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ABSTRACT: Genistein (Gen) soy isoflavone produces extensive pro-apoptotic anticancer effects, mediated predominantly via
induction of mitochondrial damages. Rationalization of the native mitochondrial selectivity of Gen, utilizing biophysical model
assumptions, led to our design of cationic lipid-based nanocarriers (NC) of Gen. Prototype nanoformulations, lipidic micelles
(Mic) and nanoemulsions (NEs) incorporated Gen to serve as both therapeutic and targeting moieties, specific for mitochondria.
Both Gen-NCs, showing superior physicochemical properties, produced significant cytotoxicity (5−10-fold lower EC50),
compared to all drug controls, in hepatic and colon carcinomas. Owing to the mitochondria-specific accumulation of Gen-NCs,
their mitochondrial depolarization effect was most evident, leading to marked activation of intrinsic apoptotic pathway markers
cytosolic cytochrme c and specific caspase-9thus, confirming the direct mitochondrial action of Gen-NCs. This mechanistic
evidence of the mitochondria specificity of our Gen-NE and Gen-Mic strongly indicates their potential as targeted delivery
nanosystems to augment anticancer efficacy of many lipophilic chemotherapeutics.

KEYWORDS: proapoptotic, micelles, nanoemulsions, mitochondriotropic, cytochrom c, caspase enzymes

1. INTRODUCTION

Genistein, (4′,5,7-trihydroxyisoflavone), a small, biologically
active flavonoid, is identified as the predominant isoflavone in
soy products.1,2 The pharmacological anticancer activities of
genistein include protein tyrosine kinase inhibition, topo-
isomerase II inhibition, antioxidant activities, G2/M phase cell
cycle inhibition, induced differentiation, and deregulation of
mitochondrial membrane pore permeability.3,4 Furthermore,
genistein has been shown to induce apoptosis and reduce cell
growth in several cancer cell types,5,6 which has led to its use to
treat different types of cancers in animal models.7 Specifically,
genistein has been recently reported to induce apoptosis,
mediated by activation of caspase-9 and -3 in acute
promyelocytic leukemia derived cells,4,8 as well as reduced
expression of antiapoptotic Bcl-2 family proteins, in human
malignant neuroblastoma cells.9

Mitochondrial damage can occur by different mechanisms,
one of which involves the sustained opening of the
mitochondrial permeability transition pore (mPTP),10 which
leads to mitochondrial depolarization and the influx of solutes,
resulting in outer membrane damage.10 On this front, genistein

has been shown to cause induction of apoptosis, in T
lymphoma cells, via mitochondrial damage with the involve-
ment of the mPTP.11 Other reposts demonstrated genistein
reducing mitochondrial trans-membrane potential, which
consequently induced the release of mitochondrial cytochrome
c and increased annexin V binding, confirming intrinsic
induction of apoptosis in human prostate carcinoma cells
too.12 Many anticancer agents, such as doxorubicin, paclitaxel
and etoposide at high cytosolic concentrations, induce
mitochondrial permeabilization in an indirect fashion.13 Other
cancer drugs, such as MKT-077, a cationic rhodacyanine dye,
interact specifically with mitochondrial respiratory proteins and
DNA, as suggested by a quantitative structure−activity
relationship (QSAR) model, showing specific accumulation in
mitochondrial matrix, driven by the electrochemical gra-
dient.14,15
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Analogously, applying the same criteria set by the same
QSAR model, established by Horobin et al.,14,15 for prediction
of mitochondrial accumulation of xenobiotics, genistein, as a
lipophilic weak acid (log p = 3.05, and pKa = 6.6, retrieved from
ChemID plus online database), would be a highly likely
candidate to accumulate in cellular organelle biomembranes,
specifically, nuclei, lysosomes and mitochondria.16 Never-
theless, owing to the potential competition for genistein
between these cellular organelles, particularly at low intra-
cellular drug concentrations, relying only on the accumulation
criterion for mitochondria used in this model may sometimes
be met [such as Z (−0.25) ≤ 0; 5 > log P less ionized species at pH 7.4,
GH = 2.3 > 0; conjugated bond number (CBN = 7) < 40,
obtained from ChemID plus and Chemicalize online database]
(Figure 1).14 Still, based on a first-principles physicochemically
rigorous model, which attempts to predict the uptake of
xenobiotics into eukaryotic cells in general,17 a modified model
has been constructed for the uptake of xenobiotics into
mitochondria of live animal cells, which can deal with neutral,
ionized and partially ionized compounds.14,15 According to this
model, the mechanistic description of the bioaccumulation of
weak electrolytes, such as our candidate compound genistein,
with lipophilic character, would be best described via the Fick−
Nernst−Plank equation.14,15 This construct considers pKa, pH
inside and outside the cellular and extracellular compartments,
a partition constant for lipophilicity and the electric charges on
solutes and cellular constituents. By use of the Fick−Nernst−
Plank model, the prevalent process that can be found leading to
accumulation of the weak acid of genistein (G−, major ionic

spp. pKa = 6.6, at pH 7.4) in the mitochondria would be the ion
trap effect, which occurs for acids with a pKa below the pH of
the mitochondria: pH = 8 (Figure 1).15 In fact, for several
candidate monovalent weak acids (approximately pKa = 6), the
concentration ratio within mitochondria/outside cell (C/Co)
was found close to 10-fold. While QSAR models are considered
generally more discriminating, in the context of describing
mitochondrial accumulation of drug molecules, e.g. genistein,
such a more elaborate physicochemical model is highly valued,
as it attempts to account for lysosomes, cytosol and, most
importantly, lipids in each compartment, as well as mitochon-
dria.14

Overall, the genistein molecular structure exhibits almost all
of the physicochemical features favoring its specific targeting or
accumulation in mitochondria within intact cell, except for the
presence of strong cationic moiety in its liphophilic structure.13

Applying all parameters of the different xenobiotic mitochon-
drial-uptake models, namely, the modified QSAR and the first-
principles physicochemically rigorous models,14−16 the selec-
tivity of genistein molecules would be considered in between
low and high, i.e. exhibit medium accumulation to mitochon-
dria in all cell lines, with possible marginal uptake into
lysosomes and nuclei. However, the incorporation of genistein
into cationic membranes of lipidic nanocarriers could
compensate for added high mitochondrial selectivity of the
entire genistein−nanovehicle system, via enhanced attraction to
mitochondrial membrane electrical potential.13

Therefore, our attempt was to investigate the mitochondria-
specific pro-apoptotic activity of genistein-targeted lipid

