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ABSTRACT: Breast cancer is the second leading cause of
cancer-related death in women. The majority of breast tumors
are estrogen receptor-positive (ER+) and hormone-dependent.
Neoadjuvant anti-estrogen therapy has been widely employed
to reduce tumor mass prior to surgery. Tamoxifen is a broadly
used anti-estrogen for early and advanced ER+ breast cancers
in women and the most common hormone treatment for male
breast cancer. 4-Hydroxytamoxifen (4-OHT) is an active
metabolite of tamoxifen that functions as an estrogen receptor
antagonist and displays higher affinity for estrogen receptors
than that of tamoxifen and its other metabolites. MicroRNA-
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21 (miR-21) is a small noncoding RNA of 23 nucleotides that regulates several apoptotic and tumor suppressor genes and
contributes to chemoresistance in numerous cancers, including breast cancer. The present study investigated the therapeutic
potential of 4-OHT and anti-miR-21 coadministration in an attempt to combat tamoxifen resistance, a common problem often
encountered in anti-estrogen therapy. A biodegradable poly(p,L-lactide-co-glycolide)-block-poly(ethylene glycol) (PLGA-b-PEG-
COOH) copolymer was utilized as a carrier to codeliver 4-OHT and anti-miR-21 to ER+ breast cancer cells. 4-OHT and anti-
miR-21 co-loaded PLGA-b-PEG nanoparticles (NPs) were developed using emulsion-diffusion evaporation (EDE) and water-in-
oil-in-water (w/o/w) double emulsion methods. The EDE method was found to be best method for 4-OHT loading, and the w/
o/w method proved to be more effective for coloading NPs with anti-miR-21 and 4-OHT. The optimal NPs, which were
prepared using the double emulsion method, were evaluated for their antiproliferative and apoptotic effects against MCF7, ZR-
75-1, and BT-474 human breast cancer cells as well as against 4T1 mouse mammary carcinoma cells. We demonstrated that
PLGA-b-PEG NP encapsulation significantly extended 4-OHT’s stability and biological activity compared to that of free 4-OHT.
MTT assays indicated that treatment of MCF7 cells with 4-OHT—anti-miR-21 co-loaded NPs resulted in dose-dependent
antiproliferative effects at 24 h, which was significantly higher than what was achieved with free 4-OHT at 48 and 72 h post-
treatment. Cell proliferation analysis showed that 4-OHT and anti-miR-21 co-loaded NPs significantly inhibited MCF-7 cell
growth compared to that of free 4-OHT (1.9-fold) and untreated cells (5.4-fold) at 1 uM concentration. The growth rate of
MCEF?7 cells treated with control NPs or NPs loaded with anti-miR-21 showed no significant difference from that of untreated
cells. These findings demonstrate the utility of the PLGA-b-PEG polymer NPs as an effective nanocarrier for co-delivery of anti-
miR-21 and 4-OHT as well as the potential of this drug combination for use in the treatment of ER+ breast cancer.

KEYWORDS: polymer nanoparticles, PLGA, 4-hydroxytamoxifen (4-OHT), microRNA-21, anti-miR’s, estrogen receptor,
breast cancer therapy

B INTRODUCTION

7 . .
chemotherapy.” However, most anticancer drugs and anticancer

Breast cancer is the most common malignancy and a leading
cause of cancer-related death in women worldwide." The single-
therapeutic approach using traditional chemotherapy often fails
to succeed largely due to multidrug resistance (MDR) in cancer
cells. MDR is thus a major obstacle in effective cancer
chemotherapy. There is evidence to suggest that the coadminis-
tration of small interfering RNAs (siRNAs), anticancer drugs,
and anticancer MDR-reversing agents has the potential to
improve cancer treatment success rates” ® and the efficacy of
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MDR-reversing agents have very limited therapeutic potential
due to high inherent toxicities.® Consequently, despite their
potential utility, further chemotherapeutic development and
advancements in targeted delivery systems are required before
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they can be employed in cancer therapy. Moreover, despite the
improvement in current cancer therapeutics, enhancements in
chemotherapeutics and targeted delivery systems are much
needed for effective cancer therapy.”

4-Hydroxytamoxifen (4-OHT) is a selective estrogen receptor
modulator (SERM). It is an active metabolite of pro-drug
tamoxifen (TAM), which acts as an estrogen receptor
antagonist.'”"' TAM and 4-OHT are cytostatic drugs. They do
not induce any cytotoxicity in cells, but they inhibit estradiol-
induced cell proliferation by competitively binding to estrogen
receptor. Normally, this process will not affect nonproliferating
normal cells. In contrast, breast tissues undergo substantial
programmed cell proliferation and apoptosis during every
menstrual cycle. During this time, various glandular and epithelial
cells will be in proliferative status. Hence, TAM treatment can
have a cytostatic effect on these normal proliferating cells.
Neoadjuvant anti-estrogen therapy using TAM has been widely
used to treat estrogen receptor positive (ER+) breast cancer
patients.”'>"* 4-OHT has a greater binding affinity to estrogen
receptors than TAM and has a ~100—167-fold higher potency in
inhibiting cell proliferation in both breast cancer cells'*™'® and
normal human breast cells.'” Anti-estrogenic 4-OHT has both Z
(trans) and E (cis) isomeric forms. It has been reported that the
trans isomer of 4-OHT has a 100-fold higher anti-estrogenic
potency than the cis isomer in ER+ T47D breast cancer cells'®"

4-OHT and its pro-drug TAM have been prescribed to
patients before surgery in order to reduce breast tumor mass and
have been shown to lower the risk of the local tumor recurrence
by inhibiting induction of new primary tumors.”*~>* However, 4-
OHT is practically insoluble in water and is soluble in ethanol
and methanol. 4-OHT displays poor oral bioavailability when
administered as free drug, and it is associated with various
adverse effects, including nausea, hot flushes, and weight gain.
Effective delivery systems that enable slow-release strategies
while protecting drug stability may improve the bioavailability of
4-OHT and simultaneously avoid its adverse side effects.
However, while there has been an interest in developing
biodegradable polymer nanoparticles (NPs) for neoadjuvant 4-
OHT delivery,” limited reductions in breast tumor mass have
been achieved with 4-OHT monotherapy.

