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ABSTRACT: Benzyl isothiocyanate (BITC), a compound found in cruciferous vegetables, is an effective chemopreventive agent.
The objective of this study was to develop nanoemulsion formulations for the oral delivery of BITC. Optimized oil-in-water BITC
nanoemulsions were prepared by a spontaneous self-nanoemulsification method and a homogenization—sonication method. Both
nanoemulsions entrapped high amounts of BITC (15—17 mg/mL), with low polydispersity and good colloidal stability. The BITC
nanoemulsions showed enhanced solubility and dissolution compared to pure BITC. These formulations markedly increased the

apical to basolateral transport of BITC in Caco-2 cell monolayers. The apparent permeability values were 3.6 X 10~
cm/s for BITC nanoemulsions. The nanoemulsions were easily taken up by human cancer cells A549

BITC and (1.1-1.3) x 10>

® cm/s for pure

and SKOV-3 and inhibited tumor growth in vitro. This work shows for the first time that BITC can be formulated into
nanoemulsions and may show promise in enhancing absorption and bioavailability.
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B INTRODUCTION

Chemoprevention through the use of dietary phytochemicals
capable of delaying or preventing the carcinogenesis process is
emerging as an important approach for cancer management. Oral
consumption is the most desirable and acceptable form of
delivery of chemopreventive agents as it provides flexibility of
chronic dosing and is patient friendly. The effective oral delivery
requires that the drugs have sufficient solubility in the gastrointestinal
(GI) tract and good permeability to pass through the intestinal wall.
However, the majority of chemopreventive agents are poorly water-
soluble and, as such, cannot be solubilized in suitable pharmaceutical
solvents with sufficient concentration or efficiently absorbed after
oral administration." Delivery of these agents via nanocarriers shows
promise. For instance, curcumin, a dietary polyphenol chemopre-
ventive agent, was formulated in poly(lactic-co-glycolic acid) (PLGA)
microparticles and showed marked anticancer efficacy in breast
cancer xenografts.” Additionally, epigallocatechin-3-gallate (EGCG),
the major polyphenol from green tea, was encapsulated in submic-
rometer emulsions® or polysaccharide nanoparticles and showed
efficacy against prostate cancer xenografts.*

Epidemiological studies indicate that a high dietary intake of
cruc1ferous vegetables may reduce the incidence of human
cancers.>® Benzyl isothiocyanate (BITC, Figure 1), a sulfur-
containing compound found in cruciferous vegetables such as
garden cress,” has shown chemopreventive effects against chemi-
cal carcinogenesis in different types of preclinical cancer models,
1nclud1n§ lung, liver, intestinal, colon, breast, and pancreatic
cancers.” "' The mechanism of BITC action was shown to be
two-fold: inhibiting the phase I metabolism enzymes involved in
the activation of carcinogens and induction of phase II detoxify-
ing enzymes, responsible for elimination of carcinogens. 9,10
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At the cellular level, BITC treatment has been shown to induce
reactive oxygen species (ROS) formation, cause cell ?cle arrest,
induce apoptosis, and inhibit NFxB activation.">'* The bio-
availability of BITC in human-consumed garden cress was found
to be around 14—50%, as the active 1ngred1ent is not completely
released from the vegetable by chewing.” Cooking of vegetables
was shown to reduce the amount of available isothiocyanate by
2—6-fold compared to that available when the vegetables were
consumed raw. In humans, about 54% of the administered BITC
is metabohzed to its N-acetylcysteine conjugate, which is excreted
in urine."> Although BITC showed great promise in preclinical
models, the translation to clinical investigation is hampered by a
lack of suitable dosage form and poor bioavailability. We sought to
develop formulations intended for oral delivery of the poorly
water-soluble chemopreventive agent BITC.

Nanoemulsions are colloidal dlsg)ersmns of nanosized oil
droplets in an aqueous medium.'®'” A recent review clarified
that nanoemulsions (with size <300 nm) fundamentally differ
from microemulsions with respect to stability (unlike micro-
emulsions, nanoemulsions are thermodynamically unstable, but
kinetically stable systems), preparation methods, and behavior
toward dilution and temperature fluctuations.'® Small droplet
size and large surface area of dispersed phase give nanoemulsions
high colloidal stability with fewer problems of inherent creaming,
flocculation, coalescence, and sedimentation, which are commonly
associated with conventional emulsions.'” Nanoemulsions have
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Figure 1. Structure of benzyl isothiocyanate (BITC).

been shown to improve in vitro dissolution and in vivo bioavail-
ability of poorly water-soluble drugs.”® Nanoemulsions can be
prepared by high-energy dispersion techniques using mechanical
devices to increase the water/oil interfacial area or by low-energy
spontaneous emulsification methods such as a self-nanoemulsi-
fying drug delivery system (SNEDDS), which is formed sponta-
neously by blending oil, water, surfactant, and cosurfactant, in the
right proportion, with mild agitation. SNEDDS has emerged as a
promising approach for the delivery of highly lipophilic drugs
such as ritonavir (Norvir), cyclosporin A (Sandimmun Neoral),
and saquinavir (Fortovase).”"

