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Background: Doxorubicin (DOX), an anthracycline anticancer antibiotic, is used for treating
various types of cancers. However, its use is associated with toxicity to normal cells and
development of resistance due to overexpression of drug efflux pumps. Poloxamer 407 (P407)
and vitamin E TPGS (D-a-tocopheryl polyethylene glycol succinate, TPGS) are widely used
polymers as drug delivery carriers and excipients for enhancing the drug retention times and
stability. TPGS reduces multidrug resistance, induces apoptosis, and shows selective anticancer
activity against tumor cells. Keeping in view the problems, we designed a mixed micelle system
encapsulating DOX comprising TPGS for its selective anticancer activity and P407 conjugated
with folic acid (FA) for folate-mediated receptor targeting to cancer cells.

Methods: FA-functionalized P407 was prepared by carbodiimide crosslinker chemistry. P407-
TPGS/FA-P407-TPGS-mixed micelles were prepared by thin-film hydration method. Cytotoxicity
of blank micelles, DOX, and DOX-loaded micelles was determined by alamarBlue® assay.
Results: The size of micelles was less than 200 nm with encapsulation efficiency of 85%
and 73% for P407-TPGS and FA-P407-TPGS micelles, respectively. Intracellular trafficking
study using nile red-loaded micelles indicated improved drug uptake and perinuclear drug
localization. The micelles show minimal toxicity to normal human cell line WRL-68, enhanced
cellular uptake of DOX, reduced drug efflux, increased DOX-DNA binding in SKOV3 and
DOX-resistant SKOV3 human ovarian carcinoma cell lines, and enhanced in vitro cytotoxicity
as compared to free DOX.

Conclusion: FA-P407-TPGS-DOX micelles show potential as a targeted nano-drug delivery
system for DOX due to their multiple synergistic factors of selective anticancer activity, inhibi-
tion of multidrug resistance, and folate-mediated selective uptake.

Keywords: doxorubicin nanocarriers, folate targeting, doxorubicin cytotoxicity, synergistic
drug delivery, Pgp-inhibiting micelles

Introduction

Drug delivery to a specific target at organ or cellular level has been widely explored.
Although Paul Ehrlich’s magic bullet concept has not been fulfilled to the fullest,
there have been substantial improvements. Delivering anticancer drug, intact, to the
target site, that is, tumor, has been one such area where magic bullet approach has
been substantially tried.! Nontargeted drug delivery systems release the drug payload
directly into plasma, which could result in adverse effects associated with anticancer
drugs.* A valuable approach to overcome this issue is the concept of ligand-mediated
targeting using antibodies, peptides, carbohydrates, aptamers, and small molecules
like folic acid (FA) (Figure 1). FA as an active targeting ligand has been extensively
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Figure | Schematic representation of active and passive targeting of DOX-loaded P407/FA-P407-TPGS micelles in cancer cells.

Notes: |: DOX was loaded into micelles by solvent evaporation and thin-film hydration methods. 2: DOX-loaded micelles enter the cells by either passive transport or
active transport mediated by FA ligand. Both active and passive transports across the cells are illustrated in enlarged version of cells. 3: Once inside the cells, DOX is released
and acts on the target site to cause cell death. TPGS and P407 reduce drug efflux and enhance DOX-DNA binding. In both cases, that is, 3a and 3b, the ultimate goal is the
cell death in which the targeted micelles result in enhanced cell death as compared to nontargeted DOX micelles.

Abbreviations: DOX, doxorubicin; P407, poloxamer 407; FA, folic acid; TPGS, D-o-tocopheryl polyethylene glycol succinate.

investigated* and is a helpful approach for active targeting as
the polymers conjugated with it could be preferentially taken
up into cells overexpressing FA receptors.® This selective
uptake approach could limit the off-targeted adverse effects
of anticancer drugs.®

In recent years, the use of polymers for drug delivery,
specifically to the tumor cells, has significantly increased
owing to the ability of carriers to achieve desirable effects
like enhanced permeability and retention and long circula-
tion times.” These polymers have been used to fabricate

various drug delivery systems including drug—polymer
conjugates,® dendrimers,’ nanoparticles,'® and polymeric
micelles!! for various purposes ranging from solubility and
permeation enhancement to as an adjuvant and as an active
ingredient to act synergistically with the drugs they are
administered with. Block copolymers are one such class
of polymers which have been used for such purposes.!?
Poloxamers, commercially known as Pluronic, are a family
of tri-block copolymers of polyethylene oxide (PEO) and
polypropylene oxide (PPO) which have been widely used in
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pharmaceutical research for their desirable properties such
as increased blood retention times of drugs."* Poloxamers
can arrange themselves to form micelles where the core is
made up of hydrophobic PPO segment, while the outer parts
termed shell are made up of PEO, which is hydrophilic. The
hydrophobic compartment can be used to load hydrophobic
drugs inside the micelles, whereas the presence of PEO on
the surface of micelles acts to protect the micelles from rec-
ognition by the immune system and unwanted interactions
with serum proteins; thus, the micelles could go undetected
enhancing the drug retention times in plasma.'* Similarly,
D-a-tocopheryl polyethylene glycol succinate 1000 (TPGS),
which is a modified form of vitamin E or o-tocopherol, can
form micelles and have been shown to enhance the stabil-
ity of colloidal systems.'* In addition, TPGS has also been
shown to inhibit the growth of tumor cells in vitro and
in vivo. Furthermore, it also reduces the multidrug resistance
by P-glycoprotein (Pgp) inhibition'¢ as well as induces
apoptosis selectively in cancer cells.'” It could thus act syn-
ergistically with anticancer drugs to enhance their antitumor
efficacy.!® Doxorubicin (DOX) is an anticancer drug used for
the treatment of a variety of cancers; however, it encounters
problems of cytotoxicity to normal cells as well as develop-
ment of resistance to chemotherapeutic agents."

