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Abstract
The work describes systematic development of nanomicellar cationic supersaturable self-nanoemulsifying drug delivery systems
(CS-SNEDDS) for augmenting oral biopharmaceutical performance of raloxifene hydrochloride. Plain SNEDDS formulation
containing Capryol 90, Cremophor RH 40, and Transcutol HP was optimized using D-optimal mixture design. SNEDDS were
characterized for emulsification time, globule size, in vitro drug release, and ex vivo permeation. The CS-SNEDDS formulation
was prepared from the optimized SNEDDS by adding oleylamine as the cationic charge inducer and HPMC as the polymeric
precipitation inhibitor. Evaluation of CS-SNEDDS was carried out through in vitro cell line studies on Caco-2 and MCF-7 cells,
in situ perfusion, and in vivo pharmacokinetic studies, which indicated significant improvement in biopharmaceutical attributes
of the drug from CS-SNEDDS over plain drug.
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Introduction

Drug therapy through oral route is considered as one of the
most preferred routes of drug delivery due to ease in
manufacturing, robust formulation nature, low-cost therapy,
and higher patient compliance [1, 2]. In this regard, oral de-
livery of anticancer drugs has been gaining considerable at-
tention over the conventional chemotherapeutic strategies
through a parenteral route [3, 4]. However, oral delivery of
anticancer drugs is associated with multiple challenges like
poor water solubility, first-pass metabolism, limited intestinal

permeability, poor gastric stability, and efflux by P-gp trans-
porters, leading eventually to low oral bioavailability and sub-
maximal therapeutic response [5].

Raloxifene hydrochloride is a selective estrogen receptor
modulator administered through an oral route for the preven-
tion and treatment of breast cancer and osteoporosis [6].
Despite its effectiveness for breast cancer treatment, the oral
delivery of raloxifene is considered to be highly challenging
owing to its poor oral bioavailability (i.e., 2%), which may be
attributed to the poor aqueous solubility, extensive hepatic
first-pass effect, and high P-gp efflux [7–9]. Many drug deliv-
ery systems including solid dispersions [10, 11], inclusion
complexes [12], microspheres [13], co-grinding [14], and
nanoencapsulation [15–17] have been investigated for en-
hancing the oral bioavailability of raloxifene. None of these
formulations are found to be highly satisfactory ostensibly
owing to the limited improvement in dissolution rate and drug
absorption characteristics.

Of late, self-nanoemulsifying drug delivery systems
(SNEDDS) are the lipid-based nanoformulations extensively
investigated for augmenting oral absorption of highly lipo-
philic drugs, as these not only facilitate improvement in the
dissolution rate and permeability of the drugs, but also help in
circumventing hepatic first-pass effect and P-gp efflux-like
problems [18, 19]. SNEDDS upon oral administration pro-
duces oil-in-water emulsion with globule size less than
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100 nm in the presence of aqueous phase or gastric fluid,
which increases the dissolution rate and potentiates absorption
of the drugs through intestinal lymphatic pathways [18].
Despite several merits of SNEDDS, these systems possess
hiccups like low drug loading potential, drug precipitation
during storage, gastric irritation, and toxicity by higher con-
centration of surfactants, etc. [20]. In this regard, several mod-
ifications have been made in SNEDDS for avoiding afore-
mentioned challenges [21]. Among these, supersaturable
SNEDDS have been considered as one of the novel formula-
tion approaches over conventional SNEDDS for augmenting
the biopharmaceutical performance of the drugs [22]. These
primarily contain water-soluble cellulosic polymeric precipi-
tation inhibitors (PPIs) for improving the drug stability by
maintaining the supersaturated state under in vivo conditions
[23]. In supersaturable formulations, the drug concentration
exceeds equilibrium solubility, where PPIs tend to reduce
the precipitation of the drug bymaintaining the thermodynam-
ic equilibrium state [24].

For the selected drug, raloxifene hydrochloride, only one
literature report is available on bioavailability enhancement
using SNEDDS, where authors have reported improved
drug loading potential of the SNEDDS containing
triethanolamine as an alkalinizing agent [25]. However, no
mechanistic details on the improvement in biopharmaceu-
tical performance and adequate data with respect to safety
evaluation of the formulation have been furnished. This
calls for the development of novel cationic supersaturable
SNEDDS (CS-SNEDDS) of raloxifene hydrochloride for
augmenting its biopharmaceutical performance. Unlike
conventional SNEDDS, the CS-SNEDDS formulation con-
tains a cationic charge inducer (i.e., oleylamine) for aug-
menting drug loading and permeability of the drug, while
the polymeric precipitation inhibitor (i.e., HPMC) helps in
maintaining thermodynamically the stable supersaturation
state of the drug for prolonged periods of time.

In this regard, CS-SNEDDS were optimized using an ex-
perimental design and evaluated for emulsification efficiency,
globule size, zeta potential, in vitro drug release and supersat-
uration study, cellular cytotoxicity and uptake studies, ex vivo
permeation study, in situ intestinal perfusion study, and in vivo
pharmacokinetic and biocompatibility studies for corroborat-
ing the underlying mechanistics responsible for improvement
in the biopharmaceutical performance of the drug.

Materials and methods

Raloxifene hydrochloride was provided byM/s Zydus Cadila,
Ahmedabad, India. Capryol 90 and Transcutol HP were gifted
by M/s Gattefosse, Saint Priest, France. Cremophor RH 40
and PVP (K25 and K30) were obtained from M/s BASF,
Mumbai, India. HPMC premium grades (i.e., E5LV and

E15LV) were received as gift samples from M/s Colorcon
Asia Pvt. Ltd, Verna, India. Empty gelatin HPMC capsules
(size 00) were obtained as generous gift samples from M/s
ACG Capsules, Mumbai, India. All other materials and
chemicals used during the present work were of analytical
reagent grade and used as obtained.

Excipient screening and phase diagram construction

The excipients were screened on the basis of determining
solubility of the drug, where excess amount of the drug was
added in lipids, surfactants, and cosolvents. The mixtures kept
in vials were shaken up to 72 h at 37 ± 0.5 °C by placing in a
water bath shaker [26]. The equilibrated samples were centri-
fuged at 5000 rpm (1398×g) for 10 min to remove the undis-
solved drug. The supernatant fraction was separated, and the
drug was extracted in methanol. The drug concentration was
estimated spectrophotometrically at λmax of 291 nm. The ex-
cipients with maximal drug solubility were selected, and
phase titration studies were performed. Further, surfactant/
cosolvent mixtures (Smix), i.e., 1:0, 1:1, 1:2, 2:1, 1:3, and
3:1, were prepared and mixed with lipidic phase in the range
of 1:9 and 9:1 ratio [27]. The mixtures were titrated with water
to delineate the boundaries of the nanoemulsion region in the
pseudoternary phase diagrams. The ratio with maximal
nanoemulsion region was selected for further studies.

Preparation of SNEDDS as per the experimental
design

The SNEDDS formulations were prepared by mixing drug
with lipidic and emulsifying excipients at ambient temperature
to obtain a homogeneous mixture. SNEDDS formulations
were subjected to systematic optimization studies employing
a D-optimal mixture design. Design-Expert® 9.0.1 (Stat-Ease,
Minneapolis, USA) software was used, and amounts of excip-
ients, i.e., Capryol 90 (i.e., lipid), Cremophor RH 40 (i.e.,
surfactant), and Transcutol HP (i.e., cosolvent) were selected
as the factors. Supplementary data Table S1 summarizes the
design matrix containing the composition of SNEDDS as per
the experimental design. The prepared formulations were
evaluated for various response variables, viz., emulsification
time (Temul), globule size (Dnm), percentage of drug release in
15 min (Rel15min), and percent of drug permeated in 45 min
(Perm45min).

Characterization of the SNEDDS

Emulsification time

Aliquot 1.0 g of each of the SNEDDS prepared was added to
500 mL of simulated gastric fluid (SGF; pH 1.2) under con-
tinuous stirring at 50 rpm using USP Apparatus 2 (DS 8000,
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M/s Labindia, Mumbai, India) maintained at 37 ± 0.5 °C. The
time required for emulsification of the SNEDDS
preconcentrate to form nanoemulsion was recorded as emul-
sification time in seconds.