Pure BITC is an oily liquid with poor aqueous solubility and
high hydrophobicity (log P = 3); no formulation of BITC has
been reported in the literature. We hypothesized that the oily
nature of BITC could make it an ideal candidate to be formulated
as an oil-in-water (o/w) nanoemulsion capable of facilitating
administration and enhancing oral absorption. Our work shows
for the first time that BITC nanoemulsions display enhanced
solubility, dissolution, and permeability and may show promise
in enhancing BITC absorption and bioavailability. The nano-
emulsion formulation will potentially facilitate a chronic dosing
regimen of BITC and support preclinical and clinical investiga-
tions of the cancer prevention efficacy of BITC.

B MATERIALS AND METHODS

Chemicals. BITC (molecular weight 149), soybean oil, corn oil,
olive oil, sulforhodamine B (SRB), and 1,2-benzenedithiol were pur-
chased from Sigma-Aldrich (St. Louis, MO). Flaxseed oil was a gift from
Jedwards International, Inc. (Quincy, MA). Medium-chain triglyceride
oil was obtained from Nestle Nutrition (Ortho-Tek, Woodlands, TX).
Tween 80 (polyoxyethylene sorbitan monooleate), Tween 20 (polyoxy-
ethylene sorbitan monolaurate), glycerol, polyethylene glycol (PEG)
400, and methanol (HPLC grade) were purchased from Fisher Scientific
(Pittsburgh, PA). Capryol 90 (propylene glycol monocaprylate) and
Transcutol (diethylene glycol monoethyl ether) were obtained from
Gattefosse (Toronto, ON, Canada). Egg L-a-phosphatidylcholine (PC,
95%) was purchased from Avanti Polar Lipids, Inc. (Alabaster, AL).
4,6-Diamidino-2-phenylindole (DAPI) was acquired from Invitrogen
(Carlsbad, CA). All other chemicals used were purchased from Sigma-
Aldrich and were of standard analytical grade or higher.

Cell Culture. Human colon cancer cells Caco-2, human ovarian
cancer cells SKOV-3, and human epithelial lung carcinoma cells A549
were obtained from American Type Culture Collection (Manassas, VA).
Caco-2 cells were cultured in EMEM supplemented with 20% fetal
bovine serum (FBS; Gemini Bio-Products, Calabasas, CA). SKOV-3
cells were maintained in McCoy’s SA medium supplemented with 10%
FBS and 10000 U/mL penicillin/streptomycin (Gibco, Invitrogen).
AS549 cells were maintained in RPMI-1640 medium (Irvine Scientific,
Santa Ana, CA), supplemented with 10% FBS. Cells were grown in an
incubator in an atmosphere of 5% CO, and 95% humidity.

BITC Solubility Study. The solubility of BITC in various oils (olive
oil, flaxseed oil, corn oil, soybean oil, PEG-400, medium-chain triglycer-
ides, Capryol 90) and distilled water was determined by adding S00 mg
of BITC to 1 mL of the selected solvent and mixing with a shaker at
25 %2 °C for 24 h. The miscibility of BITC in different oils and water
was checked by visual inspection. The samples were then centrifuged

(Eppendorf Centrifuge 5415 C, Fisher Scientific) at 3000 rpm for 10 min
in Ultrafree MC centrifugal filter units (MWCO 10000 Da, Millipore,
MA). Undissolved BITC settled down into the filtrate compartment, and
the supernatant with the BITC solubilized in oil was diluted 50000-fold
in methanol; the concentration of BITC in the sample was quantified
spectrophotometrically at 247 nm in a UV—visible spectrophotometer
(GBC 918) on the basis of a BITC standard calibration curve with a
linear range of 20—1500 #M. No oil interference was observed with the
same dilution at this wavelength.