Keeping in view the aforementioned characteristics,
poloxamer 407 (P407) was functionalized by conjugation
with FA adding value to selective cancer cell targeting
of TPGS for a targeted and specific delivery. The mixed
micelles of P407-FA and TPGS were produced by thin-film
hydration method and characterized for size, zeta potential,
encapsulation efficiency (EE), and in vitro drug release.
Nile red-loaded micelles were used for study of intracel-
lular trafficking. Cytotoxicity of blank micelles, DOX, and
DOX-loaded micelles was determined by alamarBlue® assay.
Studies on the effect of micelles on rhodamine 123 (R123)
efflux, cellular uptake of DOX, and DOX-DNA binding
were undertaken to investigate the enhanced cytotoxicity of
DOX-loaded micelles. Findings from these studies indicated
that FA-P407-TPGS-mixed micelles show enhanced drug
release at acidic pH, increased DOX—DNA binding, reduced
drug efflux, and improved DOX uptake and could act syner-
gistically with DOX to enhance its cytotoxicity.

Materials and methods

Materials

P407 (Pluronic F127), TPGS, 1,1’-carbonyldiimidazole
(CDI), FA, nile red, R123, and dimethyl sulfoxide
(DMSO) were purchased from Sigma-Aldrich (St Louis,

MO, USA). DOX hydrochloride (DOX-HCI) was purchased
from EMD Biosciences (Calbiochem, San Diego, CA,
USA). Triethylamine, dichloromethane (DCM), chloroform,
Hoechst 33342, and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide (MTT) were purchased from Merck
Schuchardt OHG (Hohenbrunn, Germany). AlamarBlue®,
trypsin—ethylenediaminetetraacetic acid (EDTA), Dulbecco’s
Modified Eagle’s Medium (DMEM), and fetal bovine serum
(FBS) were purchased from Life Technologies (Gibco,
Carlsbad, CA, USA).

Cell lines

Human hepatic cell line WRL-68 and human ovarian adeno-
carcinoma cell line SKOV3 were obtained from ATCC
(Manassas, VA, USA). SKOV3 cells overexpress folate
receptors at intermediate levels which are comparable to
levels of folate receptors in malignant ovarian tissues.?
DOX-resistant SKOV3 (SKOV3-DOX) cell line was gener-
ated by continuous selection with increasing concentrations
of DOX. WRL-68 and SKOV3 cells were maintained in
DMEM containing 10% FBS and 1% penicillin—streptomycin
at 37°C in a 95% air-5% CO, atmosphere. SKOV3-DOX
cell line was maintained in culture medium containing
800 ng/mL of DOX. SKOV3 or SKOV3-DOX cells were
cultured in folate-free DMEM in experiments involving
folate receptor-mediated cell uptake. All cells were regularly
passaged at approximately 80% confluence using 0.25%
trypsin-EDTA.

Synthesis and characterization

of FA-conjugated P407

The synthesis of FA-conjugated P407 (FA-P407) is shown in
Figure 2. Firstly, FA was dissolved in DMSO for overnight
in a two-neck flask. CDI was then added into the solution,
and the reaction mixture was stirred overnight under nitrogen
atmosphere and protected from light. P407 was then added,
and the reaction was stirred continuously for 24 hours under
similar conditions. After the reaction completed, the mixture
was dialyzed against deionized water for up to 5 days in
order to remove any un-reacted FA. To recover the FA-P407
conjugate, the dialyzed solution was then freeze dried.

The conjugation of FA onto P407 was confirmed by
recording and analyzing "H NMR spectra of pure P407, FA,
and FA-P407 conjugate. "H NMR spectra were recorded on
Bruker AVANCE 600 MHz spectrometer at 25°C. FA was dis-
solved in DMSO, whereas P407 and FA-P407 were dissolved
in deuterated water (D,O) for acquisition of NMR spectra.
Degree of substitution on a molar basis was determined by
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Figure 2 Synthesis of FA-P407 conjugate.

dividing the total integral values of five FA aromatic protons
(Figure 3, peaks a—) in region 6.5-9.0 ppm by methyl group
protons of PPO at 1.05 ppm (Figure 3, peak d).