Globule size

Aliquots 1.0 g of each of the SNEDDS prepared as per the
experimental design were diluted with 250 mL of simulated
gastric fluid and observed for globule size distribution using
dynamic light scattering (ZS 90, Malvern, Worcestershire,
UK).

In vitro drug release

The in vitro drug release study was carried out as per the
dialysis bag method. SNEEDS formulations containing a drug
equivalent to 10mg of raloxifene hydrochloride were kept in a
dialysis bag with a molecular cutoff weight of 12,000 Da. The
bag was placed in USPApparatus 2 (DS 8000, M/s Labindia,
Mumbai, India) containing 500 mL of SGF and 0.5% w/v
SLS, and tied with a paddle. The paddle rotation was fixed
at 50 rpm, and the release medium was maintained at 37 ±
0.5 °C. Aliquots (5 mL) were periodically withdrawn at peri-
odic time intervals (i.e., 15, 30, 45, 60, and 120min), followed
by replenishment with an equal volume of fresh dissolution
medium. The samples after suitable dilutions were analyzed
spectrophotometrically at λmax of 291 nm, and data analysis
was carried out by applying the correction factor for volume
and drug losses during sampling [28].

Ex vivo permeation

Healthy unisex Sprague-Dawley rats (weighing between 200
and 250 g) were procured from the Central Animal House,
Panjab University, Chandigarh, after prior approval of the
study protocol (no. PU/IAEC/S/14/106). The rats were
sacrificed by cervical dislocation, and the abdomen was
opened by mid-line incision to collect the small intestine.
The entire length of the small intestine was carefully washed
and kept in ice-cold Kreb’s Ringer Buffer (KRB) solutionwith
continuous aeration. For investigational purposes, the medial
jejunum segment was isolated and closed at one end with a
thread holding a 1-g weight to avoid peristalsis movement of
the sac during experiment. Accurately 1 g of the SNEDDS
formulation-loaded drug was poured in the sac and placed in
the KRB solution (50 mL) as the outer medium maintained at
37 ± 0.5 °C using a water jacket. Aliquot 1 mL of the sample
was withdrawn from the outer medium at periodic time inter-
vals followed by replenishment with an equal volume of KRB
solution. The samples were analyzed spectrophotometrically
at λmax of 289 nm to determine the percent drug permeated in
45 min (Perm45min).

Selection of the optimized formulation and validation
studies

The optimized SNEDDS formulation was identified after data
analysis, where obtained experimental data for each response
variable was analyzed. Multiple linear regression analysis was
used applied for fitting the data with a second-order quadratic
polynomial model. Interaction terms corresponding to each of
the factors were also taken into consideration, and statistical
validity of the model was confirmed. Response surface map-
ping was carried out for understanding the relationship among
the studied factors on the response variables. Optimum for-
mulation was identified conducted by numerical desirability
function and demarcation of it within the design space.
Further, an experimental model was validated by analyzing
the closeness between the predicted and observed values of
the responses.

Formulation of cationic SNEDDS

The cationic SNEDDS (C-SNEDDS) were prepared from op-
timized liquid SNEDDS. Aliquot 1.0 g of the formulation was
taken in a glass vial, and cationic charge inducer (i.e.,
oleylamine) was changed. Different concentrations of the
charge-inducing agent were investigated for obtaining maxi-
mal drug solubilization in the cationic SNEDDS. The pre-
pared C-SNEDDS were evaluated for drug content, particle
size, and zeta potential.

Selection of cationic charge inducer concentration

Oleylaminewas added to the optimized SNEDDS formulation
at different concentrations (i.e., 1 to 3% w/w), followed by
addition of excess amount of drug for attaining the supersatu-
ration state of drug in the system. The prepared formulations
were evaluated for drug loading efficiency by analyzing the
drug content spectrophotometrically at λmax of 291 nm. C-
SNEDDS with the highest drug loading capacity was selected
for further studies.

Fourier transform infrared spectroscopy

The FTIR studies were performed for the pure drug and phys-
ical mixture of raloxifene with oleylamine using a FTIR spec-
trometer (M/s Perkin-Elmer, Wisconsin, USA). The samples
were mixed with KBr in a mortar-pestle and triturated well.
The mixture was pressed to form a pellet, which was subjected
for FTIR analysis, and overlaid diffractograms were prepared.

Formulation of cationic supersaturable SNEDDS

Aliquot 1.0 g of the formulation was taken in a glass vial, and
cationic charge inducer (i.e., oleylamine) was added. Further,
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HPMC and PVP were added as the PPIs in incremental order
for attaining the supersaturation state of the drug.

Selection of PPI and its concentration

The selected PPIs including HPMC (E5, E15) and PVP (K25,
K30) were employed at two different concentrations (i.e., 5%
and 10% w/w) for preparing the CS-SNEDDS. The PPIs were
added in the specified concentrations to the previously opti-
mized C-SNEDDS formulation followed by mixing under
magnetic stirring to achieve a homogeneous mixture. All the
prepared formulations were stored under room temperature
until characterization studies.

Characterization of the CS-SNEDDS

In vitro supersaturation test The in vitro supersaturation test
was performed as per the experimental procedure described in
literature reports [29]. An in-house fabricated assembly contain-
ing a round-bottom flask heater (M/s Omega,Mumbai, India), a
three-neck round bottom flask, and a digital mechanical stirrer
was used for conducting the test. The test formulations (i.e., CS-
SNEDDS containing 60mg drug) were super seeded in 100mL
SGF containing 0.5%w/v SLS in a 250-mL round-bottom flask
and subjected to continuous stirring at 100 rpm and 37 ± 0.5 °C.
Aliquot 1 mL of the sample was withdrawn at periodic time
intervals (i.e., 0.25, 0.5, 0.75, 1, 1.5, 2, and 3 h) without replace-
ment and analyzed spectrophotometrically at λmax of 291 nm
for drug concentration determination. Further, an in vitro super-
saturation test was carried out for 24 h to determine equilibrium
solubility (Seq) and subsequently the degree of supersaturation
(So) for various PPIs. Based on the in vitro supersaturation test
results, the suitable type and concentration of PPI was selected.
The precipitates collected at the end of test were subjected to
various characterization studies including optimal microscopy,
field emission scanning electron microscopy (FESEM), differ-
ential scanning calorimetry (DSC), and power X-ray diffraction
(PXRD).

Optical microscopy A small quantity of the precipitated sam-
ple was placed on a slide, and a cover slip was mounted. The
morphological structure of precipitate was visualized by opti-
cal microscopy using a Nikon Eclipse 80i microscope (M/s
Nikon Corporation, Chiyoda-ku, Japan).

Field emission scanning electronmicroscopy Themorphology
structure of precipitate was also visualized using FESEM
Type II (Model-S-4800, M/s Hitachi, Tokyo, Japan). The sur-
face morphology was analyzed at a working distance of
8.7 mm and accelerating voltage of 1.0 kV was applied to
generate the secondary electrons from the sample surface.
The images were captured at different magnifications using
the detector fixed with the instrument.

Differential scanning calorimetry Different scanning calorim-
etry (DSC) analysis was performed for pure drug and precip-
itate obtained after an in vitro supersaturation test using DSC
Q20 (M/s TA Instruments, Detroit, USA). Around 2 mg sam-
ple was crimped in the aluminum pans and heated from 30 to
300 °C at a rate of 10 °C/min under an N2 environment
(100 mL/min). An empty aluminum pan was used as a refer-
ence, and thermograms were recorded using in-built
Platinum™ software.

Powder X-ray diffraction PXRD was performed on pure drug
and precipitate obtained after the in vitro supersaturation test
for analyzing the crystal morphology using an X’Pert PRO
diffractometer (M/s PANalytical, Almelo, The Netherlands).
A CuKα radiation source was used with an applied voltage of
45 kV and current of 40 mA. Approximately 10 mg sample
was placed on the sample holder, and the stage was rotated
over the range of 2θ from 5° to 50°. The overlaid
diffractograms were prepared by in-built X’Pert High Score
version 2.2.4 software.

Dissolution in biorelevant media In vitro drug release from
CS-SNEDDS was carried out in fasted-state simulated gastric
fluid (FaSSGF), fed-state simulated gastric fluid (FeSSGF),
fasted-state small intestinal fluid (FaSSIF), and fed-state small
intestinal fluid (FeSSIF) for simulating drug release profile
with various regions of the GI tract [30]. Analogous experi-
mental procedure and study conditions were employed as per
the method described in the BIn vitro drug release^ section.
The drug release was measured in the aforesaid media at pe-
riodic time intervals, and aliquot (5 mL) samples were with-
drawn by replacement with an equivalent amount of fresh
medium. The samples were suitably diluted and analyzed
spectrophotometrically at a λmax of 291 nm for estimating
the amount of drug release and cumulative percent drug re-
lease at the studied time points.

