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Polymeric micelles for MCL-1 gene silencing
in breast tumors following systemic
administration

Aim: To develop delivery systems for efficient siRNA delivery to breast cancer.
Methods: Poly(ethylene oxide)-block-poly(s-caprolactone-grafted-spermine) (PEO-
b-P(CL-g-SP)) micelles were modified with cholesterol group in their core and with
RGDAC peptide on their shell. Transfection efficiency of complexed MCL-1 siRNA
in MDA-MB-435 was investigated, in vitro and in vivo following intratumoral and
intravenous injection. Results: Cholesteryl modification of the core significantly
increased the transfection efficiency of PEO-b-P(CL-g-SP)-complexed siRNA, in vitro,
but not following intratumoral or intravenous administration, in vivo. Instead, RGD4C
modification of the micellar shell enhanced transfection efficiency of complexed MCL-
1 siRNA in tumor upon intravenous administration. Conclusion: RGD4C-PEO-b-P(CL-g-
SP) micelles, without or with cholesterol modification, can provide efficient delivery

of siRNA to breast tumors following systemic administration.
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Despite great promise of gene-silencing
agents such as siRNA, translation of this
approach to clinical practice particularly
following systemic administration has been
challenging. This is mostly due to the insta-
bility of siRNA and other gene-silencing
agents in plasma, rapid renal excretion, poor
distribution to target tissue and inadequate
access to their molecular targets within the
cells of interest. Several delivery systems
developed to address these issues, are mostly
successful in siRNA delivery in vitro or fol-
lowing localized in vivo administration [1-3].
Success in the targeted delivery of siRNA,
particularly to tumors, following systemic
administration has been limited mostly due
to the nonspecific toxicity imposed by the
siRNA carrier, uptake by the reticuloendo-
thelial system, insufficient stability in blood,
and/or insufficient delivery to tumor tissue
and/or cancer cells [4].

Amphiphilic  block copolymers with
poly(ethylene oxide) (PEO) as the shell-
forming block and polyesters like poly(e-
caprolactone) (PCL) [5.6), poly(lactide)
(7] or poly(lactide-co-glycolide) (8,91 as the
core-forming block have shown tremendous
potential in drug delivery [10,11]. This is due to
the biocompatibility of PEO and polyesters
as well as the biodegradability of polyesters,
making them safe for human administra-
tion [12]. Our research group has previously
reported the development of a biodegradable
and biocompatible siRNA delivery system
based on self-associating PEO-4-PCL block
copolymers bearing polycationic spermine
(SP) on the o-carbons of g-caprolactone of
the PCL block. The poly(ethylene oxide)-
block-poly(e-caprolactone-grafted-spermine)
(PEO-6-P[CL-g-SP]) micelles were able to
protect siRNA from degradation by serum
nucleases, internalize siRNA into cancer
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cells and effectively downregulate MDR-I through
delivery of its siRNA leading to significant decrease
in the expression of P-glycoprotein in multidrug-resis-
tant (MDR) MDA-MB-435/MDR cells [13]. Further
modification of PEO-4-P(CL-g-SP) micellar shell with
cancer-targeting and cell-penetrating peptides, that is,
RGD4C and TAT, respectively, increased the trans-
fection efficiency of the MDR-1 siRNA, iz vitro [14).
Systemic administration of RGD4C-modified PEO-5-
P(CL-g-SP) was also shown to enhance the localization
of siRNA in tumor in an MDA-MB-435 xenograft
model pointing to the potential of this nanocarrier for
siRNA delivery following systemic administration [1s].
The aim of this study was to assess this potential for
PEO-6-P(CL-g-SP) micelles and their core/shell-
modified counterparts.

Hydrophobic or lipid modification of polymeric
complexes has been shown to increase the efficacy
of nonviral gene delivery vectors through enhancing
their interaction with plasma membrane facilitating
cell uptake [1617]. For instance, cholesteryl modifica-
tion of linear and branched polyethyleneimine (PEI)
has shown to significantly enhance cellular uptake
and transfection efficiency of linear and branched PEI
complexes of pDNA and siRNA in cancer cells [18-20].
In another study, Wang ez. al. showed efficient trans-
fection of Bcl-2 siRNA in MDA-MB-231 breast can-
cer cells by core/shell nanoparticles containing choles-
teryl-modified amine groups [21], although the specific
role of cholesteryl group could not be verified due to
lack of results for control of unmodified nanoparticles.
In light of positive effect of cholesteryl substituents on
polycations for the transfection efficiency of siRNA, in
the current study, we modified the SP groups of PEO-
b-P(CL-g-SP) micelles with cholesterol and studied
the effect of this approach in plain and/or RGD4C-
modified micelles on siRNA delivery and silencing of
MCL-1 in human MDA-MB-435 models, 77 vitro and
in vivo.

MCL-1 is an antiapoptotic member of the Bcl-2
family of proteins, which maintains survival of cells
by inhibiting cytochrome c release viz binding and
sequestering proapoptotic Bcl-2  proteins  [3.22-24].
Upregulation of MCL-1 is implicated in cancer sur-
vival in a variety of human hematological [2325] as well
as solid cancers [26,27]. Downregulation of MCL-1, on
the other hand, is implicated in the induction of apop-
tosis [28]. Many synthetic and natural chemicals were
shown to inhibit MCL-1 expression cither at pre- or
post-transcription stages. This includes cyclin-depen-
dent kinase inhibitors such as flavopiridol [29], tyrosine
kinase inhibitors such as sorafenib [277 and STAT3
inhibitors such as resveratrol [30]. However, these com-
pounds lack specificity for MCL-1 and affect multiple
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molecular targets [28]. Specific inhibitors of MCL-1 are
divided into two classes of compounds: BH3 mimet-
ics and gene-silencing treatments. BH3 mimetics like
Obatoclax and Bim2A can antagonize the interac-
tion of MCL-1 with proapoptotic proteins [26,2831,32].
However, many of these compounds have shown to
cause nonspecific cytotoxicity by damaging mitochon-
dria [26). An alternative and more specific approach is
downregulation of MCL-1 expression through gene
silencing via antisense oligonucleotides [33] or siRNA.
Knockdown of MCL-1 using siRNA in resistant mela-
noma cells is shown to sensitize these cells toward Fas-
mediated apoptosis [34]. Modugno ez. al. tested 44 solid
cancer cell lines with MCL-1 siRNA and found down-
regulation of MCL-1 expression to induce apoptosis
in 30% of the tested cell lines [26]. In MDA-MB-435
cells, MCL-1 silencing using PEI-linoleic acid (PEI-LA)
complexed with MCL-1 siRNA was able to decrease
the MCL-1 mRNA expression by approximately 80%
and also reduced cell viability by up to approximately
50%, in vitro. In vivo studies in MDA-MB-435 xeno-
grafts showed an approximately 35% decrease in MCL-
1 mRNA expression and delayed tumor growth after
intratumoral injections with PEI-LA/MCL-1 siRNA
complexes [35]. Collectively, this experience indicated
MCL-1 to be an effective target for siRNA delivery.

Materials & methods

Materials

Branched PEI with a molar mass of 25 kDa (PEI25K),
3,3-Diethoxy-1-propanol, naphthalene, potassium (in
mineral oil), methoxy polyethylene oxide (M, 5000
Da), ethylene oxide, N,N-dicyclohexyl carbodiimide,
N-hydroxysuccinimide, pyrene, SP, N,N-dimethyldi-
propylenetriamine (DP), cholesteryl chloroformate,
anhydrous DMF, Hank’s Balanced Salt Solution
(HBSS) and 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide (MTT) were obtained from
Sigma (MO, USA). a-Benzyl carboxylate-g-caprolac-
tone monomer was synthesized by Alberta Research
Chemicals, Inc. (Edmonton, Alberta, Canada) accord-
ing to a previously published procedure [3¢]. Stannous
octoate was purchased from MP Biomedicals, Inc.
(Eschwege, Germany). Acetone, THF and DMF were
obtained from Caledon Laboratories Ltd (ON, Can-
ada). RGD4C (KACDCRGDCFCG, MW 1273.9)
was purchased from Anaspec, Inc. (CA, USA). All
other chemicals were of reagent grade. Cell culture
media RPMI 1640, penicillin-streptomycin-gluta-
mine, fetal bovine serum, HEPES buffer solution (1
M) and trypsin/EDTA were purchased from GIBCO,
Invitrogen Corp. (CA, USA). The scrambled siRNA
used as control and Silencer® FAM™ Labeled Nega-
tive siRNA were supplied from Ambion (catalog num-
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bers: AM4636 and AM4620). The Silencer siRNAs
against MCL-1 were purchased from Qiagen (Hilden,

Germany; catalog number: SI02781205, sequence:
CGCCGAAUUCAUUAAUUUATT).