Nanoemulsion Preparation. Oil-in-water nanoemulsions were
first prepared by a self-emulsification method. SNEDDS preformulation
was carried out to identify suitable excipients with a potential to form
nanoemulsions.** Briefly, surfactant mixtures (S,,;,) were screened by
using different weight ratios of primary surfactant (Tween 80 or Tween
20) and cosurfactant (Transcutol, propylene glycol, or ethanol) and
studying the solubility of oils and BITC in these mixtures that yield a
clear single-phase system. The optimal amount of surfactant mixture
was determined as the maximal amount of S,;, that can solubilize the
maximal amount of oil without forming a cloudy mixture. A pseudo-
ternary phase diagram was constructed using a water titration method.”*
Surfactant was blended with cosurfactant at a fixed weight ratio (6:4) to
obtain a surfactant mixture. Oil and the surfactant mixture (premix)
were then mixed at weight ratios of 1:9, 2:8, 3:7, 4:6, 5:5, 6:4, 7:3, 8:2,
and 9:1. The premix was titrated with water in a dropwise manner at
room temperature under moderate agitation. The amount of aqueous
phase added was varied to produce a water concentration in the range of
9—91% of the total volume. After equilibrium, the samples were visually
checked and determined as being transparent gel, milky gel, milky
emulsion, translucent nanoemulsion, or phase separation. Monophasic
homogeneous systems were further characterized by appearance and
droplet size. Transparent or translucent and easily flowable mixtures
having a droplet size of <300 nm were designated nanoemulsions. Opaque
milky dispersed systems were designated emulsions. For percentage trans-
mittance analysis, formulations at a constant premix-to-water ratio of 1:10
were prepared by adding 1 g of premix dropwise to the 10 mL of water
with agitation. The transmittance was measured against distilled water
using a UV—visible spectrophotometer at 650 nm as reported.24

BITC nanoemulsions were also prepared by a homogenization—
sonication technique using egg PC as an emulsifier.”>*° Briefly, the
aqueous phase was prepared using deionized water (4 mL) with 2.5% w/v
glycerol and egg PC (0.5%). The oil phase, which comprised flaxseed oil
(4.7%) with or without BITC (100 mg), was taken separately in a glass
vial. The mass ratio of oil to egg PC was maintained at 10:1. Both oil and
aqueous phases were heated at 70 °C for 2—3 min, followed by the
gradual addition of the aqueous phase to the oil phase. This mixture
was mixed rapidly using a magnetic stirrer and then homogenized at
6500 rpm for 2 min to form a coarse emulsion followed by homoge-
nization at 9500 and 13500 rpm for 4 min using an Ultraturrax T25
homogenizer (IKA, Wilmington, NC) and bath sonication (Bransonic
model 3510) for 120 min to yield the nanoemulsion. BITC encapsula-
tion efficiency was analyzed by centrifuging 400 #L of the nanoemul-
sions in an Ultrafree-MC centrifugal filter (10000 MWCO, Millipore) at
11000 rpm for 30 min, and then supernatant was analyzed for BITC
concentration. The entrapment efficiency was calculated as the percen-
tage ratio between the amount of entrapped drug and the amount of
total drug added. All nanoemulsions were stored at room temperature.

Droplet Size and Morphology Determination. Nanoemul-
sion droplet size and size distribution were analyzed using a dynamic
light scattering technique on a particle sizing analyzer (Nicomp 380/
ZLS, Santa Barbara, CA). The samples were diluted with deionized
distilled water, and the average oil droplet diameter and the polydisper-
sity index were determined. The morphology of nanoemulsions was
determined by transmission electron microscopy (TEM). Briefly, a drop
of sample was placed on a 200 square mesh copper grid and left to air-dry.

12397 dx.doi.org/10.1021/jf202612b |J. Agric. Food Chem. 2011, 59, 12396-12404



Journal of Agricultural and Food Chemistry

Negative staining consisted of 2% uranyl acetate for 2 min. After blotting
and air-drying, images were obtained with a Hitachi H-7650 trans-
mission electron microscope (Hitachi High-Technologies Corp.,
Pleasanton, CA).

Nanoemulsion Stability Analysis. The effect of pH of the
aqueous phase on the droplet size and formation of nanoemulsions
was evaluated by replacing deionized water with pH 1.2 simulated gastric
fluid without pepsin (SGFsp), pH 4.7 (0.1 M sodium acetate) buffer, pH
6.8 (PBS) buffer, and pH 8.0 (0.1 M borate) buffer as aqueous phases.
The effect of aqueous phase volume and subsequent dilution on droplet
size of the formulations was analyzed by diluting the nanoemulsions 50-,
100-, and 1000-fold in aqueous phase with a 10 min lag time between
dilution and particle size measurement. The stability of formulations was
studied by centrifuging 1 mL of nanoemulsions at a speed of 3000 rpm
for 25 min at room temperature.”” The formulations were assessed for a
change in droplet size, creaming, cracking, and phase separation.

In Vitro Dissolution Study. Dissolution studies of nanoemulsion
formulations were performed according to the method described in USP
29/NF 24 using a USP rotating paddle dissolution apparatus II (Vankel
VK 7900, Agilent Technologies, Santa Clara, CA) at 37 °C. Pure BITC
oil or nanoemulsions with BITC equivalent to 100 mg were filled in
empty gelatin capsules (size 00). The sinker was loaded with 900 mL of
dissolution media (SGFsp, pH 1.2, USP 24) at 37 °C with a rotating
speed of SO rpm. Dialysis bags (MWCO 3500 Da) containing 10 mL of
medium equilibrated for 12 h were used as the sampling ports as this
yields true free drug concentration, avoiding the effects of unreleased
drug from the nanoemulsions. One milliliter aliquots were removed
from sampling ports at predetermined time intervals (10, 15, 30, 45, 60,
90, and 120 min) from the dialysis bags and replaced with 1 mL of fresh
buffer. The amount of BITC released in the dissolution medium was
determined spectrophotometrically.