Figure 1. Chemical properties of genistein and modeling of mitochondrial selectivity: Shown are un-ionized genistein molecule/spp. (GH), and the
major molecular species (7- phenolate spp., G−) present at physiological pH; plus the first-principles physicochemical Ficks−Nernst−Planck model
applied to the accumulation of both genistein species in generic mammalian mitochondria, and typical conditions, as derived from previous
models.14,17
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nanoemulsified droplets, specifically, to develop nanoemulsified
carriers, i.e. lipopolymeric Mics and NEs, showing high
membrane incorporation of genistein molecules, which can
afford their specific delivery to mitochondria of test cancer cells.
For this purpose, polyunsaturated fatty acid (PUFA)-rich argan
oil and flexible unsaturated PEG-phosophlipid derivatives were
employed as matrix for NE and Mic formulations, respectively,
to facilitate the near-surface localization of the high amount of
incorporated genistein drug molecules, close to the lipid−
aqueous medium interface, as illustrated previously.18

This strategy would accelerate and enhance the mitochondria
destabilization effect of genistein, as well as further induce more
caspase-dependent apoptotic cancer cell death. The enhanced
mitochondrial specificity and pro-apoptotic activity of genis-
tein-coupled NCs can serve as a constructive drug delivery
platform for other lipophilic anticancer chemotherapeutic
drugs, to augment their antineoplastic effectiveness.13,19

2. MATERIALS AND METHODS

2.1. Materials. Polyunsaturated fatty acid (PUFA) contain-
ing argan oil and vitamin E (α-tocopherol) were obtained from
Tamanar, Moroccan Cooperative Production (Terre exotic,
France) and Calbiochem, EMD Biosciences (Billerica, MA),
respectively. NF grade vitamin E TPGS/Speziol was generously
supplied by Cognis (Cincinnati, OH), while Muchler Inc./
BASF (Cincinnati, OH), generously provided Solutol HS15.
Both cholesterol (Chol) and 1,2-dioleoyl-sn-glycero-3-phos-
phoethanolamine-N-[methoxy(polyethylene glycol)-2000]
(PEG2000-PE) were purchased from Avanti polar lipids
(Alabaster, AL). Oleylamine (approximately 90% C18),
Fluoromount-G/fluoromount G-DAPI, Hanks balanced buffer,
trypsin/EDTA, penicillin/streptomycin, and fetal bovine serum
were obtained from Fisher Scientific (Waltham, MA). Tissue
culture media, RPMI-1640 and Eagle’s minimum essential
medium (EMEM) were purchased from Sigma-Aldrich (St.
Louis, MO). Both Hoechst 33342 and cytochrome c ELISA
assay kit were obtained from Invitrogen (Carlsbad, CA). Test
cell lines, murine colon carcinoma, CT26, and human liver
hepatocellular carcinoma, HepG2, were purchased from
American Type Culture Collections (Manassas, VA). MitoPT
JC1 Assay Kit was purchased from ImmunoChemistry
Technologies, LLC (Bloomington, MN), whereas the Apop-

totic, Necrotic & Healthy Cells Quantification Kit was
purchased from Biotium Inc. (Hayward, CA), and the standard
BCA protein assay was from Thermo Fischer Scientific
(Rockford, IL, USA). Both the Caspase-8/FLICE fluorescent
assay and Caspase-9 fluorescent assay kits were obtained from
Bivision Inc. (Milpitas, CA). Black 96-well tissue culture plates
as well as 4- and 8-chamber polystyrene tissue culture-treated
glass slides were purchased from BD Biosciences (San Jose,
CA).

2.2. Preparation of Genistein-Incorporating Polymeric
Micelles. Different ratio mixtures of vitamin E TPGS and
PEG2000-PE were stirred with genistein previously dissolved in
acetone/methanol mixture at 2 mg/mL concentration, followed
by solvent evaporation; then, HEPES buffer−saline (HBS)
buffer solution, pH 7.4, was added to the formed lipid film,
leading to a clear micelle solution, after 10 min of 800 rpm
vortex mixing. The resulting solutions were filtered twice with a
0.2 μm pore size membrane filter to initially remove any
undissolved genistein, and then repeated twice to sterilize Mic
formulations.20 Table 1 lists representative examples of the Mic
formulation development approach employed.

2.3. Preparation of Nanoemulsions. Multiple formula-
tions were developed using polyunsaturated fatty acid (PUFA)
rich argan oil as the matrix for the oily phase of the NEs. The
relatively high native content of tocopherols in argan oil was
also suggested to act as oil antioxidants/protectants during high
shear nanoemulsification processes, as necessary.21 NEs were
prepared by coarse homogenization, followed by ultra-
sonication. Briefly, to 1 g of oil mixture (composed of 0−50
wt % as α-tocopherol and 95−40 wt %, argan oil, plus 5 wt %
oleylamine), was added a total weight of 250 mg of surfactant
mixture (solutol HS15:vitamin E-TPGS as 70:30 to 50:50 wt
%), while warming to 45 °C and gently mixing on a vortex
mixer for 2−3 min (i.e., surfactant:oil ratio was maintained at
0.25), followed by gradual addition of 3.75 g of the 60 °C
aqueous phase, and homogenization for 5 min at 20,000 rpm
using an ultra Turrax 10 homogenizer (IKA Works Inc., NC) to
produce the coarse oil-in-water emulsion (i.e., O:W ratio was
about 4:15 wt/wt). Subsequently, the cooled macroemulsion
was ultrasonicated at 4−5 W power, N2 gas flow, using a
Misonix XL2000 probe sonicator (Qsonica, Newtown, CT) for
2 cycles (each cycle is 10 + 3 min, as sonication on + off times),

Table 1. Characterization of Different Genistein-Loaded NC Formulation Compositions and Stability

formulation (lipid phase, wt %)
genistein loading efficiency

(mg/mL)
particle size

(nm)
zeta potential

(mV)
60-D stability (genistein recovery

%)

95% argan oil/5% oleylamine NE empty 173 ± 21 +21.8 ± 3.1 N/A
3.24 ± 0.2 188 ± 24 +23 ± 3.3 82 ± 6.4

80% argan oil/15% tocopherol/5% oleylamine
NE

empty 137 ± 9 +17.4 ± 3.5 N/A
4.65 ± 0.26 144 ± 12 +16.5 ± 2.4 90 ± 9.5

65% argan oil/30% tocopherol/5% oleylamine
NE

empty 121 ± 9 +12.4 ± 2.2 N/A
6.92 ± 1.07 118 ± 10 +11.7 ± 1.5 96 ± 9.7

45% argan oil/50% tocopherol/5% oleylamine
NE

empty 152 ± 8 +3.3 ± 0.8 N/A
7.31 ± 0.81 167 ± 14 +5.1 ± 1.2 88 ± 7.2

95% PEG-PE/5% oleylamine Mic empty 20 ± 2.2 +12.8 ± 1.1 N/A
0.39 ± 0.08 18 ± 2.6 +13.4 ± 0.4 85 ± 9.6

