
RESEARCH PAPER

Solidif ied Self-Nanoemulsifying Formulation for Oral
Delivery of Combinatorial Therapeutic Regimen: Part I.
Formulation Development, Statistical Optimization, and In Vitro
Characterization

Amit K. Jain & Kaushik Thanki & Sanyog Jain

Received: 4 July 2013 /Accepted: 18 September 2013 /Published online: 3 December 2013
# Springer Science+Business Media New York 2013

ABSTRACT
Purpose The present work reports rationalized development
and characterization of solidified self-nanoemulsifying drug delivery
system for oral delivery of combinatorial (tamoxifen and quercetin)
therapeutic regimen.
Methods Suitable oil for the preparation of liquid SNEDDS was
selected based on the maximum saturation solubility of both the
drugs while surfactant and co-surfactant were selected based on
their emulsification ability. Extreme vertices mixture design and 32

full factorial design were implemented for optimization of liquid
SNEDDS and concentration of solid carrier in lyophilization mix-
ture. Finally, extensive characterization of the developed formula-
tion was performed and in vitro cellular uptake was evaluated in
Caco-2 cell culture model.
Results Extreme vertices mixture design indicated the desirability
of 0.663, corresponded to 40:30:30 w/w as optimum ratio of oil
(Capmul® MCM), surfactant (Cremophor RH 40) and co-
surfactant (Labrafil 1944CS) in liquid SNEDDS, which solubilized
high amount of tamoxifen (10mg/g) and quercetin (19.44mg/g). A,
32 full factorial design revealed the optimum concentration of the
selected solid carrier (Aerosil 200) of 5.24% w/w and 1.61, when
measured in terms of total solid content and liquid SNEDDS:
Aerosil 200 ratio, respectively. The developed formulation revealed
instantaneous emulsification (in<2 min), while maintaning all the

quality attributes even after storage at accelerated stability condition
for 6 months. Finally, the developed formulation revealed 9.63-fold
and 8.44-fold higher Caco-2 uptake of tamoxifen and quercetin,
respectively in comparison with free drug counterparts.
Conclusions The developed formulation strategy revealed a
great potential for oral delivery of combination drugs having
utmost clinical relevance.
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INTRODUCTION

Tamoxifen (Tmx), a selective estrogen receptor antagonist, is
a drug of choice for the treatment of hormone receptor
positive breast cancer at the multiple stages (1). Quercetin
(QT), a pentaflavanol, acts as potential free radical scavenger
(2,3) as well as an anti-proliferative agent (4–7). As a free
radical scavenger it enhance antioxidant enzyme activity,
inhibit mitochondrial lipid, and protein oxidation by scaveng-
ing the reactive oxygen species (ROS) (8). QT has been
extensively explored to combat the liver damage against drug
or chemical induced toxic free radicals (9–12). In addition,
QT also possess anticancer properties owing to multiple
mechanisms such as activation of carcinogenesis, modification
of signal transduction pathways and inducing the apoptosis
(13,14). Considering the dissimilar site of action of both these
agents (15) a synergistic cytotoxicity profile could be sought for
and the combination have been tested in hopes of exploiting
the improved anticancer efficacy and reduced tumor angio-
genesis (14).

Nevertheless, the complete therapeutic potential of Tmx-
QT combination has not been yet explored owing to the
poor biopharmaceutical properties of both the drugs. Oral
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deliverability of Tmx is limited by the precipitation of citrate
salt in acidic pH of stomach, hepatic first pass extraction and
P-gp efflux in the GIT tract (7,16,17). Extensive first pass
hepatic metabolism of Tmx in liver leads to the generation
of genotoxic metabolites and free radicals which ultimately
lead tomultiple symptoms of hepatotoxicity (18,19). Similarly,
QT possess poor aqueous solubility and extensively metabo-
lized in various segments of GI tract, which ultimately ham-
pers its oral bioavailability and necessitate the higher dose
to be administer (250 to 500 mg for three times/day) (20). In
addition, the combination therapy is often associated with
potential drug interactions, which could result into, altered
pharmacokinetic/pharmacodynamics profiles of drug sub-
stances (21,22). Furthermore, the co-administration in differ-
ent dosage forms may not end into similar biodistribution
profile resulting into unpredictable and variable levels of drugs
in tissue microenvironment. Hence, there lies a strong need to
formulate a nanocarrier capable of co-encapsulating both the
drugs in clinically relevant composition. Recently, a variety of
novel drug delivery technologies are gaining increasing atten-
tion for co-encapsulation of cytotoxic drugs along with anti-
oxidant (23), which include liposomes (24,25), polymeric
nanoparticles (26–29), polymer drug conjugates (30,31),
mesoporous silica nanoparticles (32) and dendrimers (33).
Recently, we have reported the oral delivery of Tmx-QT,
co-encapsulated in PLGA-NPs and found significant appreci-
ation in oral bioavailability, antitumor efficacy and safety
profile of Tmx (34). However, the efficient use of these systems
is limited due to their complex manufacturing steps, high
production cost and poor drug loading capacity, especially
of antioxidants.

Self-nanoemulsifying drug delivery system (SNEDDS) rep-
resents one of the most popular, commercially worthwhile and
effortlessly scalable approach to improve the deliverability of a
variety of drugs via oral route (35). Drug loaded liquid
SNEDDS, following oral administration, are spontaneously
emulsified upon contact with gastrointestinal (GI) fluids and
finally diluted in the differential micro-environment of gastro-
intestinal tract (GIT) and form surfactant stabilized oily drop-
lets and micelles (droplet size <100 nm), which increase the
solubility of drugs and prevents the pre-systemic metabolism
and GI degradation (36). Furthermore chylomicrons assisted
intestinal absorption of SNEDDS, drains the encapsulated
drugs into the lymphatic vessels rather than directly in central
compartment, thereby preventing their hepatic first pass me-
tabolism and increase their oral bioavailability (22,37).
Recently, Tmx loaded SNEDDS have been developed and
patented by our group, which revealed 3.8-fold enhancement
in oral bioavailability and significant appreciation in
antitumor efficacy as compared to clinically used tamoxifen
citrate (38). On the similar line of action, we have recently
revealed about ~5-fold appreciation in bioavailability of QT,
upon oral administration of QT-SNEDDS (39).

However, the traditional liquid SNEDDS have some prac-
tical limitations like lower drug stability especially in liquid
from, unusual drug-drug or drug excipient interaction, inter-
action between liquid and capsule shell, high production
cost and possibility of irreversible drugs/excipients precipita-
tion at the lower storage temperature. Solidification of liquid
SNEDDS has been widely implemented to overcome the
drawbacks associated with the conventional liquid
SNEDDS. Solid SNEDDS (s-SNEDDS) combine the advan-
tages of conventional lipid based drug delivery system (i.e.
enhanced solubility and bioavailability) with those of solid
dosage forms (e.g. relatively lower production cost, conve-
nience of process control, high stability and reproducibility)
(40). Manual mixing of liquid SNEDDS with a solid carrier is
widely employed method for the solidification (41). However,
the implemented strategy is often associated with poor adsorp-
tion and desorption phenomenon owing to the contrasting
physicochemical properties of isotropic mixture and solid
carrier (42). These limitations can be efficiently circumvented
by solidification of liquid SNEDDS in the presence of some
solid carrier. Classically, such solidification could be material-
ized by either spray drying or lyophilization (40). Since spray
drying is often associated with the limited yield, extensive
process parameters and complexities of handling aqueous
solutions, lyophilization has been preferred.

In the present work, a systematic optimization was carried
out to prepare the liquid SNEDDS loaded with Tmx and QT
(Tmx-QT-SNEDDS). Afterwards, a novel stepwise freeze-
drying cycle was implemented for stabilization of liquid
nanoemulsion onto an inert solid carrier and the same was
achieved using exhaustive statistical optimization. In the
course of extensive characterization and stability studies, we
have nicely demonstrated that s-Tmx-QT-SNEDDS was able
to retain all its quality attributes at various physiological and
storage conditions. Finally, we demonstrated the intestinal
epithelial permeability of s-Tmx-QT-SNEDDS by
conducting cellular uptake studies in Caco-2 cells.

MATERIALS AND METHODS

Tmx (free base and citrate salt), QT (anhydrous), Pluronic
F-68, Pluronic F-127, 1, 1-diphenyl-2-picrylhydrazyl (DPPH),
mannitol, trehalose, Tween 20, Tween 40, Tween 60, Tween
80, trypsin-EDTA, coumarin-6 (C-6), Sodium dodecyl sulfate
(SDS) and triton X-100 were purchased from Sigma,
USA. Capmul® MCM EP, Captex® 355, Capmul®
MCM-C8, Capmul MCM® C10, Capmul® MCM L8
and Captex® 200 P were procured as generous gift from
Abitech Corporation, Janesville, USA. Sucrose, dextrose and
isopropyl myristate were procured from Loba Chemie Pvt.
Ltd., India. Plurol® Oleique, Paceol™, Gelucire®, Caproyl
PGMC, Maisine 35-I and Labrafil® 1944 CS were obtained
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as gift samples from Gattefosse, France. Aerosil 200, Avicel
PH 102 and Cremophor RH 40 were purchased from Evonik
Degussa, Pvt. Ltd., India, FMC Bio Polymer, USA and BASF
Chemical Company, USA respectively. Dulbecco’s modified
Eagle’s medium (DMEM), fetal bovine serum (FBS), antibi-
otics (Antibiotic-antimycotic solution) and Hanks’s balanced
salt solution (HBSS) were purchased from PAA Laboratories
GmbH, Austria. CellTiter 96® AQueous one solution cell
proliferation assay kit (3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium,
inner salt; MTS reagent) was purchased from Promega, USA.
Alexa Fluor® 488 Phalloidin,Molecular Probes was procured
from Life Technologies, Invitrogen, USA. Ethyl acetate (LR
grade), acetonitrile (HPLC grade), methanol (HPLC grade)
were purchased from Fischer Scientific, USA. Ultra-pure
deionized water (SG water purification system, Barsbuttel,
Germany) was used throughout all the experiments. All other
reagents used were of analytical grade.