Caco-2 Permeability Study. BITC transport from apical to
basolateral compartment was measured in BD BioCoat fibrillar collagen
1.0 um PET membrane 24-well cell culture inserts and intestinal
epithelium differentiation environment following the manufacturer’s
instruction. About 200,000 Caco-2 cells were seeded per insert with a
surface area of 0.3 cm®. After differentiation, tight junctions were formed
between Caco-2 cells. To evaluate the integrity of the Caco-2 monolayer,
the transepithelial electrical resistance (TEER) across the monolayer
was measured before and after drug transport using the Millicell
Electrical Resistance System (Millipore Co., Bedford, MA). TEER
reading for a monolayer of differentiated Caco-2 cells was between
300 and 500 ohms/cm?. After the cell monolayer had been washed three
times with PBS, cells were incubated at 37 °C with PBS, blank nano-
emulsions, or 30 uM BITC pure drug and BITC nanoemulsions
dissolved in 300 uL of PBS in the apical compartment. Aliquots of
500 uL of PBS were removed from the basolateral chamber (1 mL) at
0.5, 1,2, 3, and 6 h. An equivalent volume of prewarmed PBS was added
into the basolateral chamber after removal at each time. BITC con-
centration in the basolateral receiver compartment was measured by
HPLC. The apical to basal apparent permeability (P, cm/s) was
determined®®*” according to the equation

= X
P dt G A

where dQ/dt is the rate of appearance of drug on the basolateral side,
calculated from the cumulative amount versus time, Cy is the initial con-
centration on the apical side, and A is the surface area of the membrane
insert (0.3 cm?).

Intracellular Delivery of Nanoemulsions. Fluorescent SRB
dye was added in the oil phase and used as a probe to study the cellular
uptake of nanoemulsions. SRB concentration was measured spectro-
photometrically at 570 nm. A549 cells were plated at 0.5 million/well in
a 6-well plate and allowed to attach overnight at 37 °C and 5% CO,.

Nanoemulsions were diluted in media to a final SRB concentration of
2 uM and were added to the cells for 2 h of incubation at 37 °C. Nucleus
dye DAPI (2 ug/mL) was added 20 min before cells were imaged. After
incubation, the medium was removed and the cells were washed with
cold PBS three times; the uptake was studied under an Olympus IX 81
microscope. Images were captured with a Hamamatsu CCD camera
using a constant exposure time (25 ms for blue channel and 100 ms for
red channel). To quantify the intracellular uptake of BITC nanoemul-
sions, SKOV-3 cells were grown in a 100 mm Petri dish (2 x 10°/dish).
Pure BITC in ethanol or BITC nanoemulsions were added to cells at
the final BITC concentration of 10 #M and incubated at 37 °C for 3 h.
Cells were washed with PBS and lysed, and the intracellular concentra-
tion of the BITC was analyzed by HPLC. The protein concentrations
were determined using the bicinchoninic acid (BCA) assay.

HPLC Analysis of BITC. BITC concentrations from the Caco-2
permeability study and uptake assays were analyzed on the basis of a
published HPLC method.*® Briefly, BITC-containing samples were
derivatized with 1,2-benzenedithiol to produce 1,3-bezenedithiol-2-
thione, which was extracted with hexane and had an absorption at
365 nm. HPLC analysis was carried out in a Waters 2695 separation
module equipped with a 2489 UV—vis detector and a reversed-phase
liquid chromatography (4.6 x 150 mm) C18 column. The mobile phase
consisted of methanol and water (85:15, v/v) at a flow rate of 0.7 mL/min.
1,3-Benzenedithiol-2-thione had a retention time of 5.6 min.

Cytotoxicity Analysis. All cytotoxicity assays were performed in
96-well plates using a SRB colorimetric assay.”’ Cells were plated at
1000—2500 cells/well in 100 uL of complete medium. After overnight
incubation to allow attachment, pure BITC in ethanol or nanoemulsions
were diluted to final concentrations of 5, 10, 15, or 20 M in 100 uL of
medium in replicates of 16 wells per condition. Control wells received
ethanol or blank emulsions in complete medium equivalent to the
maximum final ethanol concentration of drug-treated wells. After a 96 h
incubation period, cell monolayers were fixed with 10% (w/v) trichlor-
oacetic acid and stained with SRB solution for 30 min, after which excess
dye was removed by repeated washings with 1% (v/v) acetic acid. The
protein-bound dye was dissolved in 10 mM Tris base solution for optical
density determination at 570 nm using a microplate reader (BioTek
Instruments, Inc., Winooski, VT).