80% PEG-PE/15% TPGS/5% oleylamine Mic empty 20 ± 1.8 +10.4 ± 0.5 N/A
0.67 ± 0.14 24 ± 1.4 +8.1 ± 0.7 82 ± 10.2

60% PEG-PE/35% TPGS/5% oleylamine Mic empty 21 ± 1.9 +6.8 ± 1.1 N/A
0.98 ± 0.09 26 ± 2.2 +7.5 ± 0.9 89 ± 10.3

45% PEG-PE/50% TPGS/5% oleylamine Mic empty 40.3 ± 5.3 +2.2 ± 0.8 N/A
0.77 ± 0.15 38 ± 1.7 +3.3 ± 1.2 74 ± 11.5
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to obtain the nanosized oil droplets.21 A summarized matrix of
oil phase composition optimization (with respect to size,
homogeneity, stability and drug content) using this general
nanoemulsification process is presented in Table 1.
2.4. Physicochemical Characterization of Nanoformu-

lations. All formulations were characterized for particle size,
size distribution and zeta potential using the dynamic light
scattering technique with a Malvern Zetasizer analyzer, NanoZS
(Malvern instruments, Holtsville, NY) at 273° fixed angle and
at 25 °C temperature. The NEs for particle size analysis were
diluted with deionized distilled water before analysis, and the
numbered average oil droplet hydrodynamic diameter and the
polydispersity index (PDI) were determined.21,22

Analysis of Genistein Incorporation in Nanovesicles. High-
performance liquid chromatography (HPLC) analytical method
was used to determine the levels of genistein incorporated in
the nanolipidic formulations. Formulation samples (20 μL)
were injected through an ACE PFP C-18 column (4.6 × 250
mm, 4 μm packing vol) using degassed methanol:0.1% acetic
acid in H2O (55:45 vol/vol) as mobile phase. The flow rate of
the mobile phase was maintained at 0.5 mL/min, and UV
detection was performed at 261 nm. The genistein concen-
tration in the sample was determined using a calibration curve
of genistein dissolved in methanol. The HPLC method showed
excellent reproducibility, with precision of less than 3% RSD, as
well as excellent accuracy between 92.3% and 99.98% for
genistein. The lower limit of genistein quantitation genistein
was 0.08 μg/mL. The encapsulation efficiency of genistein was
determined in mixed micelles, after they were passed twice
through 0.2 μm pore size polycarbonate membrane filters to
remove any undissolved genistein and then analyzed using
HPLC.23 The drug encapsulation efficiency in NE formulations
was determined by ultrafiltration technique, using centrifugal
filter devices (MW cutoff 3,000 Da; Centricorn, Millipore,
Bedford, MA), followed by HPLC quantification.23

In Vitro Release Assay. Genistein-loaded nanoformulation
(Mics and NEs) samples (3 mL vol) were introduced into a
dialysis tube (MWCO = 7,000−1000 Da, Spectra/Por-
Spectrum Laboratories Inc., U.S.A.) and then suspended into
1 L of release medium (phosphate buffered saline, PBS (pH
7.4) containing 0.1% Tween 80 to maintain sink condition).24

The system was stirred at 300 rpm at 37° ± 0.5 °C. At
predetermined time intervals, 1 mL samples were withdrawn
and replaced with an equal volume of fresh release medium.
The amount of genistein released was measured by HPLC as
described above. Data were reported as means with standard
deviations (n = 3).23,25

Stability of Nanoformulations and the Incorporated
Drugs. Physical stability of nanoformulations was over 2
months upon storage at low temperature (4 ± 1 °C). During
this storage period, the particle size and size distribution were
evaluated for both types, NE and Mic, as well as creaming index
of NEs (not shown).21 The chemical stability of incorporated
drugs was determined via HPLC, as the entrapment efficiency/
drug recovery (%), after storage, was determined using the
following formulas:23

=

×

drug recovery (%) amount of genistein in 

nanoformulation, D60

/amount of genistein in 

nanoformulation, D1 100

These parameters were employed as a tool to evaluate the
overall nanosystems’ stability.21

2.5. Cell Culture. Murine colon carcinoma, CT26, and
human hepatocellular carcinoma, HepG2 cells (American Type
Culture Collection, Rockville, MD), were grown in RPMI 1460
and EMEM media, respectively, containing 10% fetal bovine
serum and penicillin (100 U/mL)/streptomycin (100 μg/mL)
in a humidified environment of 37 °C, 5% CO2. Cells were
plated at a concentration of 6 × 103 to 1.5 × 104 cells/cm2 and
subcultured at approximately 70−80% confluency. Cells
between passages 5 and 15 were used for experimentation.20

2.6. In Vitro Cytotoxicity Assays. Carcinoma cell lines,
CT26 and HepG2, were seeded as 20 × 103 cells per well, in
96-well plates, in four replicates. After 24 h, the complete
corresponding growth medium was exchanged for serum-free
medium containing several 2-fold serial dilutions of selected
test genistein-loaded and vehicle control nanoformulations
(6TPEG/Mic or 30NE), in addition to free genistein ethanolic
solution, at equivalent concentrations.20,21 After 24 h, the plates
were washed twice with HBS, and cell viability was determined
using CellTiter Blue Kit (Promega, Madison, WI), using
Synergy 2 biotek fluorescence plate reader (Biotek instruments
Co., Winooski, VT), according to the manufacturer’s
instructions.22

2.7. Apoptotic/Live Cell Assay. Apoptotic cells were
quantified using epifluorescence microscopy method using the
Apoptotic & Necrotic & Healthy Cells Quantification Kit from
Biotium, Inc. (Hayward, CA, USA). CT26 and HepG2 cells (10
× 104 /mL) were seeded on 22 mm glass coverslips. Various
genistein-containing 6TPEG/Mic formulations, as well as free
drug and vehicle controls, were added to the cancer cell, diluted
in the corresponding growth culture medium (at 10 μM drug
concentration or equivalent composition).26 Approximately 24
h later, cells were washed twice with HBS then incubated for 15
min with assay binding buffer (100 μL/sample). To each well,
were added 5 μL of Annexin V-FITC, 5 μL of ethidium
homodimer III and 5 μL of Hoechst 33342 solutions. After 15
min of dark incubation, stained cells were observed under a
Nikon Eclipse 800 epifluorescent upright microscope, equipped
with Kodak RT slider camera (Nikon, Japan) using FITC-HYQ
and UV-2E/C filter sets. Healthy live cells (stained with
Hoechst 33342) showed blue fluorescence, while apoptotic
cells (stained with Annexin V-FITC and Hoechst 33342)
emitted green and blue fluorescence.26 The stained apoptotic
cells were expressed as percentage of total of 500 cells, counted
by two different individuals, blinded to each test sample.21

