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Targeted Polymersome Delivery of siRNA Induces Cell Death of
Breast Cancer Cells Dependent upon Orai3 Protein Expression
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ABSTRACT: Polymersomes, polymeric vesicles that self-assemble in aqueous
solutions from block copolymers, have been avidly investigated in recent years
as potential drug delivery agents. Past work has highlighted peptidefunctionalized polymersomes as a highly promising targeted delivery system.
However, few reports have investigated the ability of polymersomes to operate
as gene delivery agents. In this study, we report on the encapsulation and
delivery of siRNA inside of peptide-functionalized polymersomes composed of
poly(1,2-butadiene)-b-poly(ethylene oxide). In particular, PR_b peptidefunctionalized polymer vesicles are shown to be a promising system for siRNA delivery. PR_b is a ﬁbronectin mimetic
peptide targeting speciﬁcally the α5β1 integrin. The Orai3 gene was targeted for siRNA knockdown, and PR_b-functionalized
polymer vesicles encapsulating siRNA were found to speciﬁcally decrease cell viability of T47D breast cancer cells to a certain
extent, while preserving viability of noncancerous MCF10A breast cells. siRNA delivery by PR_b-functionalized polymer vesicles
was compared to that of a current commercial siRNA transfection agent, and produced less dramatic decreases in cancer cell
viability, but compared favorably in regards to the relative toxicity of the delivery systems. Finally, delivery and vesicle release of a
ﬂuorescent encapsulate by PR_b-functionalized polymer vesicles was visualized by confocal microscopy, and colocalization with
cellular endosomes and lysosomes was assessed by organelle staining. Polymersomes were observed to primarily release their
encapsulate in the early endosomal intracellular compartments, and data may suggest some escape to the cytosol. These results
represent a promising ﬁrst generation model system for targeted delivery of siRNA.

■

INTRODUCTION
Small interfering RNA (siRNA), discovered only a decade ago,
has rapidly been applied as both a tool for proﬁling protein
function and a potential therapeutic for a wide array of
diseases.1−3 siRNA molecules, double-stranded RNA typically
20−25 nucleotides in length, act to down-regulate expression of
a speciﬁc target gene. This down-regulation is accomplished
with help from the cell’s own RNA interference machinery. A
single strand of the siRNA molecule is selected by the cell,
typically the antisense strand, and incorporated into an
endogenous RISC (RNA-induced silencing complexes) assembly in the cytosol, which then acts to catalytically degrade
complementary messenger RNA (mRNA).4 Of interest to this
work, a number of gene targets have been identiﬁed with
potential relevance for the treatment of cancer.5 In particular,
the calcium channel protein, Orai3, has been recently identiﬁed
as a potential therapeutic target for breast cancer.6
Down-regulation of Orai3 in breast cancer cells was found to
reduce cell viability of T47D human breast cancer cells and
arrest cell cycle in the G1 phase eventually leading to apoptosis,
while for noncancerous MCF10A breast cells down-regulation
of Orai3 resulted in no measurable decrease in cell viability.6
Thus, Orai3 was identiﬁed as a potential breast cancer-speciﬁc
therapeutic target for siRNA down-regulation. Orai3 is one of a
class of calcium channel proteins located on the plasma
membrane (along with Orai1 and 2) that operates along with
the stromal interacting molecule (STIM) proteins to replenish
calcium levels within the cell via what is termed the store
operated calcium (Ca2+) entry (SOCE) pathway.7,8 The SOCE
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pathway is ubiquitous and has been shown to be important for
a number of cell functions including cell cycle progression, cell
proliferation, and migration.9−11 In addition, there is evidence
that SOCE is mediated by Orai3 in many breast cancer cells, as
opposed to being dominated by the canonical Orai1-mediated
pathway observed in noncancerous cells.12−14 It has been
proposed that the dominance of either Orai1 or Orai3 in the
SOCE pathway is dependent upon which is rate limiting under
the particular conditions of the cell.15 Moreover, Orai3 was
found to be overexpressed in the majority of breast cancer
tumors tested as compared to noncancerous tissue in the same
patient.6 Considering this current body of evidence, Orai3 was
chosen as a potential cancer-speciﬁc target for siRNA delivery
to breast cancer cells.
Eﬀective delivery of siRNA molecules to tumors and cancer
cells presents a number of unique challenges.16,17 First, RNA is
rapidly degraded in the presence of serum or really any
ribonuclease (RNase), so that for eﬀective delivery the siRNA
molecules must be protected from degredation.18,19 Second,
because siRNA is a highly negatively charged and relatively
large molecule (∼13 kDa), it cannot eﬀectively gain entry into a
cell alone, and intracellular delivery must typically be assisted.
Finally, siRNA has to get speciﬁcally to the cytosol of the cell to
assemble with the RISC protein complex, which in most cases
means that the siRNA must escape the endosomal and
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Figure 1. Schematic representation of vesicle formation, peptide conjugation of PB-PEO (OB) polymer vesicles, and interaction with cells.

carboxyﬂuorescein.25 Furthermore, polymer vesicle coronas,
composed of a dense PEO brush layer, have been shown to
eﬀectively resist opsonization and therefore host immune
response and clearance from the body.26,27
The polymer vesicles used in this study were further
functionalized with peptide targeting ligands, to enhance
cellular uptake and confer an active targeting modality to the
vesicles, as shown schematically in Figure 1. Azide−alkyne
“click” chemistry was utilized to covalently decorate the exterior
surface of polymer vesicles with either the integrin binding
GRGDSP peptide or an α5β1 integrin binding peptide, named
PR_b (with amino acid sequence KSSPHSRN(SG)5RGDSP).28−30 The PR_b peptide was designed to
mimic the cell binding site of native ﬁbronectin protein
recognized by integrin α5β1.31 It incorporates both the primary
α5β1 binding sequence, RGD, and the synergistic binding
sequence, PHSRN, connected by an (SG)5 linker, which was
chosen to accurately mimic both the separation distance and
the hydrophobicity/hydrophilicity of the linker region in the
native ﬁbronectin protein.32−34 The design of PR_b has been
shown repeatedly to result in greatly improved adhesion and
α5β1 speciﬁcity over other RGD-containing peptide ligands.28,29,35−37
In this study, we investigated the ability of peptidefunctionalized OB polymer vesicles to eﬀectively deliver
siRNA to breast cancer cells in vitro. Delivery to two diﬀerent
cell lines, MCF10A (immortalized but noncancer ﬁbrocystic
MCF10A breast cells) and T47D breast cancer cells, was
investigated and compared. Both cell lines have been previously
shown to express α5β1 and adhere readily to ﬁbronectin.38−41
Both GRGDSP and PR_b peptide-functionalized polymer
vesicles were evaluated for eﬀective delivery to these cell
lines, and binding speciﬁcity to cell surface integrins was
examined for PR_b-functionalized vesicles using blocking
peptides. Delivery of PR_b-functionalized polymer vesicles to
these cells was visualized by ﬂuorescent confocal microscopy,
and colocalization with cellular endosomes and lysosomes was
assessed by organelle staining. Finally, the ability of PR_bfunctionalized polymer vesicles to eﬀectively encapsulate and
deliver siRNA to breast cancer cells was studied, and the eﬀect
of siRNA delivery on cell viability for both the cancerous T47D
cells and the MCF10A cells was assessed. siRNA delivery by