Caco-2 cell culture studies A standard protocol was designed
for culture, growth, and maintenance of Caco-2 cells. The
cells were grown in culture flasks (75 cm2) and kept under
incubation condition with 95%O2 and 5%CO2 at 37 ± 0.5 °C.
The culture medium containing Dulbecco’s Modified Eagle’s
culture medium, 20% fetal bovine serum, 100 U/mL penicil-
lin, and 100 μg/mL streptomycin was regularly changed for
20 days. After the specified time period, cells were harvested
after trypsinization with 0.25% trypsin-EDTA solution.

Cytotoxicity study A cytotoxicity study was carried out on
Caco-2 cells by MTT assay as per the procedure described in
literature reports [31, 32]. The cells were seeded in 96-well plate
(1 × 104 cells/well) and incubated for 24 h. The positive control
(Triton-X 100) and treatment formulations (plain SNEDDS and
CS-SNEDDS) were added to the culture plates containing cells
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in the concentration of 1, 2, 3, 5, and 10 μg/mL. After a 24-h
incubation period, cells were washed with phosphate buffer
solution (pH 7.4) and 150 μL of MTT solution (500 mg/mL
inmedia) was added to eachwell. After a 3-h incubation period,
200 μL of dimethylsulfoxide was added to solubilize the
formazan crystals and optical density of the resulting solution
was measured at 540 nm using an ELISA microplate reader
(M/s BioTek, Vermont, USA). Based on the results of optical
density, percent cell viability was calculated using Eq. (1).

% Cell cytotoxicity ¼ Optical densitytest−Optical densitybkank
Optical densitycontrol−Optical densitybkank

� 100

ð1Þ

Uptake study The qualitative uptake was carried out after
seeding the Caco-2 cells at a density of 5 × 105 cells/well in
a 96-well plate and incubated overnight for cell attachment.
The cells were then incubated with free coumarin-6 dye, and
dye-loaded plain SNEDDS and CS-SNEDDS (equivalent to
1 μg/mL) for 2 h, respectively. The culture medium was aspi-
rated, and cells were washed with phosphate buffer solution
(pH 7.4). One drop of the cell suspension was placed on a
glass slide, fixed with 2.5% v/v glutaraldehyde, and a cover
slip was placed to visualize cells under the CLSM.

MCF-7 cell culture studies Like Caco-2 cells, an analogous
standard procedure was adopted for culture of MCF-7, except
the growth medium containing Eagle’s medium supplemented
with Earle’s salts, L-glutamine, nonessential amino acids, so-
dium bicarbonate, sodium pyruvate, 10% fetal bovine serum,
100 U/mL penicillin, and 100 μg/mL streptomycin. The cells
were grown for 20 days and trypsinized with 0.25% trypsin-
EDTA solution.

Cellular cytotoxicity MTT assay was performed to determine
the cellular cytotoxicity of drug on the MCF-7 cells.
Following the attachment of MCF-7 cells, fresh media con-
taining pure drug, plain SNEDDS, and CS-SNEDDS were
seeded on 1 × 104 cells/well in 96-well plates in concentra-
tions of 0.1, 1, 10, and 20 μg/mL, equivalent of raloxifene
hydrochloride and incubated for 24 h, and the cell viability
was calculated as per the protocol mentioned above in the
BCytotoxocity study^ section.

Cellular uptake For qualitative uptake, the optimized plain
SNEDDS and CS-SNEDDS formulations loaded with
coumarin-6 dye were evaluated through CLSM imaging
(Olympus FV1000i, M/s Olympus, Tokyo, Japan). The cells
were incubated with dye solution (equivalent to 1 μg/mL free
coumarin-6) for 3 h and analyzed as per the protocol men-
tioned in the BUptake study^ section.

Animal studies

All the animal studies performed in the present research work
were conducted after prior approval of the study protocol by
the Institutional Animal Ethics Committee, Panjab University,
Chandigarh, India (Protocol no. PU/IAEC/S/14/106). The
care and maintenance of animals were taken as per the guide-
lines of the Committee for Prevention, Control and
Supervision of Experimental Animals (CPCSEA), Govt. of
India. During the study period, the animals 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.

In situ single-pass intestinal perfusion studies

In situ single-pass intestinal perfusion (SPIP) studies were
performed in Sprague-Dawley rats (weighing 250–300 g),
previously abstained for 12 h from the solid food and free
access to water ad libitum. The treatment formulations include
pure drug suspension, marketed (MKT) formulation, opti-
mized plain SNEDDS, and CS-SNEDDS (raloxifene hydro-
chloride in the dose of 0.16 mg/kg equivalent to body weight
of rats) [26, 33]. The animals were anesthetized using intra-
peritoneal injection of thiopental sodium (50 mg/kg). A mid-
line incision in the abdomen was made, and the proximal part
of the jejunum was cannulated with plastic tubing to make
inlet and outlet. Further, the intestine was perfused with
KRB solution maintained at 37 ± 0.5 °C until the perfusate
was clear. After attaining steady-state equilibrium in perfusion
at a rate of 0.2–0.3 mL/min, the treatment formulations were
injected and aliquot (3 mL) samples were periodically collect-
ed at regular intervals of 15, 30, 45, and 60 min. The samples
were suitably diluted and analyzed by UV spectrophotometric
method at λmax of 291 nm to determine the drug concentration
from the previously developed linear calibration plot of ralox-
ifene hydrochloride in KRB solution. Various permeability
parameters such as effective permeability (Peff) and wall per-
meability (Pw) and absorption parameters such as fraction
absorbed (Fa) and absorption number (An) were calculated
for each of the treatment as per the equations given in litera-
ture reports [26, 33].

In vivo pharmacokinetic studies

The single dose and parallel design study was carried out in
Sprague-Dawley rats (weighing 200–250 g) under fasting
condition. The animals were randomly divided into three
groups (i.e., A, B, C), with six rats in each group. The animals
in group A were orally administered with pure drug suspen-
sion, while animals in groups B and C received optimized
plain SNEDDS and CS-SNEDDS, respectively. Each formula
contained 0.16 mg/kg dose of raloxifene hydrochloride
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equivalent to the body weight of rats. All the formulations
were orally administered to the rats with the help of a feeding
cannula. The pure drug suspension was administered by
suspending in 1 mL of 0.25% solution of sodium carboxy-
methylcellulose in water, while the treatment formulations
were administered directly without any dilutions. Blood sam-
ples (~ 0.2 mL) were withdrawn from the retro-orbital plexus
at periodic time intervals in plastic tubes coated with heparin.
Plasma was harvested from blood by centrifugation at
10,000 rpm (5590×g) for 15 min, and subsequently, the drug
was extracted by treatment with acetonitrile solvent followed
by vortexed mixing for 5 min. The samples were again sub-
jected to centrifugation at 10,000 rpm for 15 min, and the
supernatant fraction was collected and filtered through a
0.22-μm membrane filter. The analysis of the drug content
was carried out using the previously developed and validated
bioanalytical HPLC method of raloxifene hydrochloride in rat
plasma [34].

Computer-based pharmacokinetic modeling and data anal-
ysis was carried out using WinNonlin Version 5.0 (M/s
Pharsight, California, USA) employing Model 3 for the
Wagner-Nelson method for a one-compartment body model
(1-CBM) with zero lag time for peroral administration.
Noncompartmental pharmacokinetic analysis was also carried
out by selecting Model 200 for extravascular input. Various
pharmacokinetic parameters, viz., Cmax, Tmax, AUClast, Cmax/
AUC, Ka, and MRT, were calculated for different treatment
formulations.

In vitro/in vivo correlations

The attempts were made for establishing point-to-point corre-
lation (level A in vitro/in vivo correlations (IVIVC)) between
percent drug release in vitro with the corresponding percent
in vivo drug absorption for the plain SNEDDS, CS-SNEDDS,
and pure drug suspension.