2.8. Microscopic Evaluation of Intracellular Trace-
ability. Tracking of intracellular localization of fluorescently
labeled genistein-loaded NEs, namely, lead prototype 30NE
formulation, loaded vs control plain formulations was accessed
via structured/focused light fluorescence microscopy, using
model murine CT26 and human HEPG2 cells. After an initial
passage in tissue culture flasks, cells randomly chosen for this
experiment are grown (8 × 105cells/well) in a 4-chamber tissue
culture glass slide system (BD Falcon Biosciences, Bedford,
MA). The slides were washed with HBS, pH 7.4, and then
different FITC-PE fluorescently labeled NE formulations, with
or without genistein, were added and incubated for 4 h at 37
°C, in 5% CO2. After the incubation, cells were washed with
HBS, pH 7.4, and then stained with either Mitotracker red
CMXRos (specific mitochondrial dye), to determine colocaliza-
tion with mitochondria, or Lysotracker Red (specific lysosomal
dye), to determine colocalization with lysosomes. Afterward,
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cells were fixed and mounted on glass slides using the
fluoromount G-DAPI mounting medium. Finally, slides were
viewed with a Ziess Axioimager Apotome microscope,
equipped with Colibri LED light source and axiocam MRm
digital camera system (Gottingen, Germany). Following,
analysis of the subcellular distribution of nanocarriers, i.e.
NEs in the acquired image stacks, was performed via ImageJ
software (National Institutes of Health, Bethseda, MD), and
the colocalization for different NE treatments was visualized
and quantified using Pearson’s coefficient, obtained through the
ImageJ colocalization finder plug-in. Merged image pixels, over
a fixed threshold showing both green and red fluorescence,
were detected using pixel ratio of 1:1.27,28

2.9. Mitochondrial Isolation and Analysis of Asso-
ciated Liposome Fluorescence. Mitochondria were isolated
from CT26 and HepG2 cells, using the mitochondrial isolation
kit for cultured cells, following the manufacturer’s protocol
(Pierce). About 2 × 106 cells, grown to 85−90% confluence,
were coincubated with treatments for 4 h, as represented in
each data point measurement. FITC-PE-labeled nanocarrier
formulations: plain NCs (PL-6TPEG/Mic or PL-30 NE), Gen-
Sol admixed with FL-NCs (Gen-Sol + PL-6TPEG/Mic or Gen-
Sol + PL-30NE), plus Gen-loaded FL-NCs (Gen-TPEG/Mic
or Gen-30NE) were tested (n = 3). The isolated mitochondrial
pellet was dissolved in 120 μL of CHAPS buffer (2% CHAPS in
TBS, pH 7.2), and data were finally normalized based on the
protein content of mitochondrial fractions, using BCA protein
assay kit determinaton (Pierce).27

2.10. Mitochondrial Membrane Potential Assay. JC-
1(5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraethylbenzimidazolylcarbo-
cyanineiodide), a lipophilic cationic dye that selectively enters
mitochondria, was used as an indicator for mitochondrial
depolarization. In healthy cells with high mitochondrial Δψm,
JC-1 spontaneously forms complexes known as J-aggregates

with intense red fluorescence. Conversely, in apoptotic or
unhealthy cells with low Δψm, JC-1 remains in the monomeric
form, which shows only green fluorescence.11

Murine CT26 and human HepG2 cells were pelleted and
then washed twice in PBS. As a positive control, cells were
treated with 25 μM doxorubicin HCl for the same period and
incubation conditions (humidified environment of 37 °C, 5%
CO2). The cancer drug, doxorubicin, known to directly inhibit
mMPT and cause loss of mitochondrial membrane potential,
was used as a positive assay control. MitoPT JC1 assay was then
carried out according to the manufacturer’s instructions for
attached cells (ImmunoChemistry Technologies, LLC Bloo-
mington, MN) and evaluated using Synergy 2 biotek
fluorescence plate reader (Biotek instruments Co., Winooski,
VT).8

2.11. Cytochome c Release ELISA Assay. The cytosolic
level of cytochrome c was determined by using an ELISA assay
kit (Invitrogen, Camarillo, CA). Briefly, after 24 h exposure to
different 6TPEG/Mic formulations, as plain or genistein-
containing treatments, as well as free genistein solution (at
concentrations equivalent to 150 μM drug) and 25 μM of
doxorubicin HCl as positive control, cell cultures were washed
twice with PBS, and their membranes were permeabilized with
0.5% Triton X-100 in PBS-cell extraction buffer. The cell lysates
were centrifuged at 13,000 rpm for 10 min at 4 °C, and then
cells were normalized by their protein content, determined as
per the standard BCA protein assay (Thermo Fischer Scientific,
Rockford, IL, USA). Each normalized cell sample was loaded
into 96-well ELISA microplates to carry out the assay, as per
the manufacturer’s instructions. Finally, absorbance was
measured, using Synergy 2 biotek fluorescence plate reader
(Biotek instruments Co., Winooski, VT), at 450 nm wave-
length. Data were expressed as the mean optical density of the

Figure 2. Representation of general physicochemical properties of micellar and nanoemulsified genistein formulations: showing the average size
measured for genistein-loaded nanoemulsion and micelle prototypes (a and c); and the in vitro release profile of lead genistein-loaded nanoemulsion
and micelle formulations (b and d), respectively (mean values with unlike superscripts are statistically different, P ≤ 0.05, n = 5).
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samples (±SD), normalized as percentage of the control
value.11

2.12. Measurement of Specific Caspase Activities.
About 1.5 × 106 cellsemploying both CT26 and HepG2 cell
lineswere grown to attach overnight in 25 cm2

flasks. Cells
were incubated with different genistein-loaded and plain
nanoformulations (6TPEG/Mic or 30NE), along with free
genistein solution (at concentration equivalent to 150 μM
drug) and 25 μM doxorubicin HCl as positive control for 24 h.
Cells were trypsinized and collected and, then, normalized by
their protein content determined as per the standard BCA
protein assay (Thermo Fischer Scientific, Rockford, IL, USA).
Following, caspase assays for caspases 8 and 9 were carried out,
using Caspase-8/FLICE fluorescent assay and Caspase-9
fluorescent assay kits, respectively, as per the manufacturer’s
protocol (BioVision Inc., San Francisco, CA, USA).6,29