MicroRNAs are endogenously expressed noncoding small
RNA molecules that regulate cellular pathways by controlling the
expression of various genes. MicroRNA-21 (miR-21) is a key
microRNA that is overexpressed in most human cancers,
including breast cancer, and has been shown to contribute to
tumor growth, metastasis, and MDR.>>?¢ In the analysis of 157
human miRs, only miR-21 was consistently overexpressed in
breast tumors in comparison to matched normal breast tissues.’
The antisense oligonucleotide 100% complementary to miR-21
(anti-miR-21) has been reported to inhibit migration and
invasion of cancer cells by blocking the function of endogenous
miR-21 while enhancing the cancer cell’s response to chemo-
therapeutic agents.””*® Overexpression of miR-21 is linked with
the development of MDR in breast cancer; hence, targeting miR-
21 is a unique and aspiring MDR-reversing approach in cancer
therapy.” Transfection of antisense-miR-21 in MCF7 cells has
been shown to suppress tumor cell growth in vitro (in culture)
and in vivo (tumor xenograft in a mouse model).”® However,
despite the development of structurally modified miRs, delivery
of naked miRs to tumor cells in vivo remains a challenge owing to
their degradation by serum nucleases, poor cellular uptake, and
off-target effects.”””°
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While numerous delivery platforms have been reported for
TAM delivery,”*" and a few nanoparticle formulations have been
reported for the delivery of 4-OHT**"*° and anti-miR-21,>%"3*
there is no formulation reported for the co-delivery of TAM or 4-
OHT and anti-miR-21. Co-delivery of anti-miR-21 and S-
fluorouracil (5-FU), through poly(amidoamine) dendrimer NPs,
substantially improved the cytotoxicity of S5-FU, strongly
enhanced the apoptosis of U251 glioma brain tumor cells, and
significantly diminished the migration ability of the tumor cells.*”
This study also indicates that simultaneous co-delivery of anti-
miR-21 and 5-FU might have substantial applications in the
treatment of miR-21-overexpressing glioblastomas. Anti-miR-
21-loaded and chlorotoxin-coupled liposomal NPs significantly
reduced the growth of U87 human glioblastoma multiforme cell
lines.>® Anti-miR-21 and adriamycin (ADR) co-loaded multi-
functional polymer nanocomplexes substantially improved the
accumulation of ADR in ADR-resistant MCE7 cells.” This
resulted in much higher cytotoxicity than what was observed in
cells treated with free ADR, indicating that this polymer
nanocomplex might effectually reverse ADR resistance in
MCF7 cells. In another study, 4-OHT-loaded pH-gradient
pegylated liposomes were formulated by varying the composition
of lipids and external pH for 4-OHT loading and were delivered
to MCF?7 cells as well as in multiple myeloma (MM) cells.>>**
These liposomes resulted in greater stability, low relative toxicity,
and slow 4-OHT release compared to that of conventional non-
pH-gradient liposomes, and they blocked MM tumor growth at 4
mg/kg/week in vivo after 6 weeks of treatment. These findings
were supported by another investigation that showed that 4-
OHT-nanodiamond complexes significantly reduced MCF7 cell
viability compared to the negative control in vitro.*®

Poly(lactic-co-glycolic acid) (PLGA) is a well-established
biodegradable and biocompatible polymer whose hydrolysis
releases glycolic acid and lactic acid monomers, which are easily
metabolized by the body without any side effects.” Poly(ethylene
glycol) (PEG) is another well-recognized, biocompatible, and
nonhazardous polymer. While hydrophobic PLGA has been
shown to entrap the drugs, the hydrophilic PEG is known to
shield NPs from the immune surveillance and improve the
enhanced permeability and retention (EPR) effect.” Biodegrad-
able PLGA-PEG block copolymer NPs have thus attracted great
interest for various drug delivery approaches.”**~** Anti-miR-21
and anti-miR-10b co-loaded urokinase plasminogen activator
receptor targeted PLGA-b-PEG NP-treated mice showed
significant reduction in triple-negative breast cancer tumor
growth compared to the control NP-treated mice in in vivo tumor
xenografts.41 These PLGA-b-PEG NPs, when combined with
microbubbles, delivered 7.2-fold higher miR-122 into tumors
with ultrasound compared to that from treatment without
ultrasound.*

We hypothesize that co-delivery of anti-miR-21 and 4-OHT
could concurrently affect target miR-21 and ER receptor
signaling, which would results in an enhanced therapeutic effect.
Herein, we report the optimal synthesis of biodegradable
polymer nanoparticles from poly(p,L-lactide-co-glycolide)-
block-poly(ethylene glycol) (PLGA-b-PEG-COOH) as a carrier
for the co-delivery of anti-miR-21 and 4-OHT as well as the
evaluation of the carrier’s significant antiproliferative effects in
ER+ MCF7, ZR-75-1, and BT-474 human breast cancer cells and
4T1 mouse mammary carcinoma cells in vitro.
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B EXPERIMENTAL SECTION

Materials. All chemical used in this study were of analytical
grade or above and purchased from commercial suppliers. 4-
Hydroxytamoxifen (>70% Z isomer) >98%, carboxy-terminated
poly(p,L-lactide-co-glycolide) (PLGA, MW 7000—17000, inher-
ent viscosity 0.16—0.24 dL/g), N-hydroxysuccinimide (NHS)
98%, and N-(3-(dimethylamino)propyl)-N'-ethylcarbodiimide
hydrochloride (EDC) >99.0% were obtained from Sigma-
Aldrich (St. Louis, MO, USA). Heterobifunctional PEG polymer
(NH,-PEG-COOH, MW 3400) was purchased from JenKem
Technology (Allen, TX, USA) and NOF Corporation (Irvine,
CA, USA). Anti-miR-21-PS were custom-synthesized by the
PAN facility at Stanford at a purity > 95%. Cell culture media,
charcoal-stripped fetal bovine serum (FBS), and streptomycin
and penicillin (PS) were purchased from Invitrogen (Carlsbad,
CA, USA). MCF7, ZR-75-1, BT-474, and 4T1 breast cancer cell
lines were purchased from American Type Culture Collection
(ATCC) (Manassas, VA, USA). After receiving cell lines from
the supplier, they were grown, subcultured, frozen, and stored
under liquid nitrogen vapor for future use. All experiments in this
article were done before cells reached 40 passages.

Synthesis of PLGA-b-PEG-COOH Copolymer. PLGA-
COOH (0.04166 mmol, S00 mg) was dissolved in dry
dichloromethane (CH,Cl,). To this was added EDC (0.4166,
80 mg) in dry CH,Cl, and subsequently NHS (0.4166 mmol, 48
mg) in dry CH,Cl,, and the mixture was stirred at room
temperature (RT) for 4 h. The resulted PLGA-NHS was
precipitated using cold methanol (MeOH)/diethyl ether (Et,O)
(1:1). The precipitate was centrifuged at 5000 rpm for S min, the
supernatant was decanted, and the pellet was further washed
twice with cold MeOH/Et,O (1:1). The pellet was dried under
vacuum for 3 h. The dried PLGA-NHS pellet (0.04132 mmol,
500 mg) was dissolved in dry chloroform and treated with
heterobifunctional NH,-PEG-COOH (0.04132 mmol, 140 mg)
followed by addition of diisopropylethyamine (0.4132 mmol, 72
uL). The reaction mixture was stirred at RT for 24 h. The
resulted PLGA-b-PEG-COOH was precipitated by addition of
cold MeOH/Et,0 (1:1), washed twice with cold MeOH/Et,O
(1:1), dried under vacuum, and characterized by "H NMR (yield:
74%).