Solubility Studies

Saturation solubility of Tmx and QT in different oils was
evaluated by the shake flask method (43). Briefly, an excess
amount of drugs were added to different vials containing 0.5 g
of oil and vortexed for 2 min to obtain the homogenous
mixture. All the mixtures were incubated in shaker water bath
(Lab Tech, Korea) operated at 50 strokes/min for 72 h at
37°C to attain the equilibrium. The resultant mixtures were
centrifuged at 5,000 rpm for 5 min and supernatant was
diluted with ethyl acetate followed by methanol and further
analyzed for amount of drugs (Tmx and QT) by in-house
developed and validated HPLC method. The mixture of
acetonitrile, ammonium acetate buffer (10 mM pH 3.6) and
methanol (32:48:20 v/v) was employed as the mobile phase,
while the analysis was carried out by injecting 20 μl of samples
to Shimadzu HPLC system equipped with Symmetry RP-18
column and SPD M-20A detector. Based on the solubility
studies, Capmul MCM EP was selected as suitable oil for
preparation of liquid SNEDDS.

Selection of Surfactants and Co-surfactant

Surfactants were screened for their emulsification ability
according to the protocol reported in the literature with slight
modifications (44). Briefly, the Capmul MCM EP (0.5 g) was
mixed with equal weight of surfactants and vortexed for 2 min
followed by warming at 40–45°C for 30 s. The resultant
isotropic mixtures (200 mg) were diluted with deionized water
(50 ml) to yield the fine emulsion. The emulsification ability of
different surfactants was observed based on emulsification
time required to obtain the fine emulsion. All the mixtures
were allowed to equilibrate for 2 h and evaluated for their
droplet size and polydispersity index (PDI) using Zeta Sizer

(Malvern Instruments, UK) and % transmittance at 638 nm
using microplate spectrophotometer; Bio-TEK, USA.
Subsequently, screening of co-surfactant was carried out using
the same method as described above. Briefly, the selected
surfactant (0.3 g) was mixed with different co-surfactants
(0.2 g) followed by the addition of oily phase (0.5 g). Later,
screening of a specific co-surfactant was carried using the
similar protocol as described above. Based on the above
mentioned studies, Cremophor RH 40 and Labrafil 1944
CS were selected as suitable surfactant and co-surfactant,
respectively.

Construction of Ternary Phase Diagrams

Different ratios of Capmul MCM EP, Cremophor RH 40
and Labrafil 1944 CS were plotted on ternary phase diagram
in order to identify the self-emulsification region. In the ter-
nary mixtures, the concentration of Capmul MCM EP,
Cremophor RH 40 and Labrafil 1944 CS was varied from
20 to 70% (w/w ), 30–80% (w/w ) and 0–30% (w/w ), respec-
tively. Various compositions were prepared by altering the
Labrafil 1944 CS concentration in the order of 5% while
fixing the concentration of Capmul MCM EP and sufficient
Cremophor RH 40 was added to the resulting mixture to
make it 100%. The prepared compositions were then
subjected to dilution (200 mg in 50 ml) with distilled water
and evaluated for % transmittance, droplet size and PDI.
The compositions which formed submicron emulsions with
droplet size <100 nm and PDI <0.2, were plotted on the
pseudoternary phase diagram and considered as to be the part
of self-emulsification region.

Formulation Optimization of Tmx-QT-SNEDDS

A mix D-optimal mixture design of constrained region was
employed to optimize the liquid Tmx-QT-SNEDDS compo-
sition, which was selected based on maximum loading of QT
and droplet size and PDI of submicron emulsion resulted after
dilution. A methodical optimization of various dependent var-
iables (QT loading, droplet size and PDI of diluted emulsion)
was performed by varying the percentage of ternary compo-
nent in liquid SNEDDS, which was considered as the indepen-
dent variables. The levels of the three independent variables
and content of Tmx were selected based on the preliminary
studies carried out before applying the experimental design.
The response surface methodology of three component
system was performed with the constraints (0.2≤C (Capmul
MCM EP) ≤0.7; 0.3≤A (Cremophor RH 40) ≤0.8; 0.0≤B
(Labrafil 1944 CS) ≤0.3) of the all the independent variables.
Design Expert software (Version 7.1, 2007, Stat-Ease Inc.,
Minneapolis, MN, USA) was employed for the optimization
study and contours plots of all the 3 responses (droplet size,
PDI and QT content) were also constructed. The responses of
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all the 16 runs were fitted in the quadratic polynomial model.
The polynomial equations were generated for each response
using the Design Expert software. The appropriate fitting
model for each response was selected based on the compari-
son of various statistical parameters such as R2, Sequential
Model Sum of Squares, Lack of fit and partial sum of square
was provided by the analysis of variance (ANOVA).

Preparation of s-Tmx-QT-SNEDDS

s-Tmx-QT-SNEDDS was prepared by lyophilization of
Tmx-QT-SNEDDS in the presence of a solid carrier.
Briefly, Tmx-QT-SNEDDS was diluted in the minimum
quantity of deionized water and thoroughly mixed with a
suitable solid carrier. The resultant mixture was then allowed
to stand for 15 min to attain the equilibrium and subsequently
lyophilized by the step-wise freeze-drying cycle previously
patented by our group (45).

Selection of Solid Carrier

Tmx-QT-SNEDDS was diluted with minimum volume of
deionized water and thoroughly mixed with different solid
carriers (sucrose, trehalose, mannitol, Aerosol 200, Avicel).
Resultant mixtures were allowed to stand for 15 min and
finally lyophilized by step-wise freeze drying cycle. Suitable
solid carrier for lyophilization of Tmx-QT-SNEDDS was
selected based on the characteristics of lyophilized SNEDDS
upon dilution with deionized water, which were evaluated as a
function of reconstitution time, droplet size, PDI of resultant
submicron emulsion and Sf/Si ratio (ratio of droplet size after
and before reconstitution). During the selection of a solid
carrier, total solid content and ratio of solid carrier: liquid
SNEDDS were fixed at 7.5% and 1:2 w/w respectively.

Optimization of Concentration of Solid Carrier

Response surface methodology (RSM) was employed to opti-
mize the concentration of solid carrier for lyophilization of
Tmx-QT-SNEDDS. A 32 full factorial design was applied to
design the experiments. Concentration of solid carrier in
lyophilization mixture was optimized as a function of total
solid content (%) and weight ratio of Tmx-QT-SNEDDS:
solid carrier, which was selected as the independent variables
while time to release 75% of drugs (TTmx75 and TQT75),
droplet size and PDI after reconstitution were kept as depen-
dent variables. A series of nine (S1 to S9) lyophilization mix-
tures (See Supplementary Material Table S I) were lyophi-
lized using a method as described above. The responses of
time to release 75% of drugs (TTmx75 and TQT75) from lyoph-
ilized SNEDDS was evaluated by performing in vitro drug
release in shaker water bath operated at 37°C and 100
strokes/min in 25 ml of deionized water containing Tween

80 (5%w/v ). Dialysis bag of MWCO 12 kD was employed to
study the in vitro release pattern of various samples and an in-
house validated HPLC method was employed to determine
the amount of both the drugs in the release medium.
Additionally, responses of droplet size and PDI of resultant
emulsions obtained after dilution of lyophilized SNEDDS
were also evaluated. Polynomial equations and contour plots
were generated for each response using the Design Expert
Software (Stat Ease Inc. USA, version 7.1.4). Finally, the
optimum composition of lyophilization mixture was selected
based on desirability value.

Characterization of s-Tmx-QT-SNEDDS

Reconstitution Behavior

The reconstitution behavior of s-Tmx-QT-SNEDDS was
evaluated as a function of reconstitution time upon dilution
with simulated gastric fluid (SGF; pH 1.2), droplet size and
PDI of diluted emulsion. Briefly, SGF (pH 1.2) (50 ml) was
added to s-Tmx-QT-SNEDDS (350 mg) and time required
for the formation of submicron emulsion was evaluated.
Further, the same mixture was allowed to stand for 2 h to
attain equilibrium and passed through 0.22 μm membrane
filter to obtain the clear nanoemulsion, which was finally
evaluated for droplet size and PDI using the Zeta sizer
(Malvern Instrument, UK).

Drug Content

A, 10 ml of methanol was added to 500 mg of the s-Tmx-QT-
SNEDDS and the mixture was vortexed for 15 min to allow
complete extraction of drugs in methanol. The resultant mix-
ture was centrifuged at 10,000 rpm for 10 min. The superna-
tant was suitably diluted with methanol and analyzed by the
in-house validated HPLC method.

Surface Morphology

Scanning electron microscope (SEM, S-3,400 N, Hitachi,
Japan) was employed for evaluating the surface morphology
of s-Tmx-QT-SNEDDS. Briefly, samples (s-Tmx-QT-
SNEDDS, pure solid carrier, free Tmx base and free QT)
were placed on double-sided bi-adhesive carbon tape previ-
ously adhered to metallic stub. Subsequently, samples were
gold coated using the Hitachi Ion Sputter for 30 s at 15 mA to
obtain a conducting surface and finally visualized under scan-
ning electron microscopy (SEM).

Solid State Characterization

Differential Scanning Calorimetry (DSC). The thermal charac-
teristics and nature of the drugs in s-Tmx-QT-SNEDDS were
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investigated by DSC. Analysis was carried out with pure Tmx
base, pure QT, solid carrier, s-Tmx-QT-SNEDDS and phys-
ical mixture using the Mettler Toledo differential scanning
calorimeter calibrated with indium standard. All the measure-
ments were performed at the heating rate of 10°C/min from 0
to 350°C.

X-ray Diffraction (XRD). The powder crystallinity of s-Tmx-
QT-SNEDDS was investigated by performing the XRD
analysis of pure Tmx, pure QT, physical mixture, solid
carrier and s-Tmx-QT-SNEDDS using the X-ray diffractom-
eter (Bruker D8 advance, Bruker, Germany). Measurements
were performed at a voltage of 40 kV and 25 mA. The
scanned angle was set from 3°≤2θ≥40°, and samples were
scanned at a rate of 2° min−1.