2.13. Data Analysis. A minimum of quadruplicates were
run for each experiment. Data is generally reported as mean ±
standard deviation (SD), unless otherwise noted. Comparisons
between the groups were performed using nonparametric
ANOVA (Kurskal−Wallace test, with Tukey’s post hoc analysis,
to compare results). The p < 0.05 values were considered
statistically significant. All statistical analyses of graphs were
performed using Graphpad Prism, V. 5.0 software.21

3. RESULTS

3.1. Development and Characterization of Lead
Genistein-Incorporated NCs. Based on the lipophilic
character of the isoflavonoid structure of genistein, and its
natural tendency to incorporate into lipid membranes,25,30 it
was equitable to use lipidic surfactants and polymeric
phospholipids to develop nanocarriers for improved incorpo-
ration and delivery of genistein into target cancer cells.
Prepared NE and Mic formulations were characterized for
their size, zeta potential, encapsulation efficiency, and stability
post-60 days of cold storage. Table 1 presents a summary of the
results. Data are represented as average ± SD, determined from
five independent experiments.21

In the case of NE formulations, positively charged nano-
droplets (110−200 nm approximately size range) were
produced successfully, using 2−4 wt % of cationic lipid residue,
oleyl amine, with no negative impact on the loading capacity for
genistein. The incorporation of α-tocopherol in the oily phase
of the nanoemulsions, up to 30 wt %, did not only result in
smaller and more homogeneous formulations but also
significantly improved the genistein loading efficiency, up to
3.7 wt % (i.e., 7.3 mg/mL) compared to only 1.6% (i.e., 3.2
mg/mL) without any vitamin E. At the same time, all vitamin
E-containing NEs, seemed to be of superior physical stability
after 60 days of storage, in terms of size monodispersity (not
shown) and drug content (Table 1).
As phospholipid micellar nanocarriers have inherently

smaller size overall (av 20−25 nm), as well as lipid interior
(representative examples in Figure 2), their capacity for loading
lipophilic drugs, namely, genistein, would typically be smaller
than NE formulations, on a mg/mL basis. Nevertheless,
drug:lipid ratios, as high as 50 mol %, were achieved in both
cationic and noncationic PEG-PE mixed micelles. As seen in
Table 1, mixed micelles made of vitamin E TPGS:PEG2000-PE
(40:60 molar ratio) show the highest loading of genistein
(approximately 980 μg/mL), with reasonable stability ∼90%
drug content retention, after 60 days. The incorporation of 5
mol % of the oleylamine cationic moiety successfully switched
the zeta potential negative profile typical (av −16 to −24 mV,
not shown) for the different genistein-micellar nanocarriers
toward the positive side (av +5 to +13 mV) (Table 1).
Moreover, as seen in Figure 2, the extended release profile

(>48 h) of genistein from incorporating platforms, either the
Mic or NE, in comparison with instantaneous admixtures (Gen-
6TPEG/Mic or Gen + PL-30/NE), with no apparent burst
release, indicates the firm association of incorporated genistein
molecules with their lipidic nanocarriers.
Two prototype cationic formulations of genistein30%

TPGS-containing nanoemulsion (30NE), and 60% vitamin E
TPGS-containing micelle (6TPEG/Mic)were selected for

Figure 3. In vitro cytotoxicity of genistein-nanocarriers in model cancer cell lines. Cytotoxicity profile of different genistein-containing Mics as well as
free drug solution and PL-6TPEG/Mic controls in CT26, murine colon carcinoma cells (a and b); concentration-dependent cytotoxicity of various
genistein-containing NEs, in comparison with controls in HepG2, human hepatocellular carcinoma cells (c); cytotoxicity “cross-section” profile of
various NE and control formulations (d), at 150 μM of drug concentration. (Mean values with unlike superscripts are statistically different, P ≤ 0.05,
n = 4−6.)
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further in vitro efficacy and mechanistic studies for incorporated
drug.21

3.2. Enhanced Cytotoxicity and Pro-Apoptotic Activ-
ity of Different Genistein-Loaded NCs against Cancer
Cell Lines. As a first step in evaluating the anticancer activity of
the different genistein-loaded NCs, metabolic cytotoxicity
assays were utilized, exposing two different cancer cell lines,
murine colon carcinoma, CT26, and human hepatocellular
carcinoma, HepG2, to varying concentrations of genistein-free
(plain: PL) and genistein-incorporating nanoemulsions (Gen-
30NE) and micelles (Gen-6TPEG/Mic), in comparison with
equivalent concentrations of the free drug genistein, dissolved
in hydro-alcoholic solution (Gen-Sol). In order to effectively
study the effects of NC incorporation of genistein molecules in
lipidic membranes, control extemporaneous mixture of
genistein in hydro-alcoholic (20%) solution and preformulated
drug-free/plain NEs or Mics were also prepared, just before
their addition to each test cell culture, as appropriate.
Apparent at drug concentrations as low as 10 μM, in

comparison to the closest drug control, Mic nanocarriers of
genistein demonstrated significantly superior cytotoxicity
profile, evident also through the markedly steeper slope of
the linear regression line corresponding to Gen-6TPEG/Mic
treatment, on the logarithmic graph of CT26 cell viability
(Figure 3, panels a and b), for instance. In a similar fashion, the
incorporation of genistein in NEs shows significantly higher
cytotoxic efficacy, in both cell lines, especially when compared
to drug-containing formulations (Figure 3, panels c and d, for
one cell line, HepG2, starting from 50 μM drug concentration
level. Hence, a cytotoxicity “cross-section” at concentration
equivalent to 150 μM genistein (Figure 3, panel d), clearly
shows only genistein-incorporating NE (Gen-30NE) reduced
cancer cell viability below 50% (mean = 28%), compared to all
other controls.22

Table 2 lists important in vitro cytotoxicity indexes (EC50 and
EC90), calculated for all formulations coincubated with both
cancer cell model cultures. The lowest EC50 and EC90 values,
in both cell lines, were clearly produced by genistein
incorporated in nanocarriers (Gen-30NE or Gen-6TPEG/
Mic), with respect to appropriate formulation controls (EC50
reaches between 5- and 10-fold < any Gen-containing positive
control treatment, while EC90 values can only be reliably
extrapolated for genistein-NCs, not else).22

Confirmation of the apoptosis-mediated cytotoxic effect of
genistein formulations was done via quantitative evaluation of
apoptotic cells, through staining for live cell nuclei (via Hoechst
33342), and apoptotic cell’s exposed phosphatidylserine
residues (via annexin V-FTIC), Figure 4, panels a−d. Gen-
6TPEG/Mic showed the highest percentage of apoptotically

dying cancer cells, compared to all other treatments (P ≤ 0.05,
Figure 4, graphic panel e).