Formulation and Characterization of 4-Hydroxyta-
moxifen, Anti-miR-21 Co-loaded PLGA-b-PEG-NPs by
Emulsion-Diffusion Evaporation (EDE). A premixed solution
of 4-OHT and PLGA-b-PEG-COOH (10 mg) in ethyl acetate
was added dropwise to the 2% poly(vinyl alcohol) (PVA) (w/v)
with mild stirring. The resulted mixture was sonicated at 60%
amplitude for 1 min at 0 °C using a sonic dismembrator to
produce the primary emulsion. The primary emulsion was
diffused by addition of ultrapure water and stirred at RT for 3h to
evaporate the ethyl acetate and harden the NPs. The resulted
NPs were sterile filtered using 0.45 uM syringe filter and washed
using centrifugal filters (100 kDaA MWCO, EMD-Millipore,
USA) to remove nonencapsulated 4-OHT. The concentrated
NPs were further washed with DNase/RNase-free water three
times. The nanoparticles were diluted to a known volume and
lyophilized with 10% sucrose, and the resulted NPs powder was
stored at —20 °C. NPs containing anti-miR-21 individually and
co-loaded with 4-OHT were prepared by addition of anti-miR-
21/spermidine complex to 2% PVA solution. The prepared NPs
size was estimated by dynamic light scattering (DLS), TEM, and
loaded 4-OHT and anti-miR-21 concentrations.
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Formulation and Characterization of 4-Hydroxyta-
moxifen, Anti-miR-21 Co-loaded PLGA-b-PEG-NPs by
Water-in-Oil-in-Water Double Emulsion (w/o/w) Method.
The 4-hydroxytamoxifen and anti-miR-21-PS, CyS—anti-miR-
21-PS co-loaded PLGA-PEG block copolymer NPs were
formulated using a modified water-in-oil-in-water double
emulsion solvent evaporation method.** Anti-miR-21 (9 nmol)
and cyS—anti-mR-21 (1 nmol) were complexed with spermidine
in a N/P ratio of 15:1 at room temperature for 15 min in DNase/
RNAase-free water. This anti-miR-21—spermidine complex
solution was added dropwise to the premixed solution of 4-
OHT and PLGA-b-PEG-COOH (10 mg) in CH,Cl, with mild
stirring. The resulted mixture was sonicated at 40% amplitude for
1 min at 0 °C using a sonic dismembrator to produce the primary
emulsion. 1% Poly(vinyl alcohol) (PVA) (w/v) in DNase/
RNase-free water was added to the primary emulsion, and the
mixture was sonicated at 40% amplitude for 1 min at 0 °C and
stirred at RT for 3 h to evaporate the CH,Cl, and harden the
NPs. The resulted NPs were centrifuged using sterile centrifugal
filters (100 kDaA MWCO, EMD-Millipore, USA), and the
concentrated NPs were washed with DNase/RNase-free water
three times. The nanoparticles were diluted to a known volume
and lyophilized with 10% sucrose, and the resulted NPs powder
was stored at —20 °C. The NPs size was estimated by dynamic
light scattering (DLS), TEM, loaded 4-OHT and anti-miR-21
concentrations, and in vitro studies. The plain control PLGA-b-
PEG NPs and 4-OHT individually loaded PLGA-b-PEG NPs
were also prepared using a similar procedure by eliminating the
anti-miR-21/spermidine step.

Particle Size and Zeta-Potential Measurements. Particle
size and zeta potential values of NPs were performed using a
Zetasizer-90 (Malvern Instruments, UK). Size measurement was
performed at 25 °C at a 90° scattering angle. The mean
hydrodynamic diameter was determined by the cumulant
method. Zeta-potential measurements were made using the
Smoluchowski model and using an aqueous dip cell in automatic
mode.

Entrapment Efficiency Estimation for Anti-miR-21. To
calculate the entrapment efficiency of anti-miR-21, the anti-miR-
21 from NPs and wash solution were concentrated by freeze
drying at —80 °C and resuspended in a known volume of DNase/
RNase-free water. The standard anti-miR-21 (10% CyS) and ant-
miR-21 extracted from NPs and wash solution were electro-
phoresed in a 3% agarose gel at 80 V for 20 min and imaged by a
UV-Chemdoc. Imaging the fluorescence of co-encapsulated
CyS—anti-miR-21 was performed using an optical CCD camera
with excitation at $70 nm and with a CyS emission filter (IVIS
Lumina, Caliper). The acquired chemdoc images were quantified
by densitometry, and the fluorescence images by IVIS Living
Image quantitation software after drawing the ROL

The entrapment efficiency from the NPs was calculated using
following formula

entrapment efficiency (%)
= mass of total anti-miR-21 found in freeze-dried NPs (W)
/mass of total anti-miR-21 used (M) X 100

The entrapment efficiency based on wash solution was
calculated using following formula

entrapment efficiency (%) = mass of total anti-miR-21 used (M)

— mass of free anti-miR-21 in the wash solution (W)/M X 100

DOI: 10.1021/mp500852s
Mol. Pharmaceutics 2015, 12, 2080—-2092


http://dx.doi.org/10.1021/mp500852s

Molecular Pharmaceutics

Entrapment Efficiency Estimation for 4-OHT. Entrap-
ment efficiency was calculated by high-performance liquid
chromatography (HPLC) using a C18 column and acetoni-
trile—water mobile phase. The entrapment efficiency of 4-OHT
from the NPs was calculated using following formula.

entrapment efficiency (%)
= mass of total 4-OHT found in freeze-dried NPs (W)
/mass of total 4-OHT used (M) X 100

Transmission Electron Microscopy (TEM). Transmission
electron microscopy images were obtained using a FEI TITAN
80-300kV ETEM (environmental transmission electron micro-
scope) at Stanford’s Nanocharacterization Laboratory by
operating at 80 kV using negative-stained NPs. In brief, for
negative staining, a drop (~S L) of PLGA-b-PEG NPs was
mixed with a drop of 1% phosphotungstic acid (PTA) (the pH of
PTA was adjusted to 7.5 with 1 N NaOH), and the solution was
incubated for 3 min. Then, a drop of PTA-stained NPs was plated
on a carbon film-coated copper grid and allowed to sit for 3 min,
excess solution was drained off, and the sample was air-dried and
observed under TEM. Size analysis was done using Image]
software.

Dose Study Analysis by MTT Assay. 4-OHT—anti-miR-21
NPs’ dose and cell viability were assessed by MTT assay
according to the manufacturer’s protocol (Invitrogen, USA).
Briefly, MCF7 (1.56 X 10* cells/cm? or 5000 cells/well) were
seeded in 96-well tissue culture plates and incubated for 24 h.
After 24 h, cells were incubated with free 4-OHT and 4-OHT—
anti-miR-21 NPs at various concentrations for 24—72 h at 37 °C
and 5% CO, in phenol-red-free RPMI growth medium
supplemented with 2% charcoal-treated FBS. Untreated cells
were used as a negative control. After each time point, the media
was carefully removed and the cells were carefully washed with
PBS. Cells were then replenished with 90 yL of phenol-red-free
media with 10 uL of MTT stock (12 mM) solution and
incubated for 3 h; then, media was aspirated carefully without
disturbing the precipitate, 50 uL of DMSO was added, and the
precipitate was kept at 37 °C for 20 min to dissolve the
metabolically reduced tetrazolium MTT precipitate from the
cells. Absorbance of supernatant was measured at 540 nm using a
multiwell plate reader (Infinite 2100, Tecan, Minnedorf,
Switzerland). For each set of conditions, the experiments were
performed in triplicate. The relative cell viability (%) compared
to control cells was calculated as follows: cell viability (%) = [Abs
(sample) — Abs (blank)/Abs (control) — Abs (blank)] X 100.