UV-vis spectra were acquired using UV-1601 spec-
trophotometer (Shimadzu Corp., Kyoto, Japan) as a
qualitative proof of FA conjugation with P407. The degree of
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Notes: FA and P407 were conjugated by CDI-mediated coupling, purified by dialysis, and recovered by freeze drying.
Abbreviations: FA, folic acid; P407, poloxamer 407; CDI, I,I’-carbonyldiimidazole; DMSO, dimethyl sulfoxide.
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conjugation of FA was determined by UV—vis spectroscopy.
FA solutions of known concentrations were prepared in

DMSO, and their respective UV absorbance was recorded.

A calibration curve was obtained by plotting UV absorbance
against FA concentrations. To determine the concentration of
conjugated FA, 10 mg of the sample was dissolved in DMSO,

a b c d
e A A
85 8.0 75 7.0 -
ppm FA-P407
9 8 7 6 5 4 3 2 1 0
ppm
a b c J
| i | P | A A FA
9 8 7 6 5 4 3 2 1 0
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J \\A P407
9 8 7 6 5 4 3 2 1 0
ppm

Figure 3 'H NMR spectra of FA, P407, and FA-P407.

Notes: Peaks a—c represent aromatic protons in FA, whereas peak d represents methyl protons of PPO confirming the conjugation of FA to P407.
Abbreviations: FA, folic acid; P407, poloxamer 407; PPO, polypropylene oxide.
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and UV absorbance at 360 nm was recorded. FA present in
conjugate was then calculated from the calibration curve.
Degree of conjugation of FA on a weight basis was calculated
by using the following equation:

Conjugationof _ Weight of FA in conjugate

L = x100
folicacid(wt%)  Total weight of conjugate

Preparation of micelles

Micelles were prepared by the thin-film hydration method.
P407/FA-P407 (100 mg) and TPGS (5 mg) were dissolved
in 10 mL of chloroform. These binary solutions were put in
vials, and chloroform was evaporated overnight in a fume
hood to get thin films. These thin films were then freeze dried
for 16 hours and stored in tightly sealed containers. Thin films
were then hydrated with deionized water, incubated at 37°C
for 30 minutes, and filtered through 0.45 um nylon filter to
obtain micelle suspension.'’

In order to prepare drug-loaded micelles, the thin films
were dissolved in 3 mL DCM, and 1 mg DOX-HCI was
added in the presence of TEA. This mixture was then added
dropwise to 50 mL of deionized water ultrasonicated using
a probe sonifier (Branson Ultrasonics Co., Danbury, CT,
USA) over 2 minutes. Organic solvents were then removed
using rotary evaporator, and the remaining suspension was
passed through vivacell 250-ultrafiltration assembly (MWCO
10 kDa) to remove any unloaded DOX. The obtained DOX-
loaded micelle suspension was freeze dried and stored in
tightly sealed containers.

For the preparation of micelles incorporating nile red,
P407/FA-P407 (100 mg), TPGS (5 mg), and nile red (1 mg)
were dissolved in 3 mL of DCM and added dropwise to
20 mL of deionized water with ultrasonication using a probe
sonifier to produce an emulsion. It was stirred overnight in
darkness, and organic solvent was removed under vacuum.
The suspension was then filtered through a 0.45 um nylon
filter to remove any unincorporated nile red.*' The filtered
solution was freeze dried and stored under light protection.

Characterization of micelles

The particle size and surface charge of FA-P407-TPGS-
mixed micelles were determined by dynamic light scat-
tering (DLS) method using Zetasizer Nano ZS (Malvern
Instruments, Malvern, UK). For the analysis of micelle
morphology, transmission electron microscopy (TEM) and
field emission scanning electron microscopy (FESEM) were
used. For TEM, a drop of micelle suspension was placed and
air dried onto a carbon-coated formvar film on a 400 mesh

copper grid. TEM images were then acquired at 220 kV
under different magnifications (TEM, Tecnai Spirit, FEI,
People’s Republic of China). For FESEM, a drop of micelles
was placed and air dried onto aluminum stubs, and images
were acquired at 3 kV and different magnifications (FESEM,
GEMINI II, Zeiss, Germany).

Critical micelle concentration of micelles was determined
by DLS method!” using Zetasizer. Dilutions of samples
from 1 UM to 5 mM were prepared in deionized water, and
changes in the light intensity for each sample were recorded
at a scattering angle of 90°. A graph was plotted between the
molar concentration of sample and light intensity. Critical
micelle concentration is the concentration at or above which
unimers self-assemble to form micelles, and it is associated
with a sharp increase in light scattering intensity.