3.3. Genistein-Coupled NCs Demonstrate Mitochon-
dria-Specific Accumulation and Membrane Destabiliza-
tion Effects. In order to elucidate the mechanism of improved
apoptotic cytotoxicity induced by genistein incorporation into

Table 2. Comparison of Determined in Vitro Cytotoxicity Parameters of the Various Lead Genistein-NCs, vs Controls, in Test
Cancer Cell Linesa

PL-6TPEG/Mic Gen-Sol Gen-Sol + PL-6TPEG/Mic Gen-6TPEG/Mic

cytotoxicity index (μM) EC50 EC90 EC50 EC90 EC50 EC90 EC50 EC90

CT26 N/A N/A 67.4 ± 7.3* 61.6 ± 9.3* 8.4 ± 3.6† 49.3 ± 7.0§

HepG2 N/A N/A 330.2 ± 16.6‡ 319.2 ± 18.8‡ 37.8 ± 4.5‡‡ 210.4 ± 26.2¶

PL-30NE Gen-Sol Gen-Sol + PL-30NE Gen- 30NE

cytotoxicity index (μM) EC50 EC90 EC50 EC90 EC50 EC90 EC50 EC90

CT26 643.4 ± 28* 88.5 ± 17† 90.7 ± 18.1† 16.2 ± 5.3‡ 386.5 ± 13.2§

HepG2 888 ± 16.8¶ 416.2 ± 10.6‡‡ 411.5 ± 14.9‡‡ 72.5 ± 9.5# 378.7 ± 10.4§

aMean values with unlike superscripts are statistically different, P ≤ 0.05, n = 4.

Figure 4. Live-apoptotic cell determination. Fluorescent micrographs
of murine CT26 cells, exposed to RMPI-1460 media (a), Gen-Sol (b),
Gen-Sol + PL-6TPEG/Mic (c), and Gen-6TPEG/Mic (d) treatments,
for 24 h (at 25 μM drug concentration or equivalents). Healthy cells
(stained with Hoechst 33342) emitted blue fluorescence, and
apoptotic cells (stained with Annexin V-FITC and Hoechst 33342)
emitted green and blue fluorescence; quantitative microscopic
evaluation of apoptotic cell percentage, in both CT26 and HepG2
cells, counted and calculated vs total counted cells (e), as detailed in
the protocol (n = 4).
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nanovehicle membranes, confocal microscopy was employed to
determine the subcellular distribution of fluorescently (FITC-
PE)-labeled membranes of genistein-free (PL-30NE) and
genistein-coupled NE (Gen-30NE), as well as the simple
mixture of Gen-Sol + PL-30NE coincubated with the different
cancer cell lines, CT26 and HepG2.22

Figure 5, panels a−c, shows representative composite
confocal fluorescence micrographs in CT26 cells. Green

FITC-PE fluorescence is detected with red mitochondria
stained with MitoTracker Red, and nuclei stained blue with
DAPI. Yellow/orange color, indicating colocalization of FITC-
PE-labeled NE formulations with stained mitochondria, was
quite substantial in the case of the Gen-30NE sample. Analysis
of colocalization clearly shows, after 4 h, the genistein-coupled,
Gen-30NE, formulation specifically delivered FITC-PE to the
mitochondria (Pearson’s linear coefficient = 0.82 ± 0.07 and
0.77 ± 0.06 in CT26 and HepG2 cells respectively, Figure 5d).
In contrast, NE formulations without incorporated/bound
genistein were significantly much less specific in associating
FITC-PE to mitochondria (Pearson’s linear coefficient = 0.32 ±
0.12, and 0.27 ± 0.09 in CT26 cells, for control samples PL-
30NE and Gen-Sol + PL-30NE, respectively. HepG2 cells show
similar values, for corresponding nontargeted controls, Figure
5d).28

Using the same formulations and fluorescent labeling
approach, shown here with HepG2 cell (Figure 5, panels e−
g), green FITC-PE fluorescence is detected, along with red
lysosomes stained with LysoTracker red, and nuclei stained
blue with DAPI. In this case, yellow/orange color, indicating
colocalization of FITC-PE-labeled formulations with stained
lysosomes, was quite comparable between all three NE
treatments, in both test cell lines. Analysis of colocalization,
in microscopy slides of both cell lines (Figure 5h), clearly
shows no substantial difference between the genistein-coupled
Gen-30NE formulation and control formulations not incorpo-
rating genistein, PL-30NE and Gen-Sol + PL-30NE mixture, in
terms of selectively associating FITC-PE to lysosomes.
Quantitative analysis of mitochondria-specific accumulation

of FITC-labeled NCs (Figure 6) affirms the significant
association of Gen-TPEG/Mic and Gen-30 NE formulations
with the mitochondrial fractions (P ≤ 0.05), isolated from
either CT26 or HepG2 test cells, as measured after 4 h of
coincubation with the different treatment samples.
In order to confirm the direct mitochondria-specific activity

of genistein-bound nanocarrier, JC-1 assay, designed to assess
the level of toxicity as a function of mitochondrial membrane
potential (Δψm), was performed using both cancer cell models.
Figure 7a demonstrates the marked decrease in the red:green
fluorescence ratio, in the case of Gen-30NE, significantly with
respect to any other genistein-containing treatment (P ≤ 0.05).
In fact, Gen-30NE showed such high levels of mitochondrial
toxicity and Δψm depolarization, very close to those produced
by the positive control, doxorubicin chemotherapeutic treat-
ment.