lysosomal intracellular compartments. All of these barriers to
delivery exist for both in vitro and in vivo siRNA delivery;
however, additional challenges present themselves for the case
of in vivo delivery, including ﬁnding and delivery to the
appropriate tissue in the body, evading host immune response
and phagocytosis, colloidal stability, toxicity, and avoiding
simple ﬁltration in the kidneys.17 We expected that cancer
targeting peptide-functionalized polymersomes could be a facile
delivery agent of siRNA, well poised to confront the challenges
of siRNA delivery, and tested that expectation in this work with
model polymersomes. It should be noted that, although the
current work tests strictly the in vitro eﬃcacy of our model
siRNA delivery system, the ﬁndings presented here could be
extended to biodegradable polymersome systems, which have
been shown to be well suited to overcome the challenges of in
vivo delivery.20
Polymersomes are essentially polymeric nanocapsules similar
in construction and function to their low molecular weight
analogues, liposomes.21,22 They are self-assembled structures
formed from amphiphilic block copolymers in aqueous
solution. For example, the diblock copolymer, poly(1,2butadiene)-b-poly(ethylene oxide) (PB-PEO or OB), used in
this study self-assembles to form thick polymer membranes
composed of a PB membrane core with PEO brush layers
shielding this hydrophobic membrane core from the aqueous
surroundings on either side. This membrane inherently forms
into a closed spherical vesicle to minimize free energy, thus selfassembling into a nanocapsule structure containing an aqueous
lumen space protected and isolated from the surrounding
aqueous environment by a thick (∼10−20 nm) polymeric
membrane.23 We chose to encapsulate siRNA molecules within
this aqueous lumen in this study, with the expectation that they
would be eﬀectively shielded from interaction with the external
environment when encapsulated. The vast majority of nonviral
gene delivery agents reported in the literature employ ionic
complexation of negatively charged nucleotides to a positively
charged delivery agent, and thus the encapsulation of siRNA
within a vesicle represents an alternative modality for siRNA
packaging and protection.17,24 In addition, because of the
thickness and hydrophobicity of a polymer vesicle membrane,
permeability, and therefore leakage, is very low, even trending
toward zero for charged molecules such as siRNA and
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dialysis in PBS with Spectra/Por 6 dialysis tubing (50 kDa MWCO,
Spectrum Laboratories, Rancho Dominiguez, CA). The samples were
dialyzed for a total of 3 days with the dialysate being changed every 4−
12 h for a total of six times. Samples used in colocalization studies
were alternatively puriﬁed by passing through a Sepharose CL-4B gel
ﬁltration column, and then used in experiments immediately after
puriﬁcation. This was done primarily so that the vesicles encapsulating
self-quenching concentrations of CbF could be more quickly puriﬁed.
Peptide Quantiﬁcation. Quantiﬁcation of the mol % of surface
bound peptide on polymer vesicles was carried out as previously
described, using a ﬂuorescamine-based ﬂuorescent assay.28
Encapsulate Quantiﬁcation. The amount of either CbF or
siRNA encapsulated in polymer vesicles was assessed as follows. For
CbF quantiﬁcation, a small volume of polymer vesicle sample was
diluted into PBS + 10% Triton X-100 to give a ﬁnal volume of 200 μL
within a well of a black 96-well plate. Two concentrations of polymer
vesicles were assayed for each formulation with six repeats of each: one
expected to give approximately 0.01 μM CbF in the well and the other
one-half of this. After samples were incubated for 1 h in the Triton
solution at room temperature, ﬂuorescence (485/528 ex/em) was
measured on a SynergyMX ﬂuorometer (BioTek, Winooski, VT). The
ﬂuorescence obtained from the vesicle samples was correlated with a
standard curve constructed for free CbF dissolved in the identical
buﬀer to enable calculation of the CbF concentration in the polymer
vesicle sample.
The ﬂuorescent Quant-iT RiboGreen RNA Assay Kit (Invitrogen,
Grand Island, NY) was used to quantify the amount of siRNA
encapsulated within polymer vesicles. First, a standard curve was
constructed for both the siOrai3 and the siControl siRNAs as per the
manufacturer’s published protocol, with the concentration of siRNA in
each stock solution measured on a NanoDrop 2000c spectrophotometer (Thermo Scientiﬁc, Waltham, MA). For the analysis of the
siRNA content of vesicle samples, the polymer was ﬁrst extracted out
of solution, and then the liberated siRNA was quantiﬁed with the
RiboGreen reagent. To 140 μL of RNase-free Tris-EDTA (TE) buﬀer
was added 10 μL of polymer vesicle sample in an RNase-free
microtube. Next, 1 mL of HPLC grade chloroform was added to the
microtube, and the mixture was shaken vigorously. The microtube was
centrifuged at 16 000g for 5 min, and then 10 μL of the top aqueous
phase containing the siRNA was added to 90 μL of TE buﬀer in a new
microtube. To this was added 100 μL of a 200-fold dilution of
RiboGreen reagent in TE buﬀer, and the total volume was mixed by
pipetting up and down. The contents of the microtube were added
directly into a well on a black 96-well plate, and ﬂuorescence was
measured (485/528 ex/em) on a SynergyMX ﬂuorometer (BioTek,
Winooski, VT) 3 min after adding the RiboGreen reagent. It should be
noted that for each point on the standard curves an identical extraction
procedure was carried out, and each measurement was performed in
triplicate.
Cell Culture. T47D and MCF10A cells were grown in RGM
(modiﬁed RPMI-1640 medium supplemented with 10% (v/v) FBS,
100 units/mL penicillin, 0.1 mg/mL streptomycin, 10 mM HEPES,
and 10 μg/mL insulin) and DFGM (modiﬁed Dulbecco’s Modiﬁed
Eagle Medium: Nutrient Mixture F-12, DMEM/F12, supplemented
with 5% (v/v) FBS, 100 units/mL penicillin, 0.1 mg/mL streptomycin,
15 mM HEPES, 10 μg/mL insulin, 20 ng/mL epidermal growth factor,
0.5 μg/mL hydrocortisone, and 100 ng/mL cholera toxin),
respectively, at 37 °C, 5% CO2. Growth media was replaced every 2
days, and cells were passaged when they reached ∼70% conﬂuence by
treating with TrypLE Express (Invitrogen, Grand Island, NY), and
reseeding in new ﬂasks at lower cell densities. Only cells of passage
number 1−5 were used in experiments.
Cellular Delivery Quantiﬁcation. A ﬂuorescence plate assay was
used to quantify the binding and internalization of polymer vesicles to
cells. To each well of a cell culture 24-well plate was added 0.5 × 106
cells in 150 μL of FBS restricted growth media (growth media with
only 2% (v/v) FBS) without phenol red. Cells were allowed to adhere
to the plate surface by incubating at 37 °C, 5% CO2. Up to 50 μL of
polymer vesicle sample (diluted with PBS when necessary) with
encapsulated CbF was added to each well to make the overall CbF

polymer vesicles was also compared to that by a commercial
siRNA transfection agent.