Cell lines

The wild-type MDA-MB-435 cells were originally
obtained as a gift from the laboratory of Dr Robert
Clark (Georgetown University, WA, USA). MDA-
MB-435 cells were cultured in RPMI 1640 media
supplemented with 10% fetal bovine serum, 100 U/ml
penicillin and 100 mg/ml streptomycin in 37°C and
5% CO,. Cell cultures were considered confluent when
a monolayer of cells covered >80% of the flask surface.
To propagate the cells, a monolayer was washed with
sterile PBS, and subsequently incubated with 0.25%
trypsin/EDTA for 3 min at 37°C. The suspended cells
were centrifuged at 500 x ¢ for 5 min, and were resus-
pended in the medium after removal of the superna-
tant. The suspended cells were either subcultured at
10% of the original count or seeded in multiwell plates
for testing.

Synthesis of cholesteryl-substituted PEO-b-
P(CL-g-SP) block copolymers
Methoxy-poly(ethylene oxide)-4-poly(e-caprolactone-
¢-N-(spermine)-cholesteryl ~ carboxylate) (PEO-6-
P[CL-g-SP-Chol]) was prepared in four steps. In the
first step, PEO-b-poly(a-benzyl carboxylate-g-capro-
lactone) was synthesized by ring-opening polymer-
ization of a-benzyl carboxylate-g-caprolactone using
methoxy-PEO as initiator and stannous octoate as
catalyst [36]. In the second step, PEO-b-poly(a-benzyl
carboxylate-g-caprolactone) was reduced to PEO-
b-poly(a-carboxyl-g-caprolactone)  (PEO-6-PCCL)
using a constant stream of hydrogen gas to obtain a fully
reduced polymer [37). In the third step, SP was conju-
gated to PEO-6-PCCL forming methoxy-poly(ethylene
oxide)-block-poly(a.-carboxylate-g-caprolactone-g-
N-[spermine]) (PEO-4-P[CL-¢-SP]) according to a
previously published procedure with slight modifica-
tion [13]. Briefly, PEO-46-PCCL (200 mg, ~0.01 mmol)
was dissolved in 10 ml of dry THF. After addition of
N,N-dicyclohexyl carbodiimide and N-hydroxysuc-
cinimide in THF, the solution was stirred for 3 h until
a precipitate was formed. The precipitate was removed
by filtration. THF was removed under vacuum. The
remaining solid product was dissolved in DMF. SP
was dissolved in DMF and added dropwise to the
polymer solution. The reaction proceeded for another
24 h under stirring at room temperature. The result-
ing solution was centrifuged to remove the precipitate,
and the resulting solution was then dialyzed (molecular
weight cut-off of 3500 Da) extensively against DMF

(24 h) and then water (7 h). The polymer solution was
then freeze-dried for further use. After purification,
the synthesis of PEO-4-P(CL-g-SP) was confirmed
by "H NMR (Bruker Avance III spectrometer, Bruker
BioSpin Corporation, MA, USA). The SP substitution
level of the synthesized copolymer was estimated based
on peak intensity ratio of the methylene protons from
polyamine (-CH,-NH-) and PEO (-CH,CH,O-). The
degree of polymerization was estimated based on peak
intensity ratio of proton from PCL (-OCH,- proton,
8 = 4.1 ppm) to the intensity of specific peak in PEO
([-CH,CH,O-] proton, 8 = 3.65 ppm).
PEO-4-P(CL-g-SP-Chol) was synthesized by attach-
ing pendant cholesteryl groups to the polyamine section
of PEO-46-P(CL-g-SP) (Figure 1). Briefly, a solution of
0.3 g of PEO-6-P(CL-¢g-SP) in 6 ml dried DMF was
placed in a round bottom flask under argon atmosphere.
This flask was cooled down to 0°C by an ice-water
bath. A solution of cholesteryl chloroformate (0.074 g)
in 6 ml of dry DMF was added dropwise to previous
solution over a period of 45 min. The reaction was left
for 24 h at room temperature under argon atmosphere.
Finally, the resulting solution was poured into a large
amount of ether to precipitate the product. The sepa-
rated solid product was completely washed by ether and
dried under vacuum. The degree of polymerization of
PCL backbone after reaction with cholesteryl chloro-
formate was estimated as described for PEO-6-P(CL-
¢-SP). Cholesteryl substitution level was estimated by
comparing the peak intensities of (-CH, proton, & =
0.9 ppm) cholesteryl moiety to the intensity of specific
peak in PEO ((-CH,CH,O-) proton, & = 3.65 ppm).

Conjugation of RGD4C to polymeric micelles
For in vivo studies, acetal-PEO-6-PCCL was synthe-
sized according to a previously reported method [38].
DP was then conjugated to acetal-PEO-5-PCCL as
reported before [13] to produce acetal-poly(ethylene
oxide)-block-poly[a-carboxylate- (e-caprolactone)-gra
fi-(N,N-dimethyldipropylenetriamine)] (acetal-PEO-
b-P[CL-g-DP]). RGD4C attachment to acetal-PEO-
b-P(CL-g-DP) was then carried out according to a
previously reported method [15,39]. RGD4C was con-
jugated to the micelles at an RGD4C:polymer molar
ratio of 1:5. The conjugation efficiency of RGD4C to
polymeric micelles was determined by a reverse gra-
dient HPLC method as described previously [15,39].
The resulting polymer solution was dialyzed against
distilled water and lyophilized.

Assembly of block copolymers &
characterization of self-assembled structures
PEO-6-P(CL-g-SP) and PEO-4-P(CL-g-SP-Chol)
micelles were prepared simply by dissolving 4 mg
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Figure 1. Scheme for the synthesis of poly(ethylene
oxide)-b-poly(c-caprolactone-g-N-(spermine)-
cholesteryl carboxylate).

of block copolymer in doubly distilled water (1 ml)
under moderate stirring at 25°C. Average diameter
(Z-average) and size distribution of prepared micelles
were estimated by dynamic light scattering using
a commercial Zetasizer nano ZS (Malvern Instru-
ments, Worcestershire, UK) at a polymer concentra-
tion of 2 mg/ml in deionized water at 25°C. Average
C-potential of prepared particles was estimated using
the same instrument by dissolving 2 mg of block
copolymer in HEPES buffer (1 ml) under moderate
stirring at 25°C.

Morphology of the self-assembled structures was
investigated by transmission electron microscopy
(TEM). Briefly, an aqueous droplet of micellar solu-
tion (10 pl) with a polymer concentration of 1.5 mg/ml
was placed on a copper-coated grid. The grid was held
horizontally for 1 min to allow the colloidal aggregates
to settle, after which, the excess fluid was removed by
filter paper. A drop of 2% solution of phosphotung-
stic acid in PBS (pH 7) was then added to provide the
negative stain. After 20 s, the excess fluid was removed
by filter paper. The samples were then air-dried and
loaded into a Morgagni TEM (Field Emission, Inc.,
OR, USA) with Gatan digital camera (Gatan, CA,
USA). Images were obtained at a magnification of
140,000X at 75 kV.

A change in the fluorescence excitation spectra of
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pyrene in the presence of varied concentrations of
different block copolymers was used to measure their
critical micellar concentration (CMC) according to
a previously published procedure [40]. The excitation
spectrum of pyrene for each sample was obtained at
room temperature using a Cary Eclipse fluorescence
spectrophotometer (Agilent Technologies, VIC,
Australia). Emission wavelength and excitation/
emission slit were set at 390 and 5 nm, respectively.
The intensity ratio of peaks at 339 nm to those at
334 nm was plotted against the logarithm of copo-
lymer concentration. The CMC was measured from
a sharp rise in intensity ratios (I ) at the onset
of micellization.

