2.5.2 Cytotoxicity

The cytotoxicity studies were carried out by MTT assay on the Caco-2 cells as per the

20, 21 The cells were seeded in a 96-well plate at a density of 5x10*

literature reports
cells per well and incubated for 24 h. The positive control (Triton-X 100), and test

formulations like free drug solution, SNEDDS and C-SNEDDS containing 1% w/w
7
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oleylamine were added to the culture plates containing cells in the concentration of 1, 2,
5 and 10 pg/mL. After incubation for 3 h, the culture medium containing the
formulations was aspirated and cells were washed with pH 7.4 phosphate buffer saline
(PBS) ' 22, Subsequently, 150 pL of MTT solution (500 mg/mL in PBS) was added to
each well plate and incubated at 37 °C for additional 4 h. The supernatant was removed
and 200 pL of dimethylsulfoxide was added to solubilize the formazan crystals and
optical density of resulting solution was measured at 540 nm using ELISA microplate
reader (M/s BioTek, Vermont, USA). Based on the results of optical density, the percent

cell viability was calculated using Eq. (5).

Optical density,, — Optical density,, .

% Cell cytotoxicity = . : _ L
Optical density ., — Optical density,,, ..

Cellular toxicity was also evaluated by measuring the TEER values as a function of
integrity of monolayer cells after treatment with various developed formulations for a
period of 12 h. TEER was measured using a Millicell-ERS device (M/s Millipore
Corporation, Darmstadt, Germany) and chopstick style electrodes. Initially, after 3 h of
incubation with various treatment formulations and Triton X-100, the cells were washed
with PBS except the control. The TEER was reported in % by calculating the net change
with respect to the initial value.

2.2.5.3 Uptake

The qualitative uptake studies were carried out by seeding 1,00,000 cells/well in tissue

culture well plates 23 24

. The qualitative uptake was measured for free coumarin-6,
SNEDDS and C-SNEDDS with 1 mg/mL concentration of candesartan cilexetil and 100 pg
of coumarin-6. After 1 h incubation period, the cells were washed twice with PBS and
observed under the Confocal Laser Scanning Microscope (CLSM) (Olympus FV1000,
Philadelphia, USA). The qualitative uptake was reported as a function of the fluorescence

intensity of the dye from the cells treated with both SNEDDS and CSNEDDS,

respectively.
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2.2.5.4 Permeability
The permeability and P-gp efflux inhibition potential of the SNEDDS and C-SNEDDS was

%>, Transport studies from

assessed by performing bidirectional permeability studies
apical to basolateral (A—B) direction were initiated by adding 250 pg of the test
formulation to the transport medium in apical side and blank transport medium (2.6 mL)
to the basolateral side. The transport studies were also conducted in reverse direction,
i.e., basolateral to apical (B—A) side to determine the P-gp inhibitory effect. Aliquot
samples (200 uL) were withdrawn both from apical and basolateral side during each
assay experiments at periodic time intervals, i.e., 0, 30, 45 and 60 minutes, and
replaced with the blank transport medium each time. The samples collected at each time

points were analyzed by HPLC and cumulative amount of drug permeated was plotted as

a function of time for calculating the apparent permeability (P,,,) as per the Eq. (6).

_dQ/dt
" AC,

_____________ Eq. (6)

where, Py, is the apparent permeability coefficient expressed in 10°® cm/s, dQ/dt (also
called as flux) is the slope obtained by linear regression of the cumulative transported
amount (in nM) as a function of time (seconds), C, is the initial concentration of drug in
donor compartment in uM/mL at the apical (for A—B transport) and basolateral (for B—A
transport) side during bidirectional transport assay and A is cross-sectional area of the
surface area of the filters (0.7 cm?in 24 wells) (Wahlang et al. 2011). For analyzing the
P-gp efflux inhibitory potential, the efflux ratio (ER) was calculated using the Eq. (7) as

follows:

P
ER = _2p(B2A Eq. (7)

F)app(A—>B)

The values of ER > 1 indicated high P-gp efflux activity of the drug, while ER < 1 was

considered as the low P-gp efflux activity of the drug.

Page 10 of 40
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2.2.6 In vivo animal studies

2.2.6.1 Procurement and maintenance of animals

All the studies involving animal experiments were carried out in accordance with the
experimental protocols approved by Institutional Animal Ethics Committee of the Panjab
University, Chandigarh, India. Wistar rats of either sex (200-250 g) were housed in
polypropylene cages under standard laboratory conditions at 25 + 2 °C and 55 + 5 %RH

with free access to standard diet and water ad libitum.