■

MATERIALS AND METHODS

Materials. Unless otherwise noted, all chemicals were obtained
from Sigma-Aldrich (St. Louis, MO) and used as received. Peptides
PR_b and GRGDSP were custom synthesized and obtained on the
bead, with the side groups protected, from the Microchemical Facility
at the University of Minnesota. The extruder and the 200 nm
extrusion membranes were obtained from Avestin Inc. (Ottawa,
Canada). The MCF10A and T47D epithelial human breast cells were
obtained from ATCC (Manassas, VA). Cellular stains used in confocal
imaging, the RiboGreen assay kit, and cell culture media and
supplements were obtained from Invitrogen (Carlsbad, CA). Fetal
bovine serum (FBS) was obtained from Atlas Biologicals (Fort Collins,
CO). Human ﬁbronectin-coated round coverslips were purchased
from BD Biosciences (San Jose, CA). Small interfering RNA, siOrai3
(siGENOME siRNA Orai3, catalog number D-015896-04, antisense
sequence 5′-CCCAGUUCAAACACGGGUA-3′), and siControl
(siGENOME Non-Targeting siRNA #2, catalog number D-00121002, antisense sequence 5′-UAAGGCUAUGAAGAGAUAC-3′) were
obtained from Dharmacon Inc. (Chicago, IL).
Polymer Synthesis. Poly(ethylene oxide)-b-poly(1,2-butadiene)
(OB) was synthesized sequentially using previously published anionic
polymerization techniques.42 First, hydroxyl-terminated poly(1,2butadiene) (PB) homopolymer was synthesized. Next, in a separate
reaction, the poly(ethylene oxide) (PEO) block was grown oﬀ the end
of the PB block to form the OB diblock.
Synthesis of Azide-Terminated OB (OB-N3). The hydroxyl end
group of the OB polymer was replaced with an azide group via
mesylation followed by reaction with sodium azide. The details of this
synthesis have been previously reported.28
Synthesis of Alkyne-Terminated Peptides. A terminal alkyne
functional group was attached to the PR_b and GRGDSP peptides to
enable the “click” conjugation of these peptides with OB-N3. The
details of this synthesis have been previously reported.28
Polymer Vesicle Formation. Polymer vesicles were prepared by
self-assembly of the OB diblock in aqueous solutions using ﬁlm
rehydration.43 OB and OB-N3 polymers were placed in a vial in the
desired ratio, and chloroform was added to form a concentrated
polymer solution (∼100 mg/mL). The mixture was gently shaken at
room temperature for 24 h. Films were formed by drying, with all
traces of chloroform removed using a high vacuum. An aqueous
solution was then added to the ﬁlm to form a 1% (w/w) (or 5% for
siRNA encapsulation) solution of polymer. For the samples
encapsulating carboxyﬂuorescein (CbF), either 3.0 or 80.0 mM CbF
in phosphate buﬀered saline (PBS) was added, and for samples
encapsulating siRNA, a solution of 6 μM siRNA and 5 μM RNAsecure
(Ambion, Grand Island, NY) was added. To remove any traces of
RNase, samples incorporating siRNA were heated while stirring to 60
°C for the ﬁrst 15 min (when heated, the RNAsecure becomes active
and neutralizes any RNase present) after adding the aqueous solution
to the polymer ﬁlm, and then stirred at 45 °C for 2 days before being
allowed to cool to room temperature. After a few days of being stirred,
polymer vesicles were fully dispersed. Vesicles were extruded at 60 °C
through polycarbonate membranes with well-deﬁned 200 nm pore
sizes. After extrusion, each vesicle sample was characterized by
dynamic light scattering (DLS) using a 90 Plus BI-MAS instrument
(Brookhaven Instrument Co.) to determine the size distribution.
Peptide Conjugation. The PR_b and GRGDSP peptides were
conjugated onto the surface of the preformed polymer vesicles using
the azide−alkyne “click” Huisgen cycloaddition reaction.44 To a
dispersion of vesicles at 4 °C was added a 2-fold excess of alkyne
terminated peptide and copper sulfate (1.1 mM), sodium ascorbate
(5.5 mM), and bathophenanthrolinedisulfonic acid (2.2 mM).45−47
The reaction was allowed to come to room temperature and stirred for
24 h, after which a 5-fold excess, with respect to copper, of EDTA
(ethylenediaminetetraacetic acid) was added to the solution to
sequester the copper. The vesicle samples were then puriﬁed by
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concentration in each well 1.0 μM. Plates were incubated protected
from light for 24 h at 37 °C, 5% CO2. Next, the plates were gently
washed twice with PBS to remove any unbound polymer vesicles but
leave the cells adhered to the plate. Plates were frozen at −80 °C to
permeabilize the cells, and thawed at room temperature for 3 h. To
completely break and dissociate the cells and the polymer vesicles, 500
μL of Borate Buﬀer (100 mM borate, pH 8.6) with 5% (v/v) Triton X100 was added to each well, and the plates were allowed to sit at room
temperature for 3 h.48 Finally, ﬂuorescence was measured using a
SynergyMX ﬂuorometer (BioTek, Winooski, VT) at 485/516 (ex/
em). Negative controls were also run where peptide conjugated
polymer vesicles were delivered to wells containing no cells.
Blocking experiments were performed in a fashion identical to the
protocol detailed above, with the following slight alterations. The
blocked cells were preincubated with the integrin binding free peptide,
GRGDSP, at 0.5 mg/mL for 1 h at 37 °C, 5% CO2. After this
preincubation, polymer vesicle samples were added and incubated with
the cells for 4 h at 37 °C, 5% CO2.
Confocal Microscopy. Cells were seeded onto ﬁbronectin
modiﬁed coverslips in FBS restricted growth media without phenol
red and allowed to adhere. Polymer vesicle samples were added to the
monolayer of cells to yield an overall CbF concentration of 1.0 μM for
all cases, except when polymer vesicles containing a self-quenching
concentration of CbF were added, for which an overall CbF
concentration of 5.0 μM was used. For the organelle staining images,
the CellLight Early Endosomes-RFP *BacMam 2.0* (Invitrogen,
Grand Island, NY) early endosomal stain was added at this time at a
concentration of 40 particles/cell as per the manufacturer’s procedure.
The cells were incubated with the vesicles at 37 °C, 5% CO2 for 24 h.
The LysoTracker Blue DND-22 was added directly to the media at the
22 h time point to give a ﬁnal concentration of 100 nM. After the full
24 h incubation, the cells were prepared for confocal imaging by
washing, ﬁxing, staining, and mounting. The coverslips were gently
washed twice with 37 °C ﬂuorescence buﬀer (FB), PBS supplemented
with 2.5% FBS. They were then incubated for 15 min at 37 °C in 4%
(v/v) paraformaldehyde in PBS, to ﬁx the cells. The coverslips were
washed three times with 37 °C FB, followed by ﬂuorescently staining
the cells by incubating them with either a mixture of nuclear and cell
membrane stains in FB for 10 min at 37 °C or a far-red cell membrane
stain in FB for 10 min at room temperature. The cell membrane
permeable blue ﬂuorophore, Hoechst 33342 (2.0 μmol/mL), was used
as a nuclear stain, and the cell impermeable red ﬂuorophore, Alexa
Fluor 594 wheat germ agglutinin (5.0 μg/mL), was used as a cell
membrane stain for the confocal images in Figure 3. The far-red cell
membrane stain Alexa Fluor 647 wheat germ agglutinin (5.0 μg/mL)
was employed for the organelle stained confocal images in Figures
5−7. After the cells were stained, the coverslips were again washed
three times with FB, and then mounted facedown onto glass cover
slides with ProLong Gold antifade reagent (Invitrogen, Grand Island,
NY). The slides were imaged immediately after preparation on an
Olympus Fluoview 1000 confocal laser scanning microscope in the
Biomedical Image Processing Laboratory at the University of
Minnesota. Colocalization analysis was performed using the software
ImageJ and the quantiﬁcation procedure developed by Costes et
al.49,50
Cell Viability Assay. The MTT cytotoxicity assay was used to test
the eﬀect of siRNA delivery on the viability of each cell line. Cells,
either T47D or MCF10A, were seeded onto 96-well plates at 5000 or
2000 cells per well, respectively, in 150 μL of the appropriate FBS
restricted growth media without phenol red. Cells were allowed to
adhere, and then 50 μL of sample, polymer vesicles diluted in PBS, free
siRNA in PBS, Lipofectamine RNAiMAX (Invitrogen, Grand Island,
NY) complexed siRNA, or just PBS, was added to each well. For
samples containing siRNA, a concentration of 50 nM was added to the
wells, while for empty polymer vesicle samples, a concentration of
polymer identical to the analogous siRNA containing vesicle sample
was added. The delivery of siRNA to cells by Lipofectamine
RNAiMAX (Invitrogen, Grand Island, NY) was carried out as per
the manufacturer’s published procedure. After the samples were added,
the plates were incubated for 24 h at 37 °C, 5% CO2, and then 100 μL

of the supernatant media was carefully removed from each well, as to
not disturb the adhered cells, and replaced with 100 μL of full growth
media without phenol red. After an additional 48 h of incubation at 37
°C, 5% CO2, 15 μL of MTT reagent (4.75 mg/mL thiazolyl blue
tetrazolium bromide in PBS) was added to each well, and the plates
were incubated for 4 h more at 37 °C, 5% CO2. A solubilizing solution
of 75% dimethyl sulfoxide (DMSO):25% H2O (v/v) plus 5% sodium
dodecyl sulfate (SDS) (w/v) was added to the plates (150 μL per
well), and the plates were further incubated, protected from light, for
24 h at room temperature. Finally, the absorbance and background
absorbance were measured at 570 and 690 nm, respectively, using a
SpectraMax Plus spectrophotometer (Molecular Devices, Sunnyvale,
CA).
qRT-PCR Expression Quantiﬁcation. The level of Orai3 mRNA
expression was assessed using quantitative real time reverse transcription polymerase chain reaction (qRT-PCR). First, an assay was
designed and validated at the BioMedical Genomics Center (BMGC)
at the University of Minnesota to reliably quantify Orai3 mRNA
expression. The assay design was prepared using the Roche Universal
Probe Library (UPL) technology. Each assay design generated a
sequence for the forward primer, reverse primer, amplicon, and
provided the UPL probe number (Orai3, forward 5′-CAGGCAGAGTTCAGATTCCTG-3′, reverse 5′-CAGACTGATGGGGAAAATCC-3′, UPL probe no. 24; ACTB, forward 5′AAGTCCCTTGCCsATCCTAAAA-3′, reverse 5′-ATGCTATCACCTCCCCTGTG-3′, UPL probe no. 55; GAPDH, forward 5′CTCTGCTCCTCCTGTTCGAC-3′, reverse 5′-ACGACCAAATCCGTTGACTC-3′, UPL probe no. 60). Each primer was
ordered through the BMGC Oligonucleotide and Peptide Synthesis
service using Integrated DNA Technologies (IDT, Coralville, IA).
To validate the primer probe sets, qPCR was carried out on a
dilution series of complementary DNA (cDNA) using an ABI 7900
HT real-time PCR system (Applied Biosystems, Grand Island, NY) (2
min activation at 60 °C and 5 min denaturation at 95 °C, followed by
45 cycles of 10 s at 95 °C and 1 min at 60 °C). The primer probe set
with the highest validated eﬃciency (97%) was selected for future use.
For expression quantiﬁcation, cells were seeded at 1 million cells per
well on a six-well plate in 1.4 mL of FBS restricted growth media. Cells
were allowed to adhere, and then 100 μL of sample was added to each
well (diluted as needed in PBS). The samples added were identical to
those used in the MTT cell viability studies (50 nM of siRNA, etc.).
The plates were incubated for 24 h at 37 °C, 5% CO2, at which point 3
mL of full growth media was added to each well, and the plates were
further incubated for another 24 h at 37 °C, 5% CO2. After the full 48
h of incubation, growth media was poured oﬀ the plate, and 1 mL of
RNAzol RT reagent (Molecular Research Center, Cincinnati, OH)
was added immediately to each well. Total RNA from the cells in each
well was isolated following the manufacturer’s procedures. The ﬁnal
RNA isolate was dissolved in RNase-free water, and the concentration
yielded was assessed with a NanoDrop 2000c spectrophotometer
(Thermo Scientiﬁc, Waltham, MA). Then qRT-PCR was carried out
using the RNA isolated from cells at BMGC to assess the mRNA
expression levels for each sample of the gene of interest, Orai3, and
two housekeeping genes, ACTB and GAPDH.
Total RNA samples were synthesized to ﬁrst-strand cDNA using
SuperScript II RT (Invitrogen, Grand Island, NY). Next, qPCR was
carried out on these cDNA samples as previously detailed using an
ABI 7900 HT. For each qPCR sample, 48 ng of cDNA was used along
with forward primer, reverse primer, and probes each at a
concentration of 10 μM. Reverse transcriptase negative controls
were run for each RNA isolation, and no DNA contamination of the
total RNA isolate could be detected. The percentage knockdown of
Orai3 was calculated relative to the geometric mean of the cycle
thresholds, Ct, of both housekeeping genes (ACTB and GAPDH)
using the ΔΔCt method.51,52