Statistical data analysis

All the experimental data from the in vitro and in vivo studies
were subjected to statistical data analysis by GraphPad Prism
software ver 6.01 (M/s GraphPad Inc., California, USA) using
two-way ANOVA followed by Tukey–Kramer multiple-
comparison test at the 5% level of significance.

Results and discussion

Excipient screening and construction of phase
diagrams

A maximum solubilized fraction of raloxifene was observed
in Capryol 90 (0.09 mg/mL), Cremophor RH 40 (2.74 mg/

mL), and Transcutol HP (9.12 mg/mL). The detailed data on
equilibrium solubility of raloxifene hydrochloride in lipids,
surfactants, and cosolvents is illustrated in supplementary data
Figs. S1–S3. Based on the excipients with higher solubility,
the phase titration studies were carried out to construct the
pseudoternary phase diagrams at the Smix ratio, i.e., 1:1, 1:2,
2:1, and 3:1, respectively (Fig. 1). The results revealed an
increase in the nanoemulsion region with an increase in the
amount of surfactant in the Smix ratio from 1:1 to 2:1, followed
by no change in the area for Smix ratio 3:1. Among all the Smix

combinations, the maximal nanoemulsion region was ob-
served for the 2:1 ratio of Smix. Hence, this ratio was finally
selected for further formulation development studies.

Preparation and characterization of SNEDDS

All the SNEDDS formulations prepared as per the D-optimal
design were evacuated for various response variables like
Temul, Dnm, Rel15min, and Perm45min. Emulsification times
(Temul) of the all the formulations were found to be ranging
between 54 and 174 s, thus confirming faster emulsification
efficiency of the SNEDDS to produce ultrafine dispersion
with the globule size (Dnm) in the nanosize range between
58 and 99 nm. The drug release studies showed that all the
prepared formulations exhibited complete drug release within
30 min of the time period, followed by complete drug release
in 60 min. Analogous results were also observed for
Perm45min indicating more than 70% drug permeated within
45 min of time course for all the prepared formulations. The
observed results revealed that a variation in the values of
aforesaid parameters from the prepared formulations was at-
tributed plausibly owing to the difference in the amount of
lipid, surfactant, and cosolvent, respectively. The obtained ex-
perimental data for each of the response variable was subject-
ed for fitting with the quadratic polynomial model. The coef-
ficient analysis was carried out for the model equation gener-
ated for the responses, which revealed an excellent goodness
of fit of the experimental data to the selected model.
Moreover, statistical parameters were high values of R rang-
ing between 0.902 and 0.999 (p < 0.001 in all the cases), in-
significant lack of fit, and low values of PRESS.

Optimization data analysis and response surface
mapping

The optimization data analysis using the second-order qua-
dratic polynomial model shown in Eq. (2) revealed excellent
goodness of fit of the experimental data to the selected model.
Moreover, a high degree of statistical significance was ob-
served for all the selected model terms with p < 0.05, high
values of R ranging between 0.943 and 0.979, and insignifi-
cant lack of fit.

Drug Deliv. and Transl. Res. (2018) 8:670–692 675



Y ¼ β1X 1 þ β2X 2 þ β3X 3 þ β4X 1X 2 þ β5X 1X 3

þ β6X 2X 3 þ β7X 1X 2X 3 þ β8X 1X 2 X 1−X 2ð Þ
þ β9X 1X 3 X 1−X 3ð Þ þ β10X 2X 3 X 2−X 3ð Þ ð2Þ

Response surface analysis was carried out for under-
standing the relationship among the studied factors on
the responses. The 3D- and 2D-response surface plot for
Temul is depicted in Fig. 2a, b, which revealed a signifi-
cant increase in the values with increasing levels of
Capryol 90 and Transcutol HP, whereas a declining trend
was observed with an increase in the levels of Cremophor
RH 40. A lower Temul value, however, was observed at
higher levels of Capryol 90 and Transcutol HP, and at the
intermediate levels of Cremophor RH 40. Figure 2c, d
illustrates the 3D-and 2D-response surface plots indicat-
ing prominent influence of Cremophor RH 40 on Dnm

over Capryol 90 and Transcutol HP. An increase in the
values of Dnm was observed with increase in the levels of
Capryol 90, whereas Transcutol HP showed a negligible
impact on Dnm. Lower values of Dnm were observed at
intermediate levels of Capryol 90, high level of
Cremophor RH 40, and low levels of Transcutol HP, as
is clearly evident from the Bregion of minimum.^ Like
Temul, Fig. 2e, f portrays the 3D-and 2D-response surface
plots for Rel15min. A faster drug release profile was ob-
served at lower levels of Capryol 90, and intermediate to
higher levels of Cremophor RH 40 and Transcutol HP,
respectively. This can be attributed to the combined effect
of Cremophor RH 40 and Transcutol HP, leading

eventually to a marginal reduction in surface interfacial
tension and faster drug release characteristics. Further, as
shown in Fig. 2g, h, the response surface plots for
Perm45min exhibited a typical descending fashion with in-
creasing Capryol 90 and Cremophor RH 40 from interme-
diate to higher levels. On the contrary, Transcutol HP
revealed an increase in the values of Perm45min. A higher
Perm45min value was observed at lower levels of Capryol
90, and intermediate levels of Cremophor RH 40 and
Transcutol HP, respectively.

Selection of the optimized formulation and validation
studies

The optimized SNEDDS formulation selected numerical op-
timization by assigning desired objectives, i.e., minimization
of Temul and Dnm, and maximization of Rel15min and
Perm45min. Based on these objectives, the selection criterion
was fixed to search the optimized formulation with Temul <
180 s, Dnm < 100 nm, Rel15min, and Perm45min > 80%.
Figure 3 depicts the overlay plot design space with the opti-
mized SNEDDS formulation containing Capryol 90 (389mg),
Cremophor RH 40 (415 mg), and Transcutol HP (195 mg)
with Temul of 147.7 s, Dnm of 79.6 nm, Rel15min of 77.5%,
and Perm45min of 74.3%, respectively. Further, validation
studies revealed a close proximity among the predicted values
of the responses with observed ones for the prepared check-
point formulations, which indicated a high degree of prognos-
tic ability of the experimental design used for optimization of
SNEDDS.

Fig. 1 Pseudoternary phase
diagrams depicting the
nanoemulsion region formed after
titration of Capryol 90 with Smix
containing Cremophor RH 40:
Transcutol HP (THP) at varying
ratios i.e., a 1:0, b 1:1, c 2:1, and
d 3:1 using water as titrant
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Fig. 2 3D- and 2D-response surface plots depicting the influence of aCapryol 90, bCremophor RH 40, and c Transcutol HP on the response variables a,
b Temul, c, d Dnm, e, f Rel15min, and g, h Perm45min
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Formulation and characterization of the cationic
SNEDDS

The optimization of cationic SNEDDS was carried out by
varying the concentration of the charge inducer (i.e.,
oleylamine). Table 1 enlists various formulation attributes
of cationic SNEDDS prepared by varying concentrations
of oleylamine. The physical appearance of the formula-
tions was described by visual observation, which indicat-
ed a transparent appearance of cationic SNEDDS contain-
ing oleylamine up to 2% w/w, followed by hazy appear-
ance at 2.5 and 3% w/w concentration. Evaluation of drug
loading efficiency of cationic SNEDDS showed drastic
from 1 to 6% w/w, globule size from 85.1 to 108 nm,
and zeta potential from 17.5 to 33.6 mV with increase
in the concentration of oleylamine from 1 to 3% w/w.
The increase in drug loading efficiency can be ascribed
to the positive influence of oleylamine for increasing the
drug solubilization in SNEDDS plausibly by electrostatic
interactions [32, 35].

Fourier transform infrared spectroscopy

Fourier transform infrared (FTIR) spectroscopy was
used for evaluating the underlying mechanism responsi-
ble for solubility enhancement of the drug in the lipidic
vehicle by altering the physiochemical properties of the
drug. Figure 4 illustrates the FTIR spectra of pure drug
with functional groups at 3141, 1030–1250, 1641, and
1465 cm−1 corresponding to hydroxyl, oxo, keto, and
aromatic rings, respectively. However, the FTIR spectra
of the physical mixture of raloxifene with oleylamine
shows disappearance of the carbonyl peak (C=O) at
1641 cm−1.