Stability Studies

Stability in Simulated GI Fluids

s-Tmx-QT-SNEDDS was diluted with simulated gastric fluid
(SGF; pH 1.2) and simulated intestinal fluid (SIF; pH 6.8) to
assess their stability and possibility of drugs precipitation at
different pH and enzymatic condition of GI tract. Briefly,
500 mg of s-Tmx-QT-SNEDDS was added into the 50 ml
of simulatedGI fluids and themixture was incubated for 2 h in
case of SGF (pH 1.2) while for 6 h in case of SIF (pH 6.8).
Following the completion of incubation period, diluted for-
mulation was evaluated for the droplet size and PDI using the
Zeta sizer (Malvern, UK).

Stability After Dilution to Different Folds

s-Tmx-QT-SNEDDS was evaluated for the robustness to
dilution at different folds (200, 400, 600 and 800 fold) with
simulated gastric fluid (SGF). Briefly, 500 mg of s-Tmx-QT-
SNEDDS was diluted with SGF to different folds (200, 400,
600 and 800 fold). All the diluted samples were kept for 2 h to
attain the equilibrium and droplet size and PDI of the
nanoemulsion was subsequently evaluated by Zeta sizer
(Malvern, UK).

Accelerated Stability Studies

s-Tmx-QT-SNEDDS was evaluated for the accelerated sta-
bility for 6 month according to the ICH guideline (46). Briefly,
different samples of s-Tmx-QT-SNEDDS were transferred to
5 ml glass vials sealed with plastic caps and were kept in
stability chamber maintained at temperature and relative
humidity of 40°C and 75%, respectively. Different samples
were taken out at the predetermined time interval (1, 3 and
6 months) and characterized for physical appearance, drug
content and reconstitution behavior.

In Vitro Release Studies

In vitro release profile of s-Tmx-QT-SNEDDS was in-
vestigated by dialysis bag method using the two dialysis
bags of different molecular weight cut off (1 kD and12 kD)
(39,47). In vitro release of s-Tmx-QT-SNEDDS and equiva-
lent free drug combination was carried out for 2 h in SGF
followed by 6 h in SIF. s-Tmx-QT-SNEDDS and free drug
mixture equivalent to 2 mg of Tmx/4 mg of QT were dis-
persed in 1 ml of SGF (pH 1.2) and filled in dialysis bags. The
release of Tmx and QT was performed in shaker water bath
operated at 37°C and 100 strokes/min in 25 ml of release
media containing 2.5%w/v Tween 80. Samples (1 ml) were
withdrawn at the predetermined time intervals and re-
placed with equal volume of fresh medium each time to
maintain the sink condition. The cumulative amount of
drugs released was analyzed by the in-house validated
HPLC method.

Caco-2 Cell Culture Experiments

Cell Culture

Caco-2 cells (ATCC, Manassas, VA, USA) were grown in
tissue culture flasks (75 cm2) and maintained under 5% CO2

atmosphere at 37°C. The growth medium comprised of
Dulbecco’s Modified Eagle’s culture medium (DMEM),
20% fetal bovine serum (FBS), 100 IU/ml penicillin and
100 μg/ml streptomycin (PAA, Austria). The growth medium
was changed on every alternate day. The cultured cells were
trypsinized with 0.25% trypsin-EDTA solution (Sigma, USA)
once 90% confluent. The harvested cells were then used for
subsequent studies.

Qualitative Uptake

The harvested Caco-2 cells were seeded at a density of
3,00,000 cells/well in 6 well plate (Costars, Corning Inc., NY,
USA), incubated overnight for cell attachment and employed
for qualitative uptake studies. Briefly, C-6, Tmx and QT
loaded solid SNEDDS (s-C6-Tmx-QT-SNEDDS) was pre-
pared by solubilizing 1 mg of C-6 in liquid Tmx-QT-
SNEDDS, which were then lyophilized following the same
protocol as described earlier. s-C6-Tmx-QT-SNEDDS was
suitably reconstituted with deionized water and allowed to
stand for 2 h and filter sterilized. Formulations equivalent to
1 μg/ml of C-6 were added to each plate and incubated for
1 h. Following the incubation period, medium was removed
and cells were washed twice with the PBS (pH 7.4) and
observed under the confocal laser-scanning microscope
(CLSM) (Olympus FV1000).
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Quantitative Cell Uptake

Caco-2 cells were seeded at a density of 1,00,000 cells/well in
24 well plate containing cell culture inserts filter paper pore
size 0.4 μm (Millicell®, Millipore®, USA) allowed to grow
into monolayers over a period of 21 days. The growth medi-
um form the basolateral side was changed on every alternate
day. Transepithelial electrical resistance (TEER) values were
also measured on every second day of media replacement as a
marker of monolayer integrity using Millicell ERS-2 Volt-
Ohm Meter, Merck, USA. Apical uptake of free drugs
(free Tmx and free QT), their combination (free Tmx+QT
1:2 w/w ) and diluted s-Tmx-QT-SNEDDSwas carried out in
the time and concentration dependent manner. Briefly, con-
fluent Caco-2 monolayer was exposed apically to fresh medi-
um supplemented with varying concentrations of formulations
(equivalent to 0.5, 1, 5, 10 μg/ml Tmx) and further incubated
for 1 h. Subsequently, cell culture medium from the apical
chamber was removed and monolayers washed twice with
PBS (pH 7.4). Cells on the filter paper were then scrapped
and lysed with the 0.1% Triton X-100 followed by washing
with methanol to completely solubilize the internalized drug.
The cell lysate was centrifuged at 21,000 rpm for 10 min
and obtained supernatant was subjected to HPLC anal-
ysis for quantification of internalized drugs. Similarly, time
dependent apical uptake was also carried out by exposing
formulations (equivalent to 1 μg/ml Tmx) to the apical sur-
face of Caco-2 monolayers and incubated for varying time
(0.5, 1 and 2 h).

Caco-2 Cells Cytotoxicity

Safety of s-Tmx-QT-SNEDDS and free drugs on monolayers
was evaluated as a function of cell viability (MTS assay) and
monolayer integrity (TEER measurement)(48,49). Briefly,
varying concentration of reconstituted s-Tmx-QT-SNEDDS
and free drug compounds (1, 5, 10 μg/ml) were exposed to
Caco-2 monolayer apically and incubated for 3 h. Subsequent
to the incubation period, monolayers were subjected to cell
viability assay using CellTiter 96® AQueous one solution cell
proliferation assay kit (Promega, USA). Briefly, 20 μl of the
MTS reagent was added to each well and re-incubated for
3–4 h to allow the formation of water-soluble formazan
product. The optical density of the resultant supernatant
solution was then measured at 490 nm using an ELISA plate
reader (BioTek, USA). Cell viability was assessed using fol-
lowing formula:

% cell viability ¼ ODtest −ODblank

ODcontrol −ODblank
� 100

Concomitantly, TEER values of Caco-2 monolayers were
also measured. In separate set of experiments, the effect of

formulations on the actin filaments of developed monolayer
was also evaluated using Alexa Fluor® 488 phalloidin staining
(Invitrogen, USA) following manufacturer’s protocol. Upon
completion of the incubation period, monolayers were washed
three times with PBS (pH 7.4), fixed with glutaraldehyde
(2.5%v/v , 10 min). Monolayers were then washed twice with
PBS (pH 7.4) and permeabilized with Triton X-100 (0.1%v/v ,
2 min). Finally, washed again with PBS (pH 7.4) and incubated
with Alexa Fluor® 488 phalloidin (1 IU/monolayer, 30 min)
in dark at room temperature. The stained monolayers were
then washed and visualized under the CLSM (Olympus
FV1000).

Statistical Analysis

All the results were expressed as mean ± standard deviation
(SD). Statistical analysis was performed with Prism Graph
software. The level of significance was calculated by
ANOVA followed by Tukey–Kramer multiple comparison
test. P <0.05 was considered as statistically significant
difference.

RESULTS

Solubility Studies

Figure 1 shows the saturation solubility of Tmx and QT in
various natural and synthetic oils. Maximum solubility of Tmx
was estimated in Capmul MCM C10 (133.32±7.32 mg/g)
followed by Capmul MCM EP, whereas QT possess maxi-
mum solubility (31.93±2.34 mg/g) in Capmul MCM EP. In
view of the limited dose requirement of Tmx (10–20 mg/day)
and high dose requirement of QT (100–200 mg/day),
Capmul MCM EP was selected as the suitable oil for the
preparation of Tmx-QT-SNEDDS.

Selection of Surfactants and Co-Surfactant

The emulsification ability of different surfactants and co-
surfactants to emulsify for Capmul MCM EP is shown in
Table I. Translucent emulsions (transmittance <80%) with
droplet size >200 nm was produced in case of Tween 20,
Tween 80, Gelucire, Tween 40 and Tween 60. Although
Pluronic F-68 and F-127 produced, emulsion having good
droplet size (145.8±10.45 nm and 42.43±5.56 nm) and PDI
(0.223±0.178 and 0.259±0.158) but it required relatively
long time (5–10 min) for self-emulsification. Among all the
surfactants, Cremophor RH 40 instantaneously (in<2 min)
resulted into emulsion with desired droplet size, PDI and
transmittance (63.28±12.40 nm, 0.205±0.110 and 99.25±
0.12%), thus selected for further studies. All the co-surfactants
produced transparent submicron emulsions with good droplet
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size (< 200 nm) with Capmul MCM EP/Cremophor RH 40
based system, but Labrafil 1944 CS produced submicron emul-
sion with maximum transmittance (98.23±1.34%) and narrow
droplet size distribution (0.096±0.023) (Table I). Thus, Labrafil
1944 CS was selected as the suitable co-surfactant for Capmul
MCM EP/Cremophor RH 40 based system.