2.2.6.2 Intestinal perfusion and toxicity

Intestinal perfusion studies were carried out in Wistar rats on the SNEDDS, C-SNEDDS
and free drug solution, as per the protocol described in our previous literature reports 2
28 The animals were anesthetized using intraperitoneal injection of thiopental sodium in
the dose of 50 mg/Kg. The abdomen was opened with a midline incision and the entire
small intestine was taken out carefully. The intestinal segment was perfused with Kreb-
Ringer buffer maintained at 37 £ 1°C until the perfusate was clear. The intestine was
then perfused with SNEDDS, C-SNEDDS and free drug solution containing 16 mg of
candesartan cilexetil at a rate of 0.2-0.3 mL/min 2% %, At specified time intervals, i.e., 5,
15, 30 and 45 minutes, the perfusates were collected and analyzed by HPLC for
calculation of the permeability and absorption parameters like effective permeability
(Pess), wall permeability (Pway), fraction absorbed (F) and absorption humber (A,). At the
end of perfusion experiment, the intestinal segments were subjected for
histopathological studies for evaluating the integrity of epithelial cells and presence of

inflammation, if any.

2.2.6.3 In vivo pharmacokinetics

2.2.6.3.1 Study design

The animals were randomly distributed into three groups (i.e., Group A, B and C), with
six rats in each group. The animals in Group A were orally administered with free drug
solution, while Group B and C animals received optimized plain SNEDDS and C-SNEDDS
containing candesartan cilexetil equivalent to 16 mg/kg body weight of rats. All the

10
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formulations were orally administered to each group of rats with the help of an oral
cannula. The free drug solution was administered by suspending in 1 mL of 0.5%
solution of sodium carboxymethylcellulose in distilled water, while the treatment
formulations were administered directly without any dilutions. Following drug
administration, rats were kept in cages with free access to water after 6 h, and were
provided free access to food after 12 h. Serial blood samples (0.2 mL aliquots) were
withdrawn from the retro orbital plexus at specific time points like, 0.5, 1, 2, 3, 6, 8, 12,
18, 24, 36, 48 and 60 h post-dosing and placed in tubes containing heparin solution.
Plasma was separated by centrifugation at 10,000 rpm (5590 x g) for 15 min, and
stored at -20°C until analyzed. Before analysis, the plasma was thawed at room
temperature and diethyl ether (1 mL) was added to all the tubes followed by vortex
mixing for 30 s. The upper organic phase was transferred to another set of clean glass
tubes and evaporated to dryness on a water bath maintained at 50 °C. The remaining
dry residues of the analyte was reconstituted with 0.5 mL of methanol and injected into

HPLC for analysis.
2.2.6.3.2 HPLC analysis of candesartan cilexetil

Analysis of candesartan cilexetil in plasma samples was carried out employing an in-
house developed and validated reverse phase high performance liquid chromatography
(RP-HPLC) method. The liquid chromatographic system consisted of main system
(Waters® Alliance 2695, Waters, Massachusetts, USA) with PDA detector (model 2996),
connected to a desktop consisting software (Empower™ Version 2.0). The
chromatographic separation was accomplished on a reverse phase Thermo Hypersil-
Keystone (Thermo Scientific, Massachusetts, USA) C;g column (250 mm x 4.6 mm x 5
pm), with 10 mM potassium dihydrogenphosphate: methanol: acetonitrile in the ratio of
2:80:18 with pH 2.5 and column oven temperature at 30 °C. The flow rate was fixed at
1.0 mL.min? and analysis was carried out at 254 nm. The developed method was
suitably validated with respect to the analytical attributes like, linearity, accuracy,
precision, selectivity, robustness, limit of detection (LOD) and limit of quantification

(LOQ). For bioanalytical method development, the linear calibration plot of the drug was
11
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constructed by spiking the known concentration of the drug ranging between 10 and 500
ng/mL in rat plasma. Extraction of the drug was carried out from plasma by allowing
precipitation of the plasma from acetonitrile followed by centrifugation at 10,000 rpm.
The organic fraction was allowed to evaporate followed by reconstitution of the drug in

mobile phase and analyzed using the developed HPLC method.
2.2.6.3.3 Pharmacokinetic data analysis

Computer-based pharmacokinetic data analyses and modeling on plasma concentration-
time data were carried out using Win-Nonlin Version 5.0 (Pharsight, California, USA)
employing Model 3 for Wagner-Nelson method for one-compartment body model (1-
CBM) with zero lag-time for peroral administration. Various pharmacokinetic parameters
like the maximum observed plasma concentration during the study period (Cax) and the
corresponding time to reach the same (tnax), area under the curve (AUC), Cax/AUC ratio
and absorption rate constant (Ka) were computed using the selected model and their
statistical validity was ratified on the basis of minimization of various model fithess
parameters like Akaike information criterion (AIC), Schwartz criterion (SC), sum of
squares of residuals (SSR) and maximization of Pearsonian correlation (R).

2.2.7 In vitro/in vivo correlations (IVIVC)

Attempts were made to correlate the in vitro drug release parameters obtained for the
SNEDDS, C-SNEDDS and free drug solution with the corresponding in vivo drug
absorption parameters. For Level A IVIVC, the percent drug release data was correlated

with percent drug absorbed data * 3!