3.4. Enhanced Activation of Intrinsic Apoptosis
Marker Caspase-9 and Induction of Cytochrome c
Release with Mitochondria-Specific Genistein-NCs.
Quantitative fluorescent assay for cytochrome c release, into
cytosol of CT26 and HepG2 cancer cells, following 16 h
exposure to different controls and micellar formulations, is
presented in Figure 7b. While genistein-free treatments showed
negligible cytochrome c release, Gen-6TPEG/Mic formulation
induced significantly elevated levels of cytochrome c (vs either
Gen-Sol or Gen-Sol + PL-TPEG/Mic formulations). Along
with analogous elevated assay results for Gen-30NE (not
shown), our data reveal that sustained opening of mMPT, due
to direct genistein-nanocarrier exposure, induces cytosolic
release of cytochrome c.8,9,11

To further confirm the mitochondria-mediated apoptotic
effect of genistein NCs, the activation of caspase-9 subsequent
to cytochrome c release from damaged mitochondria9,31 was

Figure 5. Organelle-specific and nonspecific intracellular distribution
of genistein-associated NCs. Representative composite micrographs of
blue, red and green channels of treated CT26, at 60× magnification,
showing specific colocalization of different 30NE (labeled green with
FITC-PE) with mitochondria (stained red with MitoTracker Red),
panels a−d. Representative composite micrographs of blue, red and
green channels of treated CT26, showing nonspecific colocalization of
different 30NE (labeled green with FITC-PE) with lysosomes (stained
red with LysoTracker Red), panels e−g. Blue color represents nuceli
(stained with DAPI). Treatments include PL-30NE (a and e), Gen-Sol
+ PL-30NE mix (b and f), and Gen-30NE (c and g). Estimation of
specific colocalization of different 30NE with mitochondria (d); and
nonspecific colocalization with lysosomes (h), obtained for slide
images from both cell lines. Quantitative data represented as Pearson’s
linear regression coefficient of colocalization ± SD (n = 6−8).
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evaluated in comparison to activation of caspase-8 release,
which mostly occurs as a death-receptor mediated response.29

After 16 h, the exposure of cancer cells to either Gen-30NE or
Gen-6TPEG/Mic formulations resulted in the activation of
both caspase enzymes, 8 and 9, marking progression of
programmed cell death. Nevertheless, significantly elevated
levels of caspase-9, compared to caspase-8, were markedly
detected in the case all of genistein-loaded NCs vs the other
different treatments (Figure 8).
These collective data of the different markers of apoptotic

events, consequently, implicate mitochondrial damage as the
major early event in the induction of cancer cell apoptosis by
genistein-targeted lipidic nanocarriers.

4. DISCUSSION
Considering accumulated data and reports corroborating both
the direct and indirect destabilizing effects of genistein on
mitochondria, leading to apoptotic cancer cell death,8,9,11 it was
quite rational to investigate the physicochemical features of
genistein’s molecular structure, for selectivity toward mitochon-
drial membranes. Based on different recognized model-driven
criteria for mitochondrial selectivity, genistein, as free drug
molecule, would be a highly likely mitochondriotropic
candidate compound.14,15

While aforementioned theoretical assumptions are quite
reasonable for the free drug of genistein (Figure 1), the proper
association of genistein molecules with cationic lipid-based
nanocarrier platform would allow relatively high mitochondria-
specific accumulation of the delivery system, including its
potential cargo. In our proof-of-principle nanoformulations,
high concentrations of genistein are incorporated with drug-free
cationic Mics or NEs, which technically serve as both targeting
fraction and active cytotoxic drug, to achieve direct and
effective delivery to target mitochondria. The success of this
approach to induce prominent mitochondria-triggered apopto-
sis depends largely on the successful incorporation of genistein
into the lipidic NCs, which maintains functional balance of
sufficient drug load, close proximity of genistein molecules to
NC surface, and stability of the lipidic structure.13,14,18

The apt composition of NC lipid membranes would allow
high loading of genistein, stability of encapsulated drug at
physiological conditions, and protection against associated
metabolizing mechanisms, thus improving the overall bioavail-
ability of the drug.25,32 Furthermore, at the cellular level,
genistein incorporation in lipid NCs also allows for enhanced
intracellular delivery of the drug, in both time- and dose-
dependent kinetics.19 This effect is specifically improved
though the incorporation of tocopheryl succinate moieties in
both types of nanoemulsified lipidic platforms, Mics and NEs.
Vitamin E moieties are known to assist as penetration
enhancers of nanovesicles into biological membranes. Addi-

Figure 6. Quantitative analysis of genistein-NC association with
isolated mitochondria. Fluorescence associated with isolated mito-
chondrial fractions of both HepG2 and CT26 cells, treated for 4 h with
FITC-PE labeled micelles: (a) genistein-containing Mics, as well as
plain micelles, and admixture of free Gen-Sol + PL-6TPEG/Mic
controls; or treated with FITC-PE labeled nanoemulsions; (b)
genistein-containing NEs, along with PL-30NE and admixture Gen-
Sol + PL-30NE controls (n = 3).

Figure 7. Estimation of mitochondrial damage via genistein-nano-
carriers. Assessment of direct mitochondrial membrane depolarization
effect, using JC-1 assay, in both CT26 (■) and HepG2 (□) cell lines,
induced by genistein-containing NEs plus free drug solution and PL-
30NE controls (a); ELISA measurements of cytochrome c released
from damaged mitochondria, after exposure to genistein-containing
Mics as well as free Gen-Sol and PL-6TPEG/Mic formulation controls
(b). Doxorubicin treatment (25 μM) was employed as positive control
in both assays (n = 4).
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tionally, the presence of vitamin E succinate PEG polymer,
TPGS, as a major surfactant, owing to its specific anticancer
efficacy against tumor, but not normal cells, can also augment
the overall cancer cell kill effectiveness of genistein loaded in
the same formulations.20,21

The efforts to successfully develop nanoemulsified formula-
tion of genistein included multiple Mic and oil-based NE
compositions. Table 1 shows a simplified formulation matrix for
either mixed TPGS/PEG-PE micelles or polyethoxylated castor
oil/TPGS-emulsified nanoemulsions. The general trend of
improved genistein loading appears to be directly associated
with the increase in tocopheryl content, and is manifested in
both Mic and NE formulations. Analogously, as the proportion
of tocopheryl moiety of vitamin E TPGS increases within the
composition of the mixed PEG-PE Mic platform, a significant
improvement in both the genistein loading capacity and the
stability of genistein micelles is recorded (Table 1). Such
enhanced drug loading capacity and stability in mixed micelles
can obviously be attributed to the membrane-plasticizing effect
of tocopheryl residues, and favorable interactions of genisteins’s
flavonoid rings and tocopherol multiring structure.18

Employing lead nanoformulations, in both micellar (Gen-
6TPEG/Mic) and nanoemulsion (Gen-30NE) platforms,
demonstrated enhanced activities using in vitro cytotoxicity
and apoptosis assays. The superior cytotoxic effect of these
formulations can be linked directly to the efficient association
of genistein in the nanovesicles, either as Gen-30NE or as Gen-