Construction of Ternary Phase Diagrams

Figure 2a and b represents the explored and obtained self-
emulsifying region, respectively in the ternary phase diagram
of Capmul MCM EP-Cremophor RH 40-Labrafil 1944 CS
based system. Ternary phase diagram of Capmul MCM EP-

Cremophor RH 40-Labrafil 1944 CS based system revealed a
larger self-emulsification area that occupied nearly entire
space within the explored region. Nearly all the compositions
in explored concentration range (CapmulMCMEP 20–70%;
Cremophor RH 40 30–80%; Labrafil 1944 CS 0–30%) ex-
cept some which possess Cremophor RH 40>80% w/w or
Labrafil 1944 CS <10%, produced the nanoemulsions with
droplet size<200 nm and narrow PDI (< 0.2). Furthermore,
at a fixed oil concentration (30, 40, 50% w/w ), a significant
decrease (p<0.05) in droplet size of emulsion was observed
upon increasing the concentration of Labrafil 1944 CS until
15% w/w . Upon further increasing the concentration of
Labrafil 1944 CS to 30% w/w , a significant increase (p<0.05)

Fig. 1 Solubility studies of
tamoxifen-quercetin combination in
different oils. Each data point
represents mean ± SD (n=6).

Table I Emulsification Ability of Different Surfactants and Co-surfactants to Emulsify Capmul MCM EP

Screening of Surfactants

Surfactants % Transmittance Droplet Size (nm) PDI Emulsification time (min)

Tween 20 70.12±3.25 239.1±7.40 0.456±0.024 < 2 min

Tween 80 75.23±1.25 286.4±5.80 0.425±0.089 < 2 min

Cremophor RH 40 99.25±0.12 63.28±12.40 0.205±0.110 < 2 min

Gelucire 75.23±4.45 310.2±14.20 0.705±0.133 < 2 min

Pluronic F 68 70.25±3.25 145.8±10.45 0.223±0.178 5–10 min

Pluronic F 127 83.56±4.56 142.43±5.56 0.259±0.158 5–10 min

Tween 40 56.23±4.56 229.7±20.25 0.442±0.178 < 2 min

Tween 60 60.23±7.85 215.5±13.10 0.511±0.147 < 2 min

Screening of Co-surfactants

Co-surfactants % Transmittance Droplet Size (nm) PDI Emulsification time (min)

Labrafil 1944 CS 98.23±1.34 29.45±5.68 0.096±0.023 < 2 min

Transcutol 92.56±6.70 52.3±12.40 0.518±0.234 < 2 min

Ethylene glycol 92.23±2.23 41.1±5.89 0.448±0.125 < 2 min

Ethanol 80.23±2.34 50.43±6.50 0.671±0.124 < 2 min

Propylene glycol 92.56±2.45 32.52±3.21 0.442±0.225 < 2 min

The significance of bold typed is to emphasize the selected ingredient
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in the droplet size was observed. On the other hand, a contin-
uous improvement in PDI of the resultant nanoemulsion was
noted upon increasing the concentration of Labrafil 1944 CS
from 0 to 30% w/w (See Supplementary Material Fig. S1).

Formulation Optimization of Tmx-QT-SNEDDS

Figure 2c shows the compositions predicted by the extreme
vertices design of 3-component system. The responses of six-
teen Tmx-QT-SNEDDS batches at a fixed Tmx loading
(10 mg/g) and their statistical analysis are shown in Table II

and Table III, respectively. All the responses were separately
fitted into various polynomial models and the model with the
highest R2 value was considered as, fitting model (Table II).

Effect of the Formulation Components on Dependent Variables

Equations 1, 2 and 3 represents the polynomial equations for
analysis of QT loading, droplet size and PDI of resultant
emulsion after dilution of Tmx-QT-SNEDDS, respectively.

QT loading ¼ 16:59164A þ 14:07923Bþ 25:59882C ð1Þ
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Fig. 2 Construction of ternary phase diagram and identification of extreme vertices design field in the three-component system of Capmul MCM EP-Cremophor
RH 40-Labrafil 1944 CS (a ) explored self-emulsifying region (b ) obtained self-emulsifying region (c ) extreme vertices design field with the boundary limitations
and explored experimental points.

Table II Extreme Vertices Mixture Design with Independent Variables and Responses for Liquid SNEDDS Containing Tmx and QT

Runs Point type Formulation component (mg/g) Droplet size (nm) PDI QTcontent (mg/g)

Capmul MCM EP (C) Cremophor RH 40 (A) Labrafil 1944 CS (B)

1 Vertex 200 800 0 28.41±1.32 0.421±0.03 18.15±0.05

2 Centre edge 200 650 150 32.12±1.42 0.342±0.01 17.37±0.07

3 Vertex 200 500 300 25.12±1.70 0.521±0.04 18.93±0.09

4 Axial CB 287.5 637.5 75 38.12±2.10 0.29±0.01 18.87±0.10

5 Interior 287.5 562.5 150 43.12±2.15 0.321±0.02 19.26±0.25

6 Axial CB 287.5 487.5 225 48.12±2.41 0.22±0.01 18.48±0.31

7 Centre edge 300 400 300 56.12±2.80 0.21±0.03 18.20±0.32

8 Centre 375 475 150 60.12±2.12 0.3±0.041 19.60±0.20

9 Axial CB 387.5 387.5 225 68.95±3.23 0.19±0.031 19.31±0.22

10 Vertex 400 300 300 76.23±8.54 0.11±0.012 19.03±0.32

11 Interior 412.5 512.5 75 82.21±1.95 0.252±0.012 20.30±0.42

12 Centre edge 450 550 0 85.3±1.21 0.421±0.021 20.99±0.31

13 Interior 462.5 387.5 150 90.21±2.10 0.25±0.0125 20.32±0.09

14 Axial CB 537.5 387.5 75 113.12±5.32 0.32±0.017 21.32±0.08

15 Centre edge 550 300 150 150.23±6.32 0.489±0.001 21.04±0.12

16 Vertex 700 300 0 225.12±8.92 0.621±0.035 23.06±0.34

Each formulation contains 10 mg/g of Tmx

Constraints: Capmul MCM EP 0.2–0.7; Cremophor RH 40 0.3–0.8; Labrafil 1944 CS 0.0–0.3

Data are expressed as mean ± SD (n=6)
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Droplet Size ¼ 52:43173A þ 37:36692Bþ 506:89615C

−46:30109AB−701:00869AC−513:37234BC
ð2Þ

PDI ¼ −0:80063A−8:00969Bþ 3:87148C

þ 25:80489A B−4:72083A Cþ 3:99780BC

−29:38594A BC

−16:73216AB A−Bð Þ þ 10:54403AC A−Cð Þ
−10:11580 B−Cð Þ

ð3Þ

Where A, B and C are the concentration of Cremophor
RH 40, Labrafil 1944 CS and Capmul MCM EP, respective-
ly. ANOVA results confirmed the adequacy of the linear
model (Model Prob > F is less than 0.05) for QT loading in
Tmx-QT-SNEDDS, whereas quadratic and cubic model was
found to be satisfactory for prediction of droplet size and PDI
of emulsion resulted after the dilution of Tmx-QT-SNEDDS.
Countour plots for the analysis of QT loading, droplet size
and PDI of Tmx-QT-SNEDDS are shown in Fig. 3. All the
independent variables were found to have the significant (p<
0.05) effect on QT loading in Tmx-QT-SNEDDS, where
contribution of Capmul MCMEP was found to be maximum
followed by Cremophor RH 40 and Labrafil 1944CS. A
proportionate increase in QT loading was observed upon
increasing the concentration of Capmul MCM EP, while the
former was decreased upon decreasing the concentration of
Cremophor RH 40 at a fixed concentration of CapmulMCM
EP (Fig. 3a). As evident from Eq. 2, all the independent
variables, individually have the significant effect (p<0.05)
whereas their combination showed the insignificant effect
(p>0.1) on droplet size of emulsion resulted after dilution of
Tmx-QT-SNEDDS. A significant increase (p<0.05) in the
droplet size was observed upon increasing the concentration
of Capmul MCM EP, whereas the same was also increased
upon decreasing the concentration of surfactant at a fixed
concentration of Capmul MCMEP (Fig. 3b). As evident from

Eq. 3, the PDI of emulsion resulted after dilution of Tmx-QT-
SNEDDS depends upon the complex multiple factors. At a
fixed concentration of Capmul MCM EP, a significant de-
crease in PDI was observed, upon increasing the concentra-
tion of Labrafil 1944 CS, whereas it was increased upon
increasing the concentration of the Cremophor RH 40
(Fig. 3c). Validation of polynomial equations was also
performed by selecting the 5 arbitrary ratios of Capmul
MCM EP, Cremophor RH 40 and Labrafil 1944 CS, from
the constrained region (Fig. 2c). Low magnitudes of error as
well as the significant values of R2 indicated that the applied
model is predictable is nature and is valid (Data not shown).

Desirability and Overlay Plot

Various criterias were considered to geneate numerical and
graphical conditions for the optmization of Tmx-QT-
SNEDDS compostion (See Supplementary Material Table S
II). Fig. 3d shows the desirability graph, which was plotted for
the first solution found via the numerical optmization and
desirabilty value corresponded to be 0.663. Based on the
desirabilty value, Tmx-QT-SNEDDS containing Capmul
MCM EP, Cremophor RH 40 and Labrafil 1944 CS in the
ratio of 40:30:30 was selected as the optmized compostion.
Figure 3e shows the overlay plot, generated after selecting the
graphical ranges of various response. Polynomial equations
were employed to predict the data of these responses and
various responses were found to be 79.80 nm, 0.0781 and
19.44 mg/g for droplet size, PDI and QT loading,
respectively.

Preparation of s-Tmx-QT-SNEDDS

Selection of Suitable Solid Carrier

Table IV shows the characteristics of lyophilized SNEDDS and
emulsions resulted after reconstitution of lyophilized SNEDDS,
which were freeze-dried in the presence of various solid car-
riers. A crushed or collapsed cake, which was difficult to recon-
stitute (>5 min), was produced in case of water-soluble sugars
such as sucrose, mannitol and trehalose (See Supplementary
Material Fig. S2). Further, a significant increase (p<0.05) in
droplet size and PDI of emulsion was observed after reconsti-
tution of solid SNEDDS. On the other hand, free flowing s-
SNEDDS, which was able to reconstitute within 5 min and
maintained all the quality attributes after reconstitution, were
obtained after lyophilization of Tmx-QT-SNEDDS in the
presence of water insoluble carriers (Aerosil 200 and Avicel).
Among all the solid carriers screened, Aerosil 200 resulted in
free flowing powder, which was reconstituted by mere shaking
(< 2 min) and resulted in emulsion with better droplet size and
PDI, thus selected for further screening.