Formulation optimization of the CS-SNEDDS

Based on these results, oleylamine at 2% w/w was selected as
the optimum concentration for further studies. Various PPIs
were used at their respective grades, i.e., HPMC (HPMC E5
and E15) and PVP (PVP K25 and K30), in the concentrations
of 5 and 10%w/w for preparing the CS-SNEDDS, which were
evaluated extensively for identifying the optimum type of PPI
and its concentration for the purpose.

Characterization of the optimized CS-SNEDDS

Globule size and polydispersity index

The globule size distribution of optimized CS-SNEDDS
shows a mean globule size of 185.7 nm and a polydispersity
index of 0.23. These results clearly vouch the presence of
nanoemulsion globules with a monodisperse nature of their
distribution, thus fulfilling the requisite of SNEDDS as per
the published literature reports [36]. Moreover, globule size
of the optimized CS-SNEDDS showed a slight increase in size
as compared to the plain SNEDDS (i.e., 79.6 nm) and cationic
SNEDDS (i.e., 140.5 nm).

Zeta potential

The zeta potential distribution of the diluted optimized CS-
SNEDDS shows the zeta potential value of 29.8 mV for C-
SNEDDS. On the contrary, the plain SNEDDS shows a zeta
potential of − 22.4 mV, which indicated a sharp drift in the
value plausibly owing to the presence of oleylamine. The
observed results for the SNEDDS fulfill the zeta potential
requirement for the thermodynamically stable nature of the
prepared formulations [36, 37].

Fig. 3 Overlay plot depicting the
design space (yellow color
region) and optimized SNEDDS
formulation
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Transmission electron microscopy

The transmission electron microscopy (TEM) study of opti-
mized plain SNEDDS and CS-SNEDDS shows the presence

of spherical dark nanoemulsion globules. These visual obser-
vations further supported the results of globule size distribu-
tion analysis.

In vitro supersaturation test

The selection of PPI at its suitable concentration was per-
formed using an in vitro supersaturation test. The CS-
SNEDDS were prepared employing the optimized cationic
SNEDDS exhibiting maximal drug content, followed by ad-
dition of the various grades of HPMC (i.e., HPMCE5 and
E15) and PVP (i.e., PVP K25 and K30) as PPIs in the con-
centrations of 5 and 10% w/w for maintaining the supersatu-
ration state of the drug inhibiting drug precipitation.
Supplementary data Fig. S4 illustrates the supersaturation

Fig. 4 FTIR spectra of a pure
drug-raloxifene and b physical
mixture of raloxifene with
oleylamine

Table 1 Effect of oleylamine concentration on various physiochemical
parameters of raloxifene hydrochloride

S.
no.

Oleylamine
conc.
(% w/w)

Drug
content
(% w/w)

Particle
size
(nm)

Zeta
potential
(mV)

Physical
appearance

2. 1 1.2 140.5 19.4 Clear

3. 1.5 1.8 136.7 22.9 Clear

4. 2 2.2 152.9 25.7 Clear

5. 2.5 2.4 150.7 30.3 Precipitate

6. 3 2.9 155.9 33.5 Precipitate
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effect of different concentrations of PPIs for inhibiting the
precipitation of drug from the CS-SNEDDS.

Interestingly, the results showed that the HPMC grade, i.e.,
E5, was found to be better over E15 LV in reducing the drug
precipitation, while the PVP grade, i.e., K30, was found to be
markedly superior over K25. The studies also revealed a in-
significant difference in the effect of increasing the concentra-
tion of both the PPI grades from 5 to 10%w/w (p > 0.05). This
indicated that the suitability of 5% w/w concentration of PPIs
was suitable for inhibiting the precipitation of the drug after
attaining supersaturation kinetics. Further, comparative effec-
tiveness of the PPIs was evaluated on the basis of parameters
like apparent drug concentration (Rc), equilibrium solubility
(Seq), and degree of supersaturation (So).

Apparent drug concentration (Rc) The performance of PPIs
was evaluated by comparing the obtained apparent concentra-
tion of the drug (Rc) with respect to time, as illustrated in Fig.
5a. Various profiles were observed for Rc with different types
of PPIs. It indicates that the initial value for Rc was found to be
0.3 mg mL−1 (based on the dilution factor of 100, i.e., C-
SNEDDS, containing 30 mg of raloxifene hydrochloride dis-
solved in 100 mL of the medium) before starting the supersat-
uration experiment. After initiating the experiment, Rc was
found to be 0.086 and 0.052 mg mL−1 in the case of HPMC
grades, i.e., for HPMC E5 and E15 LVat the 3-h time period,
respectively. However, in the case of PVP grades (i.e., K30
and K25), Rc was found to be significantly reduced to 0.029
and 0.08 mg mL−1, respectively. Moreover, the PVP grades
also showed Rc values between 0.216 and 0.195 mg mL−1 at
t = 5 min, which undergoes rapid declining values in the
values from 0.029 to 0.007 mg mL−1 at 3 h.

Equilibrium solubility (Seq) After evaluating Rc for different
PPIs, Seq of the drug was calculated for different PPIs, which
are enlisted in Supplementary data Table S2. Seq values for the
24-h time course indicated superior values for PVP grades
over HPMC grades. The Seq values for HPMC grades were
found to be 0.006 and 0.008 mgmL−1 for E5 and E15, respec-
tively. However, Seq values for PVP K25 and K30 were found
to be 0.013 and 0.018 mg mL−1, respectively. These results
vouch that the lower Seq values for HPMC grades were highly
effective for maintaining drugs in the supersaturated state by
reducing precipitation during the in vitro test over PVP grades
[38].

Degree of supersaturation (S°) Supplementary data Table S2
summarizes the data on S° of raloxifene hydrochloride in var-
ious PPIs used for formulating the CS-SNEDDS. It was ob-
served that HPMC E5 has the highest value for S° (46.9) as
compared to that of HPMC E15 (31.3). On the other hand, the
value of S° was found to be quite less for PVP grades, i.e.,
11.5 and 14.19, in the case of PVP K25 and PVP K30,

respectively.Moreover, the So pattern of the drug from various
PPIs used for preparing CS-SNEDDS over the 24-h time pe-
riod is illustrated in Fig. 5b. Analogous observations were
discerned from the graph indicating a sharp descending trend
for So from PVP grades as compared to that of the HPMC
grades, thus construing superior precipitation inhibiting char-
acteristics of the HPMCby sustaining precipitation of the drug
by maintaining the supersaturated state. Between the two dif-
ferent HPMC grades, HPMC E5 was found to be more effec-
tive than HPMC E15, which can be assigned to the medium
viscosity of E5 helpful in maintaining optimal supersaturation
kinetics of the drug over E15 having a higher viscosity [22,
35, 39].

Additionally, the supersaturation index (σ) was also calcu-
lated in order to determine the supersaturation state.
Supplementary data Table S2 illustrates the values of σ ob-
tained for different PPIs used for preparing the CS-SNEDDS.
It can be observed from the data that all the polymers have
effectively maintained the supersaturated state of the drug,
which can be well supported with the values of S° > 1 and
σ > 0. Among the HPMC grades, E5 showed a higher value
of σ over E15, and thus is more effective in sustaining the
supersaturation state of the drug over PVP grades (K25 and
K30). Based on the lower values of Seq, and higher values of
S° and σ, HPMC E5 was finally selected as the suitable PPI
for the CS-SNEDDS.

Characterization of precipitate of the CS-SNEDDS

Optical microscopy

Figure 6a, b depicts the optical microscopy images of
pure drug and precipitate of the drug obtained after the
supersaturation test. The pure drug shows presence of
spear-shaped crystals, while precipitates obtained from
optimized CS-SNEDDS show absence of the crystalline
structure collected after subjecting to in vitro supersatura-
tion test for 24 h. This indicated change in the crystal
morphology of the drug from crystalline to amorphous
structure in the precipitates collected from CS-SNEDDS,
which might be responsible for enhancing the equilibrium
solubility of the drug [40, 41].