. Level B IVIVC was attempted between in vitro
dissolution parameters like mean dissolution time (MDT) with in vivo pharmacokinetic
parameters, mean residence time (MRT). Level C correlation was also investigated

between the in vitro drug release parameters (i.e., Tsos) and the in vivo pharmacokinetic

parameters (i.e., Thax) at varied time points.
2.2.8 Statistical data analysis

All the experimental data from the in vivo data are expressed as mean * standard

deviation (SD), respectively. Statistical analysis was performed with GarphPad Prism ver

12
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6.01 (GraphPad Software Inc., CA, USA) using two-way ANOVA followed by Tukey-
Kramer multiple comparison test at 5% level of significance.

3. RESULTS

3.1 Equilibrium solubility studies and construction of phase diagrams

Solubility studies showed maximum solubilized fraction of candesartan cilexetil in
Lauroglycol 90 (56.9 mg/mL), Tween 40 (109.5 mg/mL) and Transcutol HP (210.4
mg/mL). The detail data on equilibrium solubility of candesartan cilexetil is enlisted in
supplementary data Figure 1A and 1B. Based on the excipients with higher solubility,
the phase titration studies were carried out to construct the pseudoternary phase
diagrams, which showed different nanoemulsion region at studied S, ratios, i.e., 1:1,
1:2, 2:1 and 3:1, respectively (Figure 1). Maximal region for nanoemulsion was
observed at ratio 1:2. Further, increasing the amount of surfactant (i.e. Tween 40) in the
ratios 2:1 and 3:1, a gradual decrease in nanoemulsion region was observed %’.
However, increasing the amount of cosolvent (i.e., Transcutol HP in the ratio 1:2),
increase in nanoemulsion region was observed. Thus, the ratio 1:2 was finally selected

for formulation development studies.

3.2 Optimization of the C-SNEDDS

Optimization data analysis was carried out for development of second-order quadratic
model by MLRA method. The coefficients of polynomial equations generated for the
response variables showed excellent goodness of fit of the experimental data with the
selected model, as observed from significant model p-value (<0.01), higher values of r?
(ranging between 0.955 and 0.998), insignificant lack of fit and lower values of PRESS.
Figure 2A portrays the 2D-contour plot for the globule size, which exhibit an increasing
trend with increase in the levels of Lauroglycol 90, and a declining pattern with increase
in the levels of Tween 40 and Transcutol HP, respectively. This signified the prominent
influence of the levels of lipid and surfactant on the globule size. Likewise, the 2D-
contour plot depicted in Figure 2B revealed a linear escalation in the values of DE3zgmin

with increase in the levels of Tween 40 and Transcutol HP, respectively. On the contrary,

13
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a descending pattern was observed with Lauroglycol 90. Overall, the lowest globule size
and higher values of DEsymin was observed at low levels of Lauroglycol 90 and Transcutol

HP, and intermediate levels of Tween 40, respectively.

3.3 Search for optimum formulation and validation studies

The search for optimum formulation was carried out by “trading-off” various responses
through desirability function to attain the desired goals, i.e., minimization of globule size
and maximization of DEspmin, both indicative of faster solubilization and drug release
characteristics. Figure 2C portrays the design space depicting the optimized C-SNEDDS
containing Lauroglycol 90 (126 mg), Tween 40 (468 mg) and Transcutol HP (406 mg),
which correspond to the self-emulsification time less than 1 min, globule size 59 nm and
DEzomin >80%, respectively. The globule size distribution profile (Figure 3) and TEM
images of the optimized C-SNEDDS and SNEDDS confirmed nanostructured nature of the
formulation (Figure 4). The zeta potential measurement showed optimized C-SNEDDS
with highly positive value of 27.1 mV, while the plain SNEDDS showed zeta potential of -

14.8 mV, thus confirming the cationic nature of the prepared formulation.

In vitro evaluation of drug release indicated more than 85% release in 15 minutes
followed by almost complete drug release within 30 min by C-SNEDDS (Figure 5). The
faster drug release characteristic of the C-SNEDDS was further confirmed from DEsgmin
value more than 85%. Like C-SNEDDS, the plain SNEDDS also demonstrated an
analogous drug release profile with 67% release in 15 min and more than 85% release
in 30 min with DEspmin value >80%. However, the free drug solution and marketed
formulation construed only 32% and 36% release in 15 min, followed by a maximum
42% and 56% drug release in 30 min, respectively. Nearly 1.8 to 2.2-fold improvement
in the drug release rate was exhibited by SNEDDS and C-SNEDDS vis-a-vis the marketed
formulation and free drug solution, thus indicating superior drug solubilization potential
of the developed formulations. Further, comparative evaluation of the drug release
profile by calculating dissimilarity factor (f;) revealed highly significant difference in the

dissolution profiles for the SNEDDS (f;: 49.3) and C-SNEDDS (f;: 49.7) with respect to

14
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the marketed formulation. Analogously, calculation of similarity factor (f,) also construed
lack of any similarity between the dissolution profiles of SNEDDS (f,: 32.3) and C-
SNEDDS (f;: 31.4) with the dissolution profile of marketed formulation, respectively.
Overall, both the f; and f, values showed presence of significant differences in the
dissolution profiles of prepared SNEDDS and C-SNEDDS vis-a-vis the marketed

formulation.