339/1334

Determination of siRNA binding by SYBR Green
dye exclusion assay

The ability of the polymers to bind siRNA was assessed
by the SYBR Green II binding assay [41]. Briefly, com-
plexes were prepared by mixing 8 ul of 0.1 M HEPES
buffer (pH 6.5) with 4 pl of scrambled siRNA (con-
taining 0.5 pg siRNA) and 8 pl of serially-diluted con-
centrations of polymeric micellar solutions (containing
polymers ranging from 0.5 to 64 pg). After 30 min of
incubation at 37°C, 200 pl of the SYBR Green II solu-
tion was added to the complexes and the fluorescence
of the samples was measured in a 96-well plate (A_:
485 nm, A_ : 527 nm) to quantify the amount of free
siRNA. The binding curves were generated by plot-
ting the percentage of siRNA bound to the polymer
versus polymer:siRNA weight/weight (w/w) ratios.
The binding for each polymer was tested at least in two
independent experiments.

siRNA release by polyanion competition

As a measure of complex stability, the ability of
micelles to release siRNA after challenge with the
competing polyanionic heparin was determined.
Micelles were prepared at polymer:siRNA ratio of
32:1 (w/w) to ensure complete binding of siRNA by
polymers. After incubation of the mixtures for 30 min
at 37°C, the resulting complexes were incubated with
0.78, 1.52, 3.04, 6.08, 12.48 and 24.32 pg of hepa-
rin sulfate at 37°C for 1 h. Subsequently, 4 pl of 6x
loading buffer (50% glycerol, 1% bromophenol blue,
and 1% xylene cyanol FF in Tris/Borate/EDTA buf-
fer) was added, and the samples were loaded onto 2%
agarose gels containing 0.05 mg/ml ethidium bro-
mide. Electrophoresis was performed at 130 mV and
approximately 52 mA for 15 min, and the resulting
gels were photographed under UV-illumination. The
pictures were digitized and analyzed with Scion image
analysis software (Meyer Instruments, Inc., TX, USA)
to determine the mean density of the siRNA bands.
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The dissociation curve was generated by plotting
the percentage of siRNA dissociated from the com-
plex versus heparin: polymer ratio (ug/pg). Results
were presented as average of at least two independent
experiments.

Assessing the cellular association of polymer/
siRNA micelles by flow cytometry

To assess the uptake of polymer/siRNA micellar com-
plexes into MDA-MB-435 cells, 5-carboxyfluorescein
(FAM)-labeled scrambled siRNA was complexed with
PEO-4-P(CL-g-SP) and PEO-4-P(CL-g-SP-Chol) at
polymer:siRNA ratios of 16:1 (w/w) by incubation in
water (corresponding 100 nM siRNA and 22.4 pg/ml
polymer in culture medium) or with PEI25K in 1:1
weight ratio as positive control, and their cellular asso-
ciation was measured by flow cytometry according to a
method described previously [17].

Assessing the cellular uptake & distribution of
siRNA by confocal microscopy

Confocal microscopy was used to assess the intracel-
lular trafficking of siRNA in MDA-MB-435 cells.
Micelles were prepared using FAM-labeled scram-
bled siRNA complexed with PEO-4-P(CL-g-SP) and
PEO-6-P(CL-g-SP-Chol) at polymer:siRNA ratios
of 16:1 (w/w) by incubation in water (corresponding
100 nM siRNA and 22.4 pg/ml polymer in culture
medium), and their association in MDA-MB-435 cells
was assessed using confocal microscopy according to a
previously described method [17].

Cytotoxicity evaluation by MTT assay

The cytotoxicity of various polymeric micelles against
MDA-MB-435 cells was monitored using MTT
assay [42]. Scrambled siRNA was used to make poly-
mer/siRNA micelles at ratios of 8:1, 16:1 and 32:1
(w/w) polymer to siRNA. MDA-MB-435 cells were
seeded in 24-well plates with 0.4 ml medium in each
well, and allowed to reach approximately 80% conflu-
ence (24 h). The cells were then incubated for 24 h
with polymer/siRNA micelles to give final polymer
concentrations of 11.2, 22.4 and 44.8 pg/ml in trip-
licate. Untreated cells were used as control. After incu-
bation for 24 h, 60 pl of MTT solution (5 mg/ml in
HBSS) was added to each well and reincubated for 2
h at 37°C. The residual MTT solution was removed,
and 300 pl of DMSO was added to each well to dis-
solve the formed crystals. The percentage cell viability
was determined by measuring the optical density of the
wells at 570 nm using a Power Wave X 340 microplate
reader (BioTek Instruments, VT, USA) with cell-less
medium as a blank, and comparing these values to the
untreated cells.

Assessing the silencing activity of MCL-1 siRNA
micelles by real-time PCR

Real-time (RT) PCR was carried out to determine
MCL-1 knockdown at the mRNA level in MDA-
MB-435 cells at 48 h, using scrambled and MCL-1
siRNA at polymer:siRNA ratio of 16:1 (w/w) (final
polymer and siRNA concentration of 11.2 pg/ml and
50 nM per well) according to a procedure described
earlier [17].

In vitro therapeutic efficacy of MCL-1 siRNA
micelles

The cytotoxicity of MCL-1 and scrambled siRNA com-
plexed with different polymers as a measure of thera-
peutic efficacy was evaluated in MDA-MB-435 cells
using MTT assay as described above. siRNA micelles
were prepared using the scrambled and MCL-1 siRNA
at polymer:siRNA ratios of 16:1 (w/w) and were added
to the wells (final polymer concentration of 11.2 ng/
ml and siRNA concentrations of 50 nM per well in
triplicate wells). Cells were incubated for 72 h in their
normal maintenance conditions and then 60 pl of
MTT solution (5 mg/ml in HBSS) was added to each
well. After 2 h of incubation in 37°C, the medium was
removed, and 300 pl of DMSO was added to each well
to dissolve the crystals formed. The optical density
of the wells was measured at 570 nm using a Power
Wave X 340 microplate reader with cell-less medium
as blank, and comparing these values to the untreated
cells.

Animal models

Female athymic NCr nude mice were purchased from
Taconic Biosciences, Inc. (NY, USA). All experiments
were performed using 4- to 6-week-old female mice.
All animal studies were conducted in accordance with
the guidelines of the Canadian Council on Animal
Care with approval from the Animal Care and Use
Committee of the University of Alberta (AB, Canada).
To establish the tumor model, mice were randomly
assigned into five groups of six mice per group. Mice
were inoculated with 2 x 10 MDA-MB-435 cells in
a volume of 50 pl PBS injected subcutaneously in the
right rear flank. The mice were used when the tumors
reached a size of 100 mm? (10 days after injection).

In vivo activity of MCL-1 siRNA micelles after
intratumoral & intravenous injection
Tumor-bearing mice were either treated intratumorally
or intravenously with siRNA polymeric micellar for-
mulations. For intratumoral injections, mice-bearing
tumors were injected with 50 pl HEPES, 10 pg scram-
bled or MCL-1 siRNA-loaded micelles. For intrave-
nous injections, mice-bearing tumors were injected via
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tail vein with 100 pl dextrose, 40 pg MCL-1 siRNA
loaded in plain or RGD4C-modified PEO-4-P(CL-
¢-SP) or PEO-6-P(CL-g-SP-Chol) micelles (refer to
Table 3 for preparation of micellar complexes). For
both experiments, treatment was given every third
day for three doses (days 4, 7 and 10). Mice were
monitored daily according to previously reported
method [43]. Tumor size was measured on days 0, 4, 7,
10 and 13 with a caliper, and mean + standard error of
the mean of relative tumor volume in each group was
calculated using the formula: tumor volume = 0.4LW?
(L is the long diameter and Wis the short diameter of
the tumor); and plotted as a function of time accord-
ing to previously reported method [43]. Tumors were
excised on day 13 and stored in RNAlater® solution
(Life Technologies, Burlington, Ontario, Canada) at
-20°C until further analysis.

RT-PCR was carried out on the excised tumors from
both experiments to determine MCL-1 knockdown at
the mRNA level. Tumors were homogenized and total
RNA was extracted using RNeasy spin columns (Qia-
gen) according to the manufacturer’s recommenda-
tions. cDNA was synthesized and RT-PCR was per-
formed on a StepOnePlus™ RT-PCR system (Applied
Biosystems, CA, USA) with B-actin as the endogenous
housekeeping gene and the specific MCL-1 primers
according to the procedure described above. Each sam-
ple was measured in triplicate.

To study the safety of the micellar complexes after
intravenous administration, mice were monitored for
their weights, and tissues (liver, spleen and kidneys)
were excised for histological examination on day 13
and stored in 10% neutral buffered formalin until fur-
ther use. For histological examination, the stored tis-
sues were embedded in paraffin. Slices of 2-um thick-
ness were cut, deparaffinized, hydrated and stained
with hematoxylin—eosin. Each slide was assigned a
code number before being sent for microscopic assess-
ment. The microscopic assessments were performed
by a qualified veterinary pathologist, Dr PN Nation,
DVM, PhD, DACVP from the Animal Pathology Ser-
vices Ltd. The assessor, who was blinded to the treat-
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ment groups and to the nature of the study design, was
asked to look for qualitative evidence of microscopic
changes consistent with tissue toxicity. Tissues of
three mice from each group were randomly chosen for
histological examination.

Statistics

Values are presented as mean + standard deviation
or mean # standard error of the mean. Statistical sig-
nificance was tested using unpaired Student’s #test, or
one-way analysis of variance (ANOVA) followed by
Tukey’s post hoc test as noted in the text. The level of
significance was set at o < 0.05.