Cell Proliferation Assay. To examine the cell proliferation
of MCF7, ZR-75-1, BT-474, and 4T1 (1.05 X 10* cells/cm? or
100 000 cells/well, triplicate), cells were seeded in 6-well tissue
culture plates and incubated for 24 h with phenol-red-free RPMI
medium (supplemented with 2% charcoal-stripped FBS, 1%
penicillin—streptomycin) at 37 °C and 5% CO,. The cells were
then treated with free 4-OHT or 4-OHT and anti-miR-21 co-
loaded NPs at their respective concentrations. After 24 h, cells
were washed with PBS and further incubated with 2% phenol-
red-free RPMI medium for 5 days. The cells were tested for the
presence of fluorescence signals under an inverted fluorescent
microscope. After 5 days of incubation, cells were trypsinized,
and the collected cells were used for flow cytometry,
immunoblotting analysis, and counting on a hemocytometer
(triplicate) to analyze proliferation.
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Flow Cytometry for Pl-Based Apoptosis Analysis. For
flow cytometry analysis, after incubation with different NPs,
MCEF?7 cells were trypsinized and washed, and all of the washed
and trypsinized cells were combined and analyzed for dead or
apoptotic cells by staining with propidium iodide (15 nM) for 15
min followed by flow cytometry (FACS Aria I1I, BD Biosciences,
San Jose, CA, USA) at the Stanford FACS Facility. Data were
analyzed by FlowJo FACS analysis software (Tree Star, Ashland,
OR, USA). GCV and CB1954 were purchased from Sigma-
Aldrich (St. Louis, MO, USA).

Immunoblot Analysis. For immunoblot analysis, after
incubation with different NPs, MCF7 and ZR-75-1 cells were
trypsinized and washed, and the collected cell pellets were lysed
in RIPA buffer supplemented with protease inhibitor cocktail
(Pierce Biotechnology, Rockford, IL, USA). The lysates were
sonicated thoroughly to ensure complete lysis of the cells.
Lysates were then centrifuged at 16 000 g at 4 °C for 15 min, and
the supernatant was collected. Protein content of the each
supernatant solution was estimated by Bradford assay kit (Bio-
Rad) and normalized. Normalized proteins (15 uL) were
incubated with the mixture of SDS loading dye/2-mercaptoe-
thanol (S uL, 10:1) at 100 °C for S min, resolved by 4—12%
gradient SDS/PAGE (Invitrogen), and electroblotted onto a
nitrocellulose membrane (0.45 uM pore size, Schleicher &
Schuell). Prestained protein marker (New England Biolabs,
Ipswich, MA) was used at every run to confirm the molecular
mass and complete transfer of protein to the membrane. The
membrane was washed three times (5 min each) with TBS-T
buffer. The membrane was blocked in 10% of nonfat dry milk in
TBS-T buffer for 1 h. The membrane was further incubated in the
same blocking solution with respective antibody (1:1000)
overnight at 4 °C on a rotating platform. The membrane was
washed with TBS-T buffer three times and incubated with HRP-
conjugated anti-rabbit antibody (1:4000) in TBS-T buffer for 1 h
at room temperature. The membrane was washed three times
with TBS-T buffer before incubation with the chemiluminescent
HRP substrate LuminoGlo (Cell Signaling, Beverly, MA), and
the membrane was imaged with an IVIS Lumina imaging system
(Caliper Life Sciences, Alameda, CA). Images were analyzed by
IVIS Living Image software. The same membrane was stripped
and reprobed with another antibody and finally with GAPDH to
control for protein loading.

Intracellular Release and Stability of PLGA-b-PEG-NP
Loaded Anti-miR-21 in Cells by gRT-PCR Analysis. To
examine the stability and relative level of anti-miR-21, MCF7
(1.05 x 10* cells/cm” or 100 000 cells/well in triplicate) cells
were seeded in seven 6-well tissue culture plates and incubated
for 24 h with phenol-red-free RPMI medium (supplemented
with 2% charcoal-treated FBS, 1% penicillin—streptomycin) at
37 °C and 5% CO,. The cells were then treated with anti-miR-21
and 4-OHT co-loaded NPs. After 24 h, the first plate of cells was
washed with PBS and immediately flash frozen and stored at —80
°C until completion of all time points. The treated cells in the
second to sixth plates were frozen and stored similarly after the
completion of the treatment time. After collecting samples from
all of the time points, the cells were lysed with RNA binding
buffer, and miRNA was extracted using an Ambion RNA
extraction kit according to the manufacturer’s protocol (Life
Technologies, USA). The isolated RNA was quantified using a
Qubit RNA assay kit according to the manufacturer’s protocol
(Life Technologies, USA). Quantified RNAs (1S5 ng each) were
used for the analysis of anti-miR-21 level by quantitative real-time
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Figure 1. (a) Synthesis and formulation of PLGA-b-PEG NPs. (b) Hydrodynamic particle size measurement of NPs prepared by EDE by dynamic light
scattering (DLS). (c) DLS of NPs prepared by the w/o/w double emulsion method. (d) TEM images of PLGA-b-PEG NPs prepared by w/o/w double
emulsion method. (e) Estimation of anti-miR-21 loading in PLGA NPs by imaging the co-loaded CyS—anti-miR-21 using an IVIS spectrum optical
CCD camera with excitation at 570 and a Cy$S emission filter after resolving the samples by 3% agarose gel electrophoresis.

RT-PCR using a custom designed TagMan probe according to
the manufacturer’s protocol (Life Technologies, USA).

4-OHT Stability Analyses by Reporter Protein Com-
plementation Assay Using Genetically Engineered SkBr3
Cells Constitutively Expressing NFluc—ER-LBD—CFluc
Fusion Protein. SkBr3 cells stably expressing an NFluc—ER-
LBD—CFluc fusion protein (5000 cells/well) were seeded in 96-
well tissue culture plates and incubated for 24 h. After 24 h, cells
were incubated with free 4-OHT or 4-OHT—anti-miR-21 co-
loaded NPs at various concentrations for 24—72 h at 37 °C and
5% CO, in DMEM growth medium supplemented with 10%
charcoal-stripped FBS and 1% penicillin—streptomycin. Un-
treated cells were used as a negative control. One plate was used
for the reporter protein complementation assay, and another
plate, for an MTT assay. After each time point, the media was
carefully removed, and cells were then replenished with 50 uL of
30 ug/mL bD-luciferin solution in PBS and imaged for
bioluminescence signal using an IVIS Lumina imaging system
(Caliper Life Sciences, MA) for 25 min with an integration time
of 1 min each. The image with the peak signal was used for data
analysis. The other plate was used for MTT assay analysis. Data
was analyzed by dividing the peak signal from the IVIS Lumina
imaging system and MTT assay values for the reporter protein
complementation assay.

Statistical Analysis. The statistical significance of the studies
was analyzed using Student’s ¢ test. Differences with p values of
less than 0.05 were considered to be significant.