Field emission scanning electron microscopy

Figure 6c portrays the surface photomicrographs of the pure
drug indicating its highly crystalline nature with appearance of
flat sheet-shaped crystals. On the contrary, Fig. 6d reveals the
amorphous appearance of drug in the precipitates collected
from CS-SNEDDS, which indicated significant change in
the crystal habit of the drug.
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Differential scanning calorimetry

The DSC thermograms of pure drug and precipitates
obtained from the CS-SNEDDS using HPMC E5 as
PPI are shown in Fig. 7a. The DSC thermogram for
the pure drug exhibits a sharp melting endothermic peak
initiating from 266 to 267.67 °C [42, 43]. The precipi-
tates obtained from the CS-SNEDDS, however, show no
sharp peak of the drug, confirming the conversion of
crystalline to amorphous state. Besides, the enthalpy
value of the drug was found to be 67.54 J g−1, while
the precipitate of the drug obtained from the CS-
SNEDDS showed an enthalpy value of 27.66 J g−1.
The reduction in the enthalpy of the drug clearly indi-
cated transformation of the drug from crystalline to
amorphous state during precipitation from the CS-
SNEDDS formulation [44].

Powder X-ray diffraction

Figure 7b depicts the PXRD patterns of the pure drug and
precipitates of the drug obtained from the CS-SNEDDS. The
PXRD pattern of the pure drug shows sharp peaks indicating
the crystalline nature of the drug. On the contrary, the precip-
itates collected from the CS-SNEDDS formulations reveals
amorphous appearance with absence of a characteristic
PXRD pattern. The data therefore suggest that CS-SNEDDS
are effective in controlling the precipitation and maintaining
adequate drug stability under a supersaturated state. Thus,
HPMC plays a pivotal role in inhibiting the nucleation of
drugs, thereby maintaining the supersaturation state [45, 46].
The results were found to be in line with the reports stating the
applicability of cellulosic polymers for inhibiting the precipi-
tation of the drugs from supersaturable formulation [29, 41,
47, 48].

(A)

(B)

Fig. 5 a Apparent drug
concentration versus time profile.
b Degree of supersaturation for
various PPIs used at 5% w/w
concentration in CS-SNEDDS.
Data represented as mean ± SD
(n = 3)
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Rheological studies

Supplementary data Fig. S5 illustrates the rheological pro-
files of plain SNEDDS and optimized CS-SNEDDS. A
linear correlation was observed between shear rate (0 to
100 s−1) and shear stress (0 to 10 Pa) over a wide range,
thus unequivocally indicating Newtonian-type flow char-
acteristics of both SNEDDS and CS-SNEDDS formula-
tions. Moreover, the viscosity of both the formulations
was found to be ranging between 0.01 and 0.09 (Pas),
which revealed good flow characteristics. As the values
are within the desirable limits of viscosity, i.e., 0.1–1.0
Pas, the developed SNEDDS formulation fulfilled the req-
uisite rheological criteria for filling in hard gelatin cap-
sules [49].

In vitro drug release in biorelevant media

In vitro drug release studies of the optimized CS-
SNEDDS performed in various biorelevant dissolution
media like FaSSGF, FeSSIF, FaSSIF, and FeSSGF are
shown in Fig. 8. The results showed more than 95%
drug release within 30 min from the CS-SNEDDS in
FaSSGF and FaSSIF, whereas in the case of FeSSIF
and FaSSIF, only 60% drug release was observed in
30 min with a maximum of 82% drug release in the
2 h time course. These studies indicated faster drug
release characteristics from FaSSGF and FeSSGF over
FaSSIF and FeSSIF.

Caco-2 cell culture studies

Cellular uptake Figure 9a depicts the CLSM images of Caco-2
cells incubated with coumarin-6 dye (as control) and CS-
SNEDDS loaded with coumarin-6 dye. The images of cells
treated with free coumarin-6 dye revealed miniscule fluores-
cence, while higher fluorescent intensity was observed for the
cells incubated with C-6-loaded CS-SNEDDS. These obser-
vations indicated higher cellular uptake of the nanoemulsion
globules formed from CS-SNEDDS. Moreover, the fluores-
cent intensity was compared from both the control cells and
cells treated with formulation through line analysis (data not
shown), which further substantiated the supremacy of the CS-
SNEDDS for attaining a higher cellular uptake of CS-
SNEDDS. This can be assignable to the presence of lipidic
and emulsifying excipients in CS-SNEDDS which helps for
faster permeation, while the nanosized structure of the emul-
sion globules facilitates in the uptake across the membrane of
Caco-2 cells [26, 31].

Cellular cytotoxicity Figure 9b depicts the concentration ver-
sus percent cell viability data for the Caco-2 cells incubated
with optimized plain SNEDDS, CS-SNEDDS, and Triton-X
100 (as negative control). The percent cell viability > 95%was
found to be observed for the cells treated with both the type of
SNEDDS, at all the studied concentrations without any statis-
tically significant difference (p > 0.05). Triton-X 100, howev-
er, showed a concentration-dependent reduction in the percent
cell viability. The results demonstrated that the optimized
SNEDDS formulations were found to be biocompatible and

(A) (B) 

(C) (D) 

Fig. 6 a, b Optical
photomicrographs. c, d FESEM
images of pure drug and
precipitate obtained from CS-
SNEDDS after in vitro
supersaturation test
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safe for oral administration. Also, the cytotoxicity studies jus-
tified the selection of the appropriate type and concentration of
excipients for formulating the SNEDDS.

MCF-7 cell culture studies

Cellular uptake Figure 10a shows the uptake of plain
coumarin-6 dye (as control), coumarin-6-loaded plain
SNEDDS, and CS-SNEDDS across the MCF-7 cells. The
uptake studies indicated higher fluorescence intensity from
the CS-SNEDDS, while the plain dye showed presence of
miniscule fluorescence. This can be clearly evident from

fluorescent images along with intensity measurement through
horizontal line analysis.

Cel lular cytotoxicity Figure 10b i l lus t ra tes the
concentration-dependent percent decrease in cell viabili-
ty of MCF-7 cells treated with pure drug and CS-
SNEDDS. The CS-SNEDDS showed significant reduc-
tion in the cell viability at all the studied concentrations
of CS-SNEDDS vis-à-vis the pure drug (p < 0.01) within
6 h of the time course. The obtained results, therefore,
construed supremacy of the prepared CS-SNEDDS in
accomplishing more than 75% cell growth inhibition
within the studied time period.

Fig. 7 a DSC thermograms. b PXRD spectra of pure drug and precipitates obtained from the CS-SNEDDS after in vitro supersaturation test
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(A)

(B)

Fig. 9 a CLSM images of Caco-2
cells indicating uptake of free
Coumarin-6 dye and CS-
SNEDDS under different
channels. b Percent cell viability
of Caco-2 cells treated with
SNEDDS, CS-SNEDDS, and
Triton-X 100. Data represented as
mean ± SD (n = 3)

Fig. 8 Dissolution profile of
raloxifene hydrochloride from
CS-SNEDDS in the presence of
different biorelevant dissolution
media. Data represented as mean
± SD (n = 3)
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In situ single-pass intestinal perfusion studies

The SPIP studies indicated remarkable improvement in the
magnitudes of permeability and absorption parameters from
the optimized CS-SNEDDS, plain SNEDDS, and MKT for-
mulation vis-à-vis the pure drug suspension. Figure 11a illus-
trates the effective permeability (Peff) and wall permeability
(Pwall) parameters, where a nearly 3.84- and 2.32-fold en-
hancement in the values of Peff was observed for the optimized
CS-SNEDDS and plain SNEDDS as compared to the pure
drug suspension, while MKT formulation showed only 1.13-
fold augment in permeability. Likewise, Pwall also showed
considerable increase in the values by 6.51- and 3.47-fold
from the optimized CS-SNEDDS and plain SNEDDS, while
MKT formulation shows only 2.6-fold enhancement vis-à-vis
the pure drug suspension.

Likewise, Fig. 11b also illustrates the values of An and Fa,
where nearly a 9.11- and 7.84-fold increase in An was ob-
served from the optimized CS-SNEDDS and plain SNEDDS
with reference to the pure drug suspension, while the MKT
formulation exhibited 3.61-fold increase in the values of ab-
sorption parameters. Similarly, a remarkable increase (i.e.,
8.65- and 6.32-fold) in the magnitude of Fa was observed from
the optimized CS-SNEDDS and plain SNEDDS vis-à-vis the
pure drug suspension, whereas the MKT formulation exhibit-
ed only 3.82-fold improvement in drug absorption parameters.
The obtained results indicated appreciable improvement in the
extent of drug absorption from the intestine [50, 51].