Results

Synthesis & characterization of PEO-b-P(CL-g-
SP-Chol)

The synthetic method for the preparation of PEO-4-
P(CL-g-SP-Chol) is shown in Figure 1. Peaks corre-
sponding to cholesteryl group of PEO-4-P(CL-g-SP-
Chol) polymer were observed at 8 = 0.84-1.1 and 5.35
ppm in the "H NMR spectra, indicating the successful
conjugation of cholesteryl groups to the block copoly-
mer (Figure 2B). Based on peak intensity ratio of proton
from PCL (-OCH,- proton, § = 4.1 ppm) to the inten-
sity of specific peak in PEO (-CH,CH,O- proton, &
= 3.65 ppm), degree of polymerization of PCL block
was calculated to be 15. For PEO-4-P(CL-g-SP) copo-
lymer, the number of SPs on the PCL block was deter-
mined to be 6. In other words, approximately 40% of
carboxyl groups were substituted with SP. On aver-
age, the substitution level of cholesteryl group on the
SP was also around 40% (i.e., 2.4 out of 6 SPs). This
14-0-P(CL-g-SP-Chol) . .,
where 15-6-2.4 refers to the degree of caprolactone
polymerization, the number of conjugated SP groups
and the number of cholesteryl substituted SPs in the
subscript, respectively.

As expected, owing to the hydrophobicity of cho-
lesteryl substituent, the CMC of PEO-4-P(CL-g-SP-
Chol) (0.092 pM) was significantly lower than that
of PEO-4-P(CL-g-SP) (0.67 uM) (unpaired Student’s

polymer is shown as PEO

Table 1. Characteristics of prepared block copolymers (n = 3).

"Mole percent.
‘Determined by 'H NMR.

pyrene plotted versus logarithm of polymer concentration.

Polymer Cholesteryl substitution on SP%*" M *g/mol CMCs+SD (M)
PEO,,,-b-P(CL-g-SP-Chol),,  ,, 40 9400 0.09 + 0.017
PEO,,,-b-P(CL-g-SP), , NA 8552 0.67 £ 0.05

SMeasured from the onset of a rise in the intensity ratio of peaks at 339 nm to peaks at 334 nm in the fluorescence excitation spectra of

findicates statistical significance between PEO-b-P(CL-g-SP-Chol) and PEO-b-P(CL-g-SP) (unpaired Student’s t-test, p < 0.05)

CMC: Critical micellar concentration; NA: Not applicable; PEO-b-P(CL-g-SP): Poly(ethylene oxide)-block-poly(e-caprolactone-grafted-
spermine); PEO-b-P(CL-g-SP-Chol): Poly(ethylene oxide)-b-poly(g-caprolactone-g-N-(spermine)-cholesteryl carboxylate); SD: Standard
deviation; SP: Spermine.
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Table 2. Characteristics of prepared block copolymer micelles (n = 3).

Polymeric micelles

'Z-average estimated by DLS technique.
f¢-potential estimated by DLS technique.

Student’s t-test, p < 0.05).

deviation.

Size' = SD (nM)

PEO-b-P(CL-g-SP-Chol) 28 £5.0 2.50 £ 0.09%
PEO-b-P(CL-g-SP) 40 = 10.0 1.70 £ 0.24

Acetal-PEO-b-P(CL-g-DP)/PEO-b-P(CL-g-SP-Chol) 65+ 0.3 -0.06 +0.38
Acetal-PEO-b-P(CL-g-DP)/PEO-b-P(CL-g-SP) 69+ 1.3 -0.37 £ 0.29
RGD-PEO-b-P(CL-g-DP)/PEO-b-P(CL-g-SP-Chol) 65+ 0.6 -2.45 £ 0.88
RGD-PEO-b-P(CL-g-DP)/PEO-b-P(CL-g-SP) 70+ 0.4 -1.60 = 1.63

SIndicates statistical significance between their unmodified counterpart (e.g., PEO-b-P(CL-g-SP-Chol) and PEO-b-P(CL-g-SP)) (unpaired

DLS: Dynamic light scattering; PEO-b-P(CL-g-SP): Poly(ethylene oxide)-block-poly(e-caprolactone-grafted-spermine); PEO-b-P(CL-g-SP-
Chol): Poly(ethylene oxide)-b-poly(e-caprolactone-g-N-(spermine)-cholesteryl carboxylate); RGD: Arginylglycylaspartic acid; SD: Standard

C-potential*+ SD (mV)

t-test, p < 0.05) (Table 1). The Z-average diameter
of PEO-46-P(CL-g-SP) micelles determined by the
dynamic light scattering technique was 40 + 10 nm
(Table 2). On the other hand, micelles formed from
PEO-6-P(CL-g-SP-Chol) exhibited smaller size, show-
ing average diameter of 28 + 5 nm (Table 2). This was
despite presence of bulky cholesteryl groups on the
core-forming block of micelles. Similar change in size
was seen in the TEM images (Supplementary Figure
1). The images showed the formation of true spheri-
cal structures having a clear boundary. The average
G-potential of PEO-4-P(CL-g-SP) micelles was 1.70
mV. On the other hand, PEO-4-P(CL-g-SP-Chol)
micelles exhibited a significantly higher {-potential of
2.50 mV (unpaired Student’s #-test, p < 0.05), despite
partial conversion of primary amine groups in SP to
secondary amines in SP-Chol.

RGD4C modification of the shell

Formation of mixed micelles from acetal-PEO-
b-P(CL-g-DP)/PEO-6-P(CL-g-SP) and acetal-PEO-
b-P(CL-g-DP)/PEO-6-P(CL-g-SP-Chol) led to a sig-

Table 3. Polymer compositions for the preparation

nificant increase in micellar size when compared with
micelles formed from single PEO-4-P(CL-g-SP) or
PEO-6-P(CL-g-SP-Chol) micelles (Table 2). RGD4C
modification, however, did not change the particle
size of the micelles. The average C-potential of the
micelles post addition of acetal-PEO-4-P(CL-g-DP)
or RGD4C-PEO-4-P(CL-g-DP) was slightly negative
when compared with that obtained by PEO-4-P(CL-
¢-SP) and PEO-4-P(CL-g-SP-Chol) (Table 2).

siRNA binding

As expected, the synthesized PEO-4-P(CL-g-SP) and
PEO-6-P(CL-g-SP-Chol) copolymer were capable
of effectively binding siRNA (Figure 3). When the
polymer:siRNA ratios (w/w) were higher than 16:1,
all the copolymers were capable of 100% siRNA bind-
ing. The binding ability of the synthesized copolymers
were not significantly different from each other, but
less than that of PEI25K as indicated by a significant
left shift in binding versus polymer:siRNA weight
ratio plot.

of siRNA micellar complexes for in vivo studies.

Micelle compositions used for intratumoral

injection
Polymer composition Composition ratio
(W:w)?
SCR-SP micelles 1:V (16:1)
MCL-SP micelles 1:VI (16:1)
SCR-SP-Chol micelles I1:v (16:1)
MCL-SP-Chol micelles 11:V1 (16:1)

MCL-1 siRNA.

SP: Spermine; w:w: Weight/weight.

(1) PEO-b-P(CL-g-SP), (Il) PEO-b-P(CL-g-SP-Chol), (lll) acetal-PEO-b-P(CL-g-DP), (IV) RGD4C-PEO-b-P(CL-g-DP), (V) Scrambled siRNA, (VI)

Chol: Cholesteryl carboxylate; MCL: Myeloid cell leukemia; PEO-b-P(CL-g-SP): Poly(ethylene oxide)-block-poly(g-caprolactone-grafted-
spermine); PEO-b-P(CL-g-SP-Chol): Poly(ethylene oxide)-b-poly(g-caprolactone-g-N-(spermine)-cholesteryl carboxylate); SCR: Scrambled;

Micelle compositions used for intravenous injection

Polymer composition Composition ratio

(W:w)*
Plain-SP micelles 1:11:VI(16:32:1)
Plain-SP-Chol micelles 11:11:V1 (16:32:1)
RGD-SP micelles 1:IV:VI (16:32:1)
RGD-SP-Chol micelles 11:1V:VI (16:32:1)
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Release of siRNA from polymer/siRNA micelles
upon challenge with heparin

As shown in Figure 4, the siRNA release was depen-
dent on heparin concentration. The heparin:polymer
ratio (ug/ug) which led to 50% siRNA release (RR,)
from the complexes was used as a measure of propen-
sity for dissociation. PEO-4-P(CL-g-SP) exhibited
slightly slower release of siRNA compared with PEO-
6-P(CL-g-SP-Chol), based on the higher RR, | values
for the former polymer (0.2 pg/ng heparin:polymer)
as compared with the RR, value of 0.1 pg/pg for
PEO-4-P(CL-g-SP-Chol). All polymer/siRNA com-
plexes exhibited higher siRNA release compared
with PEI25K/siRNA complex (RR, | = 4.12 pg/ug,
heparin:polymer), even though the latter was prepared
ata low 1:1 polymer:siRNA ratio (w/w).