Statistical Analyses. All of the values are reported as the mean +
standard deviation (SD). All statistical analyses were done using
GraphPad Prism S software (San Diego, CA). Differences between
two means were tested using an unpaired, two-sided Student’s ¢ test.
Cytotoxicity curve comparison was performed by two-way ANOVA fol-
lowed by Bonferroni’s post-test analysis. Differences with p < 0.05 were
considered to be significant.

Il RESULTS AND DISCUSSION

Preparation and Optimization of BITC Nanoemulsions.
The oily nature of BITC prompted us to formulate it as a nano-
emulsion. High solubility of drug in the oil phase is an important
criterion for making nanoemulsions, as it determines the nano-
emulsion’s ability to maintain the drug in solubilized form. Figure 2
shows that BITC was completely miscible in all seven oils screened,
with solubility values ranging from 170 to 270 mg/mL. In contrast,
BITC is poorly water-soluble, with an aqueous solubility of 0.16 &
0.03 mg/mL (Figure 2). We selected medium-chain triglycerides
(MCT) and flaxseed oils as primary oil phases for nanoemulsion
preparation for the following reasons. MCT has many advantages
in the formulation of nanoemulsions ranging from their regulatory
status (approved for pharmaceutical injection) to their absorp-
tion enhancement of formulated drugs.** ** MCT is suitable
for encapsulating drugs with log P value ranging from 2 to 4.%°
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We chose flaxseed oil mainly on the basis of its chemopreven-
tion effects. Flaxseed oil rich in polyunsaturated w-3 fatty acid
(mainly a-linolenic acid) has been used in formulating drugs
to enhance bioavailability. The consumption of flaxseed oil can
suppress pro-inflammatory cytokines, including tumor necrosis
factor-a (TNF-a) and interleukin-1- (IL-1/3), which have been
linked to increased colon cancer risk.*® Dietary flaxseed oil is
effective in preventing colon tumor development when com-
pared with dietary corn oil containing w-6 fatty acids in rats.””

First, we formulated nanoemulsions by self-emulsification
methods in which MCT was used as the oil phase. Excipients
screening and formulation optimization of nanoemulsions were
based on the following criteria: (1) the formation of nanoemul-
sions should be simple and fast; (2) droplet size should be smaller
than 300 nm, and no phase separation should be visible after
storage for 24 h; and (3) it should be able to achieve high drug
loading, small and uniform droplet size (small polydispersity
index), and rapid dispersion upon dilution with an aqueous
medium.* The right blend of surfactants with high and low
hydrophilic lipophilic balance (HLB) value is important in
forming the stable o/w nanoemulsion formulations.*' We se-
lected nonionic surfactant Tween 80 (HLB = 15) as primary
surfactant because it is less toxic than ionic surfactant and well
miscible with BITC. Transcutol (HLB = 4.2) was selected among
ethanol (HLB = 7.9) and propylene glycol (HLB = 11.6) as a
cosurfactant to support the generation of stable interfacial film.**
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Figure 2. Solubility of BITC in water and different oils.

Transcutol is nonionic, miscible with BITC oil, and known to
increase the permeability of drugs.*® Preformulation showed that
Tween 80 and Transcutol at a weight ratio of 6:4 produced high
BITC and oil solubility and ease of redispersibility. Together, the
surfactant mixtures provide a blend of both high and low HLB
surfactants to make stable nanoemulsions.

The phase diagram of the pseudoternary system of MCT oil/
Sumix (Tween 80:Transcutol = 6:4) /water is shown in Figure 3A.
Areas of the phase diagram containing single-phase translucent
nanoemulsion, opaque milky emulsion, transparent gel, and milky
gel regions were identified. Formulations at a constant premix-to-
water ratio of 1:10 (w/w) were chosen for further investigation
(Table 1). The mean droplet sizes were largely dependent on
the ratio of the oil-to-surfactant mixture (0il/S,,;, w/w). When
the ratios were lower than 0.67, the mean droplet sizes of the
nanoemulsions formed spontaneously were <300 nm (Table 1;
Figure 3B). When the 0il/S,;, ratio ranged from 9.0 to 2.3, phase
separation was seen. Between these ratios, the droplet sizes of the
emulsions were close to or greater than 500 nm. Measuring optical
transmittance (Table 1) provides an indication of formation of
translucent or transparent nanoemulsions, as the small droplet
sizes lead to increased percentage transmittance.** When the oil/
Sumix ratio was <0.67 (SN-8, SN-9, SN-10, and SN-11 formulations,
Figure 3B), translucent dispersion was observed (% transmittance
was 30—100%); when the ratio was between 1.0 and 1.5 (SN-6
and SN-7), milky or cloudy preparation was observed; and finally,
when the ratio was >2 (SN-3, SN-4, and SN-5), phase separation
was observed. On the basis of the phase diagram, droplet size,
and percentage transmittance results, the transparent and stable
nanoemulsion SN-10 was selected as an optimized SNEDDS
for further evaluations (Table 2). SN-10 contains the minimum
concentration of S, and a high percentage of aqueous phase to
avoid irritation and precipitation of the drug on dilution in the gut
lumen in vivo. When the oily BITC was incorporated into the
SN-10 formulation, no change in phase behavior of the system was
evident.