In vivo pharmacokinetic studies

Figure 12 depicts the mean plasma concentration versus time
profiles of raloxifene hydrochloride observed after peroral ad-
ministration of a single dose of optimized C-SNEDDS, plain
SNEDDS, and pure drug suspension. A highly statistically
significant difference (p < 0.0001) in plasma concentration
was observed for the C-SNEDDS and plain SNEDDS vis-à-
vis the pure drug suspension at all the time-points. The plasma
level time profile from both the SNEDDS formulations
showed sharp increasing trends and superimposability during
the absorptive phase at the initial time points (i.e., < 1 h) con-
struing faster drug absorption by both the formulations over
pure drug suspension. Further, pharmacokinetic data analysis
explored using the compartmental model indicated best model
fitting as per the one-compartment body model, which was
statistically ratified using AIC, SBC, SSR, and R. As per the
selectedmodel, significant changes were observed for rate and
extent of drug absorption parameters including Cmax, AUC,
Cmax/AUC ratio, Tmax, and Ka from the prepared SNEDDS
formulations. Table 2 enlists the pharmacokinetic parameters
of the drug from different treatment groups, while Fig. 12
(inset) illustrates the percent alteration in these pharmacoki-
netic parameters from the C-SNEDDS and plain SNEDDS as

compared to that of the pure drug suspension in the 24-h time
course.

The values of Cmax and AUC indicating extent of drug
absorption showed a considerable increase from the prepared
SNEDDS formulations vis-à-vis the pure drug suspension.
Among the prepared SNEDDS formulations, a higher magni-
tude of Cmax of raloxifene hydrochloride was observed for C-
SNEDDS (i.e., 6.10-fold) and plain SNEDDS (i.e., 2.12-fold)
over the pure drug suspension. Likewise, multi-fold enhance-
ment in the AUC (i.e., 4.8- and 2.3-fold) was observed for CS-
SNEDDS and plain SNEDDS vis-à-vis the pure drug suspen-
sion, respectively. The values of Cmax/AUClast also showed
mild alteration by 1.2- and 0.64-fold for the CS-SNEDDS
and plain SNEDDS as compared to that of pure drug suspen-
sion, respectively. Also, the magnitude of Ka showed signifi-
cant improvement with nearly 4.6- and 4.0-fold augmentation
from the CS-SNEDDS and plain SNEDDS vis-à-vis the pure
drug suspension, respectively. On the contrary, the values of
Tmax indicating the rate of drug absorption showed drastic
reduction by 67 and 35% for CS-SNEDDS and plain
SNEDDS with respect to the pure drug suspension,
respectively.

Overall, the pharmacokinetic studies construed exclusively
higher values of Cmax, AUClast, Cmax/AUC, Ka, and lower
values of Tmax in the case of the optimized CS-SNEDDS
vis-à-vis the pure drug suspension indicating a remarkable
increase in the rate and extent of absorption of the investigated
drug from the latter one. These results also demonstrated su-
periority of CS-SNEDDS over the plain SNEDDS in improv-
ing the drug absorption characteristics.

In vitro/in vivo correlations

Figure 13 illustrates level A IVIVC for CS-SNEDDS, plain
SNEDDS, and pure drug suspension. High magnitudes of R
for plain SNEDDS (i.e., 0.967), C-SNEDDS (i.e., 0.973), and
pure drug suspension(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 [52,
53]. The prepared formulations showed good correlation for
in vitro drug release and in vivo drug absorption up to 45 min,
while the pure drug suspension exhibited a linear relationship
from 30 min and 2 h. Moreover, the close proximity in the R
values of the prepared formulations with the pure drug sus-
pension did not reveal any significant difference in the disso-
lution and absorption behavior.

Discussion

The research work involved development and characterization
of nanomicellar self-nanoemulsifying formulations of raloxi-
fene hydrochloride. The preformulation studies including
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equilibrium solubility profile analysis was carried out on var-
ious oils, surfactants, and cosurfactants. Among the studied
excipients, Capryol 90, Cremophor RH 40, and Transcutol HP
exhibited maximal solubility of the drug in it. Being highly
lipophilic in nature, Capryol 90 with a HLB value of 5 con-
tains propylene glycol monocaprylate, which are long-chain
triglycerides of caprylic acid. Many literature reports have
demonstrated the usefulness of Capryol 90 in developing
nanoemulsion systems and good solubilization potential
[54]. Cremophor RH 40 is a nonionic solubilizer and emulsi-
fying agent commonly used in diverse ranges of pharmaceu-
tical products. It is primarily constituted of glyceryl polyeth-
ylene glycol oxystearate, thus providing excellent self-
emulsification property when coming in contact with gastro-
intestinal fluids. However, Cremophor is reported to possess
toxicity to the biological system above the safety limit for oral/
parenteral use, ostensibly owing to its ability to produce hy-
persensitivity reactions [55]. However, we have judiciously

selected the concentration of Cremophor in our formulation.
On the contrary, Transcutol HP is used in formulations as
solubilizer and permeation enhancer. It is primarily constituted
of diethylene glycol monoethyl ether, and reported in many
literature studies for development of self-nanoemulsifying for-
mulations with adequate safety profile [27, 56].

Based on the equilibrium solubility profile, a pseudoternary
phase titration study was performed by the water/oil titration
method using various Smix combinations. Among the Smix

combinations explored during phase titration, the ratio 2:1
was selected for further study. This indicated that the particu-
lar ratio is suitable for producing the desired emulsification
capacity and nanoemulsion region for further exploration
study. The boundaries of the nanoemulsion region obtained
from the corresponding pseudoternary phase diagrams were
taken as the ranges of the factors, and systematic optimization
was performed using experimental design. D-optimal mixture
designs are best suited for optimizing the composition of

(A)

(B)

Fig. 10 aCLSM images ofMCF-
7 cells indicating uptake of free
Coumarin-6 dye and CS-
SNEDDS under different
channels. b Percent cell viability
of MCF-7 cells treated with
SNEDDS, CS-SNEDDS, and
Triton-X 100. Data represented as
mean ± SD (n = 3)
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Fig. 11 a Plot depicting percent
increase in permeability
parameters. b Absorption
parameters (i.e., Fa and An) of
optimized CS-SNEDDS and
SNEDDS vis-à-vis the MKT
formulation obtained from
intestinal perfusion studies. Data
represented as mean ± SD (n = 3)

Fig. 12 Plasma concentration versus time profile graph of raloxifene
hydrochloride at various time-points from the optimized CS-SNEDDS
and plain SNEDDS and pure drug suspension. Data expressed in mean

± S.D. (n = 6), while inset depicts a bar chart with comparative change in
pharmacokinetic parameters in case of the optimized CS-SNEDDS and
plain SNEDDS vis-à-vis the pure drug suspension
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formulations where the sum total of excipients needs to be
100%. Moreover, such designs are also helpful in the actual
prediction of the design space, leading eventually to the iden-
tification of optimum formulation with quantities of all excip-
ients within the permissible daily intake limit. Several litera-
ture reports have demonstrated the use of optimal mixture
designs for the development of self-nanoemulsifying formu-
lations [32, 57]. Response surface analysis indicated the pres-
ence of a complex interaction among the factors taken for
experimental design optimization. Capryol 90, Cremophor
RH 40, and Transcutol HP exhibited significant influence on
the formulation CQAs, Temul, Dnm, Rel15min, and Perm45min.

Using mathematical modeling of data, the optimum
SNEDDS formulation was selected from the design space by
meeting the desired objectives. The optimum SNEDDS was
converted into the cationic SNEDDS by adding oleylamine at
varying concentrations (1–3% w/w) as the cationic charge
inducer. The charge inducer concentration was optimized on
the basis of the loading capacity of the drug in the SNEDDS.
Among the different concentrations of charge inducer, maxi-
mal solubility was observed at 3% w/w of oleylamine. The
increase in drug loading efficiency of cationic SNEDDS can
be ascribed to the positive influence of oleylamine for increas-
ing the drug solubilization in SNEDDS plausibly owing to the
presence of electrostatic forces [32, 35]. Other vital mecha-
nisms plausibly responsible for solubility improvement could
be attributed to the highly lipophilic characteristic of
oleylamine and associated electrostatic interaction by surface
positive charge. Moreover, the surfactant-like properties of
oleylamine also help in improving wettability of drug in the
lipophilic vehicle, thus helping in improving the drug loading
potential of the developed nanoformulation. Several literature
reports have demonstrated the use of oleylamine as a surfac-
tant, solvent, solubilizer, and reducing agent for development
of nanoformulations [58–61]. Further, we investigated the im-
pact of charge inducer on the globule size, which showed a
mild increase in the values owing to the long-chain structure
of oleylamine. Similar observations were also observed for
zeta potential, where a drastic change in potential was ob-
served as compared to the plain SNEDDS [62]. The FTIR
analysis performed on the cationic SNEDDS formulation

further confirmed the potential interaction of drug with cation-
ic lipid, which was reflected by characteristic change in the
peak of drug due to formation of hydrogen bonding between
drug and oleylamine. This helped in accentuating the solubi-
lization capacity of the drug for the purpose.