To determine the EE of DOX in micelles, drug-loaded
micelles were dissolved in 5 mL of DMSO to disrupt the
micelles and release encapsulated DOX. UV absorbance of
DOX was measured at 482 nm using UV—vis spectropho-
tometer (UV-1800, Shimadzu Corp.), and the amount of
encapsulated DOX was calculated using calibration curve.
EE and % mass of the DOX in drug-loaded micelles were
calculated using the following equations:

Weight of DOX
Drug loading _ encapsulated in micelles 100
content (DLC) Total weight of
DOX-loaded micelles
Mass of DOX
Encapsulating _ encapsulated in micelles %100
efficiency Mass of DOX
initially added

In vitro drug release

The release studies of DOX were carried out by dialysis bag
method using phosphate-buffered saline (PBS) as the release
medium at pH 7 (corresponding to physiological pH) and pH
5 (to mimic the slightly acidic environment in the tumors).
A known amount of DOX-loaded micelles in PBS was placed
into a dialysis bag (MWCO 10,000, Sigma-Aldrich), and both
ends were sealed. End-sealed dialysis bag was immersed in
PBS (pH 5 or 7) shaken at 100 rpm, and temperature was
maintained at 37°C. At designated time points, 2 mL of
samples was taken from the release medium, and an equal
volume of fresh medium was replaced. DOX concentration
in the withdrawn sample was determined from the calibration
curve using UV absorbance at 482 nm. Drug release curves
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were obtained by plotting the cumulative % drug release
against time.

Drug release kinetics

The following mathematical models were applied on the
data obtained in the drug release studies from DOX-loaded
micelles to predict the release process involved.

Zero-order model

Zero-order model assumes that the release of drug from
the formulation follows a steady pattern but is independent
of the concentration or time** described by the following
equation:

M,-M, =K,

Here, M, M, t, and K represent amount of drug released
at time ¢, initial amount of the drug, time, and the zero-order
rate constant of drug release, respectively. Data from drug
release study were fitted into this model by plotting a cumu-
lative drug release (%) against time.

First-order model

According to first-order model, the drug release from a
formulation depends upon time and initial concentration of
the drug present.? As a result, an exponential reduction in
activity within the system is also expected as described by
the following equation:

M, =M exp™

Here, k t represents the first-order rate constant. A plot
of the log of cumulative remaining drug (%) and time was
used for fitting data into the first-order model.

Hixson—Crowell model

The Hixson—Crowell model?* describes the drug release
from particles keeping in view the area and volume of the
given particles and is represented by the equation given

1
M\
t —
1- 1_M_ =1-k!.

Here, M/M_, t, and k,t represent the fractional drug

below:

release, time, and Hixson—Crowell rate constant, respectively.
Data from the drug release study were fitted into this model
by plotting cube root of % drug remaining against time.

Korsmeyer—Peppas model

Korsmeyer—Peppas equation could be used to predict the
mechanism of drug release from a polymeric system. For
evaluation of DOX release mechanism from mixed micelles
system, Korsmeyer equation® was applied by plotting log of
the cumulative drug release (%) against log of time described
by the following equation:

Here, M/M_, t, k

b KP?
release, time, Korsmeyer—Peppas rate constant, and release

and n represent the fractional drug

exponent that characterizes the mechanism of the release,
respectively. The first 60% of drug release data was fitted to
predict the release mechanism.

Diffusion coefficients

Diffusion coefficients of the DOX release from P407/FA-
P407-TPGS-mixed micelles were calculated by using the

0.5
dr_ (Do
d_ 2

where D is the diffusion coefficient, d#/d_ is the fractional
drug release, L is the diameter, and ¢ represents respective

following equation:

times.?¢

Cell viability assay for blank micelles
To study the effect or possible toxicity of P407/FA-P407-

®

TPGS-mixed micelles in normal cells, alamarBlue® cell
viability assay was used. Briefly, WRL-68 cells were seeded
in 96-well plates at 2x10* cells per well in DMEM. Twenty-
four hours after seeding, cells were washed with PBS, and
fresh medium containing micelles at a final concentration
in the range of 10-1,000 ug mL™" was added. Medium
without any treatment was used as a negative control. After
24-hour incubation, the medium was removed, and the cells
were washed twice with PBS and medium containing 10%

®

alamarBlue® was added to the wells followed by another
incubation of 4 hours. The plates were then read at 570 nm
(4,,,) with a microplate reader (Varioskan Flash; Thermo
Scientific, Waltham, MA, USA), and cell viability was cal-
culated using the following equation:

A570 of treated cells

Cell
viability (%)

A, of control cells
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Cytotoxicity of DOX-loaded micelles
Cytotoxicity of DOX-loaded micelles was evaluated in
SKOV3 and SKOV3-DOX cell lines. Cells were seeded in
96-well plates at 5x10*cells per well. The cells were treated
with varying concentrations of DOX and DOX-loaded
micelles. alamarBlue® assay was carried out as described
earlier.

Effect of micelles on drug efflux

R123 is a substrate for drug efflux pumps or Pgps and is
actively pumped out of the cells.?’” The effect of micelles on
drug efflux was monitored in SKOV3/SKOV3-DOX cells
(109) seeded in 35 mm culture dishes. The cells were allowed
to attach overnight, and then, the medium was replaced with
media containing 50 UM R123 pre-incubated for 2 hours with
TPGS, P407, P407/FA-P407-TPGS-mixed micelles or blank
media. After 2 hours of incubation, R123-containing medium
was removed, and the cells were washed twice with ice-cold
PBS followed by the addition of 1% Triton X-100 to lyse the
cells. The fluorescence intensity of R123 was measured using
a microplate reader (Varioskan Flash; Thermo Scientific) at
excitation and emission wavelengths of 485 nm and 530 nm,
respectively. Bradford assay®® was used to normalize the
intracellular R123 concentration to total protein content.