B RESULTS AND DISCUSSION

Nanoparticle Preparation and Characterization. PLGA-
b-PEG copolymer was synthesized from the conjugation of acid-
terminated PLGA-COOH and heterobifunctional amino-PEG-
carboxylic acid (H,N-PEG-CO,H) (Figure 1a).* Since 4-OHT
is practically water-insoluble, we formulated PLGA-b-PEG NPs
loaded with 4-OHT by using an emulsion-diffusion evaporation
(EDE) method with poly(vinyl alcohol) (PVA) as an emulsifier
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Table 1. NPs Size Using Various Organic Solvents at Different
Sonication Times by Emulsion-Diffusion Evaporation (EDE)

sonication time (min) at 60%

entry amplitude organic solvent® Size (nm)?¢
1 1 ethyl acetate 115.7 £ 2.15
2 2 ethyl acetate 108.0 + 1.60
3 4 ethyl acetate 104.1 + 1.60
4 15 ethyl acetate 101.1 + 1.77
S 1 dichloromethane 1234 +2.32
6 S DMF 112.3 + 3.20

“2% PVA in aqueous solution used for emulsification. bAverage of
three DLS measurements. “After sonication, NPs were stirred for 3 h
to allow for organic solvent evaporation and hardening of the NPs.

to stabilize the NPs. However, we recognized that a single
emulsion may not be suitable for loading highly hydrophilic anti-
miR-21. Subsequently, we optimized the formulation for co-
loading both 4-OHT and anti-miR-21 (10% CyS—anti-miR-21 +
90% anti-miR-21) by employing the water-in-oil-in-water (w/o0/
w) double emulsion method, again using PVA to stabilize NPs
(Figure la). We compared both EDE and the water-in-oil-in-
water double emulsion method for co-loading both 4-OHT and
anti-miR-21. CyS-conjugated anti-miR-21 (10%) was used for
visualizing the delivery of the NPs into the cells through
fluorescent microscopy. Dynamic light scattering (DLS) of the
NPs, which were prepared by both methods, showed size ranges
of 100—200 nm (Figure 1b,c) with a polydispersity index (PDI)
0f0.08—0.21 and a surface charge in the range of —14 to —22 mV.
The morphology and size of NPs were further confirmed by
transmission electron microscopy (Figure 1d). The entrapment
efficiency of 4-OHT from synthesized NPs was calculated using
high-performance liquid chromatography (HPLC). Anti-miR-21
loading was calculated using a Quant-iT RNA assay kit, and
optical CCD camera imaging-based quantification for the co-
loaded CyS—anti-miR-21 was performed after resolving the
samples in a 3% agarose gel (Figure le).
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Table 2. Size, 4-OHT and Anti-miR-21 Loading Percentage, and Number of Anti-miR-21 Molecules Loaded per PLGA-b-PEG NP
Prepared Using Emulsion-Diffusion Evaporation (EDE)

mean size polydispersity index encapsulation efficiency (%)“ 4-OHT/ 4-OHT/anti-miR-21 anti-miR
entry PLGA-b-PEG NPs (nM)* PDI)* anti-miR-21 loading % molecules/NP
1 control NPs 108.7 £ 9.3 0.125
2 4-OHT 110.7 + 11.6 0.131 89.5 £ 4.8/— 4.8/
3 anti-miR-21 1189 + 8.4 0.128 —/23.7 + 10.6 —/0.16 161 + 67
4 4-OHT and 134.5 £ 16.1 0.187 85 + 6.2/20.6 + 9.7 4.4/0.14 201 £93

anti-miR-21

“Average of three independent experiments.

Table 3. Size, Anti-miR-21 and 4-OHT Loading Percentage, and Number of Anti-miR-21 Molecules Loaded per PLGA-b-PEG NP
Using the Water-in-Oil-in-Water (w/o/w) Method

mean size polydispersity index  encapsulation efficiency (%)“ 4-OHT/ 4-OHT /anti-miR-21 anti-miR-21
entry PLGA-b-PEG NPs (nM)* PDI)“ anti-miR-21 loading % molecules/NP
1 control NPs 132.5 +£22.6 0.154
2 4-OHT 134.6 + 184 0.191 784 £ 5.6 3.92
3 anti-miR-21 146.7 + 16.3 0.162 582 £9.6 0.40 743 + 122
4 4-OHT and 167.8 + 20.5 0.184 69.5 + 8.1/51.5 + 10.4 3.47/0.36 980 + 197

anti-miR-21

“Average of three independent experiments.

Table 4. NPs Mean Sizes and Polydispersity Index (PDI) of PLGA-b-PEG NPs before and after Lyophilization Using Sucrose as a
Lyoprotectant

entry lyophilization of NPs size” (nm) by EDE PDI“ by EDE size” (nm) by w/o/w method PDI“ by w/o/w method
1 before lyophilization 115.7 £ 2.15 0.125 + 0.009 138.8 + 0.9 0.151 £ 0.01
2 after lyophilization without sucrose 120.1 + 1.75 0.136 + 0.008 1438 + 1.8 0.160 + 0.03
3 after lyophilization with 10% sucrose 1174 £2.20 0.100 + 0.008 139.6 £ 1.5 0.145 + 0.02
4 after lyophilization with 100% sucrose 117.8 £ 1.35 0.116 + 0.007 140.7 £ 1.2 0.147 + 0.03
S after lyophilization with 1000% sucrose 1304 + 1.55 0.143 £ 0.025 150.8 +. 2.5 0.171 £+ 0.04

“Average of three DLS measurements.
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Figure 2. Time-dependent cellular uptake of 4-OHT and anti-miR-21 co-loaded PLGA NPs in MCF?7 cells. (a) Microscopic images of CyS fluorescence
from co-loaded CyS—anti-miR-21 NPs. (b) Quantitative RT-PCR analysis of anti-miR-21 delivered by PLGA NPs in MCF?7 cells over 6 days.

The PLGA-b-PEG NPs formulation for loading 4-OHT was DMEF did not result a substantial difference in the size of the NPs

optimized using the EDE method (Table 1), which is an efficient (Table 1, entries S and 6).

method for encapsulation of lipophilic drugs. Emulsification of After optimization of the 4-OHT-loaded PLGA-b-PEG NPs
PLGA-b-PEG and 4-OHT in ethyl acetate and 2% PVA aqueous formed using the EDE method, several NPs were prepared under
solution at different sonication times (1—15 min) at 60% conditions shown in entry 1 of Table 1 for co-loading both 4-
amplitude energy indicated that increasing the sonication time OHT and anti-miR-21. Calculations were performed on their
slightly decreased the size of the NPs (Table 1, entries 1—4). size, zeta potential, and 4-OHT and anti-miR-21 loading

Replacing the ethyl acetate solvent with dichloromethane or percentage (Table 2). PLGA-b-PEG NPs formed in this way
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Figure 3. (a) Antiproliferation effect of 4-OHT and anti-miR-21-loaded NPs in MCF7 cells (* p < 0.0S, ** p < 0.01, NS = not significant). (b) (i—v) Cell
density by bright-field imaging: (i) control, (ii) treated with control NPs, (jii) treated with anti-miR-21 NPs, (iv) treated with free 4-OHT, and (v)
treated with 4-OHT-CyS-anti-miR-21 co-loaded NPs. (vi) CyS fluorescent signal from MCF7 cells treated with 4-OHT-CyS-anti-miR-21 co-loaded
NPs. (c) Flow cytometry analysis of MCF7 cells treated with free 4-OHT and anti-miR-21 NPs for S days.

were 108—134 nm in size and had 0.125-0.184 polydispersity PLGA-based drug delivery approaches to tumors’ (Table 2,
index (PDI) values, which are optimal sizes and PDI values for entries 1—4). The 4-OHT-loaded NPs provided 89.5%
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Table 5. Cell Cycle Analysis by FACS

dead live

treatment conditions cells cells GO0/G1 S G2/M
control cells 0.42 99.5 61.1 33.1 6.48
control NPs 022 99.8 59.2 324 8.39
free 4-OHT 0.67 98.2 56.8 29.3 12.6
4-OHT NPs 1.87 98.8 56.1 29.0 13.0
anti-miR-21 NPs 1.31 98.6 53.8 37.3 8.81
4-OHT + anti-miR-21 NPs 0.53 98.8 50.1 29.1 20.1

encapsulation efficiency (ee), with 4.8% drug loading capacity
(Table 2, entry 2). However, this method was able to achieve
only a 23 + 10% loading efficiency for anti-miR-21, which is
possibly due to the hydrophilicity of anti-miR-21 (Table 2, entry
3). Co-loading of 4-OHT and anti-miR-21 also showed similar
results as those for individually loaded NPs (Table 2, entry 4).
The results of this experimentation led to the conclusion that the
EDE method was very efficient for 4-OHT loading; however, the
EDE method was not appropriate for loading anti-mIR-21 or co-
encapsulating both 4-OHT and anti-miR-21.