Table III Statistical Analysis of Responses of Droplet Size, PDI and QT
Content of Liquid SNEDDS Compositions Containing Tmx and QT

Statistical parameters Responses

Droplet size PDI QTcontent

Model Quadratic Cubic Linear

Model F value 113.89 22.81 60.04

R-squared 0.9844 0.9762 0.9091

Adjusted R-squared 0.9758 0.9334 0.8940

Predicted R-squared 0.9471 0.7338 0.8342

Adequate precision 35.14 18.660 21.43

PRESS 2117.60 0.062 5.27
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Optimization of solid carrier concentration

The responses of nine batches of solidified SNEDDS,
which were lyophilized in the presence of varying total
solid content and SNEDDS: Aerosil 200 ratio, have been
summarized in Table V. Statistical parameters of different
responses are summarized in Table VI. All the responses
were separately fitted into the different polynomial model
and the model with the highest R2 was considered as the
fitting model (Table VI).

Effect of lyophilization mixture on various responses
of s-Tmx-QT-SNEDDS

Statistical parameters for various responses of solidified
SNEDDS are presented in Table VI. ANOVA results of
droplet size indicated the suitability of two factor interaction
(2FI) model wheres linear model was found to be suitable for
PDI, TTmx75, TQT75 (Model Prob. > F is less than 0.05).
Analysis of various responses of s-SNEDDS are presented in
the form of polynomial equations (Eq. 4–7).

a b

d e

c

Fig. 3 Formulation optimization of liquid SNEDDS of Tmx and QT; contour plots revealing the effect of independent variables on (a ) QT loading, (b ) droplet
size and (c) PDI; (d) desirability plot (e ) overlay plot for numerical and graphical optimization. All the experiments were conducted in presence of Tmx (10 mg/g
of formulation).

Table IV Optimization of Solid Carrier for Lyophilization of Liquid Tmx-QT-SNEDDS

Solid
carriers

Appearance of
lyophilized
product

Reconstitution
time

Droplet size of liquid
SNEDDS before
adsorption (nm)

Droplet size of
solidified SNEDDS
after reconstitution

PDI of liquid
SNEDDS before
adsorption

PDI of solidified
SNEDDS after
reconstitution

Sf/Si

Sucrose Crushed > 10 min 109.77±5.12 0.564±0.105 1.39

Mannitol Separated > 10 min 112.10±1.21 0.482±0.097 1.42

Trehalose Collapsed 8–10 min 78.90±1.22 91.77±1.45 0.078±0.009 0.389±0.140 1.16

Aerosil 200 Powder < 2 min 81.21±1.45 0.104±0.045 1.01

Avicel PH 101 Powder ~5 min 82.77±1.10 0.250±0.096 1.04

Values are expressed as mean ± SD (n=6)
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TTmx75 ¼ 114:00þ 15:00 A þ 9:33 B ð4Þ

TQT75 ¼ 105:03þ 13:75 A þ 8:67B ð5Þ

Droplet size ¼ 188:47þ 28:31A þ 27:67Bþ 6:89AB ð6Þ

PDI ¼ 0:71þ 0:086A þ 0:11B ð7Þ

where A and B are the total solid content (TOS) (%) and
SNEDDS: Aerosil, respectively. As clearly predicted by poly-
nomial equations, both the indepenent variables (total solid
content and liquid SNEDDS: Aerosil 200 ratio) have signifi-
cant effect on the all quality attributes of s-SNEDDS (TTmx75,
TQT75, droplet size and PDI). Response surface plots of var-
ious responses as the function of total solid content and liquid
SNEDDS: Aerosil 200 ratio are presented in Fig. 4. All the
batches of s-SNEDDS revealed significantly higher release of
QT in comparison with Tmx. At a constant total solid

content, a proportionate increase in TTmx75 and TQT75 was
observed upon increasing the proportion of the liquid
SNEDDS in the lyophilization mixture. On the other hand,
release of both the drugs was increased upon increasing the
total solid content in the lyophilization mixture, while keeping
the liquid SNEDDS: Aerosil 200 ratio constant (Fig. 4a and c).
Furthermore, droplet size of nanoemulsion resulted upon
dilution of solidified SNEDDS, was also increased propor-
tionately with increase in liquid SNEDDS: Aerosil 200 ratio
(Fig. 4b). Similar findings were also observed for PDI, leading
to proportionate increase with total solid content and liquid
SNEDDS: Aerosil 200 ratio (Fig. 4d). Validation of polyno-
mial equations was also performed by selecting the 5 arbitrary
total solid content and liquid SNEDDS: Aerosil 200 ratio in
the lyophilization mixture. Significant values of R2 and low
magnitudes of error indicated that the applied model is pre-
dictable in nature and is valid (Data not shown).

Desirability and Overlay Plots

Various criterias were applied to genrate the optimum nu-
merical and graphical conditions for the optmization of
concentration of solid carrier in the lyophillization mixture
(See Supplementary Material Table S III). Figure 4e and f
shows the desirability and overlay plots, plotted for the first
solution found via the numerical and graphical optmization
for the concentration of Aerosil 200 in lyophillization,
respectively. Numerical optmization indicated a desirability
value of 0.338 that corresponded to about 5.24% w/w and
1.61 of total solid conetent and liquid SNEDDS: Aerosil
200 ratio in the lyophillization mixture, respectively.
Polynomial equations were employed to predict the data
of various responces, which were found to be 85.00 nm,
0.161, 44.43 min and 40.99 min for droplet size, PDI,
TTmx75, TQT75, respectively.

Table V Complete Design Layout
of 32 Factorial Design Depicting the
Levels of Independent Variables and
Results of Responses

Data are expressed as mean ± SD
(n=6)

Formulation Independent variables Responses

Total solid content
(TOS) (%) (A)

SNEDDS:
Aerosil (B)

Droplet size
(nm) (Y1)

PDI (Y2) TTmx75
(min) (Y3)

TQT75

(min) (Y4)

1 5 (−1) 1:1 (−1) 80.21±2.25 0.104±0.005 35±1.56 32±1.52

2 5 (−1) 2:1 (0) 84.21±1.45 0.156±0.007 42±1.75 39±1.85

3 5 (−1) 3:1 (1) 88.23±1.78 0.285±0.012 56±2.15 52±2.12

4 7.5 (0) 1:1 (−1) 82.56±3.14 0.112±0.005 42±1.85 39±1.42

5 7.5 (0) 2:1 (0) 85.45±2.56 0.19±0.009 49±2.25 45±2.12

6 7.5 (0) 3:1 (1) 97.56±3.12 0.374±0.018 60±2.45 55±2.12

7 10 (1) 1:1 (−1) 86.52±2.25 0.156±0.007 48±2.14 44±1.65

8 10 (1) 2:1 (0) 95.45±2.14 0.198±0.009 56±2.15 52±2.12

9 10 (1) 3:1 (1) 105.56±2.74 0.398±0.019 65±2.14 60±2.56

Table VI Statistical Analysis of Responses of Droplet size, PDI, TTmx75 and
TQT75

Statistical parameters Responses

Droplet size PDI TTmx75 TQT75

Predicted Model 2FI Linear Linear Linear

Square sum 527.97 0.085 738.67 632.17

F 44.76 28.54 144.52 134.93

p 0.0005 0.0009 < 0.0001 < 0.0001

R-squared 0.9641 0.9049 0.9797 0.9782

Adjusted R-squared 0.9426 0.8732 0.9729 0.9710

Predicted R-squared 0.9232 0.7887 0.9505 0.9467

PRESS 42.06 0.020 37.35 34.42
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Characterization of s-Tmx-QT-SNEDDS

Reconstitution of s-Tmx-QT-SNEDDS

Table VII shows the drugs content (%) of s-Tmx-QT-SNEDDS
and characteristics of nanoemulsion resulted after dilution with
SGF (pH 1.2). s-Tmx-QT-SNEDDS revealed higher (>95%)
content of both the drugs and reconstituted in shorter period of
time (100±2 s) with theminimal agitation to form nanoemulsion
with smaller droplet size (<100 nm) and narrow PDI (< 0.2).

Surface Morphology

Figure 5 shows the SEM photograph of pure Tmx base, pure
QT, Aerosil 200 and s-Tmx-QT-SNEDDS. Discrete crystal-
line particles was evident in the SEM photograph of pure Tmx
and QT (Fig. 5a and b) whereas of Aerosil 200 exhibited
amorphous particles with highly porous surface (Fig. 5c).
Interestingly, s-Tmx-QT-SNEDDS revealed relatively smooth-
er surface with pores filled with SNEDDS particles. (Figure 5d).

Solid-State Characterization of s-Tmx-QT-SNEDDS

DSC Analysis. An overlay of DSC curves of pure Tmx,
pure QT, Aerosil 200, physical mixtures and s-Tmx-QT-
SNEDDS is presented in Fig. 6a. Pure Tmx and pure
QT showed a sharp endothermic peak at about 100°C
and 315°C, respectively, whereas no peak was present in
DSC thermogram of Aerosil 200 over the entire range of
tested temperature. Interestingly, no endothermic peaks of
either drug were appeared in DSC thermogram of s-Tmx-
QT-SNEDDS, whereas both the peaks, although with the
reduced intensity were present in the DSC thermogram of
physical mixture.

XRD Analysis. Figure 6b depicts an overlay of XRD patterns
of free drugs, Aerosil 200, physical mixture and s-Tmx-QT-
SNEDDS. XRD pattern of free Tmx and QT exhibited the
characteristics sharp peaks at multiple diffraction angles,
whereas no peak was observed in XRD pattern of Aerosil
200. Notably, no peak characteristic of either Tmx orQTwas
recorded in theXRD pattern of s-Tmx-QT-SNEDDSwhere-
as physical mixture showed characteristic crystalline peaks for
both the drugs.