■

RESULTS AND DISCUSSION
Polymer Vesicle Formation. Polymer vesicles were
formed by simple ﬁlm hydration of poly(1,2-butadiene)-b-
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these reasons, CbF was elected to visualize encapsulate delivery
and release rather than ﬂuorescently labeled siRNA.
Two siRNA molecules were encapsulated: siOrai3, a siRNA
speciﬁcally designed to target the Orai3 gene, and siControl, a
nontargeting negative control siRNA designed to not target any
gene present in the cells in this study. The average siRNA
encapsulation eﬃciency across all of the vesicle samples tested
was 50.2 ± 9.5% with no discernible diﬀerence in the
encapsulation eﬃciency between the two siRNA molecules, as
might be expected given their similar molecular weights. This
encapsulation eﬃciency is nearly twice that previously reported
in the literature for alternate methods of encapsulation in
polymersomes and liposomes.63,64 The relatively high siRNA
encapsulation eﬃciency indicates that very little siRNA
degradation is observed. Moreover, after siRNA has been
encapsulated within polymersomes, it remains protected from
degradation, and within the limits of measurement no siRNA
degradation was observed over weeks of vesicle storage at 4 °C
(encapsulated siRNA was quantiﬁed initially and after a couple
weeks of storage, and no decrease in siRNA was observed).
Delivery of Peptide-Functionalized Vesicles to
MCF10A and T47D Cells. Delivery of peptide-functionalized
polymer vesicles to two diﬀerent cell lines, MCF10A and
T47D, was investigated in this study. MCF10A is a human cell
line that originated from spontaneous immortalization of breast
epithelial cells obtained from a patient with ﬁbrocystic disease,
and is frequently used as a model cell line for noncancerous
human breast cells.65 T47D cells are human epithelial
cancerous breast cells that have been previously shown to
highly overexpress Orai3 over both normal human mammary
epithelial cells obtained directly from patients and MCF10A
cells.6 These two cell lines allowed us to contrast delivery of
siRNA to cancerous breast cells, T47D, and noncancerous
MCF10A cells.
Previous reports by our group have found peptide-functionalized vesicles (both polymersomes and liposomes), especially
PR_b-functionalized vesicles, to eﬀectively deliver to a variety
of cancer cell lines; however, delivery to the MCF10A and
T47D cell lines remained untested.28,35−37,66 CbF encapsulated
ﬂuorescent polymer vesicles were utilized to investigate delivery
of peptide-functionalized vesicles to the cancerous T47D breast
cell line and the MCF10A breast cell line. Polymer vesicles
encapsulating the ﬂuorescent dye, CbF, were functionalized
with either the simple GRGDSP peptide or the PR_b peptide.
These vesicles were introduced, at a total overall concentration
of 1 μM CbF, to the media surrounding growing monolayers of
cells, and then allowed to incubate with the cells at 37 °C for 24
h. After that, the cell monolayer was extensively washed to
remove any vesicles that were not bound to or internalized
within cells, and subsequently either lysed and the total CbF
delivered quantiﬁed (Figure 2) or were imaged by confocal
microscopy (Figure 3).
Figure 2 shows quantiﬁcation of the level of binding and
internalization (termed delivery when considered together) of
peptide-functionalized vesicles to the two contrasted cell lines.
Very minimal delivery of nonfunctionalized vesicles, the 0%
peptide case, is observed for both cell lines. This is as expected,
considering the fully PEGylated surface of these nonfunctionalized vesicles is known to resist nonspeciﬁc adhesion and
protein interactions.26 Akin to “stealth” liposomes, the PEG
chains coating the surface of the vesicles create a steric barrier
to adhesion, and therefore active internalization by the
cells.43,67 The limited amount of delivery that is observed for

poly(ethylene oxide), PB-PEO or OB for short, block
copolymer in aqueous solutions. The OB block copolymer
was chosen because it has been extensively studied and shown
to form a wide variety of self-assembled morphologies in
aqueous solution, including vesicles, and because our previous
work has shown that OB polymer vesicles could allow for some
release of encapsulates after cellular internalization.53−57 Thus,
the OB polymer system represented a good model system with
potential for biological eﬃcacy. The full speciﬁcations for the
OB block copolymers used to form vesicles in this study have
been previously reported.28 Brieﬂy, OB block copolymers were
synthesized by living anionic polymerization, to give polymers
with narrow PDI (polydispersity index), 1.04, and number
averaged molecular weight (Mn) of 8.4 kDa. A weight
percentage of PEO of 24% in the ﬁnal block copolymer was
targeted, because this weight percentage has previously been
shown to form vesicles in solution for OB polymers of similar
molecular weight.55 Both PB and PEO are considered bioinert,
and OB vesicles have shown promising early results both in
vitro and in vivo.27,28,43
Vesicles encapsulating molecules of interest were formed by
ﬁlm hydration without the aid of any organic cosolvent, by
simply introducing aqueous solutions of the molecule of
interest to a dried ﬁlm of OB polymer. After extrusion, the
vesicle size was evaluated using dynamic light scattering (DLS)
and was found to be 249 nm ± 117 nm (representative average
hydrodynamic diameter for all vesicle samples used in this
study). This vesicle size is on the high range of sizes able to take
advantage of the enhanced permeability and retention eﬀect;
however, vesicles could easily be extruded down to much
smaller sizes if needed for future applications.58 For this in vitro
study, the ∼250 nm size range was simply chosen and held to
consistently. To functionalize these vesicles with peptide
targeting ligands, azide−alkyne “click” conjugation chemistry
was utilized. The details of this conjugation strategy have been
previously reported in the literature.28,59,60 For illustrative and
comparative purposes, a single surface concentration of peptide
ligand was used throughout this study, with an average mole
percentage of peptide conjugation for all vesicle samples of 21
± 1 mol % peptide. This degree of surface functionalization was
chosen on the basis of our previous experience with peptidefunctionalized polymer vesicles and their delivery to cancer
cells, as it could be readily achieved using “click” chemistry
surface conjugation, and it has elicited signiﬁcant polymer
vesicle internalization into cancer cells.28 A strength of this
“click” conjugation strategy is that every peptide ligand is
conjugated to the exterior surface with identical orientation,
speciﬁcally at the N-terminus of the peptide. Previous studies
have demonstrated that ligand surface orientation can be critical
for proper adhesion and interaction with cell surface adhesion
molecules.61
For the experiments in this study, two encapsulates were
used, siRNA and carboxyﬂuorescein (CbF). The use of CbF is
advantageous for a number of reasons. It enables the
encapsulation of high self-quenching concentrations of CbF
(e.g., 80 mM) in polymer vesicles so that vesicle release can be
visualized. This is perhaps the largest advantage of the use of
CbF for this work, because whether OB polymer vesicles could
release intracellularly and to what extent is an open question.
Also, CbF is a highly anionic ﬂuorescent dye molecule, which is
membrane impermeable due to its negative charge, like siRNA,
and is used as a vesicle encapsulate to allow eﬀective
experimental quantiﬁcation and tracking of vesicles.56,62 For
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the nonfunctionalized vesicles is likely due to nonspeciﬁc
pinocytosis of the surrounding media by the cells.63,68 Polymer
vesicles functionalized with the targeting peptides, GRGDSP
and PR_b, are thought to internalize by a more active route
involving cell surface integrin binding followed by active cellular
internalization.28,35 Vesicles functionalized with the peptide
ligand, GRGDSP, performed better than nonfunctionalized
vesicles for both cell lines. However, the increase in delivery
observed for GRGDSP-functionalized vesicles is minimal in
comparison to PR_b-functionalized vesicles, and additionally
no statistically signiﬁcant diﬀerence in delivery was seen for
GRGDSP-functionalized vesicles between the two cell lines. In
contrast, polymer vesicles functionalized with the PR_b peptide
delivered much more eﬀectively to both cell lines than either
nonfunctionalized vesicles or GRGDSP-functionalized vesicles,
giving 7 times the delivery of nonfunctionalized vesicles and 5
times the delivery of GRGDSP-functionalized vesicles for
T47D cells. The PR_b-functionalized vesicles yielded signiﬁcantly greater levels of delivery in the cancerous T47D cells as
compared to the noncancerous MCF10A cells, a distinction
that GRGDSP-functionalized vesicles were not able to achieve.
It is unclear at this time what causes PR_b-functionalized
polymer vesicles to deliver more eﬀectively to T47D cells as
opposed to MCF10A cells. However, one likely explanation lies
in the relative expression level of α5β1 integrin on the surface of
each cell line, as there is evidence in the literature that T47D
cells may have more α5β1 integrin surface expression than
MCF10A cells.38,69
Confocal microscopy of polymer vesicles delivered to cells
(Figure 3) was performed to corroborate the results shown in