High-energy emulsification techniques such as microfluidiza-
tion and ultrasonication have been frequently used to produce
nanoemulsions.>***** Next, we prepared nanoemulsions using a
homogenization—sonication method. The optimized FLNE-4
formulation consisted of flaxseed oil as the oil phase and egg PC

A

Figure 3. (A) Pseudoternary phase diagram of MCT (oil), Tween 80/transcutol (S, ratio 6:4), and water system. The formulations tested are marked
in the phase diagram. The solid circles (@) represent the translucent nanoemulsions, the open squares (0) represent milky gels, the open circles (O)
represent transparent gels, and the open triangles (A) represent the opaque milky emulsions. (B) Photographs of SNEDDS formulations with droplet

size below 300 nm.
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Table 1. Formulation Composition, Percent Transmittance, and Droplet Size of Self-Emulsified Formulations”

formulation code oil surfactant cosurfactant surfactant: cosurfactant ratio (0il:S,ix) % transmittance particle size (nm) PI

SN-3 MCT Tween 80 Transcutol 6:4 9:1 (9.0) S3.1 PS

SN-4 MCT Tween 80 Transcutol 6:4 8:2 (4.0) 214 PS

SN-5 MCT Tween 80 Transcutol 6:4 7:3 (2.33) 372 PS

SN-6 MCT Tween 80 Transcutol 6:4 6:4 (1.5) 22.8 >500

SN-7 MCT Tween 80 Transcutol 6:4 5:5(1.0) 14.0 476 £ 116 0.464
SN-8 MCT Tween 80 Transcutol 6:4 4:6 (0.67) 30.3 221 £ 40 0.399
SN-9 MCT Tween 80 Transcutol 6:4 3:7 (0.43) 53.6 179 £ 39 0.153
SN-10 MCT Tween 80 Transcutol 6:4 2:8 (0.25) 94.3 107 £ 23 0.212
SN-11 MCT Tween 80 Transcutol 6:4 1:9 (0.11) 99.2 358+ 11 0.272

 Spmix refers to weight ratios of surfactant and cosurfactant. Samples were made at a constant premix (mixture of oil and S;)-to-water ratio of
1:10 (w/w). PI value refers to polydispersity index and PS refers to phase separation.

Table 2. Formulation Composition and BITC Entrapment Efficiency of Optimized Nanoemulsions Prepared by Homogeniza-
tion—Sonication Method (FLNE-4) and Self-Emulsification Method (SN-10)

oil BITC volume of water entrapment efficiency droplet size
formulation (0) surfactant (S) ratio O:S (mg/mL) (%) (%) (nm) PI
FLNE-4 flax seed egg PC 10:1 17 95 77 242+ 3 0.141
SN-10 MCT Tween 80: Transcutol (6:4) 2:8 15 91 70 117 £ 27 0.185

Figure 4. TEM images of the optimized nanoemulsions.

"
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served as a nontoxic emulsifier, and its composition is presented
in Table 2.

Particle Size, Morphology, and BITC Encapsulation Effi-
ciency. Physical characteristics of the two lead nanoemulsions
prepared by the above two methods are listed in Table 2. FLNE-4
formulation prepared by homogenization—sonication method
had bigger droplet size (242 £ 3 nm) than the SN-10 (117 +
27 nm) formulation that was prepared via self-emulsification
method. This is consistent with the literature that high-energy
methods normally do not yield oil droplet radii of <100 nm
unless an extremely high disruptive force is applied.*® BITC is
most effective in the 7—30 uM concentration range. Considering
the relatively high effective concentration and the in vivo meta-
bolic instability and short half-life of BITC,"® an oral dosage form
of BITC should have high drug loading and stability. Both nano-
emulsions entrapped high amounts of BITC (15—17 mg/mL)
with high efficiency (>70%) (Table 2), exceeding the maximal
amount of BITC (0.16 mg/mL) that can be dissolved in water.
The formulations had minimal size distribution, as demon-
strated by polydispersity indices of <0.2 (Table 2). TEM images