Stability Studies

Stability in SGF and SIF

Table VIII shows characteristics of nanoemulsions resulted
after reconstitution of s-Tmx-QT-SNEDDS with simulated

a b c

d e f

Fig. 4 Formulation optimization of solid SNEDDS of Tmx and QT; contour plots for the analysis of (a ) TTmx75 (b ) droplet size (c ) TQT75 (D) PDI; (e ) desirability
(f) overlay plot for the numerical and graphical optimization of concentration of aerosil 200 for lyophilization.

Table VII Characteristics of s-Tmx-QT-SNEDDS and Its Reconstitution
Behavior

Parameters Specifications

Drug content (%) Tmx: 98.34±2.1; QT: 97.12±2.7

Reconstitution time (Sec) < 2 min

Droplet size after reconstitution (nm) 82.12±3.78

PDI after reconstitution 0.162±0.058

Data are expressed as mean ± SD (n=6)
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GI fluids (SGF pH 1.2; SIF pH 6.8). In both the condition
reconstitution was achieved in <2 min with mere shaking and
resulted into nanoemulsions with transmittance>90%.
Further, no sign of phase separation or drug precipitation or
turbidity was observed in SGF as well as in SIF after the
stipulated time.

Stability After Dilution to Different Folds

Table IX shows characteristics of nanoemulsions
resulted after reconstitution of s-Tmx-QT-SNEDDS
with SGF (pH 1.2) in varying folds of dilution (200,
400, 600 and 800 folds). Nanoemulsions resulted from
reconstitution of s-Tmx-QT-SNEDDS were found to be
robust to all dilution and did not show any sign of
phase separation and drug precipitation.

Accelerated Stability Studies

Table X shows the characteristics of nanoemulsion
resulted upon reconstitution of s-Tmx-QT-SNEDDS,
stored at accelerated storage condition (40°C/75%

RH) for 6 months. All the formulation attributes of
s-Tmx-QT-SNEDDS and nanoemulsion resulted upon
its reconstitution was retained after storage at the
accelerated condition (40°C/75% RH) for stipulated
time.

In Vitro Release of s-Tmx-QT-SNEDDS

Figure 7 shows the in vitro release profile of Tmx
(Fig. 7a) and QT (Fig. 7b) from the s-Tmx-QT-
SNEDDS in simulated GI fluids. An insignificant differ-
ence (p>0.05) in the cumulative release of free drug
mixture from both the dialysis membrane (MWCO
1 kD and 12 kD) was observed at all the time points,
while the same showed an significant difference (p <
0.001) in case of s-Tmx-QT-SNEDDS. After 8 h, >
95% of Tmx and QT was released from s-Tmx-QT-
SNEDDS through the dialysis membrane of MWCO
12 kD whereas only 13.89±2.34% of Tmx and 15.14
±3.23% of QT were released from s-Tmx-QT-
SNEDDS through the dialysis bag of MWCO 1 kD,
respectively.

Fig. 5 SEM photograph of (a) pure Tmx (b ) pure QT (c ) Aerosil 200 (d ) s-Tmx-QT-SNEDDS. (Inset images in Fig.11c (5,000 X) and 11D (5000X) represents
the SEM photograph of individual particles).
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Fig. 6 Solid state characterization (a) Overlay of the DSC pattern (b ) Overlay of XRD pattern of free Tmx, free QT, physical mixture, Aerosil 200, s-Tmx-QT-
SNEDDS.
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Caco-2 Cell Culture Experiments

Qualitative Cell Uptake

Figure 8 represents CLSM images of Caco-2 cells incubated
with free C-6 and C6-Tmx-QT-SNEDDS (1μg/ml, 1 h). As
evident, significantly higher fluorescence was visible inside the
cells following 1 h incubation with C6-Tmx-QT-SNEDDS,
indicative of proficient uptake of SNEDDS by Caco-2 cells.

Quantitative Cell Uptake

Confluency of the Caco-2 monolayer was monitored as a
function of TEER, which was found to be in the range of
900–1,100Ω /cm2. The concentration and time dependent
apical uptake was observed in case of both free drugs and
s-Tmx-QT-SNEDDS; however, the magnitude of uptake
was significantly higher in later case (Fig. 9). Significant
increase in the apical uptake was observed upon increasing the
concentration upto 1 μg/ml in both the cases beyond which
a plateau phase was observed (Fig 9a). Time dependent stud-
ies further revealed maximum uptake till 1 h in both the
cases (Fig. 9b) with significant decrease (p <0.05) in the
uptake efficiency upon further increasing the incubation
time till 2 h. Of note, incubation of free drug combination
(free Tmx+free QT, 1:2 w/w ) with Caco-2 monolayer re-
vealed ~2-fold higher uptake of Tmx as compared to free
Tmx, while that of QT remain unaffected. Interestingly,
s-Tmx-QT-SNEDDS revealed 9.63- and 8.44-fold higher
uptake of Tmx andQT in comparison with free Tmx and free
QT, respectively.

Caco-2 Cell Cytotoxicity

The obvious toxicity concern associated with increased uptake
of SNEDDS formulation was addressed by evaluating the
effect of formulations on viability and integrity of Caco-2
monolayers. The viability of Caco-2 cells in monolayer was
found to be >90% in all the cases and no significant (p>0.05)
difference was observed among free drugs, their combination
and s-Tmx-QT-SNEDDS (Fig. 10a). Further, insignificant
changes (p>0.05) in the integrity of Caco-2 monolayers was
observed when measured as a function of alterations in TEER
values (Fig. 10b). Notably, about ~55% reduction in TEER
values was observed in case of positive control (SDS 0.1%w/v ).
The results of TEER values were further corroborated by
actin visualization. Continuous band architecture around the
periphery of cells, referred as actin rings, was observed in case
of control, free drug combination and SNEDDS in contrast to
disruption of actin rings with cell detachment in case of positive
control (Fig.10c).

DISCUSSION

The present investigation discloses the statistical design, de-
velopment and characterization of dual drug loaded solid
SNEDDS. Subsequent to oral administration, the said formu-
lation is spontaneously reconstituted upon contact with GI
fluids and forms nanoemulsion with droplet size<100 nm.
The formulation strategy included the solubilization of both
the drugs (Tmx and QT) in appropriate oil followed by the
addition of appropriate surfactant and co-surfactant. The

Table VIII Effect of Different Di-
lution Medium on the on Self-
Emulsifying Ability of s-Tmx-QT-
SNEDDS

Data are expressed as mean ± SD
(n=6)

Medium Initial After 2 h After 6 h

Size PDI Size PDI Size PDI

SGF (pH 1.2) 85.12±1.58 0.178±0.016 87.11±2.12 0.182±0.011 90.22±3.34 0.189±0.018

SIF (pH 6.8) 86.56±3.20 0.182±0.058 89.10±1.04 0.185±0.026 92.14±2.50 0.190±0.013

Table IX Effect of Dilution on Self-Emulsifying Ability of s-Tmx-QT-SNEDDS

Dilution Time Initial (0 h) After 2 h After 6 h

Size PDI Size PDI Size PDI

200 82.12±1.58 0.162±0.058 85.21±1.14 0.166±0.009 88.19±2.13 0.170±0.009

400 81.22±2.68 0.156±0.012 84.11±2.05 0.160±0.017 86.15±1.02 0.165±0.021

600 78.74±1.71 0.147±0.021 82.13±1.32 0.152±0.010 92.74±8.60 0.156±0.032

800 76.17±1.20 0.140±0.014 81.16±1.14 0.145±0.011 98.06±3.05 0.150±0.045

Values are expressed as mean ± SD (n=6)
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resultant mixture was heated at 40–45°C for 30 s to form an
isotropic liquid Tmx-QT-SNEDDS, which was finally lyoph-
ilized in the presence of solid carrier (Aerosil 200) (Fig. 11).

Selection of suitable oil is critical for the formulation of
liquid SNEDDS, as it increases the overall pay load of lipo-
philic or poorly aqueous soluble drugs and precisely absorbed
via the lymphatic pathway in GI tract, thereby prevents GI and
first pass metabolism (37,50). As per our knowledge, this is the
first report where SNEDDS have been employed for solubili-
zation of dual drug within a single carrier system. The same
was achieved by selecting a suitable oil which have propensity
to solubilize both the drugs in appreciable amount (36). Tmx,
owing to its higher log P (~7) in comparison with QT (~1.8),
exhibited significantly higher solubility in all the tested oils in
comparison withQT (Fig. 1). Furthermore, recommended oral
dose of QT (250–500 mg/day; tid ) is significantly higher as
compared to that of Tmx (10–20 mg/day; od ). Henceforth, a
criteria was made to select oil, which solubilizes maximum
amount of QT and Tmx in a dose equivalent or more than
its therapeutic dose. Capmul® MCM EP contains the mix-
ture of mono-, di- and triglyceride of fatty acid esterified with
the glycerol, revealed optimum solubility of QT (31.93±
2.34 mg/g) as well as of Tmx (133.32±7.32 mg/g). The
specialized property of Capmul®MCMEP to solubilize both
the drugs with dissimilar log P could be attributed to interac-
tion of both the drugs with the diglyceride chains of oil. QT,

owing to its pentaflavanol structural unit, has a strong pro-
pensity to form H-bonds with the glycerol moiety present in
the oil. On the other hand, appreciably higher solubility of
Tmx in Capmul MCM EP could be attributed to the hydro-
phobic interaction between the aliphatic chain and aromatic
rings of Tmx. Isothermal stress testing (IST) was also
employed to determine the compatibility between the solubi-
lized drugs (Tmx and QT) in Capmul MCM EP (51). An
insignificant change in the retention time or absence of any
new peak in HPLC chromatogram of any of the IST sample
suggested the compatibility of both the drugs in CapmulMCM
EP (Supplementary Material Fig. S3). Furthermore, quantita-
tive analysis of various IST samples revealed an insignificant
change in the recovery of Tmx and QT in comparison with
that of control samples, suggesting no chemical interaction or
the formation of any byproduct during the stress stability
condition (See Supplementary Material Table S IV).