After characterization of the optimized formulation, validation studies of the optimization
methodology carried out by preparing check-point formulations indicated high degree of
prognostic ability and unambiguous accuracy of the selected experimental design for the
purpose, as is evident from close proximity between the predicted and observed values
of the responses with “r” ranging between 0.955 and 0.998.

3.4 Caco-2 cell culture experiments

3.4.1 Cytotoxicity

Figure 6A depicts the percent cell viability data for the free drug solution, SNEDDS and
C-SNEDDS containing 1% w/w oleylamine. The cytotoxicity studies showed insignificant
difference in the percent cell viability (p>0.05). In all the tested formulations, the cell
viability was found to be >90%, while Triton X-100 revealed concentration dependent
decrease (i.e., >50%) in the cell viability. Further, the measurement of TEER values of
Caco-2 cell did not reveal any significant change (i.e., only <10% reduction) with
respect to the initial values for the free drug solution and plain SNEDDS (p>0.05).
However, a sharp declining trend in TEER values (~20-25% reduction) was observed for
the Caco-2 cells incubated with CSNEOFs for 3 h, which later reached to the normalized
value after washing the cells with PBS to remove the treatment formulation. On the
contrary, the cells incubated with Triton-X 100 showed a drastic reduction in the TEER,
which was not regained to the normal TEER due to the permanent cell death
(supplementary data Figure 2). This justified the selection of suitable type and
concentration of the excipients employed for formulation development studies, while

indicating that both SNEDDS and C-SNEDDS are safe and biocompatible in nature > 7,
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3.4.2 Uptake

Figure 6B depicts the CLSM images of the Caco-2 cells incubated with coumarin-6
(control), SNEDDS and C-SNEDDS. The images revealed miniscule fluorescence in the
control cells treated with the coumarin-6, plausibly owing to the limited intestinal
permeability of the dye. On the contrary, higher fluorescent intensity was observed for
cells treated with SNEDDS and C-SNEDDS, construing efficient cellular uptake of the

lipidic formulations owing to their enhanced permeability property *’.
3.4.3 Permeability

Figure 6C illustrates the data of bidirectional transport of drug across the Caco-2 cells.
Significant improvement in the P,,, was observed for the C-SNEDDS > SNEDDS vis-a-vis
the free drug solution (p<0.05). The C-SNEDDS and SNEDDS showed P.,, values of
0.535 + (0.06) x 10° cm/sec and 0.506 * (0.02) x 10°® cm/sec, while the free drug
solution showed P,,, value of 0.283 + (0.08) x 10° cm/sec only, in 3 h of incubation
time. Nearly 1.8 to 1.9-fold enhancement in the values of P,,, was observed for the
SNEDDS and C-SNEDDS as compared to the free drug solution from A—B. However,
evaluation of the permeability in reverse direction from B—A showed significant
reduction (i.e., 0.5 to 0.8-fold) in the transportation of drug with the values of P,,, of
0.161 + (0.05) x 10® cm/sec, 0.280 + (0.01) x 10°® cm/sec and 0.320 + (0.06) x 10°

cm/sec for the C-SNEDDS, SNEDDS and free drug solution, respectively.

For evaluating the P-gp efflux activity, ER was calculated from the bidirectional transport
of drug from A—B and B—A. This revealed ER value > 1 in case of free drug solution at
all the studied concentrations, thus confirming significant efflux of the drug plausibly
owing to the presence of P-gp transporters. On the contrary, the values of ER < 1 for
both the SNEDDS and C-SNEDDS showed reduced cellular permeability of the drug
through cell monolayer ostensibly due to the significant reduction in the efflux
mechanism. The comparison of ER values obtained after incubation of cells after 3 h with
SNEDDS and C-SNEDDS revealed 2.4- and 6.4-fold reduction in the efflux of drug from

B—A vis-a-vis the free drug solution. Besides, the C-SNEDDS was found to be superior
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over the SNEDDS and revealed nearly 2.7-fold reduction in the value of ER. The studies
ratify the superior permeability and P-gp efflux inhibition potential of the developed
formulations ostensibly owing to the presence of lipidic and emulsifying excipients, which

was found to be in consonance with the literature reports 3% 33,

3.5 Intestinal perfusion and toxicity

Intestinal perfusion studies showed higher magnitudes of absorptivity and permeability
parameters for C-SNEDDS, SNEDDS vis-a-vis the free drug solution. Figure 7A depicts
the percent increase in Psr and P4 in case of optimized C-SNEDDS and SNEDDS. The C-
SNEDDS showed nearly 180% and 568% increase in P and P, while the SNEDDS
showed 153% and 401% increase in Ps and P, Vis-a-vis the free drug solution.
Likewise, evaluation of the absorptivity parameters also substantiated remarkable
augmentation in the absorption number (A,) and fraction absorbed (F) by C-SNEDDS
and SNEDDS vis-a-vis the free drug solution 3* 3°, A total of 571.6% and 404.8%
increase in A, and F was observed from C-SNEDDS and SNEDDS. The higher magnitudes
of permeability and absorption parameters construed enhanced biopharmaceutical
performance of the prepared formulations. After SPIP studies, the histopathological
evaluation of rat intestinal segments revealed normal intestinal physiology without any
marked changes in the structure of villi and lymph glands, along with no signs of
inflammation (Figure 7B). This confirmed the safer and biocompatible nature of the
prepared formulations without any toxic effects .