Figure 2. Delivery of the CbF ﬂuorophore encapsulated within
peptide-functionalized polymer vesicles to either MCF10A breast cells
or T47D cancerous breast cells. Cells were incubated with CbF loaded
polymer vesicles functionalized with the mol % of peptide noted in the
ﬁgure for 24 h at 37 °C, after which the amount of delivery for each
case was quantiﬁed. Data are the mean ± standard error of three
separate experiments (n = 3), with each experiment performed in
triplicate. Students t test statistical analyses were performed, and the
statistical signiﬁcances were notated for the bracketed data (†p > 0.05
indicating no statistically signiﬁcant diﬀerence, *p < 0.05, **p < 0.01,
***p < 0.001).

Figure 3. Confocal microscopy images of polymer vesicle delivery to MCF10A breast cells (A−C) and breast cancer T47D (D−F) cells. Cells were
incubated with CbF loaded polymer vesicles functionalized with 0 mol % peptide (A,D), 20 mol % GRGDSP (B,E), and 21 mol % PR_b peptide
(C,F) for 24 h at 37 °C, after which cells were ﬁxed, stained, and imaged. Polymer vesicles encapsulating 3 mM of CbF were delivered to cells at a
concentration of 1 μM CbF. Nuclei are stained blue, cell membranes red, and polymer vesicles encapsulating CbF are shown as green. Internalization
of polymer vesicles is shown by the presence of green within the conﬁnes of the red cell membranes. All scale bars are 30 μm. The images show a
slice from the interior of the cells, at a “z-height” approximately 2 μm above the bottom coverslip surface to which cells are adhered.
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Figure 2 and to gain a better understanding of polymer vesicle
delivery. Fluorescent polymer vesicles were delivered to cells
identically to the procedure used to quantify delivery (Figure
2), only after the 24 h incubation period cells were ﬁxed and
stained for imaging rather than being lysed for ﬂuorescence
quantiﬁcation. For the images shown in Figure 3, the cell
plasma membranes were stained red, the cell nuclei were
stained blue, and CbF, the ﬂuorescent encapsulate delivered by
the polymer vesicles, appears green. Each cell monolayer was
imaged ∼2 μm above the surface of coverslip on which they
were grown, so that the confocal images shown are a slice from
within the cell. Thus, in these images, simple surface binding
can be diﬀerentiated from actual internalization within the cell.
Whenever the green of the CbF ﬂuorophore appears within the
conﬁnes of a red cell wall, this indicates internalization of the
polymer vesicles, and it is clear in all of the images in Figure 3
that the vast majority of delivery is by internalized vesicles and
not simply surface bound vesicles. As in Figure 2, either
nonfunctionalized, GRGDSP-functionalized, or PR_b-functionalized polymer vesicles were delivered to both cell lines,
MCF10A and T47D. Although it is always dubious to
extrapolate the delivery observed in the relatively small sample
population contained within a confocal image to more
quantitative measures of delivery, the levels of delivery observed
in Figure 3 do agree, at least on a qualitative basis, with the
levels of delivery measured in Figure 2. The nonfunctionalized
polymer vesicles (0% peptide) give very minimal delivery;
green dots are very occasionally observed within a cell. Also,
slightly higher delivery of nonfunctionalized vesicles is observed
for T47D cells as compared to MCF10A cells. Slightly more
delivery is observed for GRGDSP (20 mol % GRGDSP)functionalized vesicles for both cell lines. However, dramatically
more internalization is seen for PR_b (21 mol % PR_b)functionalized vesicles, especially for T47D cells. A common
feature of all of the confocal images presented in Figure 3 is
that the green CbF vesicle encapsulate is for a large part
localized within punctate dots within the cells. These green
ﬂuorescing bodies within the cells are clearly much larger than
the size of the polymer vesicles (∼250 nm), so it is inferred that
these bodies are in fact intracellular organelles (likely
endosomes and lysosomes). It is diﬃcult to determine from
Figure 3 whether the encapsulate is eﬀectively released from the
polymer vesicles or moreover whether the encapsulate can
escape the intracellular organelles that they are likely contained
within, but these questions will be dealt with later in this
Article.
Taken together, the results of Figures 2 and 3 clearly
demonstrated that PR_b-functionalized vesicles were highly
eﬀective at delivering to both cell lines, but especially the
cancerous T47D cells. Moreover, PR_b-functionalized vesicles
were delivered at levels many times greater than those observed
for GRGDSP-functionalized vesicles and exhibited enhanced
delivery to cancerous T47D cells not seen for GRGDSPfunctionalized vesicles. Considering these results, the decision
was made to focus the rest of our investigations solely on
PR_b-functionalized vesicles, as they were clearly delivering
much more eﬀectively, and were thus the best prospect for
successful siRNA delivery.
To better characterize the nature of binding and internalization for PR_b-functionalized vesicles, integrin blocking
studies were conducted (Figure 4). Cell surface integrins
were blocked by adding a high concentration of free (i.e., not
conjugated to a polymer chain) GRGDSP peptide to the media

Figure 4. Delivery of CbF encapsulated within PR_b-functionalized
polymer vesicles to either unblocked T47D cells or T47D cells with
their surface integrins blocked by GRGDSP peptides free in solution.
Cells were incubated with CbF loaded polymer vesicles functionalized
with 21 mol % PR_b for 4 h at 37 °C, after which the amount of
delivery for each case was quantiﬁed. Data are the mean ± standard
error of three separate experiments (n = 3), with each experiment
performed in triplicate. Students t test statistical analyses were
performed, and the statistical signiﬁcances were notated for the
bracketed data (†p > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001).

that the cell monolayers were growing in. Next, PR_bfunctionalized polymer vesicles were added to the cell media
and allowed to deliver over the course of a 4 h incubation
period at 37 °C. Delivery was then quantiﬁed in a fashion
identical to that employed in the quantiﬁcation experiments
shown in Figure 2. Figure 4 compares the level of delivery for
PR_b-functionalized polymer vesicles to integrin blocked
T47D cells, to the levels of unblocked delivery for both
nonfunctionalized vesicles and PR_b-functionalized vesicles. All
of the data shown in Figure 4 are for the same 4 h incubation,
and this shorter incubation time is the reason for the lower
ﬂuorescence values shown in Figure 4 as compared to those in
Figure 2. For the unblocked case, PR_b-functionalized vesicles
are again shown to give higher levels of delivery than
nonfunctionalized vesicles, as would be expected. However,
when cell surface integrin binding sites are blocked by
GRGDSP peptides, the level of delivery for PR_b-functionalized vesicles drops to approximately that observed for
nonfunctionalized vesicles. Short RGD containing peptides,
such as GRGDSP, have been shown to bind to a wide variety of
cell surface integrins, so they are a convenient molecule to use
for blocking integrin adhesion.70 Next, because delivery of
PR_b-functionalized vesicles is nearly completely reduced to
the levels seen for nonfunctionalized vesicles by GRGDSP
blocking, it can be inferred that PR_b-functionalized vesicles
are primarily internalized by speciﬁc adhesion to cell surface
integrins followed by uptake, and not by nonspeciﬁc adhesion
or nonspeciﬁc uptake routes. This result is corroborated by
previous results from our group, including results demonstrating that delivery of PR_b-functionalized polymer vesicles is
mitigated by α5β1-receptor mediated endocytosis as demonstrated by blocking experiments with anti-α5β1 antibody and by
delivering to cell lines with diﬀerent levels of α5β1 expression.28
12822