In light of the low encapsulation efficiency (ee) of anti-miR-21
with the EDE method, subsequently, the water-in-oil-in-water
(w/o/w) method was used to encapsulate PLGA-b-PEG NPs
with anti-miR-21 and 4-OHT (Table 3). This is an efficient
method for hydrophilic as well as hydrophobic drug

encapsulation. The sizes of NPs prepared in this method were
found to be in the range of 130—170 nm with PDI values of
0.154—0.191 (Table 3). 4-OHT and anti-miR-21 individually
loaded in NPs prepared by this method afforded 78 and 58% ee,
respectively (Table 3, entries 2 and 3). Co-encapsulation of both
4-OHT and anti-miR-21 delivered 69.5 and 51.5% ee,
respectively (Table 3, entry 4).

To prevent slow hydrolysis of PLGA-b-PEG and to enable
release of the entrapped drugs in solution,*” sucrose was used as a
lyoprotectant for long-time storage of NPs in freeze-dried
powder form.** Subsequent optimization indicated that 10%
sucrose was ideal for lyophilization of NPs (Table 4, entry 3).
With the exception of 1000% sucrose use, in which few large
sucrose particles were observed (Table 4, entry 5), these NPs did
not display significant differences in PDI values before and after
lyophilization (Table 4). The NPs, which were prepared by the
double emulsion method, were used for all in vitro cell culture
experiments.

Cell Uptake Studies by 4-OHT and Anti-miR-21 Co-
loaded NPs in MCF7 Cells. To test the cellular uptake and
internalization of NPs in cells, NPs prepared with a 10%
substitution of CyS fluorescent dye-conjugated anti-miR-21 were
used. The cell uptake studies were performed using CyS—anti-
miR-21 (10%, 0.5 nM), anti-miR-21 (90%, 4.5 nM), and 4-OHT
(1 uM) co-loaded NPs in MCF7 cells and monitored by
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2.50E+08 1 24 h free 4-OHT
5 [3[8)
L 200E+08 1 m24 h PLGA-4-OHT+ 9 ©
S | 50E+08 | anti-miR-21 NPs g &
b :
£ 1.00E+08 1 !E EI alo

5.00E+07 - ll

0.00E+00 | ESnemm -.- ; .

control 10 nM 100 nM 1uM

Treatment conditions

250E+08 1 mgg h free 4-OHT a
& 2.00E+08 1 m48 h PLGA-4-OHT+ anti- =
T miR-21 NPs
5 1.50E+08 -
2
o 1.00E+08
&

5.00E+07 -

0.00E+00 -

control 10 nM 100 nM 1uM

Treatment conditions

Ph/sec/cm2/sr

z

Ph/sec/cm?/sr

Luciferase
Complementation

2.50E+08 1 @32 h free 4-OHT &
SO
2.00E+08 { B32h PLGA-4-OHT+ anti- 3 Ol
miR-21 NPs :._':
1.50E+08 &
£ »
1.00E+08
5.00E+07 - o II
0.00E+00 J ooEm -.-
control 10 nM 100 nM 1uM
Treatment conditions
2.50E+08 T @75 h free 4-OHT
2.00E+08 1m7, y pLGA-4-OHT+ anti-
150E+08 | MiR-21 NPs
1.00E+08 { [
5.00E+07 { [ .
0.00E+00 /| L -
control 10 nM 100 nM 1 uM

Treatment conditions

Figure 4. (a) Schematic illustration of NFluc—ER-LBD—CFluc fusion protein luciferase complementation activated by 4-OHT. (b) (i—iv) 4-OHT
stability analysis in SkBr3—NFluc—ER-LBD—CFluc cells: (i) 4-OHT-ER Fluc-activation level after 24 h, (ii) 4-OHT-ER Fluc-activation level after 32 h,
(iii) 4-OHT-ER Fluc-activation level after 48 h, and (iv) 4-OHT-ER Fluc-activation level after 72 h.
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Figure S. Dose response in MCF7 cells treated with free 4-OHT, 4-
OHT-loaded NPs, anti-miR-21-loaded NPs, and 4-OHT —anti-miR-21
co-loaded NPs by MTT assay (24 h, * p < 0.0S control NPs vs 4-OHT
NPs at 1 and 5 uM, ** p < 0.01 uM control NPs vs 4-OHT + anti-miR-
21 NPs at 1 and 5 uM; 48 h, T p < 0.01 control NPs vs 4-OHT NPs at 1
and S uM; T p < 0.05 free 4-OHT vs 4-OHT + anti-miR-21 NPs at 1
and S uM; 72 h, § p < 0.01 free 4-OHT ss 4-OHT + anti-miR-21 NPs at
Land 5 uM, £ p < 0.01 control NPs vs 4-OHT NPs at 1 uM and 5 uM).

fluorescent microscopy over time. The results suggested that the
NPs’ uptake was observed as early as 2 h after treatment and it
continued to increase at 4, 6, and 8 h, with a large percentage of
transfected cells at 24 h. After 24 h, the sustained release of CyS—
anti-miR-21 was observed at 48 and 72 h with slight increase in
the CyS fluorescent signal. The CyS fluorescent signal started
declining at 120 h post-treatment (Figure 2a).