Surfactants are usually added in liquid SNEDDS to impart
the spontaneity by virtue of instantaneous emulsification which
lead to the formation of nanoemulsion (droplet size<100 nm)
(52). Various non-ionic surfactants were screened as a function
of emulsification time and characteristics of nanoemulsion
resulted upon dilution (% transmittance, droplet size and
PDI). Slower solubilization rate of Pluronic™ (F-127 and
F-68) in aqueous phase hampers the uniform deposition on
the oil–water interface and lead to a nanoemulsion with

Table X Reconstitution Properties
of s-Tmx-QT-SNEDDS After
6 Month Accelerated Stability
(40°C/ 75% RH) study

Values are expressed as mean ±
SD (n=6)

Parameters Specifications

0 month 1 month 3 month 6 month

Reconstitution time
(Sec)

<2 min <2 min <2 min <2 min

Droplet size (nm) 80.12±2.78 83.78±3.12 88.42±2.56 90.12±3.21

PDI 0.162±0.058 0.168±0.039 0.170±0.025 0.175±0.045

Drug content (%) Tmx: 98.34±2.1;
QT: 97.12±2.7

Tmx: 97.21±1.2;
QT: 96.28±3.6

Tmx: 96.85±1.4;
QT: 96.12±1.5

Tmx: 96.23±2.3;
QT: 95.56±2.4

Fig. 7 In vitro release profile of s-Tmx-QT-SNEDDS and free drug mixture of Tmx and QT (1:2 w/w ) from different dialysis membrane (a ) release profile of
Tmx (b ) release profile of QT (each data point is represented as mean ± SD, n=6).
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relatively higher emulsification time (5–10min). On the other,
all the surfactants of Tween series (Polyoxyethylene sorbitan
esters) (Tween 20, Tween 80, Tween 40 and Tween 60) and
Gelucire appeared to be poor emulsifier for Capmul MCM
EP owing to their reduced affinity to interact and retain at the
oil–water interface. Interestingly, superior emulsification abil-
ity of Cremophor RH 40 among all the screened surfactants
could be ascribed to insertion of long chains of fatty acid and
PEG unit into the core of oil droplet, which ultimately lead to
efficient stabilization of oily droplets (53). Finally, Cremophor
RH 40 was selected as the suitable surfactant for emulsifica-
tion of Capmul MCM EP. Later on, selection of a specific co-
surfactant was carried out based on the improvement in
emulsi f ication abil i ty of Cremophor RH 40 and

characteristics of resultant nanoemulsion (% transmittance,
droplet size and PDI). Similar to surfactants, co-surfactant
also lowers the interfacial tension by adsorbing at the oil–
water interface along with the surfactant molecules (54,55).
An ideal co-surfactant along with the surfactant forms a steady
layer at the oil–water interface and minimizes the interfacial
tension. All the co-surfactant except Labrafil 1944 CS resulted
into nanoemulsion having unacceptable PDI (>0.4). This might
be explained based on lack of close assembly of co-surfactants
with Cremophor RH 40 at the oil–water interface (53).
Interestingly, Labrafil 1944 CS (macrogol-6 glycerides EP)
along with Cremophor RH 40 competently stabilizes the oily
droplets in aqueous environment, owing to the presence of
equivalent length of long chains in both the molecules, which

Fig. 8 Uptake of C6-Tmx-QT-
SNEDDS and free C-6 and by
Caco-2 cells (a ) and (c) represents
the green fluorescence of C-6 while
(b ) and (d ) corresponding DIC
images. Scale bar 20 μm.

Fig. 9 Cellular uptake of free drugs, their combination and SNEDDS in Caco-2 cells monolayer (a ) concentration dependent uptake (b ) time dependent
uptake. Each data point represented as mean ± SD (n=4). Free QTwas added in double concentration as compared to free Tmx.
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might firmly insert into the core of oily droplet. A further
enhancement in the stabilization propensity of both the mole-
cules could be achieved by the possibility of hydrogen bonding
between the PEG architecture of surfactant/co-surfactant and
fatty acids of Capmul MCM EP (53).

Pseudoternary phase diagrams were constructed to identify
the self-emulsification region for a combination of oil, surfactant
and co-surfactants, generally on the basis of droplet size and
PDI of emulsion resulted upon dilution (56). All the composi-
tion of explored region resulted into nanoemulsion with desired
droplet size (< 200 nm) and PDI (< 0.2) (Fig. 2b). However,
increased probability of water penetration into the oily droplets
at the higher Cremophor RH 40 concentration (> 80%) might
lead to disruption of the oil–water interface and ejection of oily
droplets into the aqueous phase, which ultimately leads to the
formation of emulsion with unacceptable droplet size and PDI
(35). Subsequent to the identification of self-emulsifying region

for Capmul®MCMEP-Cremophor RH 40-Labrafil 1944 CS
based placebo system; optimization of liquid SDDS (Tmx-QT-
SNEDDS) composition was carried out based on the loading of
both the drugs and characteristics of emulsion (droplet size and
PDI) resulted after the dilution with deionized water. Further,
we anticipated that characteristics of emulsion resulted upon
solubilization of Tmx in Capmul®MCMEP-Cremophor RH
40-Labrafil 1944 CS based system and subsequently after dilu-
tion should remain unaffected as compared to equivalent pla-
cebo systems. Tmx possess a significantly higher solubility in
Capmul MCM EP (118.60±mg/g) as compared to in
Cremophor RH40 (17.80±3.23 mg/g) and Labrafil 1944 CS
(15.23±4.21mg/g), which enable the preferential localization of
Tmx in the hydrophobic core of oily droplet rather than at the
oil–water interface. To further proof our hypothesis,
pseudoternary phase diagram was constructed with varying
(50:1, 40:1 and 30:1 w/w ) Capmul MCM EP: Tmx ratios. An

Fig. 10 Effect of free drugs and s-Tmx-QT-SNEDDS on Caco-2 cells (a ) % cell viability of Caco-2 cells (b ) alterations in TEER values (b ) actin visualization.

Fig. 11 Schematic representation for method of preparation of s-Tmx-QT-SNEDDS.

940 Jain, Thanki and Jain



insignificant change in the area of self-emulsification region was
observed, upon increasing the loading of Tmx from 50:1 w/w to
30:1 w/w (See Supplementary Material Fig. S4). At varying
Tmx loading, all the liquid SNEDDS compositions resulted into
emulsion with droplet size and PDI of <100 nm and 0.2 respec-
tively. Based on the above finding, Tmx equivalent to its clinical
dose (10 mg) was considered as the final loading in liquid
SNEDDS (10 mg/g) which was further employed for the opti-
mization of QT loading for which extreme vertices mixture
design was employed.

Linear model navigated by the applied design indicated a
direct relationship between the loading of QT and composition
of liquid SNEDDS (Table III). Polynomial equation for the
loading of QT in Tmx-SNEDDS reveled the contribution in
the order of Capmul MCM EP > Cremophor RH 40>
Labrafil 1944 CS, owing to the maximum solubility of QT in
Capmul MCM EP followed by Cremophor RH 40 (21.59±
2.67mg/g) and Labrafil 1944 CS (15.11±3.23 mg/g). Droplet
size of emulsion resulted upon dilution of liquid SNEDDS
determine the rate and extent of drug release vis-à-vis their
absorption in GI tract (50). Overall bulk of oily phase as well as
hydrodynamic diameter of oily droplet might increase, which
ultimately lead to increase in the droplet size upon increasing
the relative proportion of oil in Tmx-QT-SNEDDS.
Additionally, inability of surfactant at lower concentration to
sufficiently reduce the interfacial tension lead to increase in
droplet size (36). We further envisaged that a surfactant/co-
surfactant balance (SCB) at the oil–water interface could have a
crucial role in predicting the PDI of the emulsion. Any distur-
bance in the SCB could lead to the increased penetration of
water into oily droplets and resulted into ejection of oil in the
aqueous environment, which overall resulted into the forma-
tion of non-uniform droplets and unacceptable PDI (53). An
increased propensity of Cremophor RH 40 to form a steady
layer along with Labrafil 1944 CS at the oil–water interface
might lead to improvement in PDI upon increasing the con-
centration of Labrafil 1944 CS. Finally, higher model F-value
and correlation coefficient close to unity for all the responses of
Tmx-QT-SNEDDS indicated that applied model could be
used to navigate the design space (Table III). Further, a specific
composition of Tmx-QT-SNEDDS was optimized based on
the criteria of desirability, which is an arbitrary scale and
usually ranked between 0.00 (minimal) to 1.00 (maximal) (57).
The key objective of the present study was to prepare the dual
drug loaded SNEDDS, where we mainly emphasized to load
maximum amount of QT, owing to its limited solubility in
Capmul MCM EP. Additionally, the concentration of surfac-
tant in SNEDDS formulation should also be minimized
because oral administration of SNEDDS with higher surfac-
tant concentrationmay lead to the undesirable toxicity andGI
irritation. It was also desirable that liquid Tmx-QT-SNEDDS
upon dilution revealed minimum droplet size as well as PDI.
Considering all these facts, the desirability value was found to

be 0.663, which corresponded to relative proportion of
Capmul MCM EP, Cremophor RH 40 and Labrafil 1944
CS in the ratio of 40:30:30 w/w .