Cellular association & uptake studies

In general, complexation of siRNA with all polymers
under study was found to be effective in increasing the
association of siRNA with cells as the percentage of
siRNA-positive cells reached its maximum level within
24 h following complexation with either PEI25K or
polymeric micelles (Figure 5A & B). Based on the mean
fluorescent intensity data, PEI25K was significantly
more effective (one-way ANOVA followed by Tukey’s
post hoc test, p < 0.05) than PEO-4-P(CL-g-SP) and
PEO-6-P(CL-g-SP-Chol) in delivering siRNA to
MDA-MB-435 cells at both 3 and 24 h (Figure 5).
Substitution of cholesteryl on PEO-6-P(CL-¢-SP) also
resulted in significantly higher siRNA delivery to
MDA-MB-435 cells (maximum mean fluorescence
intensity) at 3 h and 24 h compared with its PEO-4-
P(CL-g-SP) counterpart (one-way ANOVA; Tukey’s
post hoc test; p < 0.05) (Figure 5C & D).

Confocal microscopy was then used to investigate
the cellular distribution of polymer/siRNA micelles
in MDA-MB-435 cells (Figure 6). Clear green-colored
siRNA fluorescence was observed in cytoplasm when
siRNA was formulated in PEO-4-P(CL-g-SP-Chol)
micelles (Figure 6A), while siRNA alone (Figure 6A)
exhibited no detectable fluorescence in the cells. The
observation of yellow color in the merged fluorescence
images (Figure 6D) due to the FAM-labeled siRNA
(green, Figure 6A) and LysoTracker (red, Figure 6C) for
PEO-4-P(CL-g-SP-Chol)/siRNA  complexes implies
internalization of these micelles into cells by endocyto-
sis and partial localization of siRNA in the endosomes.

Cytotoxicity of synthesized polymers
Overall, cholesteryl substitution on PEO-4-P(CL-

Garg, Falamarzian, Vakili, Aliabadi, Uludag & Lavasanifar

¢-SP) significantly decreased the nonspecific cytotoxic-
ity of these polymers (Figure 7). All polymeric micel-
lar siRNA complexes under study exhibited minimal
cytotoxicity (<20%) at polymer:siRNA ratio of 8:1
(w/w) with 100 nM of siRNA. At polymer:siRNA
16:1 ratio (w/w) and 100 nM siRNA, PEO-4-P(CL-
¢-SP) micelles caused approximately 40% cytotoxicity,
while PEO-4-P(CL-g-SP-Chol) caused only approxi-
mately 20% cytotoxicity (unpaired Student’s # -test, p
<0.05).355393

MCL-1 knockdown by polymeric micellar siRNAs
MDA-MB-435 were treated for 48 h with 50 nM
siRNA at a polymer:siRNA ratio of 16:1 (w/w). At 48
h, the level of MCL-1 mRNA expression after incu-
bation with MCL-1 siRNA/PEO-4-P(CL-g-SP-Chol)
micelles was reduced by approximately 98% compared
with untreated control group (Figure 8). This was sig-
nificantly different from identical scrambled-siRNA/
PEO-4-P(CL-g-SP-Chol) micelles, which decreased
MCL-1 mRNA expression by 55% (unpaired Student’s
t-test, p < 0.05). MCL-1 siRNA/PEO-4-P(CL-g-SP)
micelles reduced MCL-1 mRNA expression by approx-
imately 90%. The level of MCL-1 mRNA knockdown
was significantly different from identical scrambled-
siRNA/PEO-6-P(CL-g-SP) micelles, which decreased
MCL-1 mRNA expression by 42% (unpaired Stu-
dent’s t-test, p < 0.05). The level of MCL-1 mRNA
expression after incubation with MCL-1 siRNA/
PEO-6-P(CL-g-SP-Chol) micelles was lower than
that for MCL-1 siRNA/PEO-4-P(CL-g-SP) micelles
(unpaired Student’s #test, p < 0.05), signifying better
MCL-I silencing by PEO-6-P(CL-g-SP-Chol), in vitro.

The effect of MCL-1 silencing by MCL-1 siRNA
polymeric micelles on the viability of MDA-
MB-435 cells

MCL-1 siRNA/PEO-4-P(CL-g-SP-Chol)  micelles
with 50 nM siRNA and polymer:siRNA ratio of 16:1
(w/w) caused 47% MCL-1-associated inhibition of
cell growth (Figure 9). This level of inhibition was
significantly different from scrambled siRNA/PEO-
b-P(CL-g-SP-Chol) micelles, which caused 20% non-
specific inhibition of cell growth (unpaired Student’s
t-test, p < 0.05). MCL-1 siRNA/PEO-4-P(CL-g-SP)
polymeric micelles with the same siRNA dose and
polymer:siRNA ratio did not exhibit any MCL-1-as-
sociated inhibition of cell growth. Inhibition of cell
growth caused by MCL-1 siRNA/PEO-6-P(CL-g-
SP-Chol) was significantly higher from that caused by
MCL-1 siRNA/PEO-6-P(CL-g-SP) complexes.

Figure 2. TH NMR spectra of polymers under study for siRNA delivery. '"H NMR spectra of (A) PEO-b-P(CL-g-SP) in D,O and (B) PEO-b-
P(CL-g-SP-Chol) in CDCl, and peak assignments. PEO-b-P(CL-g-SP): Poly(ethylene oxide)-block-poly(e-caprolactone-grafted-spermine);
PEO-b-P(CL-g-SP-Chol): Poly(ethylene oxide)-b-poly(c-caprolactone-g-N-(spermine)-cholesteryl carboxylate).
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Figure 3. The binding affinity of different polymers to
scrambled siRNA. Percentage of siRNA binding versus
polymer:siRNA weight ratios is shown (n = 3).

In vivo activity of MCL-1 siRNA micelles
following intratumoral injection

The composition of test-treatment groups in this study
is summarized in Table 3. As shown in Figure 10A, the
level of MCL-1 mRNA expression after treatment with
MCL-SP-Chol micelles was reduced by approximately
38% compared with untreated control group and
SCR-SP-Chol micelles, which showed no decrease in
MCL-1 mRNA expression (one-way ANOVA followed
by Tukey’s post hoc test, p < 0.05). MCL-SP micelles
were effective in reducing MCL-1 mRNA expres-
sion by approximately 31% compared with untreated
control group and SCR-SP micelles which showed

® PEO-b-P(CL-g-SP)
B PEO-b-P(CL-g-SP-Chol)
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s N
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Figure 4. siRNA release from different micelles by
heparin competition. Scrambled siRNA was complexed
with various polymers at 32:1 polymer:siRNA ratio
(w/w) and with PEI25K at 1:1 ratio (w/w). Amount of
complex dissociation was determined with assessing
free siRNA by agarose gel electrophoresis (n = 3).
w/w: Weight/weight.
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no decrease in MCL-1 mRNA expression (one-way
ANOVA followed by Tukey’s post hoc test, p < 0.05).
The difference in downregulation of MCL-1 mRNA
by MCL-SP-Chol micelles was not statistically signifi-
cant from that of MCL-SP micelles (one-way ANOVA
followed by Tukey’s post hoc test, p > 0.05).

To evaluate the effect of MCL-I silencing at mRNA
level on tumor growth, tumor volumes were measured
on days 0, 4, 7, 10 and 13. In general, both MCL-SP-
Chol and MCL-SP micelles were able to retard the
growth of the tumor upto day 10, following which the
tumor started to grow again (Figure 10B). This might
be due to the compensating effect of other antiapop-
totic factors in the treated tumor at this point. On
day 13, MCL-SP and MCL-SP-Chol micelles showed
a 1.9- and 3.5-fold decrease in tumor volume, respec-
tively. However, this decrease in tumor volume was sta-
tistically not different from that of the untreated group
and the scrambled counterparts (one-way ANOVA
followed by Tukey’s post hoc test, p > 0.05). Although
treatment with MCL-SP-Chol micelles resulted in a
significant decrease in tumor volume compared with
untreated group on day 10, this decrease in tumor
volume was not significantly different from MCL-SP
micelles (one-way ANOVA followed by Tukey’s post
hoc test; p > 0.05).

In vivo activity of RGD4C-functionalized versus
plain MCL-1 siRNA micelles after intravenous
injection

The composition of test treatment groups in this study
is summarized in Table 3. The choice of RGD4C-
modified micellar siRNA as test groups in this study
was based on our previous result, which has shown
high accumulation and targeting of RGD4C-modified
PEO-6-P(CL-g-SP) micelles in the same tumor model
following intravenous administration [15]. RGD4C was
successfully conjugated to the micellar shell of PEO-4-
P(CL-g-SP) and PEO-56-P(CL-g-SP-Chol) micelles at
a conjugation efficiency of 100% w/w. The conjuga-
tion density, that is, molar ratio of peptide to the poly-
mer, was approximately 20%.