Anti-miR-21 Intracellular Stability Analysis in MCF7
Cells. Microscopic imaging for the CyS signal can provide
information regarding the intracellular delivery of NPs without
providing much insight on the intracellular release and integrity
of the delivered anti-miR-21. Hence, we tested the integrity of
anti-miR-21 released from NPs delivered in cells by qRT-PCR.
We used a custom-designed TagMan probe for real-time qRT-
PCR analysis. MCF7 cells were treated with anti-miR-21 and 4-
OHT co-loaded NPs and quantified for the relative level of
intracellular anti-miR-21 at different times post-treatment by
gRT-PCR. The result indicated that the anti-miR-21 level
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gradually increased to 4-fold from days 1—4 and found a more
than 2-fold increase even 6 days after initial delivery (Figure 2b).
This result further signifies the slow and sustained release of anti-
miR-21 by PLGA-b-PEG NPs delivered in cells.
Antiproliferative Effect of 4-OHT and Anti-miR-21 Co-
loaded PLGA-b-PEG-NPs in ER Positive MCF7, ZR-75-1,
BT-474, and 4T1 Breast Cancer Cells. Once it was confirmed
that the delivery of NPs would result in the significant
accumulation of anti-miR-21 in MCF7 cells, we proceeded to
test the antiproliferative effect of the loaded 4-OHT on MCEF?7,
ZR-75-1, BT-474, and 4T1 breast cancer cells. The proliferation
of MCF7, ZR-75-1, BT-474, and 4T1 cells treated with 4-OHT
and anti-miR-21 co-loaded PLGA-b-PEG NPs was studied and
compared with cells treated with either free 4-OHT, control NPs,
or anti-miR-21 loaded NPs. This data was also compared to the
growth rate of respective untreated control cells (Figure 3a and
Supporting Information Figure S1). The cells were treated with
NPs loaded with 1 uM 4-OHT or S nM anti-miR-21 or co-loaded
with both. The cells treated with 1 uM equivalent of control NPs
were used as control. The cells were incubated at 37 °C with 5%
CO, in a humidified chamber. After 24 h, cells were washed with
PBS, fresh medium with 2% charcoal-treated FBS was added,
cells were incubated further for S days, and cell proliferation was
measured by counting the cells. All four cell lines showed a
significant (p < 0.05) antiproliferative effect in response to the
treatment with free 4-OHT, 4-OHT NPs, and NPs co-loaded
with 4-OHT and anti-miR-21. The results indicated that 4-OHT
and anti-miR-21 co-loaded NPs significantly inhibited the
proliferation of MCF7 (5.4-fold, p < 0.01), ZR-75-1 (1.5-fold,
p < 0.01), BT-474 (2.4-fold, p < 0.01), and 4T1 (2.2-fold, p <
0.01) cells compared to untreated cells. Similarly, 4-OHT
individually loaded NPs considerably inhibited the proliferation
of MCF7 (3.9-fold, p < 0.01), ZR-75-1 (1.4-fold, p < 0.01), BT-
474 (1.74fold, p < 0.01), and 4T1 (1.8-fold, p < 0.01) cells
compared to untreated cells. Moreover, free 4-OHT also
inhibited the proliferation of MCF7 (2.8-fold, p < 0.01), ZR-
75-1 (1.2-fold, p < 0.01), BT-474 (1.6-fold, p < 0.01), and 4T1
(1.4-fold, p < 0.01) cells. Remarkably, 4-OHT and anti-miR-21
co-loaded NPs showed significantly higher antiproliferative
effects compare to those of free-4-OHT in MCF7 (1.94-fold, p
<0.05),ZR-75-1 (1.5-fold, p < 0.05), BT-474 (1.5-fold, p < 0.0S),
and 4T1 (1.6-fold, p < 0.05) cells and showed moderately higher
antiproliferative effects compared to those of 4-OHT NPs in
MCF?7 (1.4-fold, p < 0.05), ZR-75-1 (1.1-fold, p < 0.05), BT-474
(1.4-fold, p < 0.05), and 4T1 (1.2-fold, p < 0.05) cells (Figure 3a
and Supporting Information Figure S1). Furthermore, 4-OHT
individually loaded NPs showed moderately higher antiprolifer-
ative effects compared to those of free-4-OHT in all four cell lines
[MCEF?7 cells (1.5-fold, p < 0.05), ZR-75-1 cells (1.4-fold, p <
0.05), BT-474 cells (1.1-fold, p < 0.05), and 4T1 cells (1.3-fold, p
< 0.05)]. It is noteworthy that anti-miR-21-loaded NPs and
control NPs did not show any antiproliferative effects in all four
cells lines, signifying that anti-miR-21 was not cytotoxic at the §
nM concentration used for the study (Figure 3a and Supporting
Information Figure S1). The higher antiproliferative effect of 4-
OHT-loaded NPs compared to that of free 4-OHT observed in
this study is due to the slow release property PLGA NPs, which
maintains the availability of stable active 4-OHT, resulting in a
prolonged functional effect. Free 4-OHT undergoes degradation
overtime, whereas NPs release the active 4-OHT in a slow and
sustained manner. In addition, we washed cells 24 h after
treatment so that no NPs were left in the medium for further
endocytosis or free 4-OHT for further cell uptake; hence, 4-OHT
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Figure 6. Western blot analysis of MCF7 cells treated with free 4-OHT and 4-OHT with and without anti-miR-21 co-loaded NPs for S days. (a)
Pseudocolor images of pS2, PTEN, and GAPDH proteins stained with respective antibodies and imaged by optical CCD camera. (b, c) Absolute

quantification of photon signals from panel (a) for pS2 (* p < 0.01, ** p < 0.0S

) (b) and PTEN (* p < 0.01, ** p < 0.05) (c) proteins expression levels.

loaded in NPs displayed higher antiproliferative effects. The cells
treated with NPs loaded with 4-OHT and co-loaded with 4-OHT
and anti-miR-21 experience an equal effect in the beginning due
to the initial burst release of 4-OHT, which is similar for both
NPs. The increased therapeutic effect that we observed in cells
treated with NPs co-loaded with 4-OHT and anti-miR-21 over
time (1.4-fold) was achieved through the cumulative actions of
both anti-miR-21 and 4-OHT. The observed value of a 1.9-fold
higher effect by co-loaded NPs compared to that in cells treated
with free 4-OHT confirms this point. Moreover, anti-miR-21
functions as an endogenous regulator of gene expression, which
sensitizes cells and improves their response to chemotherapy.
Since anti-miR-21 is not expected to produce any independent
antiproliferative effect that contributes to a cumulative effect, it
does improve the effect of 4-OHT.

In addition, the phase-contrast microscopic images of MCF7
cells treated with different NPs show a clear reduction in the
density of cells treated with either free 4-OHT or the 4-OHT—
anti-miR-21 co-loaded NPs (Figure 3b). Since 10% of anti-miR-
21 was substituted with CyS—anti-miR-21, the significant
accumulation of co-loaded NPs was observed inside the cells
even S days after initial treatment by fluorescent imaging (Figure
3b-vi). Flow cytometry analysis of the above treated samples
indicated that no significant percentage of apoptotic cells was
present in MCF7 samples. This verified that the treatment of
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cells with NPs co-loaded with 4-OHT and anti-miR-21 was not
cytotoxic at the concentrations used (Figure 3c). Cell cycle status
by flow cytometry analysis showed no significant difference
between untreated cells and cells treated with control NPs. In
contrast, cells treated with 4-OHT—anti-miR-21 co-loaded NPs
showed a significant reduction in GO/G1 phase, a significant
increase in G2/M phase, and a decrease in S phase, which
indicated cell growth arrest. Free 4-OHT and 4-OHT-loaded
NPs also showed a reduction in GO/G1, S, and G2/M phases.
Surprisingly, anti-miR-21-loaded NPs showed an increase in S
phase and a decrease in GO/G1 phase, but not G2/M phase. This
suggests that anti-miR-21 might be playing a crucial role in the
higher cell growth arrest observed when it is coadministered with
4-OHT in comparison to that from free 4-OHT and 4-OHT NPs
(Figure 3c and Table ).