3.7 In vivo pharmacokinetics

Figure 8A illustrates the mean plasma concentration versus time profile of candesartan
cilexetil from the C-SNEDDS, SNEDDS and free drug solution. As per the chosen one
compartment body model various pharmacokinetic parameters were computed, which
revealed markedly superior drug absorption rate with distinct improvement in Chax, Tmax
and AUC for C-SNEDDS and SNEDDS vis-a-vis the free drug solution (Figure 8B).
Nearly 4.5 to 5.7-fold enhancement in C,.x and AUC was observed for SNEDDS and C-

SNEDDS vis-a-vis the free drug solution. Besides, the Cna/AUC ratio also exhibited 0.8
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and 1.2-fold improvement for SNEDDS and C-SNEDDS over the free drug solution,
indicating significant improvement in the magnitude of oral bioavailability. Likewise, a
significant change in the absorption rate constant (K,) was also observed with nearly 1.1
to 1.6-fold improvement from SNEDDS and C-SNEDDS as compared to the free drug
solution (p<0.001). The Tnax, however, showed a drastic reduction up to 2.3 to 3.4-fold
for SNEDDS and C-SNEDDS as compared to the free drug solution (p<0.001). Overall,
the results ratified distinct improvement in both rate and extent of oral drug absorption

from C-SNEDDS and SNEDDS over the free drug solution (p<0.001).
3.8 In vitro/in vivo correlations (IVIVC)

Figure 9(A-C) illustrates the Level A IVIVC for the SNEDDS, C-SNEDDS and free drug
solution. High magnitudes of r? for SNEDDS (i.e., 0.967), C-SNEDDS (i.e., 0.973) and
free drug solution (i.e., 0.983) as per the linear model fitting between the in vitro drug
release and in vivo drug absorbed confirmed the prevalence of level A IVIVC 3¢ 37, The
prepared formulations showed good correlation for in vitro drug release and in vivo drug
absorption up to 45 minutes, while the free drug solution exhibited linear relationship
between the in vitro and in vivo parameters from 30 minutes and 2 h. Moreover, the
close proximity in the r® values of the prepared formulations with the free drug solution
did not reveal any significant difference in the net correlation between the dissolution
and absorption behaviour. This testifies the predictive ability of dissolution apparatus,
drug release medium, dissolution conditions, etc. selected for establishing the
relationship. Since candesartan cilexetil is a poorly water-soluble drug exhibiting
dissolution limited absorption, it is anticipated to show good point-to-point correlation
between the parameters corresponding to the in vitro and in vivo performance (i.e.,
Level A). Consequently, establishment of IVIVC demonstrated that the in vitro
dissolution performance correlated well with the in vivo absorption parameters for the
prepared formulations and free drug solution too. Also establishment of level A IVIVC
ratifies significant dependability of the in vivo drug absorption on in vitro drug release in
the present work. Investigation of level B correlation between MDT and MRT, and level C

correlation between Tsgy, and Tmax also revealed higher values of r* 0.988 and 0.996 as
18
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per the linear model fitting, indicated close proximity of in vitro data with the in vivo
data (Figure 10). Overall, the establishment of level A IVIVC along with level B and C

vouch the enhanced biopharmaceutical performance of the developed formulations.
4. DISCUSSION

The present work aims for the systematic development and characterization of the
optimized C-SNEDDS for enhancing the biopharmaceutical performance of candesartan
cilexetil. As selection of suitable vehicles is highly crucial for formulation of C-SNEDDS
owing to significant influence of them on drug solubilization, emulsification, absorption
through intestinal lymphatic pathways, the extensive solubility and phase titration
studies were conducted ? 38, Amongst the studied excipients, Lauroglycol 90, Tween 40
and Transcutol HP showed higher drug solubilization potential. Lauroglycol 90 contains
propylene glycol monolaurate units (HLB 3), thus responsible for maximum solubility
compared to other lipids due to ease of solubilization of the drug in the monoglyceride
chains of the lauric acid and propylene glycol *. Besides, the literature reports vouched
optimal emulsification characteristics with wide range of synthetic and/or semi-synthetic

surfactants like polysorbates and polyoxyethylene hydrogenated castor oil derivatives **