Upon fixing the charge inducer concentration, PPIs (i.e.,
HPMC E5/E15, PVP K25/K30) were added to prepare the
cationic supersaturable SNEDDS (CS-SNEDDS) of the
drug. The developed formulation was subjected to exten-
sive characterization through in vitro, ex vivo, in situ, and
in vivo studies. Globule size analysis indicated the presence
of nanoemulsion globules with monodisperse nature, thus
fulfilling the requisite of SNEDDS as per the several pub-
lished literature reports [36]. The comparison of the globule
size of plain SNEDDS and CS-SNEDDS revealed a mild
increase in particle size of the latter one. This can be attrib-
uted to the presence of oleylamine and PPI, which increases
the globule size by their adherence on the surface of
nanoemulsion globules. The observed results were in con-
sonance with several literature reports published on super-
saturated SNEDDS [38, 56, 63]. Like globule size, the pa-
rameter zeta potential also indicated a significant difference
between plain and CS-SNEDDS. The sharp drift in the zeta
potential of the modified formulation over the plain formu-
lations can be attributed to the presence of oleylamine [32].
The observed results for the CS-SNEDDS fulfill the zeta
potential requirement for the thermodynamically stable na-
ture of the prepared formulations. The particle morphology
of the nanoemulsion assessed through TEM imaging con-
firmed the presence of spherical globules, which indicated
the formation of nanoemulsion globules after the self-
emulsification process.

An in vitro supersaturation test was performed to check the
performance of different PPIs used for inhibiting the precipi-
tation and maintaining the supersaturation stability of the drug
within the formulation system. Among the studied carriers, the
results showed that HPMC grades were found to be superior
in inhibiting the precipitation of the drug as compared to the
PVP grades, which can be clearly observed from the sharp
declining trends in the precipitation rate of the drug during
in vitro supersaturation test for PVP grades over HPMC

Table 2 Pharmacokinetic parameters obtained from various oral treatments

Cmax AUC Cmax
AUC Ka tmax MRT

(ng mL−1) (ng h−1 mL−1) (h−1) (h)

Oral administration of pure drug (raloxifene)

32.55 ± 1.10 394.8 ± 5.45 0.082 ± 0.04 2.34 ± 0.24 4.66 ± 0.31 2.63 ± 0.54

Oral administration of optimized SNEDDS

69.16 ± 1.22 842.7 ± 21.63 0.082 ± 0.003 3.59 ± 0.13 2.99 ± 0.05 8.08 ± 1.22

Oral administration of optimized CS-SNEDDS

198.22 ± 2.47 1711.4 ± 3.60 0.11 ± 0.002 11.14 ± 1.18 1.51 ± 0.07 14.30 ± 0.80
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grades. This can be attributed to the cellulosic nature of the
HPMC which upon contact with the aqueous medium under-
go swelling to form gel phase and reduces the precipitation
rate of the drugs [24, 38, 47, 56, 64]. Moreover, literature
reports have described the Bspring-parachute^ mechanism as
a potential approach of the cellulosic nature of HPMC, which
helps in retarding drug precipitation plausibly owing to the
thermokinetic approach [23, 40, 65]. In this regard, PPIs act
as a parachute to slow down the precipitation rate of the drug
from its supersaturation state in optimized CS-SNEDDS.
Several literature reports have described the above mechanism
for improving the thermodynamic stability of the drugs [46,
65].

After the in vitro supersaturation test, the precipitates ob-
tained from pure drug and CS-SNEDDS were examined
through optical microscopy. This revealed phase transition
from crystalline to amorphous state of the drug, which helped
in providing desired drug solubility. Moreover, the FESEM
imaging, DSC, and PXRD analysis revealed analogous obser-
vation regarding the physical transitions of the drug. The dis-
solution performance evaluated in biorelevant media indicated
a quite analogous release pattern of the drug in the studied
media. The presence of bile salt and lecithin in these media
is considered to be responsible for facilitating micellar solubi-
lization of the drug and quite faster drug release characteris-
tics. The faster drug release nature is required for attaining
faster absorption of drug into the systemic circulation for early
onset of action [66]. Moreover, the rational selection of
biorelevant dissolution media simulating the in vivo condi-
tions helped in better understanding the actual drug release
behavior.

The cell line studies indicated absence of any toxic effect of
the prepared CS-SNEDDS and plain SNEDDS formulations
on Caco-2 cells, while on MCF-7 cells, a significant effect on
reduced percent cell viability was observed. Moreover, both
the cell lines exhibited good uptake potential when examined
through CLSM imaging study. The increase in fluorescence
intensity can be attributed as a function of enhanced uptake of
nanoemulsion globules containing lipids, emulgents, and cat-
ionic charge inducers, which particularly increases the perme-
ability and uptake across the cell membrane [32, 57].

Evaluation of the in vivo drug absorption behavior from the
CS-SNEDDS through intestinal perfusion study indicated sig-
nificant improvement in the intestinal drug permeation and
absorption profile over the plain SNEDDS. This could be
primarily attributed owing to the increase in intestinal perme-
ability by lipids, emulgents, and charge inducer [67, 68]. Also,
the pharmacokinetic study revealed superior drug absorption
parameters from the CS-SNEDDS formulation over the plain
SNEDDS. Various mechanisms could be responsible for aug-
menting the oral bioavailability of drugs from CS-SNEDDS.
These include improvement in dissolution rate, gastric perme-
ability and absorption, inhibition of P-gp efflux, avoidance of
hepatic first-pass effect, and metabolism by gut cytochromes
owing to the presence of functional lipids, emulsifying agents,
and cationic charge inducers [69–72]. Moreover, we observed
a high degree of correlation between the in vitro drug release
and in vivo drug absorption parameters. This testifies the pre-
dictive ability of dissolution apparatus, drug release medium,
dissolution conditions, etc., selected for establishing the rela-
tionship. Also, establishment of level A IVIVC ratifies signif-
icant dependability of the in vivo drug absorption parameters

Fig. 13 Level A IVIVC for the
optimized a CS-SNEDDS, b
plain SNEDDS, and c pure drug
suspension
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on in vitro drug release parameters in the present work.
Overall, the establishment of level A IVIVC vouches the en-
hanced biopharmaceutical performance of drug in the devel-
oped formulations.

Conclusions

The present studies vouch the systematic development of op-
timized CS-SNEDDS with enhanced biopharmaceutical attri-
butes for a BCS class II drug, raloxifene hydrochloride,
exhibiting low solubility, high hepatic first pass, and poor oral
bioavailability. Equilibrium solubility and pseudoternary
phase diagram studies revealed selection of apt concentrations
of lipidic and emulsifying agents for formulating SNEDDS
with faster emulsification efficiency, nanosized globules, sta-
ble zeta potential, immediate drug release, and permeation
profile. Use of a cationic charge inducer along with a poly-
meric precipitation inhibitor indicated remarkable improve-
ment in drug loading and stability of the drug in the CS-
SNEDDS as compared to that of plain SNEDDS formulation.
Cell line studies on Caco-2 and MCF-7 cells also indicated
significant improvement in cellular uptake along with absence
of any cytotoxic effect of the optimized CS-SNEDDS, which
was further ratified through histopathological studies. Further,
extensive evaluation through in situ perfusion and in vivo
pharmacokinetic studies indicated multi-fold enhancement in
permeability and absorption parameters of the drug from the
CS-SNEDDS vis-à-vis the pure drug suspension. The out-
standing findings of the current studies, therefore, ratified for-
mulation of CS-SNEDDS as one of the promising alternatives
over plain SNEDDS, which can be applicable to other BCS
class II and IV drugs exhibiting identical challenges for limit-
ed drug absorption from conventional SNEDDS.
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