The developed Tmx-QT-SNEDDS was lyophillized in the
presence of a solid carrier by the step wise freeze drying cycle
developed and patented by our goup (45). As per our knowl-
edge, this is the first report where step-wise lyophillzation has
been employed for the solidification of SNEDDS. Stepwise
lyophillzation imparts a controlled freezing/thermal condi-
tions and slow cooling which ultimately lead to the uniform
deposition of SNEDDS formulation onto solid carrier.
Generally, solid SNEDDS is prepared by manual mixing of
oily liquid with solid carrier (58). However, the executed
method is usually associated with the non-uniform adsorption
of liquid SNEDDS, incomplete desorption after reconstitution
and irregular release profile of the drugs (42). Herein, we
envisage the formulation of s-SNEDDS by stepwise
lyophillization of diluted SNEDDS in the presence of solid
carrier rather than by manual mixing of isotropic liquid with
the intert solid carrier. Selection of a suitable solid carrier for
the lyophillzation of the liquid SNEDDS, is a critical step
because it overall affects the release behavior, drug loading
capacity and stability of the formulation. The poor reconsti-
tution behavier of solid SNEDDS, lyophillized in the presence
of water soluble sugars, could be attributed to partial solubi-
lization of water soluble sugars in the hydrophilic component
of liquid SNEDDS (59). Water insoluble adsorbent type of
solid carriers (Aerosil 200 and Avicel) resulted into free flowing
solid SDEDDS which retained all the critical formulation
attributes after reconstitution. Adsorbent type of solid carriers
imparts higher surface area for the adsorption of liquid
SNEDDS. Considering all above facts, Aerosil 200 was select-
ed as the suitable solid carrier for the lyophillization of Tmx-
QT-SNEDDS, which possess a significantly higher surface
area (200 m2/g) as compared to Avicel (20 m2/g).

Subsequently, 32 full factorial design was implemented to
optimize the concentration of Aerosil 200 for lyophilization of
liquid Tmx-QT-SNEDDS. Rapid release of both the drugs
upon contact withGI fluids was sought from s-SNEDDS; hence
criteria of TTmx75 and TQT75 were taken into consideartion.
Significantly higher release of QT in comparison with Tmx
from all s-SNEDDS could be attributed to higher solubility of
QT in release media. Slower release of both the drugs at higher
solid content and increased proportion of liquid SNEDDS in
lyophilization mixture, could be attributed to increased hin-
drance and incomplete desorption of SNEDDS components
from s-SNEDDS. Additionally, hindered functionality of sur-
factant and minimal space available for efficient emulsification
at higher solid content could also increase the droplet size upon
reconstitution of s-Tmx-QT-SNEDDS. On the other hand,
saturated adsorption capacity of Aerosil 200 at higher propor-
tion of liquid Tmx-QT-SNEDDS could increase the coales-
cence of the oil droplets thereby resulting in to increase in the
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droplet size. Similar findings were also observed for PDI, lead-
ing to proportionate increase with total solid content and ratio
of Aerosil to liquid SNEDDS (Fig. 4d). Finally, an optimum
concentration of solid carrier in the lyophilization mixture was
determined based on the desirability value, which was found to
be 0.338. Based on desirabaility factor, the total solid content
and liquid SNEDDS: Aerosil 200 ratio in lyophilization mix-
ture was estimated to be 5.24% w/w and 1.61, respectively.

Reconstitution behavior of s-Tmx-QT-SNEDDS was fur-
ther evaluated to ensure that the formulation is able to form
nanoemulsion upon contact with GI fluids within minimal
period. s-Tmx-QT-SNEDDS were reconstituted to form
nanoemulsion in<2 min while maintaining all the quality
attributes (droplet size<100 nm and PDI<0.2). Surface mor-
phology of s-Tmx-QT-SNEDDS was evaluated by SEM
analysis, which revealed the non-porous surface where all
the pores of Aerosil 200 were completely filled by liquid
SNEDDS. Solid state of both the drugs in s-Tmx-QT-
SNEDDS was further endorsed by DSC and XRD analysis,
which revealed amorphous nature of both drugs in s-Tmx-
QT-SNEDDS. Additionally, DSC and XRD analysis collec-
tively indicated the solubilization of both the drugs within
ternary component of SNEDDS and the same not precipitate
during the entire course of lyophilization.

During the entire course of transit in GI tract, s-Tmx-QT-
SNEDDS are supposed to encounter with variable dilution of
GI fluids and constitute to form a nanoemulsion. Therefore, it
was necessary to investigate their stability in simulated GI
fluids and substantiate the solubilized state of both the drugs
after dilution with GI fluids. s-Tmx-QT-SNEDDS were
found to retain all the quality attributes and stable in all the
dilutions of simulated GI fluids without any sign of drug
precipitation or phase separation.

Long-term stability of s-Tmx-QT-SNEDDS was predicted
by assessing their stability under the accelerated condition
(40°C/RH 75%) for 6 months according to ICH guidelines.
s-Tmx-QT-SNEDDS was found to retain all the physical and
performance quality attributes (reconstitution time, droplet
size, PDI and drug content) after 6 months of storage at
accelerated condition. Solid state of both the drugs in s-
Tmx-QT-SNEDDS might also change during the course of
storage at the accelerated condition owing to crystallization of
drugs. The molecular intactness of both the drugs in s-Tmx-
QT-SNEDDS was confirmed by the DSC and XRD analysis,
which collectively confirmed the solubilized state of both
the drugs while being stored at the accelerated conditions
(See Supplementary Material Fig. S5).

The in vitro drug release profile of s-Tmx-QT-SNEDDS
was evaluated in SGF (pH 1.2) for 2 h and in SIF (pH 6.8) for
6 h using dialysis membrane of different molecular weight cut
off. In our recent report, we envisaged the use of two dissimilar
dialysis membranes for predicting the in vitro drug release from
liquid self-emulsifying formulation (39). Similar approach was

also implemented for the developed s-Tmx-QT-SNEDDS. As
discussed in the previous section, s-Tmx-QT-SNEDDS for-
mulation was able to emulsify within minimal time (< 2 min)
and form drug loaded oily droplets and micelles upon dilution
with aqueous medium. Desorption of the SNEDDS compo-
nents (oil, surfactant and co-surfactants) from the inert solid
carrier results into release of solubilized drugs in GI environ-
ment. However, an incomplete desorption of liquid excipients
from the inert solid carrier impairs their efficient release in the
GI tract (42). Herein, we have evaluated the in vitro release of
solidified SNEDDS, where we observed that 75% of both the
drugs were released within 30–45 min when carried out from
dialysis membrane of 12 kD MWCO. Our findings are also
meets the compendial requirement of dissolution. However, an
obvious difference between the cumulative drug releases of
both the drugs was observed when release was performed with
dialysis membrane of 12 kD and 1 kD.We propose that dialysis
membrane of 1 kD allows the passage of free drugs only
whereas it retain all the drug loaded micelles or oily droplets.
On the other hand, all the components of SNEDDS including
free drugs could be analyzed in the release medium. On the
basis of above finding, we hypothesize that solubilization of
both the drugs were maintained following to their dilution with
different GI fluids.

Finally, in vitro Caco-2 cells were employed to endorse the
feasibility of transport through theGI tract and establish the oral
delivery potential of s-Tmx-QT-SNEDDS. Caco-2 cells mono-
layer based model is well-established in vitro model to study the
uptake pattern, uptake mechanism, pre-systemic metabolism
and cyto-toxicological evaluation of SNEDDS. Recently, in
our group we have also established a correlation between the
in vitro Caco-2 cell uptake and in vivo pharmacokinetics of
quercetin loaded SNEDDS (39). Confocal images of Caco-2
cells clearly indicated the higher uptake of both the drugs from
SNEDDSwithin 1 h incubation (Fig. 8). These results are in line
with our recent report, where we revealed maximum uptake of
SNEDDS following 1 h of incubation with Caco-2 cells (39).
Further, quantitative uptake of s-Tmx-QT-SNEDDS inCaco-2
monolayer was carried out to endorse the results of CLSM
analysis. S-Tmx-QT-SNEDDS revealed 9.63- and 8.44-fold
higher uptake of Tmx and QT, respectively when compared
to free drug counterparts, which could be attributed to rapid
transcellular uptake of SNEDDS (22). Nevertheless, about 2-
fold appreciation in uptake of Tmx was observed upon incuba-
tion of Caco-2 monolayer with combination of Tmx with free
QT (1:2 w/w ). The previous finding of Shin and co-worker,
which revealed the enhanced oral bioavailability of Tmx upon
co-administration with free QT, supports our results (60).
Notably, no visible sign of Caco-2 cell cytotoxicity was observed
at all tested concentrations in spite of remarkable increase in the
uptake, indicative of the safety profile of developed formulation
(Fig. 10). The contributing factors include employment of bio-
compatible GRAS listed excipients (below the IIG limits),
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careful selection of the excipients (to have negative zeta
potential of the formulation) and exhaustive statistical op-
timization (to minimize the excess surfactant levels).

Monitoring of TEER values and actin visualization of
Caco-2 monolayer has been widely recommended for
predicting the integrity of intercellular tight junction,
transepithelial ion transport and paracellular transport of
various drugs or nanoparticles (49). Interestingly, the results
of TEER values and actin visualization ruled out the proba-
bility of any paracellular uptake mechanism classical to
conventional nanocarriers. Hence, the developed SNEDDS
is anticipated to be preferentially uptaken by transcellular
route via fluid phase pinocytosis (22). Subsequent to uptake,
the formulation is subjected to intraluminal processing leading
to sequesterization and formation of chylomicrons (61). These
secondary vehicles would then be taken up by lymphatic
system bypassing the physiological barriers such as solu-
bility, permeability and first pass hepatic metabolism (62).

CONCLUSION

The present study reports a novel solid self-emulsifying for-
mulation containing dual drug of therapeutic significance for
improved therapeutic efficacy after oral administration.
Exhaustive statistical optimization was employed to load the
significantly higher proportion of antioxidant (QT) and the
clinical dose of Tmx, while maintaining all the quality attri-
butes of liquid SNEDDS. A novel stepwise lyophilization was
employed to solidify the dual drug loaded liquid SNEDDS in
the presence of inert solid carrier; the same was also carried
out by employing statistical optimization. The developed for-
mulation exhibit advantages of smoother industrial scalability
and adaptability (owing to simple manufacturing process), cost
effectiveness (owing to absence of any high-energy equip-
ment), and high drug payload (increased solubilization poten-
tial). The oral delivery potential of the developed formulation
was obvious by significant appreciation in uptake of both the
drugs in Caco-2 cell culture model, as compared to free drug
counterparts. The developed formulation would be further
assessed for in vivo pharmacokinetic, in vitro/in vivo anticancer
efficacy and toxicity to completely realize the therapeutic
potential of dual drug loaded in SNEDDS.
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