41

Among the surfactants investigated, Tween 40 showed highest solubility due to the
presence of polyoxyethylene derivative of sorbitan monopalmitate, which helps in ease
of entanglement of the drug in the surfactant chains 2. Besides, high solvent capacity of
Tween 40 may also help in faster emulsification of the lipids at the oil-water interface to
produce nanoemulsion and efficient stabilization of the emulsion globules through
insertion of long chain fatty acids into the core of oil droplets *2. Presence of cosolvent
acts as an adjuvant for the surfactant and helps in reducing the interfacial tension by

24 Transcutol HP explored as the

adsorbing themselves at the oil-water interface
cosolvent in the present studies exhibited enhanced solubilization of the drug with
Lauroglycol 90 and Tween 40, owing to its polar and hydrophilic nature, which imparts

ease of miscibility of the lipidic phase with aqueous phase **. Combined use of Tween
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and Transcutol has been reported in diverse literature reports as an ideal combination for
constructing ternary phase diagrams with lipids. Both the excipients, in this regard, tend
to influence the solubility of the drugs by avoiding irreversible precipitation due to

thermodynamic changes ¢ %4,

To ensure the spontaneity of self-emulsification of C-SNEDDS to produce the
nanoemulsion in the gastrointestinal (GI) conditions, phase titration studies were
conducted for identifying the suitable nanoemulsion region. Optimal nanoemulsion region
was observed for the pseudoternary phase diagrams constructed employing Lauroglycol
90 and S, ratio of 1:2 for Tween 40 and Transcutol HP, over other combinations like
1:1, 2:1 and 3:1. This can be explained by complete interfacial solubilization of the
lipidic phase by the S, leading to efficient self-emulsification process *°. Further, the
optimal emulsification could be attributed to synergistic influence of ternary mixtures on
each other. Higher degree of interaction of S,y combinations with the chosen lipidic
phase tends to accelerate the emulsification process and produce higher nanoemulsion
region “°. Literature reports suggests that polysorbates units and long-chain fatty alcohol
Transcutol tend to entangle with the lipidic phase, thus assisting in the formation of self-

assembled multilamellar structures *’.

Among the studied S, combinations, the
selection of 1:2 ratio was justified with respect to the total HLB required for formation of
oil-in-water emulsion (i.e., 12.7), indicating formation of stable nanoemulsions. On the
contrary, the S, ratios 1:1, 2:1 and 3:1 showed HLB values, i.e., 10.6, 14.5 and 15.0,

beyond the ideal HLB required for formation of stable oil-in-water nanoemulsions, thus

obviated from the further studies *%.

Based on the solubility studies and pseudoternary phase diagrams, the amounts of lipid,
surfactant and cosolvent required to form the optimized C-SNEDDS was selected
employing the D-optimal mixture design. As C-SNEDDS are considered to be the
isotropic systems, selection of mixture design helped in identifying the optimized

49

formulation by multifactorial optimization The optimization data analysis was

conducted through quadratic polynomial model and contour plots, which revealed
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combined influence of all the factors on the studied responses. The faster self-
emulsification efficiency was observed at lower levels of lipid and higher levels of
surfactant, which helps in complete solubilization of the lipids in the aqueous phase to

form an ultrafine dispersion °°

. The amounts of lipid and surfactant also exhibited
prominent influence on the globule size, with moderate influence of the cosolvent. Lower
globule size of the C-SNEDDS was primarily observed at low of levels lipid and cosolvent,
and high levels of surfactant, ostensibly owing to the complete solubilization of the lipid
chains by the surfactant *2. Further, significantly positive values of the zeta potential for
the C-SNEDDS could be ascribed to the presence of oleylamine, the molecules of which
tend to align near the boundary layer between lipid-water interfaces eventually resulting

in positive electrochemical potential >!

. A sharp drift in the zeta potential values from
highly negative values of plain SNEDDS to the positive values for CSNEDDS also
construed selection of suitable concentration of oleylamine as charge inducer.
Mechanistically, oleylamine tends to transport itself into the stagnant layer near the
lipid-water interface and produces positive electrochemical potential, which has been
reported to be highly influential for attaining thermodynamic stability of the
nanoemulsion globules by preventing formation of coalescence °* >3. The positive values
of zeta potential provide higher permeability of the emulsion globules plausibly by
interacting with the GI epithelial cell lining . Further, the formation of nanostructured
emulsion globules was confirmed with the help of electron microscopic examination. The

nanosized nature of the globules is highly desirable for faster drug release and enhanced

drug absorption through transcellular and paracellular pathways >*.