12400

(Figure 4) showed that both formulations had spherical droplets,
with sizes that were slightly smaller than those measured by
the dynamic light scattering technique (Table 2). The slightly
lower droplet sizes of the formulations from the TEM images
compared to the droplet sizes obtained from the dynamic
light scattering measurements are in good agreement with the
literature.*”

Nanoemulsion Stability. Formulation SN-10 demonstrated
good stability in acidic environment (SGFsp, pH 1.2) and no
significant changes in the droplet size over the entire range of
pH (1.2—8.0) tested (Figure SA). Compared with distilled water,
the particle size of FLNE-4 formulation increased significantly in
pH 1.2 SGFsp solution, but remained stable at pH 4.7—8.0
(Figure SB). Dilutions up to 1000-fold in water had no significant
effects on the droplet sizes of both nanoemulsions, and no phase
separation was observed (Figure SC). Additionally, centrifugal
stress had minimal effect on the mean droplet sizes of nano-
emulsions (Figure SD). The nanoemulsions are stable at room
temperature for at least 3 months without any substantial changes of
droplet sizes and physical appearance.
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Figure S. Effects of aqueous phase pH (4, B), dilution (C), and centrifugal stress (D) on droplet size of SN-10 and FLNE-4 nanoemulsions. DF refers to
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Figure 6. Dissolution studies of pure BITC and BITC nanoemulsions
in dissolution media (SGFsp, pH 1.2). Data are presented as the mean &
SD, n = 3; * represents p < 0.001 after two-way ANOVA, followed by
Bonferroni’s multiple-comparison test.

BITC Nanoemulsion Dissolution Study. We compared the
dissolution behavior of BITC-loaded SN-10 or FLNE-4 nano-
emulsions with that of the pure BITC in simulated gastric fluid. As
shown in Figure 6, dissolution of pure BITC was poor in SGFsp
(pH 1.2), with only 34% of the drug going into the dissolution
medium at the end of the 2 h run. The poor dissolution of BITC
can be attributed to its hydrophobic nature and poor wettability.
Both SN-10 and FLNE-4 nanoemulsions displayed significantly
faster dissolution rates than pure BITC in acidic simulated gastric
fluid. Up to 80% of the drug was released within 60 min; nearly
100% of the drug was released by the end of the 2 h dissolution
test. Dissolution of BITC from both nanoemulsions was signi-
ficantly higher (p < 0.001) than that from the pure BITC at every
time point measured, likely because the nanoemulsions enhance
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Figure 7. Time course of pure BITC and BITC nanoemulsion trans-
port across Caco-2 monolayers. Data are presented as the mean &+ SD,
n = 3; * represents p < 0.001 after two-way ANOVA, followed by
Bonferroni’s multiple-comparison test.

the drug solubility and promote effective dispersion of hydrophobic
drug in the dissolution media. SN-10 and FLNE-4 nanoemul-
sions showed no significant difference in their dissolution rates
(Figure 6). For poorly water-soluble drugs, the absorption rate
from the GI tract is controlled by the rate and extent of dis-
solution of drug from dosage forms.** The results suggest that
nanoemulsions are promising nanocarriers that may enhance the
oral absorption of BITC.

Drug Transport in the Caco-2 Monolayer. The nanosized
droplets with increased interfacial area can also influence the
transport properties of drugs.*” Caco-2 cell monolayer can be
used as a model membrane of the intestinal epithelium. It was
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demonstrated that the amount of drug that permeates to the basal
side of the Caco-2 monolayers correlates to drug permeability
across the human intestine **°>*' and drug absorption in
humans.>*® Treatment with the pure BITC or BITC nano-
emulsions showed no significant change in TEER compared with
the PBS or blank nanoemulsions treated controls throughout
the experiments, which confirms the tight junction integrity of
the differentiated Caco-2 monolayers. As shown in Figure 7, the
cumulative amount of BITC transported across Caco-2 monolayers

Table 3. P,,, Values of BITC and Its Nanoemulsions De-

termined by Caco-2 Assays

category average apparent permeability, Py, (cm/s)
free BITC 36x10°
SN-10 13 x107°
FLNE-4 L1x107°
A DAPI| SRB formulations Overla
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Figure 8. (A) Fluorescence images of cellular uptake of SRB loaded
nanoemulsions after 2 h of exposure in A549 cells. Cell nuclei were
stained blue by DAPI, and nanoemulsions display red fluorescence. The
overlay images show the cellular association of the nanoemulsions. (B)
HPLC analysis of intracellular accumulations of BITC delivered as pure
drug in ethanol or in nanoemulsions after 2 h of exposure in SKOV-3
cells. The bars represent the mean £ SD of each treatment, n = 3;
* represents p < 0.01 after Student’s ¢ test.