The RGD4C modification of polymeric micellar
siRNA complexes was shown to enhance the silenc-
ing activity of complexed siRNA in MDA-MB-435
xenografts following intravenous injection. Choles-
terol modification of the core, however, did not affect
the silencing activity of complexed siRNA under the
same conditions. As shown in Figure 11A, the level of
MCL-1 mRNA expression after treatment with RGD-
SP-Chol micelles was reduced by approximately 36%
compared with untreated control group (one-way
ANOVA followed by Tukey’s post hoc test, p < 0.05).
This level of MCL-1 knockdown was significantly dif-
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Figure 5. Cellular uptake of polymer/carboxyfluorescein-siRNA complexes by MDA-MB-435 cells. The percentage

of cells positive for FAM-siRNA after (A) 3 h and (B) 24 h exposure to siRNA micelles, and the mean fluorescence
intensity of the cells after (C) 3 h and (D) 24 h exposure to siRNA micelles at PEO-b-P(CL-g-SP):siRNA or PEO-b-

P(CL-g-SP-Chol):siRNA ratios of 16:1 (w/w) and PEI25K:siRNA ratio of 1:1 (w/w). The data are the mean = standard
error of the mean for n = 3.’ Significantly different from siRNA alone (p < 0.05).

*Significantly different from PEO-b-P(CL-g-SP) (p < 0.05). One-way ANOVA followed by Tukey's post hoc test, p <

0.05.

FAM: Carboxyfluorescein; PEO-b-P(CL-g-SP): Poly(ethylene oxide)-block-poly(s-caprolactone-grafted-spermine);
PEO-b-P(CL-g-SP-Chol): Poly(ethylene oxide)-b-poly(c-caprolactone-g-N-(spermine)-cholesteryl carboxylate);

w/w: Weight/weight.

ferent from plain-SP-Chol micelles, which showed
only approximately 12% decrease in MCL-1 mRNA
expression (one-way ANOVA followed by Tukey’s
post hoc test, p < 0.05). RGD-SP micelles were effec-

tive in reducing MCL-1 mRNA expression by approxi-
mately 40% compared with untreated control group
(one-way ANOVA followed by Tukey’s post hoc test,
p < 0.05). This level of MCL-1 knockdown was sig-
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SiRNA alone PEO-b-P(CL-g-SP) PEO-b-P(CL-g-SP-Chol)

Figure 6. Cellular distribution of polymer/siRNA micelles by confocal microscopy. Uptake and intracellular
distribution of FAM-siRNA formulated in micelles by MDA-MB-435 cells using confocal microscopy. The
observation was done after 24 h exposure to FAM-siRNA alone or formulated with PEO-b-P(CL-g-SP) or PEO-b-
P(CL-g-SP-Chol) at polymer:siRNA ratios of 16:1 (w/w). (A) Images represent FAM-siRNA (green) alone. (B) Images
represent nucleus stained with DAPI (blue). (C) Images represent lysosomes stained with lysoTracker (red) and
(D) represents images merged together.

DAPI: 4’,6-diamidino-2-phenylindole; FAM: Carboxyfluorescein; PEO-b-P(CL-g-SP): Poly(ethylene oxide)-block-
poly(a-carboxylate-¢-caprolactone-grafted-spermine); PEO-b-P(CL-g-SP-Chol): Poly(ethylene oxide)-b-poly(e-
caprolactone-g-N-(spermine)-cholesteryl carboxylate); w/w: Weight/weight.

nificantly different from identical plain-SP micelles, Tukey’s post hoc test, p < 0.05). Both RGD-SP-Chol
which showed approximately 20% decrease in MCL-1  and plain-SP-Chol micelles showed similar MCL-I
mRNA expression (one-way ANOVA followed by knockdown when compared with RGD-SP and plain-
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SP counterparts, respectively, (one-way ANOVA fol-
lowed by Tukey’s post hoc test, p > 0.05) indicating that
cholesterol modification of PEO-4-P(CL-g-SP) had no
effect on the MCL-I knockdown after systemic deliv-
ery. This was similar to results seen after intracumoral
injection, but different from what we observed iz vitro.
Mice treated with polymer/MCL-1 siRNA complexes
with or without RGD4C functionalization at the sur-
face showed retardation trend in tumor growth rate,
however, the relative tumor volumes of the treated test
groups were not significantly different from the control
group (one-way ANOVA followed by Tukey’s post hoc
test, p > 0.05) (Figure 11B).

The weight of the animals increased during the
study indicating that the mice tolerated the regimen
well (Figure 11C). The organs of most mice in the treat-
ment groups were microscopically normal (Figure 11D).
One mouse each from plain-SP and RGD-SP micelles
group had minimal hyperplasia of the lymphoid ger-
minal centers. This, however, is a normal physiological
reaction of the spleen, and as there was no particular
group-associated pattern, it was concluded not to be
related to the formulations. All formulations were
found to have no adverse toxic effects on the mice dur-
ing the duration of this study.

Discussion

Advancement of siRNA technology for use in preclini-
cal cancer models and in a clinical setting has been
challenging due to the difficulty in the safe and effec-
tive delivery of siRNA to cancer cells following systemic
administration [44]. Our research group has previously
reported on the preparation of a siRNA delivery sys-
tem for use in cancer-targeted siRNA delivery follow-
ing intravenous administration. This delivery system is
based on PEO-4-PCL block copolymers-bearing poly-
cations like SP [13,15] on the a-carbon of e-caprolactone
in the PCL block for siRNA complexation. Since the
SP groups are attached to the PCL backbone, siRNA
complexation with the SP group protects the siRNA by
forming a block copolymer micelle in which the siRNA
is encapsulated into the PCL core whereas PEO is in
the outer shell. In previous studies, our research group
also reported on the use of RGD4C peptide as ligand
to modify the surface of PEO-4-P(CL-g-SP) micelles.
This modification led to a reduction in the required
dose of siRNA for gene silencing and also improved
the accumulation of polymeric micelles in tumor [14,15].
In the current study, we pursued modification of SP
groups on the PCL backbone with cholesterol moieties
and investigated the effect of this approach on siRNA
delivery and silencing activity by plain or RGD4C-
modified micelles in in vitro and in vivo cancer mod-
els. Cholesterol modification of SP was hypothesized

PEO-b-P(CL-g-SP)
I PEO-b-P(CL-g-SP-Chol)
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Figure 7. Cytotoxicity of the synthesized block
copolymers/scrambled siRNA complexes against
MDA-MB-435 cells. Incubation time was 72 h. 8:1, 16:1
and 32:1 ratios represent polymer:siRNA ratio (w/w).
100 and 200 nM indicate the dose of siRNA used in
each well. The data are the mean = standard error of
the mean for n=3.

*Significantly different from PEO-b-P(CL-g-SP)
(unpaired Student’s t-test, p < 0.05).
PEO-b-P(CL-g-SP): Poly(ethylene oxide)-block-poly(a-
carboxylate-g-caprolactone-grafted-spermine);

w/w: Weight/weight.

to lead to improvements in the stability, cell interaction
and eventually gene silencing and therapeutic activity
of developed polymeric micellar siRNA delivery sys-
tem.

In general, our observations confirmed the validity of
this hypothesis following in vitro cell treatments. The
CMC and average diameter of micelles were reduced,
and their positive {-potential was increased (albeit not
to a very big extent, possibly due to abundant PEG
chains on the micellar surface) following cholesteryl
modification of the micellar core. All of these proper-
ties imply an improved assembly and/or stability for
the cholesteryl-modified polymeric micellar siRNA
delivery system. A decrease in the CMC of PEO-4-
P(CL-g-SP-Chol) compared with PEO-4-P(CL-¢-SP),
was a result of hydrophobization of the core-forming
block with cholesterol groups. This change clearly
indicates the improved thermodynamic stability of
PEO-6-P(CL-g-SP-Chol) [45.46]. The increase in the
C-potential after cholesterol modification, on the other
hand, can be attributed to an increase in the aggrega-
tion number of PEO-4-P(CL-g-SP-Chol) compared
with PEO-4-P(CL-g-SP) micelles thus increasing the
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Figure 8. Myeloid cell leukemia-1 silencing activity of
the myeloid cell leukemia-1 siRNA micelle complexes

at mRNA level in MDA-MB-435 after 48 h by real-

time PCR. The cells were transfected with MCL-1

or scrambled siRNA formulated in various micelles
prepared using polymer:siRNA ratios of 16:1 (w/w) and
50 nM siRNA. Values are relative to untreated control.
The data are the mean * standard error of the mean

(h = 3).