After detail understanding of the physiochemical performance of the C-SNEDDS, the
optimized formulation was identified by numerical optimization with overall criteria set
for attaining smaller globule size (imperative for drug release and absorption of drug
through GI tract) and higher dissolution efficiency (indicative of drug release rate and
essential for predicting drug absorption rate) °°>. The C-SNEDDS with desirability function

closer to 1 was selected as the optimized formulation for attaining superior
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biopharmaceutical performance °> °°. Significant improvement in the drug release rate
was observed from the optimized C-SNEDDS and SNEDDS compared to the free drug
solution, which was further ratified by comparison of the dissolution profile using f; and
f, values. This corroborated enhanced solubility of the drug from the developed
formulations over its free counterpart. The faster release rate of the drug from the
developed formulations can be ascribed to the spontaneous emulsification and micellar
solubilization of the lipidic and emulsifying agents, and responsible for attaining ease of
drug solubility in the dissolution medium and faster drug absorption into the systemic

circulation 1©

. Mechanistically, the lipid, surfactant and cosolvent, tend to swell upon
contact with aqueous phase to form the ultrafine emulsion globules, thus facilitating

faster drug solubilization °’.

Evaluation of the cellular cytotoxicity revealed safe and biocompatible nature of the
developed formulations and ratified apt selection of GRAS approved excipients °.
However, significant reduction in the percent cell viability was observed in an
exponential order with the cells treated with Triton-X 100 as the negative control owing

to disruption of the Caco-2 cell membrane *8

. Further, measurement of TEER also
confirmed no significant change in the confluency of cells treated with free drug solution,
SNEDDS and CSNEDDS from the initial value. The CSNEDDS, however, showed mild
reduction in the TEER may be owing to the presence of oleylamine in the formulation,
which upon immediate exposure to the cells causes alternation in the membrane fluidity
and electrical resistance. However, reversible reduction in TEER confirmed lack of any

toxic effect on the cell viability > ¢°,

Multi-fold improvement in the quantitative uptake of the drug from apical to basolateral
side of the cell monolayers through the C-SNEDDS over the free drug solution itself
indicated enhanced cellular uptake and permeability characteristics of the developed

formulations ’

. Interestingly, the C-SNEDDS also showed higher cellular permeability
over the plain SNEDDS across the cell monolayers. This can be explained by strong

interaction of the charge bearing nanoemulsion globules with the cell membrane, leading
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eventually to faster permeation and transportation of drug through paracellular and
transcellular pathways '* /. This justified the addition of oleylamine as cationic charge
inducer for preparing the C-SNEDDS °!. Besides, the presence of Lauroglycol 90 and
Tween 40 helped in enhancing the permeability of the drug owing to their interactions
with the cell membrane lipids, while Transcutol HP has been reported to augment
membrane fluidity by disorganization of cellular lipids for ease of permeation of the

3. Further, the bidirectional permeation studies revealed significant

emulsion globules
reduction in drug transportation from basolateral to apical side and confirmed high
degree of efficacy of C-SNEDDS and SNEDDS in surmounting the P-gp efflux activity of
the drug from its free counterpart. As a substrate of P-gp, candesartan cilexetil, exhibit
low oral bioavailability owing to efflux by intestinal epithelial cells * ¢, Several literature
reports vouch the P-gp efflux inhibition activity of SNEDDS for augmenting the oral
bioavailability of drugs 3% ®* %, On mechanistic front, the P-gp efflux can be attributed to
the presence of surfactants like polysorbates, polaxamers, Cremophor, etc., which tends
to block the ATP-driven switch mechanism responsible for efflux of drug molecules,
whereas excipients like long-chain fatty alcohols, i.e., PEG, Transcutol HP tend to alter
the electrical resistance of the P-gp membrane for reducing the transport of the drug ©°.
The results observed from present work demonstrated enhanced permeability of the
drug over other myriad drug delivery strategies like, self-microemulsifying systems,
micellar solution and cyclodextrin complexes 3% . This construed high degree of utility
of SNEDDS in augmenting the permeability of drugs through paracellular pathways,
which is considered to be one of the important approaches for enhancing the oral

bioavailability ° °.

Intestinal perfusion studies showed appreciable increase in the values of Pgs, Pwai, F and
A,, and construed supremacy of the C-SNEDDS over the plain SNEDDS and free drug
solution owing to its enhanced permeability and absorption properties. This can be
explained by the presence of cationic charge on nanoemulsion globules, which undergo

strong interaction with anionic charge on intestinal epithelial cell lining for faster drug
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permeation 3. Besides, other vital mechanisms involve synergistic interplay of the lipidic
and emulsifying excipients, leading eventually to facilitation of the intestinal
permeability, circumnavigation of the hepatic first-pass effect, inhibition of P-gp efflux
and potentiation of drug absorption via intestinal lymphatic pathways ©” 8. Lauroglycol
90, primarily containing long-chain triglycerides, tends to improve the permeability of
the drugs by modulating the structure of lipid bilayers, thereby facilitating drug
absorption through paracellular transport and lymphatic pathways ®. Tween 40, on the
other hand, is reported to improve permeation by interacting with the cell membrane
lipids, while Transcutol HP helps in altering the membrane fluidity by disorganizing the
structural confirmation in the lipids bilayer °. Moreover, the safety studies performed on
the intestinal segments through histopathological examinations revealed lack of any
visible changes in cellular morphology, thus substantiated safer and biocompatible

nature of the developed formulations inconsonance with cellular cytotoxicity studies.