DNA binding of DOX

SKOV3/SKOV3-DOX cells were seeded in 12-well plates at
5x103 cells per well and incubated for 48 hours. After incuba-
tion, the cells were treated with free DOX or DOX-loaded
P407/FA-P407-TPGS-mixed micelles for 4 hours. Posttreat-
ment, the cells were washed with ice-cold PBS twice and
detached using cell scraper. DOX taken up by the cells was
measured by taking fluorescence reading at excitation and
emission wavelengths of 471 nm and 556 nm, respectively.
The recorded fluorescence corresponds to DOX fluorescence
in cytoplasm (DOch) as at this point, DOX fluorescence is
quenched due to binding with DNA. To remove DOX from
its complex with DNA, the cells were then treated with 0.1%
Triton X-100 for 15 minutes at 25°C, and the fluorescence
readings were taken again. This reading was considered as
DOX, (total DOX fluorescence) as the exposure to Triton
X-100 removes DOX from its complex with DNA, and DOX
fluorescence which was quenched earlier can be recorded.?
The difference between these two measurements was
calculated in order to get the DNA-bound DOX (DOX
by using the following equation:

DNA)

DOX,,, = 0.9 (DOX, ~DOX )

DOX uptake and localization

The localization and uptake of DOX in SKOV3/SKOV3-
DOX cells were investigated by treating the cells with free
DOX solutions or DOX-loaded micelles. The cells were
seeded onto coverslips in 35 mm cell culture dishes and
then were treated with either DOX solutions or DOX-loaded
micelles for 4 hours. After incubation, the cells were washed
with ice-cold PBS three times and stained with Hoechst
33342 and immediately observed under fluorescence micro-
scope to visualize the uptake of DOX.

To determine the effect of folate functionalization
on DOX uptake, cells were treated with FA-P407-TPGS-mixed
micelles in FA-free medium or medium containing
2 mM FA.

Statistical analysis

The data are mean values of a minimum of three repetitions
with standard deviations. Statistical analysis was performed
by GraphPad Prism 5.0 (GraphPad Software, Inc., La Jolla,
CA, USA) using one-way analysis of variance followed by
post hoc Dunnett’s multiple-comparison test.

Results and discussion

Synthesis and characterization of FA-P407
Synthesis of folate-conjugated P407 was confirmed by
using '"H NMR. As shown in Figure 3, '"H NMR spectrum
of FA-P407 showed the characteristic FA peaks at 6.71 ppm
and 7.56 ppm (aromatic protons of FA) and 8.63 ppm corre-
sponding to C7-H of FA.*" In addition, the peaks at 1.05 ppm
correspond to —CH, of PPO, and the peaks in the region
3.38-3.72 ppm correspond to ~CH,CHO and —~CH,CH,O—
segments of PPO and PEO. The degree of substitution on
molar-to-molar basis was 5:1 moles of FA to P407. The con-
centration of FA in conjugate was 5.9%, whereas the degree
of substitution of FA onto P407 was ~2% as determined
from UV. Figure 4 shows the UV spectra of FA, P407, and
FA-P407. P407 itself does not show any absorbance peaks
from 250 nm to 400 nm; however, when it was conjugated
with FA, the characteristic UV absorbance peaks around
360 nm and 280 nm appeared in the spectra indicating the
presence of FA in the conjugate.’!

Physical characteristics of micelles

The morphology of the micelles was observed by FESEM and
TEM. As shown in Figure 5, the micelles exhibited a spheri-
cal shape and smooth surface. The size of FA-functionalized
micelles was found to be 173£31 nm (Table 1). The size
calculated from FESEM and TEM was comparably smaller
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Figure 4 UV-vis spectra of FA, P407, and FA-P407.

Notes: FA and FA-P407 show characteristic absorption peaks at around 280 nm
and 360 nm, whereas P407 has no peaks in this region.

Abbreviations: FA, folic acid; P407, poloxamer 407.

than the size observed by DLS. The difference in the mean
size could be due to the fact that DLS size corresponds
to the size of particles in solution, whereas the electron
micrographs show the size of particles in a dried state. The
zeta potential showed insignificant variations between both
FA-P407-TPGS micelles and P407-TPGS micelles. Similar
results were observed for critical micelle concentration, and
the micelles exhibited relatively high EE as shown in Table 1.
The high EE seems to have resulted from the interactions
and r—r stacking between hydrophobic PPO and tocopherol
segments of TPGS and the aromatic structure of DOX.*

pH-dependent DOX release in vitro

The result of the drug release of DOX from micelles is
shown in Figure 6. DOX-loaded P407/FA-P407-TPGS-
mixed micelles showed similar release patterns differing
only slightly in terms of cumulative drug release. The release
of free DOX was found to be rapid and reached 100%
cumulative almost in less than 2 hours. In case of micelles, an

Figure 5 Morphology of micelles.

Notes: (A) FESEM image of FA-P407-TPGS micelles. (B) TEM image of FA-P407-
TPGS micelles.