dx.doi.org/10.1021/la300874z | Langmuir 2012, 28, 12816−12830

Langmuir

Article

Figure 5. Confocal microscopy images showing colocalization of CbF delivered by PR_b-functionalized polymer vesicles with stained endosomes
and lysosomes in MCF10A cells. Cells were incubated with PR_b-functionalized polymer vesicles for 24 h at 37 °C, after which cells were imaged.
(A) 20 mol % PR_b-functionalized polymer vesicles encapsulating 3 mM CbF, delivered to cells at a concentration of 1 μM CbF. (B) 21 mol %
PR_b-functionalized polymer vesicles encapsulating 80 mM CbF, a self-quenching concentration, delivered to cells at a concentration of 5 μM CbF.
Cell membranes were stained yellow, early endosomes were stained red, all acidic organelles (endosomes and lysosomes) were stained blue, and
polymer vesicle delivered CbF appears green. All scale bars are 10 μm. The images show a slice from the interior of the cells, at a “z-height”
approximately 2 μm above the bottom coverslip surface to which cells are adhered.

Figure 6. Confocal microscopy images showing colocalization of CbF delivered by PR_b-functionalized polymer vesicles with stained endosomes
and lysosomes in T47D cells. Cells were incubated with PR_b-functionalized polymer vesicles for 24 h at 37 °C, after which cells were imaged. (A)
20 mol % PR_b-functionalized polymer vesicles encapsulating 3 mM CbF, delivered to cells at a concentration of 1 μM CbF. (B) 21 mol % PR_bfunctionalized polymer vesicles encapsulating 80 mM CbF, a self-quenching concentration, delivered to cells at a concentration of 5 μM CbF. Cell
membranes were stained yellow, early endosomes were stained red, all acidic organelles (endosomes and lysosomes) were stained blue, and polymer
vesicle delivered CbF appears green. All scale bars are 10 μm. The images show a slice from the interior of the cells, at a “z-height” approximately 2
μm above the bottom coverslip surface to which cells are adhered.

of internalization of PR_b-functionalized polymer vesicles and
the degree of intracellular release upon internalization within
cells.
PR_b-functionalized polymer vesicles encapsulating CbF
were introduced to MCF10A (Figure 5) and T47D (Figures 6
and 7) cells, and after a 24 h incubation at 37 °C any polymer
vesicles that were not delivered were washed away and the cells

This body of evidence along with the results of Figure 4 suggest
that delivery may be α5β1-mediated.
Visualization of Intracellular Encapsulate Release
with Organelle Colocalization. To better understand the
intracellular fate of polymer vesicles and any encapsulates they
hold, ﬂuorescence colocalization studies were performed. Prior
to these studies, relatively little was known about the pathway
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While the vesicles with the 3 mM CbF concentration allow us
to visualize the encapsulate within the cell, the self-quenching
vesicles allow us to clearly visualize encapsulate release. For the
vesicles with the 80 mM CbF concentration, the CbF is at a
high enough concentration that it is eﬀectively self-quenching
and therefore nonﬂuorescent, so that only after the encapsulate
has been released and diluted does it appear in the confocal
images. Therefore, delivery of polymer vesicles containing selfquenching concentrations of CbF allows us to address the
question of whether an encapsulate that is charged as the CbF
(and siRNA) delivered by PR_b-functionalized OB polymer
vesicles can be eﬀectively released.
Confocal images showing organelle colocalization for the
delivery of PR_b-functionalized polymer vesicles are presented
in Figure 5 for MCF10A cells and Figure 6 for T47D cells.
Delivery of polymer vesicles containing a lower concentration
of CbF is shown on top (Figures 5A and 6A), and delivery of
polymer vesicles containing a self-quenching concentration of
encapsulate is shown on the bottom (Figures 5B and 6B). First,
from Figures 5A and 6A it is clear that for both cell lines the
polymer vesicle encapsulate is highly colocalized with the early
endosomes, as well as, to some degree, the late endosomal and
lysosomal compartments. Looking at the self-quenching series
of images (Figures 5B and 6B), where encapsulate release is
selectively visualized, it can be seen that the vesicle encapsulate
is being released in the early endosomes as well as the late
endosomes and lysosomes, with more release apparent in the
early endosomes. It is interesting that we observe release from
these not explicitly degradable OB polymer vesicles, and the
mechanism of this release is currently not fully understood. It is
well established that the enzymatic low pH slurry that exists
within cellular lysosomes is signiﬁcantly more degradative than
a simple acidic solution. 71 Additionally, one potential
hypothesis is that the double bonds in the polybutadiene
block of the OB polymer could be oxidized within the cell, thus
leading to a reduction in hydrophobicity and polymer vesicle
destabilization; however, this hypothesis needs detailed
investigation.
A general feature of these images is that, although the
polymer vesicle encapsulate colocalizes well with the endosomes and lysosomes, there is also a distinct amount of hazy,
diﬀuse green surrounding many of the more punctate spots of
ﬂuorescence. This feature is most distinct in the T47D cell
images (Figures 6 and 7). Figure 7 shows a blown up image of a
single T47D cell, that is not shown in Figure 6, which clearly
shows this diﬀuse encapsulate ﬂuorescence. In these images,
background ﬂuorescence was rigorously subtracted, and we are
quite conﬁdent that the diﬀuse green ﬂuorescence seen in these
images is not autoﬂuorescence of the cells, but we hypothesize
that it may be visualization of CbF escape from the organelles
into the cytosol. Extra-cellular release of CbF from these
nonleaky, thick walled polymer vesicles followed by leakage
into the cells is not a concern as evidenced by the lack of hazy
ﬂuorescence in Figure 3A and D, so that any CbF visualized in
Figures 6 and 7 likely derives from intracellular activated
release. This escape from the organelles and into the cytosol is
highly relevant for delivery of siRNA, because siRNA must be
able to escape the endosome or lysosome and reach the cytosol
of the cell for it to be eﬀective. This ability of polymer vesicles
to facilitate some escape of encapsulates from endosomes and
lysosomes could be instrumental to successful delivery of
siRNA. Previous studies for biodegradable polymer vesicles
have demonstrated that escape from acidic organelles can be

Figure 7. Confocal microscopy images showing colocalization of CbF
delivered by PR_b-functionalized polymer vesicles with stained
endosomes and lysosomes in T47D cells. Cells were incubated with
20 mol % PR_b-functionalized polymer vesicles for 24 h at 37 °C, after
which cells were imaged. The polymer vesicles were encapsulating 3
mM CbF and were delivered to cells at a concentration of 1 μM CbF.
Cells membranes were stained yellow, early endosomes were stained
red, all acidic organelles (endosomes and lysosomes) were stained
blue, and polymer vesicle delivered CbF appears green. The scale bar
is 5 μm. The images show a slice from the interior of the cells, at a “zheight” approximately 2 μm above the bottom coverslip surface to
which cells are adhered.