in the absorptive (apical to basolateral) direction increased
significantly in SN-10 and FLNE-4 nanoemulsions as compared
to the pure BITC. The apparent permeability values (P,,) were
calculated from the slopes of the Caco-2 transport profile and
summarized in Table 3. Both nanoemulsions demonstrated
significantly higher (p < 0.001) rate and extent of absorption
than the pure BITC. The ag)parent permeability P,,, of BITC
free drug was 3.6 X 107" cm/s. Previous studies reported
compounds with P,,, values of (1—10) x 10~ ° cm/s as being
moderately absorbed molecules.*® The nanoemulsion carriers
improved P,;, for BITC by nearly 3-fold. This could be due to
the increased surface areas of droplets leading to improved
surface contact with biological membrane and the influences of
formulation excipients on membrane fluidity and permeability.
There was no significant difference in apparent permeability
between SN-10 and FLNE-4 nanoemulsions (Table 3). The
results suggest that nanoemulsions may enhance the transport of
BITC in the intestinal epithelium.

Cellular Uptake and Intracellular Delivery of Nanoemul-
sions. Cellular uptake of nanoemulsions was studied by fluores-
cence microscopy using fluorescent dye SRB loaded formula-
tions. Both nanoemulsions were taken up into cells, evidenced by
the red fluorescence (SRB nanoemulsions) around blue nuclei
(DAPI) (Figure 8A). SN-10 formulation showed higher uptake
compared to FLNE-4 within 2 h of treatment (Figure 8A). The
intracellular delivery of nanoemulsions was further quantified
using the HPLC method after 2 h of exposure of SKOV-3 cells to
pure BITC in ethanol or nanoemulsions (Figure 8B). The total
amount of BITC delivered intracellularly by the SN-10 formula-
tion (26.3 £ 2.4 pg/mg protein) was equivalent to that by the
pure drug in ethanol vehicle (27.1 & 0.7 pg/mg protein).
Consistent with the fluorescence uptake study, FLNE-4 delivered
significantly lower BITC (20.1 £ 2.2 pg/mg protein, p < 0.05)
intracellularly compared to the pure BITC and SN-10 (Figure 8).
This could be attributed to the higher mean droplet size of the
FLNE-4 formulation compared to the SN-10 formulation (Table 2).

Growth Inhibitory Effects of BITC Nanoemulsion. To study
the intracellular release of BITC from nanoemulsions, cytotoxi-
city analyses were performed in human lung cancer A549 and
ovarian cancer SKOV-3 cells (Figure 9). Blank nanoemulsion
vehicles were not toxic to the cells at the concentrations used in
the study (data not shown). SN-10 nanoemulsion achieved equi-
valent cytotoxicity as compared to the free drug, but FLNE-4 kills
statistically fewer cells over 4 days of incubation (p < 0.05)
(Figure 9). The data suggest that BITC is released from
nanoemulsion droplets, causing cytotoxicity. Even though the
SN-10 and FLNE-4 nanoemulsions did not show any signifi-
cant differences in their dissolution and permeability, SN-10

—— =12
S | srNes SKOV-3 2 A549
S 104 SN0 - £19
E = Free BITC @
0 0.8 - 0.81
S 2 0.61
5 s
T 0.4 o 04
5] )
w 0.2 w 0.2
0.0 — 0.0 g ; ] ]
0 5 10 15 20 0 5 10 15 20
BITC Concentration (M) BITC Concentration ( pM)

Figure 9. Cytotoxicity of pure BITC in ethanol or in nanoemulsions in SKOV-3 and A549 cells analyzed by the SRB assay.
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nanoemulsion displayed higher intracellular BITC delivery and
increased cytotoxicity in comparison to the FLNE-4 formulation.
This is likely related to the smaller size of SN-10 formulation, as
previous papers have shown an increase in lipid digestion rate
with decreasing droplet size.”>® The lower cytotoxicity observed
with FLNE-4 could be attributed to the lower drug uptake into
the cancer cells as seen in the uptake studies (Figure 8). Higher
uptakes and increased cytotoxicity of the pure drug were due to
the ethanolic vehicle, which provides unhindered passage of free
drug through the cell membranes. On the basis of the advantages
of SNEDDS formulation, the SN-10 oral nanoemulsion was
selected for further in vivo pharmacokinetics and chemopreven-
tion efficacy evaluations.

In conclusion, we encapsulated a promising chemopreventive
agent, BITC, into nanoemulsions. Optimized o/w nanoemulsion
SN-10 was prepared by the SNEDDS method, and FLNE-4
nanoemulsion was prepared by the homogenization—sonication
method. Both nanoemulsions entrapped high amounts of BITC
(15—17 mg/mL), with low polydispersity and good colloidal
stability. The formulations displayed fast dissolution and high
permeability, efficiently released the drug intracellularly, and
inhibited cancer cell growth in vitro. Our work shows for the
first time that nanoemulsions are promising nanocarriers that
may increase the absorption and bioavailability of BITC.
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