Abbreviations: FESEM, field emission scanning electron microscopy; FA, folic acid;
P407, poloxamer 407; TPGS, D-o-tocopheryl polyethylene glycol succinate; TEM,
transmission electron microscopy.

initial fast release was observed for first 6 hours (~30%), after
which the release of DOX from micelles increased steadily
up to 120 hours. It was observed that at pH 5, about 80% of
DOX was released over a 5-day period, whereas only about
50% DOX was released in the same period at pH 7 which
could be due to higher partitioning of DOX at acidic pH.*
This could be helpful and add to the advantage of selective
and targeted uptake in cancer cells where the pH is slightly
acidic compared to normal physiological pH. Analysis of
the data obtained from the in vitro drug release experiments
was done by data fitting in drug release models and further
by Korsmeyer—Peppas power law to elucidate the release
mechanism involved. Accuracy of data fitting was determined
by correlation coefficient (R?) values. As shown in Table 2,
the data correlated well with the Korsmeyer—Peppas power
law with R? values 0f 0.92 and 0.97 for P407-TPGS micelles
and 0.85 and 0.97 for FA-P407-TPGS micelles at pH 7 and
pH 5, respectively. Furthermore, it was observed that when
the pH of release medium was changed from pH 7 to pH 5,
the result was an increased release exponent (n) value which
could be due to the enhanced solubility of DOX at acidic pH
resulting in a higher drug release. The diffusion coefficients
also increased in correlation with release exponents indicat-
ing that the rate of drug release became faster at acidic pH.
It could be suggested that the pH-sensitive behavior of
micelles was a result of the combined effects of DOX parti-
tioning in acidic media and relaxation or swelling of micelles
in solution over time.**

Intracellular localization of P407/

FA-P407-TPGS micelles

Intracellular trafficking of P407/FA-P407-TPGS-mixed
micelles was studied in SKOV3 cells incubated with nile
red-loaded micelles at different time points by fluorescence
microscopy imaging (Figure 7). It was observed that as early
as 30 minutes, the nile red fluorescence could be seen inside
the cell and around nucleus. With increasing incubation
times, the fluorescence intensity outside the cells gradually
decreased, and the intensity of the nile red inside the cells
increased with more localized fluorescence observed in the
area surrounding nucleus and cytoplasm. It could be sug-
gested that micelles enter and release the encapsulated drugs
inside and maintain the drug concentration inside cells by
reducing drug efflux.

Drug efflux in SKOV3 and SKOV3-DOX

cells
Drug efflux pumps rapidly pump out the drug entering the
cells rendering it ineffective which could result in failure
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Table | Characterization of P407/FA-P407-TPGS micelles

Sample CMC (M) Hydrodynamic size (nm) PDI Zeta potential (mV) EE (%)
P407-TPGS 5x10°* 29+7 0.392+0.05 —15+4 85+12
FA-P407-TPGS 5x107° 173431 0.211+0.07 —18£5 7319

Abbreviations: P407, poloxamer 407; FA, folic acid; TPGS, D-0-tocopheryl polyethylene glycol succinate; CMC, critical micelle concentration; PDI, polydispersity index;

EE, encapsulation efficiency.

of treatments. It was expected that TPGS reduces the drug
resistance by altering drug efflux,* and this could result in
enhanced DOX effects. To assess this, SKOV3-DOX cell line
was used as the cells overexpress Pgp, resulting in enhanced
drug efflux and subsequently reduced DOX retention inside
the cells. The control study, in which no treatment was given,
showed maximum drug efflux and the least intracellular R123
levels of 1,773 ng/mg and 418 ng/mg protein, respectively.
On the other hand, the intracellular R123 levels were increased
by 1.43% and 24% in SKOV3 and SKOV3-DOX cells,
respectively, when the cells were treated with P407 micelles
alone. The small increase in the retention of R123 could
have resulted from the enhanced retention of micelles inside
the cells, as P407 did not show significant inhibition of drug
efflux as compared to some other poloxamers. The presence
of TPGS, however, resulted in a significant increase in R123
intracellular levels in both SKOV3 and SKOV3-DOX cells
(14% and 264%). For both type of micelles, with or without
the presence of FA, the study resulted in similar high reten-
tion of R123 and reduced efflux (Figure 8A). A significant
reduction in drug efflux resulting in higher intracellular R123
levels was clearly observed in SKOV3-DOX cells, which was
due to the inhibition of high drug efflux in the resistant cells.
SKOV3 cell line, which would have the least expression of
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Cumulative drug release (%)
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Figure 6 pH-dependent DOX release from P407/FA-P407-TPGS micelles.

Notes: Red symbols: free DOX; symbols with lines: DOX release at pH 5; symbols
without lines: DOX release at pH 7.

Abbreviations: DOX, doxorubicin; P407, poloxamer 407; FA, folic acid; TPGS,
D-o-tocopheryl polyethylene glycol succinate.