The pharmacokinetic studies also revealed significant augmentation in the drug
absorption from C-SNEDDS over the plain SNEDDS and the free drug solution. Manifold
improvement in the values of C.x and AUC, and reduction in the T, values confirmed
improvement in the rate as well as extent of oral bioavailability by the C-SNEDDS owing
to the faster permeation and absorption of the drug by the cationic charge inducer, while
the naive SNEDDS exhibited only mild improvement. Moreover, the remarkable
augmentation in the values of K, also indicated the faster drug absorption tendency
through intestine into the systemic circulation '°. Exploration of IVIVC helped in
successful correlations among the in vitro drug release parameters and in vivo drug
absorption parameters. High prevalence of IVIVC among CSNEDDS and SNEDDS at all
the levels can be accomplished assigned to the rational selection of dissolution medium,
conditions, etc. for predicting the in vivo performance from the jn vitro drug release
data. In a nutshell, the findings observed from the current studies ratified the
formulation of C-SNEDDS as an alternative formulation strategy over the conventional

SNEDDS for enhancing the oral bioavailability of candesartan cilexetil.
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5. CONCLUSIONS

The present studies successfully demonstrated the systematic development of optimized
C-SNEDDS with enhanced bioavailability potential for candesartan cilexetil. The use of
experimental designs helped in identifying “the best” possible formulation with detail
understanding of the cause-effect relationship among the formulation factors and
response variables. Overall, the C-SNEDDS were found to be remarkably superior over
the conventional SNEDDS for demonstrating higher oral drug absorption owing to multi-
fold improvement in the drug solubilization in the GI fluid and intestinal permeability,
inhibition of drug efflux by P-gp transporters and enhanced drug absorption. The
outstanding findings of the current studies, therefore, ratified the successful selection of
C-SNEDDS as an effective and cost-effective drug delivery strategy over the erstwhile
approaches for oral bioavailability enhancement of BCS class II and class IV drugs for

the purpose.
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Figure captions

Phase behaviour of nanoemulsion/microemulsion formed from Lauroglycol
90, Tween40: Transcutol HP and water in the (A) 1:1, (B) 2:1, (C) 3:1, and
(D) 1:2 ratios

2D-contour plots showing the influence of Lauroglycol 90, Tween 40 and
Transcutol HP on (A) globule size, (B) DEszgmin for C-SNEDDS, (C) design
space overlay plot depicting the optimal region

Cumulative drug release profile of candesartan from optimized C-SNEDDS,
SNEDDS, free drug solution and marketed formulation

Mean globule size distribution of the optimized C-SNEDDS formulation
TEM images of the optimized SNEDDS (A) and C-SNEDDS formulation (B)

A: CLSM image of Caco-2 cells incubated with (A) free dye, (B) SNEDDS and
(C) C-SNEDDS formulations; B: In vitro cytotoxicity studies; C: Directional
permeation of various treatment formulations

A: Permeability and absorption parameters as per the intestinal perfusion
studies, B: Histopathology of rat intestinal sections (A) control, (B) SNEDDS
and (C) C-SNEDDS formulations

A: Graph showing drug concentration in rat plasma at various time-points,
B: Bar chart depicting percent alteration in the pharmacokinetic parameters
relative to pure drug

Level A IVIVC for (A) C-SNEDDS, (B) SNEDDS and (C) free drug solution

Level B and Level C for the C-SNEDDS, SNEDDS and free drug solution
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LG 90 Water

Figure 1: Phase behaviour of nanoemulsion/microemulsion formed from Lauroglycol 90,
Tween40: Transcutol HP and water in the (A) 1:1, (B) 2:1, (C) 3:1, and (D)
1:2 ratios
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Figure 2: 2D-contour plots showing the influence of Lauroglycol 90, Tween 40 and

Transcutol HP on (A) globule size, (B) DEspmin for C-SNEDDS, (C) design
space overlay plot depicting the optimal region
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Figure 3: Mean globule size distribution of the optimized C-SNEDDS formulation
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Figure 4: TEM images of the optimized (A) C-SNEDDS and (B) SNEDDS formulations
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Figure 5: Cumulative drug release profile of candesartan from optimized C-SNEDDS,
optimized SNEDDS, pure drug and marketed formulation
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Figure 6: A: CLSM image of Caco-2 cells incubated with (A) free dye, (B) SNEDDS and
(C) C-SNEDDS formulations; B: In vitro cytotoxicity studies and C:
Directional permeation of various treatment formulations
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Figure 7: A: Permeability and absorption parameters as per the intestinal perfusion

studies, B: Histopathology of rat intestinal sections (A) control, (B) SNEDDS
and (C) C-SNEDDS formulations
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Figure 8:

A: Graph showing drug concentration in rat plasma at various time-points,
B: Bar chart depicting percent alteration in the pharmacokinetic parameters

relative to pure drug
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Figure 9: Level A IVIVC for (A) C-SNEDDS, (B) SNEDDS and (C) free drug solution
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and free drug solution
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