were imaged by confocal microscopy. Intracellular organelles
were ﬂuorescently stained, so that ﬂuorescence from the CbF
vesicle encapsulate (shown as green in Figures 5−7) could be
colocalized with the organelles of interest. On the basis of the
punctuate nature of the CbF ﬂuorescence shown in Figure 3,
we speculated that polymer vesicles were likely primarily
contained within intracellular organelles, and the most likely
candidates for those organelles would be endosomes and
lysosomes. Thus, we stained these organelles for colocalization.
Early endosomes were stained with the CellLight Early
Endosomes-RFP transfection-based ﬂuorescent tag (shown as
red in Figures 5−7). This ﬂuorescent tag is highly speciﬁc for
early endosomal organelles as it operates by transfecting the cell
with the red ﬂuorescent protein (RFP) tagged to the Rab5a
protein, an early endosomal marker. For late endosomal and
lysosomal staining, the LysoTracker Blue stain was utilized
(shown as blue in Figures 5−7). This stain consists of a weakly
basic ﬂuorophore that preferentially accumulates in acidic
intracellular compartments and is thus staining all acidic
compartments within the cell including both lysosomes and
endosomes (early and late). This can be clearly seen by
colocalization of blue with red in Figures 5−7. Thus, in these
ﬁgures, early endosomes are stained red, lysosomes, early, and
late endosomes are all stained blue, and the polymer vesicles
encapsulating CbF ﬂuoresce green. In addition, a far-red cell
membrane stain has been applied to the cells to clarify the
boundaries of each cell, and this is shown as yellow in the
images.
Two diﬀerent PR_b-functionalized polymer vesicle formulations were delivered to each cell line: one containing 3 mM
CbF delivered at 1 μM within 20 mol % PR_b-functionalized
polymer vesicles (Figures 5A and 6A), and the other containing
a self-quenching concentration of CbF (80 mM), delivered at 5
μM (so that CbF ﬂuorescence could be seen clearly), within 21
mol % PR_b-functionalized vesicles (Figures 5B and 6B).
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achieving endosomal and lysosomal escape is critical to
attaining eﬀective siRNA delivery.
siRNA Delivery by PR_b-Functionalized Vesicles to
T47D and MCF10A Cells. To the knowledge of the authors,
only a few previous studies have dealt with delivery of siRNA
by polymer vesicles, and these works investigated signiﬁcantly
diﬀerent systems, in terms of siRNA, cells, and polymer.63,72
Furthermore, these previous reports dealt with nontargeted
delivery; thus the eﬀect of functionalizing the polymer vesicles
with a targeting ligand, such as the PR_b peptide, was not
studied. We sought to investigate the proﬁciency with which
PR_b-functionalized polymer vesicles could be utilized to
deliver a novel siRNA therapeutic, siOrai3, to the breast cancer
cell line, T47D. Additionally, the eﬀect of siOrai3 delivery to
cancerous T47D cells was contrasted to the eﬀect of delivery to
noncancerous MCF10A cells.
Although it is clear from the results presented thus far that
PR_b-functionalized OB polymer vesicles themselves deliver
with high eﬃcacy to both T47D and MCF10A cells, eﬀective
delivery of siRNA is a further level of complexity. The siRNA
must ﬁrst be protected from degradation before it is
internalized within the cell, and then it must be eﬀectively
released from the polymer vesicles and make its way to the
cytosol, where it can assemble with the endogenous RISC
protein complex to eﬀect the desired mRNA knockdown. As
discussed previously, two siRNA molecules, siOrai3 and
siControl, were encapsulated inside of polymer vesicles, and
their eﬀect on cells was compared. siOrai3 is a siRNA that
speciﬁcally targets the Orai3 gene for RNAi knockdown. It has
previously been shown in the literature that knockdown of
Orai3 expression can speciﬁcally arrest cell cycle progression for
T47D breast cancer cells, eventually leading to apoptosis and a
reduction in cell viability, but has a minimal eﬀect on the cell
viability of noncancerous breast cells.6 So it was expected that
siOrai3 could behave as a cancer cell-speciﬁc therapeutic in our
experiments. The siControl sequence chosen in this study
targets ﬁreﬂy luciferase mRNA and therefore is used as a
nontargeting siRNA as it does not target any of the genes
present in either T47D cells or MCF10A cells. Thus, siControl
gives a baseline cellular siRNA response for comparison with
that of siOrai3.
The two siRNA molecules, siOrai3 and siControl, were
delivered to MCF10A and T47D cells in a variety of forms, and
the resultant eﬀects on cell viability and Orai3 knockdown were
measured (Figures 8 and 9). Figure 8 shows the eﬀect of
siOrai3 delivery for each of the varying formulations on cell
viabilities and Orai3 knockdown normalized to the appropriate
siControl case, and Figure 9 shows all of the control cases
(delivery of siControl and delivery of “empty” polymer
vesicles) with values normalized to untreated cells. Delivery
of siOrai3 encapsulated within polymer vesicles was compared
to delivery of free siOrai3 in solution, and to siOria3 complexed
with a commercial transfection agent, Lipofectamine RNAiMAX. A consistent siRNA delivery concentration of 50 nM was
used for all siRNA formulations. Cell viability was assessed at
72 h using the MTT assay, and Orai3 mRNA expression levels
were assessed at 48 h using qRT-PCR.
As seen in Figure 8, siOrai3 either as free siRNA in solution
(siOrai3) or encapsulated in nonfunctionalized polymer
vesicles (0% PR_b siOrai3) gave no statistically signiﬁcant
change in cell viability or Orai3 expression for either cell line
with respect to cells treated with siControl. Without the aid of
some delivery agent, free siRNA has very little chance of

facilitated by polymer vesicles through a route thought to
involve pore formation in the walls of the endosomes and
lysosomes.20,63,68 However, it is dubious whether a similar
mechanism could be at play with the OB polymer vesicles
studied here, as the membrane lytic properties observed were
thought to derive from partially degraded block copolymer
chains behaving similar to small molecule surfactants.
The levels of colocalization of the polymer vesicle
encapsulate delivered with the early endosomes and with
both the endosomes and the lysososomes were quantiﬁed for
the images shown in Figures 5 and 6. The percentage of the
total green ﬂuorescence intensity that colocalizes with the
intracellular organelles of interest is tabulated for each case in
Table 1. From the colocalization values reported in Table 1, a
Table 1. Colocalization Quantiﬁcation of Delivered
Fluorophore with Intracellular Organelles
cells
MCF10A
T47D
MCF10A
T47D

colocalization with early
endo.a

colocalization with endo. +
lyso.b

Polymersomes Encapsulating 3 mM CbFc
58%
67%
56%
62%
Polymersomes Encapsulating 80 mM CbFd
57%
61%
47%
54%

a

Colocalization of carboxyﬂuorescein (CbF) with stained early
endosomes, reported as the percentage of overall CbF intensity that
colocalizes. bColocalization of CbF with all acidic organelles
(endosomes and lysosomes), reported as the percentage of overall
CbF intensity that colocalizes. cColocalization quantiﬁed for images
shown in Figures 5A and 6A, where polymer vesicles encapsulating 3
mM carboxyﬂuorescein (CbF) were delivered to cells. dColocalization
quantiﬁed for images shown in Figures 5B and 6B, where polymer
vesicles encapsulating 80 mM carboxyﬂuorescein (CbF), a selfquenching concentration, were delivered to cells.

couple of points hold true for the cases tested. First, although
the CbF encapsulate colocalizes with both endosomes and
lysosomes, a large majority of the encapsulate localized within
the early endosomes. This is likely an important point for the
eﬀective delivery of siRNA, as the environment within early
endosomal compartments is milder, and therefore less likely to
rapidly degrade any released siRNA, as opposed to the harsh
environment within a lysosome. Along these lines, for the selfquenching polymer vesicles (Figures 5B and 6B), it is clear that
a majority of the colocalized encapsulate is not only localized
within the early endosomes, but is in fact released within the
early endosomes. Second, the amount of CbF that is released in
the cellular organelles is similar to the amount that is localized
in the endosomes and lysosomes after 24 h. Considering that
these experiments were performed after 24 h, it may not be too
surprising that there is not that big of a diﬀerence between the
results from the 3 and 80 mM CbF concentrations. The utility
of the 80 mM self-quenching experiments is not lost, however,
in that they demonstrated that OB polymer vesicles are capable
of intracellular release of encapsulates (a previously unanswered
question). Third, there is a notable percentage of encapsulate
that is not accounted for in the percentages and is therefore not
colocalized with either the endosomes or the lysosomes. This
may likely be the diﬀuse green that is seen in the cytosol of the
images in Figures 5−7, and we hypothesize that it may
represent some escape of encapsulate from the cellular
organelles into the cell cytosol. As discussed previously,
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Figure 8. continued
shown are mol %. Students t test statistical analyses were performed,
and the statistical signiﬁcances were notated (†p > 0.05, *p < 0.05, **p
< 0.01, ***p < 0.001). P-value markers directly above each column
indicate the statistical signiﬁcance between that column and the
corresponding siControl case (shown in Figure 9), while markers over
brackets indicate the statistical signiﬁcance between the two bracketed
columns.