Pgp, showed an almost similar level of R123 efflux that further
strengthened our hypothesis of reduced drug efflux by the
mixed micelles resulting in enhanced drug retention inside the
cells. The higher intracellular R123 levels observed in the case
of P407/FA-P407-TPGS could be the result of the combined
effects of inhibition of Pgp by TPGS and the enhanced drug
uptake of the micelles. This synergistic effect could allow
more drugs to be available inside the cells reducing the need
for higher doses and in turn increasing the efficacy of the
encapsulated drugs.

Enhancement of DOX binding with DNA

DOX has been shown to exert its cytotoxic effect as an
intercalating agent. For this to occur, it has to enter the
cells and subsequently into the nucleus to act on the topoi-
somerase enzyme.*® During this process, most of the drug
is effluxed out of the cells. As the present micelles were
able to reduce the drug efflux and increase retention of
Pgp substrate R123 as described earlier, it would provide
the drug (DOX) extended time to be localized close to the
nucleus and greater chances to interact with topoisomerase
and exert its cytotoxic action. This was confirmed by evaluat-
ing the subcellular localization of DOX inside the nucleus.
The binding of DOX with DNA results in fluorescence
quenching; however, this could be reversed by the addition
of 0.1% Triton X-100 which displaces the drug from the
DNA complex.”? SKOV3-DOX cells showed less DNA
binding as compared to the SKOV3 cells which could be
due to the increase in Pgp activity. Treatment of cells with
P407 or TPGS resulted in slight increase in DOX-DNA
binding compared to free DOX. Both P407-TPGS and
FA-P407-TPGS micelles increased the DNA binding of
DOX in SKOV3 cells by 21% and 33%, respectively, as
shown in Figure 8B. In SKOV3-DOX cell line, the DOX—
DNA binding increase was much more significant (125% and
158% by P407-TPGS and FA-P407-TPGS, respectively).
This again was due to the increased time of exposure for
DOX to interact with the DNA as well as enhanced drug
uptake and retention inside the cells. This could perhaps
also be due to the presence of multiple effects of reduced
drug efflux as well as reduced entrapment inside the acidic
vesicles which breakdown DOX.'>*7
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Table 2 Kinetic parameters of DOX release from micelles

Kinetic parameters P407-TPGS-DOX FA-P407-TPGS-DOX
pH7 pH5 pH7 pH5

Zero order k, 20.75 26.993 18.261 22.354

R? 0.7234 0.7701 0.6624 0.7835
First order k, 1.89 1.86 1.909 1.89

R? 0.8293 0.9293 0.7444 0.9035
Hixson—Crowell ki 429 4.18 4.3341 4.26

R 0.7958 0.8841 0.7176 0.8674
Korsmeyer—Peppas ke I.14 1.21 1.0643 1.1519

R? 0.9204 0.9737 0.8594 0.9766

n 0.33 0.44 0.34 0.39
Diffusion coefficients D (cm? min™") |.75E-15 5.08E-15 4.53E-14 1.36E-13

Abbreviations: DOX, doxorubicin; P407, poloxamer 407; TPGS, D-o-tocopheryl polyethylene glycol succinate; FA, folic acid.

Nucleus Nile red Merge
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Figure 7 Nile red uptake.
Notes: SKOV3 cells were seeded on glass coverslips in 35 mm culture dishes. After 24 hours, cells were washed and treated with medium containing 0.5 LM nile red or
equivalent concentration of nile red-loaded micelles. Nile red images were pseudo-colored green and merged with Hoechst 33342 images. Scale bars =50 um.
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Figure 8 Drug efflux and DOX-DNA binding.
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Notes: (A) R123 intracellular levels in both DOX-sensitive SKOV3 cells and SKOV3-DOX cells are shown after 2-hour treatment with TPGS, P407 alone, or P407-TPGS
or FA-P407-TPGS micelles. (B) DOX binding with DNA in SKOV3 and SKOV3-DOX cells is shown as determined by fluorescence measurements.
Abbreviations: DOX, doxorubicin; R123, rhodamine 123; SKOV3-DOX, DOX-resistant SKOV3; TPGS, D-o-tocopheryl polyethylene glycol succinate; P407, poloxamer

407; FA, folic acid.

Enhancement of in vitro DOX cellular
uptake

In order for DOX to exert its cytotoxic action as explained
earlier, it is important to ensure the drug to be taken up
inside the cells. Hence, cellular uptake studies of free DOX
and DOX-loaded micelles were carried out in SKOV3 cells.
It was observed that the uptake of DOX-loaded P407-TPGS-
mixed micelles was comparatively higher compared to free
DOX as shown in Figure 9. This enhanced uptake was per-
haps because of the reduced efflux as well as the selective
uptake due to the presence of TPGS.