6TPEG/Mic, especially when compared to quite limited cell kill
effect produced by the positive treatment control composed of
simple admixtures between Gen-Sol and preformed PL-30NE
or PL-6PEG/Mic (Figure 3). In fact, the great inhibition of cell
viability observed through EC50 values (Table 2), about 5−6-
fold lower in the case of Gen-30NE, compared to any genistein-
containing control (Gen-Sol or Gen-Sol + PL-30NE mix) and
almost 13−28-fold less than EC50 of PL-30NE, can be mainly
explained through the improved capability of genistein-NEs for
drug-loading and delivery into target cancer cells. The low IC50
data obtained with Gen-6TPEG/Mic, relative to other controls
(approximately 8−10-fold < Gen-Sol or Gen-Sol + PL-6TPEG/
Mic mix), almost mirror exactly such superior anticancer
activity of the nanovesicle-mediated delivery of incorporated
drug, thus further supporting such account.
Moreover, nanocarrier-incorporation of genistein, Gen-30NE

or Gen-6TPEG/Mic seems to improve the kinetics of both the
pro-apototic and the cytotoxic effects on test cancer cells,
producing prominent inhibition of cancer cell viability within
24 h of coincubation compared to 72 h, typical for free drug
treatment. Again, this can be attributed to the membrane-
penetration enhancement effect of the included tocopheryl
residues.20,21

Microscopic evaluation of stained cancer nuclei and specific-
membrane markers corroborate the greater anticancer cell
activity of Gen-6TPEG/Mic, via significantly inducing
apoptosis in both CT26 and HepG2 cell cultures (Figure 4).

Figure 8. Mechanistic evaluation of specific caspase-induced apoptosis. Measurements of mitochondria-specific caspase-9, C9 (gray bars); vs
mitochondria-nonspecific caspase-8, C8 (striped bars), in either HepG2 cells, treated with genistein-containing Mics as well as free Gen-Sol and PL-
6TPEG/Mic formulation controls (a); or CT26 cells, treated with genistein-containing NEs, free drug solution, Gen-Sol, and PL-30NE controls (b).
Doxorubicin treatment (25 μM) was utilized as positive control (mean values with unlike superscripts are statistically different, P ≤ 0.05, n = 4).
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Based upon previous confirmations of the p-53 independent
apoptosis triggered by genistein, the intrinsic pathway of
apoptosis was investigated to further delineate and confirm the
mitochondria-mediated apoptotic cell death sequences asso-
ciated with our genistein-coupled nanocarrier lipidic delivery
systems. The categorical colocalization of FITC-PE-labeled
Gen-30NE with mitochondria, determined via confocal
microscopy image analysis (Figure 5, panels a−c and d), not
only substantiates their preferential accumulation to the
mitochondrial fraction of the cell but also verified the
theoretical model assumptions of mitochondrial selectivity of
the genistein-targeted cationic lipidic vesicles, explained earlier.
Quantitatively, the marked mitochondrial association data of
genistein loaded-NCsabout 2.5 times the value measured for
any other NC control (Figure 6)further verifies the
mitochondrial selectivity of the targeted fluorescently labeled
constructs, Gen-TPEG/Mic and Gen-30NE. Moreover, the
positive mitochondria-targeted distribution of FITC-PE-labeled
Gen-30NE, detected in both cancer cell lines, clearly indicates
the necessity to couple genistein molecules, acting as the
primary mitochondria-homing moieties, to the cationic nano-
vesicular structure. In contrast, unassociated genistein in the
FITC-labeled Gen-Sol + PL-30NE mix was deemed com-
parable to genistein-free FITC-PE-labeled PL-30NE formula-
tion negative control. In addition, lysosomal selectivity was
virtually nonexistent for any of the genistein-containing FITC-
PE-labeled formulations, Gen-30NE, or Gen-Sol + PL-30NE
mixture. As a result, any sort of significant competition between
lysosomes and target mitochondria, for the specific accumu-
lation of genistein-associated NCs, would then be excluded
(Figure 5).
Sequential evaluation of direct mitochondrial interactions

revealed that Gen-30NE produced significantly marked
reduction in mitochondrial membrane potential, in both
CT26 and HepG2, via JC-1 cell assays (Figure 7a).
Accordingly, genistein-incorporating nanocerriers, such as
Gen-30NE, in this example, would be responsible for triggering
extensive apoptotic death in cancer cells, induced primarily via
their direct and specific damage to mitochondrial membrane
integrity and function, in comparison with nonspecific
treatment controls, in the same assay.
Owing to the evident mitochondria-specific delivery of

cationic nanovesicles highly incorporating genistein, producing
marked depolarization of mitochondria trans-membrane
potential, it was not a surprise to witness the significantly
higher levels of cytochrome c redistributing into cytoplasm,
following Gen-6TPEG/Mic treatment, in our example (Figure
7b).
The strong induction of the intrinsic pathway of apoptosis,

mediated by the mitochondria-avid accumulation of our
genistein-nanocarriers, was further ascertained through the
significantly higher levels of caspase-9, compared to caspase-8,
as detected in both HepG2 cells and CT26 cells following
coincubation with Gen-6TPEG/Mic and Gen-30NE, respec-
tively (Figure 8). These levels, obtained with genistein-
nanocarriers, were comparable with those observed in previous
studies of a similar nature, where marked apoptosis was
achieved.8,29 Conversely, this was not the case with free drug
(Gen-Sol) treatment, which showed some difference in favor of
specific caspase-9, vs nonspecific caspase-8 (found at significant
level in only one cell line, CT26), but at low cellular enzyme
levels. Taken together, these observations strongly suggest that
the increased association of genistein with our cationic lipid

nanocarriers is the primary reason for the enhanced
mitochondria-mediated apoptotic anticancer cell activity of
these formulations.

5. CONCLUSIONS

Successful incorporation of genistein molecules in cationic lipid
nanocarriers, namely, mixed micelles and nanoemulsion,
resulted in their targeted accumulation in mitochondria, leading
to enhanced cancer cell kill. Mechanistic studies strongly
designate the mitochondria-selectivity of these genistein-
nanocarriers to induce apoptosis, via direct mitochondrial
uncoupling and subsequent activation of intrinsic apoptotic
marker enzymes and machinery. Taken collectively, the specific
augmentation of anticancer effect of nanocarriers, through
association of genistein molecules, demonstrates a great
potential of genistein-nanocarriers as drug delivery platforms
to augment the anticancer therapeutic activity of candidate
hydrophobic chemotherapeutic agents.
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