4-OHT Intracellular Stability Analysis by Reporter
Protein Complementation Assay in SkBr3 Cells Stably
Expressing NFluc—ER-LBD—CFluc Sensor Fusion Protein.
The stability of encapsulated 4-OHT was evaluated by its
biological activity in order to confirm that the delivery system
developed in this study was effectively increasing the
bioavailability 4-OHT by reducing its rapid degradation in the
medium. We used a reporter protein complementation system,
which we developed previously,* where the conformational
switch induced by the binding of estrogen and its analogues to
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ERs can be indirectly measured through the complementation of
firefly luciferase fragments fused at the NH, and COOH terminal
of ER-ligand binding domain (Figure 4a). To measure the
intracellular stability of 4-OHT in this study, we treated SkBr3
cells stably expressing the complementation sensor with different
concentrations of either free 4-OHT or NPs co-loaded with 4-
OHT and anti-miR-21. Firefly luciferase (Fluc) signal was then
measured at different time points post-treatment by bio-
luminescence imaging. Fluc signal was normalized to the number
of cells, measured using parallel MTT assays. A moderately
higher bioluminescence signal was obtained from cells treated
with co-loaded NPs compared to that from cells treated with free
4-OHT at 24 and 32 h post-treatment, confirming higher stability
in cells (Figure 4b-iii). Differences were more pronounced at
later time points; encapsulated 4-OHT showed significantly
higher stability than that from cells treated with free 4-OHT at 48
h (p < 0.01 at 10 nM, 100 nM, and 1 uM, respectively) and 72 h
(p <0.01 at 10 nM, 100 nM, and 1 uM, respectively) (Figure 4b-
iii,iv). At the highest concentration administered (1 M), the
stability of NPs loaded with 4-OHT at 72 h was ~222 + 50-fold
higher than that of free 4-OHT. We conclude that the stability of
4-OHT was increased by PLGA-b-PEG NP encapsulation due to
its slow and sustained release capability, whereas free 4-OHT
degraded rapidly in the cells. These results demonstrate that the
encapsulation of 4-OHT in PLGA-b-PEG NPs not only
improves the delivery of 4-OHT but also increases its stability
inside the cells.

Dose-Dependent Effect of 4-OHT and Anti-miR-21 Co-
loaded PLGA-PEG NPs on MCF7 Cell Proliferation. Since 4-
OHT is an active metabolite of TAM, which functions as a
cytostatic drug, and anti-miR-21 silences the endogenous miR-
21, we investigated the effect of 4-OHT and anti-miR-21
cotreatment on MCF?7 cell proliferation. Dose study analysis of
free 4-OHT and 4-OHT and anti-miR-21 loaded PLGA-b-PEG
NPs was evaluated in MCF7 cells using MTT assays at 24, 48,
and 72 h post-treatment (Figure S). Treatment with control NPs
or anti-miR-21 NPs did not have any considerable antiprolifer-
ative effects. In contrast, treatment with free 4-OHT, 4-OHT
NPs, or 4-OHT —anti-miR-21 co-loaded NPs resulted in a dose-
dependent reduction in cell proliferation, and the highest
antiproliferative effect was achieved with the co-loaded NPs.
There was a significant reduction in the viability of cells treated
with 4-OHT —anti-miR-21 co-loaded NPs compared to that of
untreated cells (p < 0.01) and those treated with control NPs (p
<0.01 at 1 and S uM). While free 4-OHT appeared to perform as
well as encapsulated 4-OHT at 24 h post-treatment, 4-OHT—
anti-miR-21 co-loaded NPs showed significantly higher anti-
proliferative effects at 48 h (p < 0.0S, compared to free 4-OHT at
1and S M) and 72 h (p < 0.01, compared to free 4-OHT at 1
and S uM) post-treatment (Figure S).

Immunoblot Analysis To Evaluate the Downstream
Effect of 4-OHT and Anti-miR-21 Co-loaded PLGA-PEG
NPs in MCF7 and ZR-75-1 Cell Lines. To further confirm the
antiproliferative effect induced by 4-OHT and anti-miR-21 co-
loaded NPs in breast cancer cells, we evaluated the protein
expression levels of the downstream targets of ER and miR-21,
such as pS2 and phosphatase and tensin homologue (PTEN),
respectively (Figure 6 and Supporting Information Figure S2).
As anticipated, an increase in pS2 protein expression was
observed in MCF7 and ZR-75-1 cells treated with free 4-OHT, 4-
OHT-loaded NPs, and co-loaded NPs (p < 0.01) compared to
untreated cells (Figure 6a,b and Supporting Information Figure
S$2a,b). An increase in miR-21 target protein PTEN expression
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was observed only in cells treated with anti-miR-21-loaded NPs
(p < 0.01, untreated cells vs anti-miR-21 treated cells) (Figure
6a,c and Supporting Information Figure S2a,c). However, very
low expression levels of pS2 and PTEN were observed in ZR-75-
1 cells compared to those in MCF?7 cells. The cells treated with
free 4-OHT and 4-OHT NPs showed significant downregulation
of PTEN. In contrast, cells treated with 4-OHT —anti-miR-21 co-
loaded NPs showed a significant increase in PTEN protein
expression (Figure 6a,c). These results clearly confirm that
cotreatment of anti-miR-21 can upregulates PTEN even in the
presence of 4-OHT. In this study, the immunoblot analysis was
performed S days after respective treatment conditions. The low
PTEN level in cells treated with anti-miR-21-loaded NPs
observed in this study could possibly be due to a suboptimal
post-treatment time point used for immunoblot analysis. Since
we delivered only S nM anti-miR-21 to target endogenous miR-
21 nearly S days before the immunoblot analysis, there was not
enough anti-miR-21 available at the time selected for the study to
further block endogenous miR-21 to enhance PTEN expression.

B CONCLUSIONS

In summary, we have successfully developed efficient methods
for encapsulation of 4-OHT in PLGA-b-PEG NPs by using the
EDE method and for coencapsulation of 4-OHT and anti-miR-
21 by using the w/o/w method. 4-OHT and anti-miR-21 co-
loaded NPs demonstrated significant antiproliferative effects in
MCEF?7 cells and moderate antiproliferative effects in ZR-75-1,
BT-474, and 4T1 ER+ breast cancer cells. Co-delivery of 4-OHT
and anti-miR-21 had an additive effect in reducing ER+ breast
cancer cell proliferation without any significant cytotoxicity.
Encapsulation of 4-OHT also increased the stability of this drug,
measured using a reporter protein complementation assay. The
improvement in 4-OHT stability was ~222 + 50-fold more when
encapsulated in PLGA-b-PEG-NP compared to that of free 4-
OHT at 1 uM treatment concentrations. The results of this study
demonstrate that PLGA-b-PEG NPs are effective nanocarriers
that can be used for the co-delivery of 4-OHT and anti-miR-21 to
cancer cells. We also demonstrated the therapeutic potential of 4-
OHT and anti-miR-21 co-delivery in inhibiting cancer cell
proliferation.

B ASSOCIATED CONTENT
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Figure S1: Antiproliferative effect of 4-OHT and anti-miR-21-
loaded NPs on ZR-75-1, 4T1, and BT-474 breast cancer cells.
Figure S2: Western blot analysis of ZR-75-1 cells treated with
free 4-OHT and 4-OHT with and without anti-miR-21 co-loaded
NPs for S days. This material is available free of charge via the
Internet at http://pubs.acs.org.
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