*Significantly different from its corresponding
scrambled siRNA group (unpaired Student’s t-test,

p < 0.05).

#Significantly lower than MCL-1 siRNA/PEO-b-P(CL-g-SP)
group (unpaired Student'’s t-test, p < 0.05).

MCL-1: Myeloid cell leukemia-1; PEO-b-P(CL-g-SP):
Poly(ethylene oxide)-block-poly(a-carboxylate-g-
caprolactone-g-N-[spermine]); w/w: Weight/weight.
total positive charge on the micelle. Previous studies
based on polystyrene-based micelles showed that an
increase in the hydrophobicity of the insoluble poly-
styrene block was accompanied by a decrease in the
CMC and an increase in the aggregation number of
the micelles [47,48]. Further studies are needed to inves-
tigate this assumption. Nevertheless, the increase in
the C-potential of cholesterol-substituted polymers is
expected to lead to improved siRNA complexation by
the modified polymeric micelle, and perhaps slower
siRNA release. This might have contributed to our
observation on the relatively similar binding of PEO-
b-P(CL-¢g-SP) and PEO-4-P(CL-g-SP-Chol) to siRNA
and similar siRNA release from both micellar struc-
tures despite partial conversion of primary amine
groups in the latter polymer. The smaller size of PEO-
b-P(CL-g-SP-Chol)/siRNA micelles may indicate for-

Falamarzian, Vakili, Aliabadi, Uludag & Lavasanifar

mation of more compact micelles following siRNA
complexation by cholesterol-modified polymer.

The increase in size of micelles after incorporation
of acetal or RGD4C-modified PEO-4-P(CL-g-DP)
might be due to the presence of bulky DP group [13].
The incorporation of the acetal-PEO-4-P(CL-g-DP)
also led to a slightly negative C-potential due to the ace-
tal group, which is similar to what has been reported in
the literature [49,50].

Lipid modification is expected to enhance the inter-
action between the polymer/siRNA complexes and
the hydrophobic domains of the plasma membrane
facilitating cell uptake [16,17]. As expected, the cellular
association of siRNA was higher when complexed with
PEO-b-P(CL-g-SP-Chol) as compared with PEO-4-
P(CL-g-SP). Confocal microscopy images confirmed
the results of flow cytometry revealing better intracel-
lular uptake of siRNA by PEO-4-P(CL-g-SP-Chol)
micelles. Better uptake of cholesteryl-substituted
polymeric micellar siRNA complexes may be attrib-
uted to the exposure of cholesteryl groups to the cell
membrane leading to specific uptake by low-density
lipoprotein receptors on cancer cells, and/or more
compact structure of cholesteryl containing micellar
siRNA complexes, altering uptake mechanism of the
complexes. Cellular uptake of siRNA incorporated
in PEO-6-P(CL-g-SP) or PEO-4-P(CL-g-SP-Chol),
however, was much lower than PEI25K/siRNA com-
plexes. This may be due to the hydrophilic PEG shell
which shields the core positive charge thus reducing
the interaction of polymeric micelles with cell mem-
branes or other hydrophobic surfaces in a nonspecific
manner [13,51].

Both, PEO-6-P(CL-¢-SP) and PEO-6-P(CL-g-
SP-Chol) also appeared to be successful in delivering
siRNA into cytoplasm. According to previous litera-
ture, PEI25K has been found to deliver siRNA to both
cytoplasm and nucleus [13,17]. Accumulation of siRNA
in the cytoplasm where the target mRNA is located,
rather than in the nucleus, provides an advantage for
both, PEO-4-P(CL-¢-SP) and PEO-4-P(CL-g-SP-
Chol) over PEI25K in siRNA delivery.

Nonspecific cytotoxicity is a major concern for poly-
cations employed for siRNA delivery. We studied the
effect of cholesteryl substitution on the polycationic
structure of PEO-4-P(CL-g-SP) micelles on nonspe-
cific toxicity of developed micellar siRNA delivery
systems by MTT assay. In general, complexes pre-
pared at higher polymer:siRNA ratios (w/w) showed
significantly higher cytotoxicity. This can be due to a
higher net positive charge for the complexes at higher
polymer:siRNA ratios [52]. Cholesteryl modification of
PEO-6-P(CL-g-SP), however, decreased the cytotoxic-
ity of polymeric micellar siRNA complexes, perhaps by

10.2217/nnm-2016-0178

Nanomedicine (Lond.) (Epub ahead of print)

future science group



Polymeric micelles for MCL-1 gene silencing in breast tumors following systemic administration

converting the primary amines in PEO-4-P(CL-g-SP)
partially to secondary amines in PEO-4-P(CL-g-SP-
Chol) and/or making more compact micelles.

Based on these results, a polymer:siRNA ratios of
16:1 (w/w) and MCL-1 siRNA doses of 50 nM were
chosen to evaluate MCL-1 silencing-associated specific
cytotoxicity in further studies. Both, PEO-4-P(CL-
¢-SP) and PEO-4-P(CL-g-SP-Chol)/siRNA  com-
plexes yielded significantly better silencing of MCL-1
in MDA-MB-435 cells when compared with polymer
complexes with scrambled siRNA. Cholesteryl substi-
tution, however, significantly enhanced the silencing
activity of complexed MCL-1 siRNA at the mRNA
level. This is in line with the increased cellular uptake
of cholesteryl-substituted polymer/siRNA complexes
by the same cell line compared with PEO-4-P(CL-
2-SP) complexes of siRNA.

MCL-1 is key regulator of apoptosis and is shown
to be essential for the survival of a variety of cell types.
Silencing of MCL-I might be sufficient to promote
apoptosis in cancer cells 28]. In our study, PEO-4-
P(CL-g-SP-Chol)/siRNA complexes were able to both
downregulate MCL-1 mRNA at 48 h incubation and
also show significantly higher MCL-1-associated inhi-
bition of cell growth compared with their scrambled
siRNA complex counterparts following 72 h treat-
ment. Under identical conditions, however, significant
MCL-1-associated inhibition of cell growth following
treatment of cells with PEO-4-P(CL-g-SP) micellar
siRNA was not observed. This was despite significant
downregulation of MCL-I mRNA expression by PEO-
b-P(CL-g-SP)/siRNA complexes in MDA-MB-435
cells. The reason behind this observation is not clear,
but may be attributed to the recovery of cells at longer
time points following treatment with PEO-4-P(CL-
¢-SP)/MCL-1 siRNA micellar complexes or compen-
sation of other antiapoptotic factors in treated cells for
the effect of MCL-I silencing.

Intratumoral injection of MCL-1 siRNA com-
plexed with PEO-4-P(CL-¢g-SP) and PEO-6-P(CL-g-
SP-Chol) produced similar trends to in vitro results in
terms of MCL-1 mRNA downregulation, with MCL-1
siRNA complexes of PEO-4-P(CL-g-SP-Chol) show-
ing slightly better downregulation of MCL-1 mRNA
expression over PEO-6-P(CL-g-SP) complexes, but the
difference was not statistically significant. In line with
the decreased expression of MCL-1 mRNA by poly-
meric micellar MCL-1 siRNA complexes, a decrease in
the rate of tumor growth was also observed. However,
again the slight better inhibition of tumor growth by
the siRNA complexes with PEO-4-P(CL-g-SP-Chol)
over PEO-46-P(CL-g-SP) complexes was statistically
insignificant due to large variations in tumor growth
among each group. The tumor growth inhibition by

MCL-1 siRNA delivery was reduced after the 3" injec-
tion of siRNA complexes by both polymeric micellar
siRNA delivery systems, particularly that of PEO-4-
P(CL-g-SP) formulations. Similar results were seen
previously by Aliabadi ez.4/. using lipid-modified PEI/
MCL-1 siRNA complexes [35]. This may reflect a com-
pensating effect by other antiapoptotic factors for the
silencing of MCL-1.

Following systemic intravenous administration,
cholesterol modification of the core in PEOQ-4-P(CL-
£-SP) did not impact the gene silencing or therapeutic
activity of MCL-1 siRNA complexes in tumor xeno-
grafts. But the RGD4C modification of the micellar
shell did improve the silencing activity of the poly-
meric micellar siRNA delivery systems for both PEO-
b-P(CL-g-SP-Chol) and PEO-4-P(CL-g-SP) in tumor
xenografts. This is perhaps due to increased accumu-
lation of RGD4C-coated micelles in MDA-MB-435
tumors, in which o, f3, integrin is overexpressed [53-55],
as shown in our previous study [15]. The downregu-
lation of MCL-1 mRNA expression in tumor xeno-
grafts following intravenous administration of MCL-1
siRNA complexes with RGD4C-modified micelles
was not sufficient to cause significant inhibition of

Scrambled siRNA (50 nM)
I MCL-1 siRNA (50 nM)

100

Cell viability (%)

0 T T
PEO-b-P(CL-g-SP)  PEO-b-P(CL-g-SP-Chol)

Polymer:siRNA ratio (16:1)

Figure 9. Cytotoxicity of myeloid cell leukemia-1 siRNA
versus scrambled siRNA micelles. The viability of the
MDA-MB-435 after 72 h exposure to polymer/siRNA
micelles prepared using the scrambled and MCL-1 siRNA
at polymer:siRNA ratios of 16:1 (w/w). 50 nM indicate
the dose of siRNA used in each well. The data are the
mean =+ standard error of the mean (n = 3).
*Significantly different from its corresponding
scrambled siRNA group (unpaired Student’s t-test, p <
0.05).