The FA-mediated cellular uptake of DOX was also
investigated in this study. FA has a high binding affinity
(K, ~107"" m) for folate receptors.’ It has been shown that
the FA-mediated uptake takes place by endocytosis,*® and
it could be inhibited by the addition of FA into the in vitro
cell culture. In order to investigate the effect of FA-mediated
cellular uptake, SKOV3 cells were seeded in media contain-
ing 2 mM FA or FA-free medium. The results indicated that
there was no significant difference in cellular uptake when
P407-TPGS or FA-P407-TPGS-mixed micelles were used
in the presence of FA in media. However, when there was
no competing FA in the medium, it resulted in enhanced
uptake of FA-conjugated micelles (Figure 9). This further
confirmed that FA-conjugated micelles could be better taken
up in the cells compared to micelles without FA conjugation.
It was also observed that the uptake of free DOX and DOX-
loaded P407-TPGS-mixed micelles was not influenced by

the presence or absence of FA in the medium. A graphical
representation of folate-mediated targeting of DOX-loaded
FA-P407-TPGS-mixed micelles and passive transport across
cancer cells is provided in Figure 1. The figure shows that free
DOX enters the cells by diffusion process or passive transport,
whereas DOX-loaded FA-P407-TPGS-mixed micelles enter
the cells by FA ligand-mediated uptake. Once inside the cells,
DOX s released and acts on the target site to cause cell death,
whereas TPGS and P407 reduce drug efflux and enhance
DOX-DNA binding. This selective and targeted uptake
of DOX-loaded FA-P407-TPGS-mixed micelles results in
enhanced cell death as compared to free DOX or nontargeted
P407-TPGS micelles as described in the next section.

In vitro cytotoxicity of DOX-loaded

P407/FA-P407-TPGS micelles

Both P407-TPGS and FA-P407-TPGS-mixed micelles
exhibited minimal cytotoxicity for all the tested concentrations.
More than 95% cells were viable at concentrations as high
as 1 mg/mL after 24 hours of incubation in WRL-68 cells
(Figure 10A). Cytotoxicity studies indicated that DOX-loaded
micelles exhibited enhanced cytotoxicity compared to free
DOX at similar concentrations (Figure 10B and C). It was also
observed that cytotoxicity increased in the order of FA-P407-
TPGS-DOX > P407-TPGS-DOX > DOX in both SKOV3
and SKOV3-DOX cell lines as shown by the decreasing IC, |
values (Table 3). However, when FA-containing medium
was used, no significant difference was observed among
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Figure 9 DOX uptake.

Notes: SKOV3 cells cultured on glass coverslips were treated with DOX for 4 hours. Images were acquired and merged with Hoechst 33342 images. Asterisk in the last
row refers to cells cultured in the FA-free medium. Scale bars =50 pum.
Abbreviations: DOX, doxorubicin; FA, folic acid; P407, poloxamer 407; TPGS, D-o-tocopheryl polyethylene glycol succinate.
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Figure 10 Cell viability of blank micelles and cytotoxicity of DOX and DOX-loaded micelles.

Notes: (A) Cell viability of WRL-68 cells after 24-hour treatment with P407-TPGS or FA-P407-TPGS micelles was determined by alamarBlue® cell viability assay. Cytotoxicity
assessment of free DOX and DOX-loaded P407-TPGS or FA-P407-TPGS micelles by alamarBlue® assay is shown for (B) DOX-sensitive SKOV3 cells and (C) SKOV3-DOX
cells. (D) Cytotoxicity of DOX or DOX-loaded micelles in SKOV3 and SKOV3-DOX cells in medium supplemented with 2 mM FA.

Abbreviations: DOX, doxorubicin; P407, poloxamer 407; TPGS, D-o-tocopheryl polyethylene glycol succinate; FA, folic acid; SKOV3-DOX, DOX-resistant SKOV3.
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Table 3 IC, values of DOX in free or micelle form

Cells DOX P407-TPGS- FA-P407-TPGS-
(M) DOX (M)  DOX (uM)

SKOV3 7.7+0.4 4.8+0.5 3.610.4

SKOV3-DOX 17.5+1.3 6.1+0.7 5.7+0.8

Abbreviations: DOX, doxorubicin; P407, poloxamer 407; TPGS, D-o-tocopheryl
polyethylene glycol succinate; FA, folic acid; SKOV3-DOX, DOX-resistant SKOV3.

the DOX-loaded FA-P407-TPGS and P407-TPGS-mixed
micelles due to the competition with free folate in the medium
as shown in Figure 10D. It can be suggested that this enhanced
cytotoxicity probably resulted from the combination of
enhanced cellular uptake due to the activity of the micelles,
selective cytotoxicity by TPGS, folate-mediated endocytosis,
and reduced drug efflux by inhibition of Pgp.

Conclusion

In this study, FA-functionalized P407-TPGS-mixed micelles
encapsulating DOX were successfully prepared. The
micelles exhibited particle size of less than 200 nm and
released DOX in a pH-dependent manner. The intracellular
trafficking study of nile red-encapsulated P407/FA-P407-
TPGS showed that the micelles entered and released the
encapsulated drug inside the cells and resulted in enhanced
concentration around the nucleus. It was also shown that
P407/FA-P407-TPGS-mixed micelles reduced drug efflux
activity, enhanced cellular uptake, and increased DNA
binding of DOX. Furthermore, blank micelles showed mini-
mal toxicity to normal cells, while DOX-loaded micelles
had improved cytotoxicity effect against the SKOV3 and
SKOV3-DOX cells as compared to free DOX. FA-P407-
TPGS-DOX micelles offer a high potential as a targeted
drug delivery system for DOX as a result of their multiple
synergistic factors.
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