#*Significantly lower than MCL-1 siRNA/PEO-b-P(CL-g-SP)
group (unpaired Student’s t-test, p < 0.05).

MCL-1: Myeloid cell leukemia-1; PEO-b-P(CL-g-SP):
Poly(ethylene oxide)-block-poly(a-carboxylate-g-
caprolactone-grafted-spermine); w/w: Weight/weight.
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Figure 10. In vivo MCL-1 siRNA activity in nude mice-bearing MDA-MB-435 xenograft treated with three
intratumoral injections of polymer/siRNA formulations or HEPES. (A) Relative MCL-1 mRNA expression in MDA-
MB-435 xenograft after treatment with polymer/siRNA formulations or HEPES. Values are relative to untreated
control. The data are presented as mean + SEM (n = 4-5). *Significantly different from its corresponding
scrambled siRNA group (one-way ANOVA followed by Tukey’s post hoc test, p < 0.05). (B) Normalized tumor
volume of MDA-MB-435 xenograft after treatment with polymer/siRNA formulations or HEPES. Each point
represents mean = SEM (n = 4-5). Arrow indicates onset of intratumoral injection. *Significantly different from its
corresponding scrambled siRNA group or HEPES (one-way ANOVA followed by Tukey’s post hoc test, p < 0.05).
MCL-1: Myeloid cell leukemia-1; SEM: Standard error of the mean.

tumor growth when compared with control animals,
however. This may be because the formulation does
not have easy access to the core of the tumor and may
be sequestered by tumor vasculature. Hence, higher
MCL-1 mRNA downregulation (>40%) in the tumor
cells might be required to see any measurable difference
in inhibition of MDA-MB-435 tumor growth. Previ-
ous studies of MCL-1 silencing in MDA-MB-435 have
shown that PEI-LA complexes with 18 nM MCL-1
siRNA at siRNA:polymer ratios (w/w) of 1:8 were able
to decrease the MCL-1 mRNA expression by approxi-
mately 80% and also reduced cell viability by up to
approximately 50% iz vitro. In vivo studies in MDA-
MB-435 xenografts showed an approximately 35%

decrease in MCL-1 mRNA expression and delayed
tumor growth after intratumoral injections with
PEI-LA/MCL-1 siRNA complexes, however, after
intraperitoneal injections, MCL-1 mRNA expression
decreased by approximately 20% but did not result in
any significant tumor retardation [3s].

The treatments did not have any adverse impact on
the activity level and mean body weight of the ani-
mals. Also, histopathological examination of the kid-
ney, spleen, and liver tissues did not show any toxicity
confirming the safety of the siRNA and the selected
delivery system in the mouse model employed. These
results point to the relative safety of the siRNA com-
plexes following intravenous injection.

Figure 11. In vivo MCL-1 siRNA activity in nude mice-bearing MDA-MB-435 xenograft treated with three
intravenous injections of polymer/siRNA formulations or dextrose (see facing page). (A) Relative MCL-1 mRNA
expression in MDA-MB-435 xenograft after treatment with polymer/siRNA formulations or dextrose. Values are
relative to untreated control. The data are presented as mean + SEM (n = 3-5). (B) Normalized tumor volume of
MDA-MB-435 xenograft after treatment with polymer/siRNA formulations or dextrose. Each point represents
mean = SEM (n = 3-5). Arrow indicates onset of intravenous injection. (C) Percentage change in mean animal body
weight after treatment with polymer/siRNA formulations or dextrose. Each point represents mean + SEM (n =
3-5). *Significantly different from dextrose treated group (one-way ANOVA followed by Tukey’s post hoc test,
p < 0.05). (D) Microscopic histology images of the spleen, liver and kidney cortex stained with hematoxylin and
eosin at 100x. Each image is representative of one mouse from a group of three.

MCL-1: Myeloid cell leukemia-1; SEM: Standard error of the mean.
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Conclusion

In this study, we have reported the design, synthesis and
evaluation of cholesteryl substitution on PEO-6-poly-
ester-based polycationic copolymers, and explored its
potential in silencing of MCL-I that is involved in can-
cer survival and progression. We demonstrated that cho-
lesteryl substitution of PEO-4-P(CL-g-SP) improved
the thermodynamic stability of PEO-4-P(CL-g-SP),
and increased the cellular uptake of complexed siRNA
by MDA-MB-435 cells. The increased delivery of
MCL-1 siRNA into MDA-MB-435 cells translated
into efficient downregulation of MCL-1 mRNA expres-
sion and subsequent inhibition of cell growth, in vitro.
However, this trend was not observed following admin-
istration of the cholesterol-modified siRNA micellar
complexes, iz vivo, either following intratumoral or
intravenous administration, where both PEO-4-P(CL-
¢-SP) and PEO-6-P(CL-g-SP-Chol) MCL-1 siRNA
complexes showed significant but similar downregula-
tion of MCL-1 mRNA expression (by 30-40%) after
intratumoral administration. Following intravenous
administration, MCL-I silencing in tumor achieved
by unmodified SP- or SP-Chol siRNA complexes was
around 10-20%. Surface modification of polymeric
micellar siRNA with RGD4C increased the MCL-I
silencing activity of both micellar complexes in tumor
xenografts similarly (reaching around 40% silencing)
after systemic administration. Our results also dem-
onstrated the safety and potential of targeted PEO-4-
P(CL-g-SP)-based micelles for gene silencing in tumor
following localized or systemic siRNA administration.

Future perspective
Targeted delivery of RNA entities to different organs/
cells has been of much interest during the past

Garg, Falamarzian, Vakili, Aliabadi, Uludag & Lavasanifar

decade. Limited success has been achieved in delivery
of RNA therapeutics to organs like liver in preclini-
cal and clinical trials. But examples of successful tar-
geted RNA delivery systems to solid tumors follow-
ing systemic administration are infrequent. We have
reported on a polymeric micellar delivery system with
potential in achieving this goal, which is expected
to be of tremendous interest. Further studies on the
detailed characterization (e.g., for zeta potential and
size in biomimetic media and safety profile at differ-
ent doses in vivo), optimization (e.g., for more effi-
cient and specific tumor cell transfection) and vali-
dation (e.g., for applicability in efficient delivery of
siRNAs targeting other genes and other entities like
mRNA) of this delivery system are ongoing in our
research group.

Supplementary data

To view the supplementary data that accompany this paper
please visit the journal website at: www.futuremedicine.com/
doi/full/10.2217/nnm-2016-0178
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Executive summary

with hydrophobic cholesteryl groups in the core.

with cancer-targeting peptide RGD4C at the shell.

in vitro.

xenograft.

subcutaneous xenograft.

e Poly(ethylene oxide)-block-poly(e-caprolactone-grafted-spermine) (PEO-b-P(CL-g-SP)) micelles were modified
e PEO-b-P(CL-g-SP) and cholesteryl-modified PEO-b-P(CL-g-SP), that is, PEO-b-P(CL-g-SP-Chol) were modified

Cholesteryl modification of the core resulted in micelles having a smaller size and lower critical micelle
concentration indicating improved assembly and/or stability.

siRNA complexed with cholesteryl-modified PEO-b-P(CL-g-SP) micelles showed better cellular association and
lower toxicity in MDA-MB-435 cancer cells, when compared with unmodified PEO-b-P(CL-g-SP).

Higher cellular association of PEO-b-P(CL-g-SP-Chol) led to better silencing of MCL-1 in MDA-MB-435 cells

Both PEO-b-P(CL-g-SP) and PEO-b-P(CL-g-SP-Chol) showed better MCL-1 silencing and inhibition of tumor
growth compared with control group following intratumoral administration in MDA-MB-435 subcutaneous

¢ RGD4C modification of the micellar shell of both PEO-b-P(CL-g-SP) and PEO-b-P(CL-g-SP-Chol) led to higher
MCL-1 silencing when compared with control group following intravenous administration in MDA-MB-435

Cholesteryl modification of the core did not significantly improve the silencing activity of MCL-1 siRNA when
compared with unmodified PEO-b-P(CL-g-SP) after both, local and systemic administration.
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