internalizing within a cell, due to its anionic nature, and because
siRNA is rapidly degraded in serum without some form of
encapsulation or protection. Thus, it is unsurprising that no
signiﬁcant decrease in cell viability or Orai3 knockdown is
observed for the case where free siOrai3 in solution was
introduced to the cells (siOrai3). Without PR_b functionalization, polymer vesicle delivery is minimal so that it could be
expected that siOrai3 delivery by nonfunctionalized vesicles
(0% PR_b siOrai3) would be ineﬀective, as is seen in Figure 8.
In contrast, delivery of RNAiMAX complexed siOrai3
(siOrai3 + RNAiMAX) was found to be considerably more
eﬀective and gave relatively high amounts of Orai3 knockdown
in both cell lines. The RNAiMAX commercial siRNA
transfection agent yielded in general an average of 50−60%
knockdown of Orai3 relative to the siControl case for both
MCF10A cells and T47D cells, with no statistically signiﬁcant
diﬀerence between the knockdown levels of the two cell lines.
However, a striking diﬀerence is seen in the resultant cell
viability of the two cell lines for the siOrai3 + RNAiMAX case.
A 37% decrease in cell viability of the T47D cancerous breast
cell line as compared to the MCF10A breast cell line is
observed. Just as importantly, for MCF10A cells, no statistically
signiﬁcant decrease in cell viability from the baseline siControl
+ RNAiMAX case is observed for delivery of siOrai3 by
RNAiMAX. As was expected, it appears that siOrai3 is able to
act as a cancer cell-speciﬁc therapeutic. It was proposed in the
literature that knockdown of Orai3 could have a cancer cellspeciﬁc eﬀect on cell viability, decreasing T47D cell viability
while preserving MCF10A breast cell viability, and our results
have conﬁrmed this eﬀect.6 Considering that Orai3 was
knocked down similarly for both cell lines, yet only T47D
cells saw a decrease in cell viability, it is reasonable to conclude
that Orai3 is critical for T47D cell proliferation and survival,
while it is not for MCF10A cells, as suggested in the literature.6
Lipofectamine RNAiMAX is a well established, highly
eﬀective in vitro siRNA transfection agent. Repeated
investigations have identiﬁed RNAiMAX as one of the most
eﬀective commercial siRNA transfection agents currently
available.73−77 Taken together, delivery of siOrai3, either
complexed with RNAiMAX or as free siRNA in solution,
represents an approximate window of current siRNA delivery in
vitro, with RNAiMAX representing a highly eﬀective current
commercial siRNA transfection agent and free siRNA
representing the least eﬀective siRNA delivery system
imaginable.
Delivery of siRNA by PR_b-functionalized OB polymer
vesicles lies within this window of delivery eﬀectiveness. As was
seen for the RNAiMAX formulation, delivery of siOrai3
encapsulated within PR_b-functionalized polymer vesicles
(20% PR_b siOrai3) resulted in Orai3 knockdown in both
cell lines, concomitant with T47D speciﬁc decreases in cell
viability. However, both the amount of Orai3 knockdown and
the level of T47D cell viability decrease are more moderate for

Figure 8. Percent cell viabilities (A) and knockdown of Orai3 (B) in
MCF10A breast cells and T47D breast cancer cells after treatment
with the indicated siOrai3 formulations. Cells were incubated with 50
nM of siOrai3 delivered as a formulation with the indicated delivery
agents for 24 h at 37 °C, after which the cell medium was refreshed
and incubation continued. (A) Cell viability was quantiﬁed using the
MTT assay at 72 h after siOrai3 delivery. Data are the mean ±
standard error of three separate experiments (n = 3), with each
experiment performed in quadruplicate. (B) Orai3 knockdown was
quantiﬁed using qRT-PCR at 48 h after siOrai3 delivery. Data are the
mean ± standard error of four separate experiments (n = 4), with each
experiment performed in duplicate. Cell viabilities (A) and percent
Orai3 knockdowns (B) are normalized with respect to the appropriate
siControl case for each formulation (shown in Figure 9). The
formulations of delivery agents tested were: siRNA free in solution
without the aid of any delivery agent (siOrai3), siRNA complexed with
the RNAiMAX commercial transfection agent (siOrai3 + RNAiMAX),
siRNA encapsulated within nonfunctionalized polymer vesicles (0%
PR_b siOrai3), and PR_b-functionalized vesicles encapsulating siRNA
(20% PR_b siOrai3). The percentages of PR_b functionalization
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Figure 9. continued
(†p > 0.05, *p < 0.05, **p < 0.01, ***p < 0.001). (A) P-value markers
directly above each column indicate the statistical signiﬁcance between
that column and untreated cells, while markers over brackets indicate
the statistical signiﬁcance between the two bracketed columns. (B)
None of the control formulations produced a statistically signiﬁcantly
diﬀerence (p > 0.05 for all) in siOrai3 expression as compared to the
untreated cells, as indicated by the overarching all-inclusive bracket.

the case of siOrai3 delivery by PR_b-functionalized OB
polymer vesicles as compared to the delivery by RNAiMAX,
suggesting that only a portion of the siRNA may have escaped
from the nondegradable OB block copolymer vesicles. Still,
siOrai3 delivery by PR_b-functionalized polymer vesicles
eﬀects on average 22% knockdown of Orai3 expression and a
22% decrease in T47D cell viability, relative to siControl
baselines. Just as with the RNAiMAX case, no measurable drop
in cell viability is elicited in the breast cell line, MCF10A.
Although these results are not overwhelmingly positive for
siRNA delivery by the polymer vesicles, one must keep in mind
that these are for a model OB block (nondegradable)
copolymer system and they can represent a ﬁrst step toward
future improvements and advancements in polymersome
design tailored for the task of siRNA delivery.
Figure 9 shows the percent cell viabilities and Orai3
knockdowns relative to untreated cells for each of the control
cases, both siControl formulated with varying delivery agents
and “empty” polymer vesicles containing no siRNA. First, it
must be pointed out than none of the control cases produced a
statistically signiﬁcant knockdown in Orai3 expression (Figure
9B) as compared to the untreated cells as indicated by the
overarching all-inclusive bracket in this ﬁgure. This is
unsurprising given that siControl is designed to give minimal
oﬀ-target knockdown of gene expression, and certainly no
Orai3 knockdown could be expected for “empty” polymer
vesicles, because no siRNA is delivered. Likewise, for all of the
control formulations except the RNAiMAX transfection agent
(siControl + RNAiMAX), no statistically signiﬁcant decrease in
cell viability is observed as compared to the untreated cells
(Figure 9A). Corroborating previous reports in the literature
concerning the biocompatibility and nontoxic nature of OB
polymer vesicles, “empty” polymer vesicles, both nonfunctionalized (0% PR_b (no siRNA)) and PR_b-functionalized (22%
PR_b (no siRNA)), were found to have no eﬀect on the cell
viability of either cell line.27,28,43 In addition, encapsulation and
deliver of control siRNA by polymer vesicles (0% PR_b
siControl and 20% PR_b siControl) also were found to have
no statistically signiﬁcant eﬀect on cell viability as compared to
the untreated cells. In Figure 8B it was seen that PR_bfunctionalized polymer vesicles are capable of delivering siRNA
at moderate levels so that it is likely that siControl is being
delivered to the cells for this case in Figure 9 as well. The levels
of siControl delivered to cells by PR_b-functionalized polymer
vesicles appear then to have no signiﬁcant eﬀect on the viability
of either cell line.
In contrast to all of the other control cases shown in Figure
9A, the RNAiMAX transfection agent complexed with
siControl (siControl + RNAiMAX) produced an approximately
19% drop in cell viability for both MCF10A noncancerous
breast cells and T47D breast cancer cells. It is unclear from
these data whether this decrease in cell viability derives from
the RNAiMAX transfection agent itself or from the delivery of

Figure 9. Percent cell viabilities (A) and knockdown of Orai3 (B) in
MCF10A breast cells and T47D breast cancer cells after treatment
with the indicated siControl formulations. Cells were incubated with
50 nM of siControl delivered as a formulation with the indicated
delivery agents for 24 h at 37 °C, after which the cell medium was
refreshed and incubation continued. (A) Cell viability was quantiﬁed
using the MTT assay at 72 h after siControl delivery. Data are the
mean ± standard error of three separate experiments (n = 3), with
each experiment performed in quadruplicate. (B) Orai3 knockdown
was quantiﬁed using qRT-PCR at 48 h after siControl delivery. Data
are the mean ± standard error of four separate experiments (n = 4),
with each experiment performed in duplicate. Cell viabilities (A) and
percent Orai3 knockdowns (B) are normalized with respect to
untreated cells. The formulations of delivery agents tested were:
siRNA free in solution without the aid of any delivery agent
(siControl), siRNA complexed with the RNAiMAX commercial
transfection agent (siControl + RNAiMAX), siRNA encapsulated
within nonfunctionalized polymer vesicles (0% PR_b siControl),
PR_b-functionalized vesicles encapsulating siRNA (20% PR_b
siControl), and nonfunctionalized and PR_b-functionalized “empty”
vesicles (0% PR_b and 22% PR_b (no siRNA)). The percentages of
PR_b functionalization shown are mol %. Students t test statistical
analyses were performed, and the statistical signiﬁcances were notated
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from acidic organelles was observed, neither was highly
prevalent. These factors likely contribute to the only moderate
levels of Orai3 knockdown observed for PR_b-functionalized
OB vesicles, even though these vesicles were found to be very
eﬀectively internalized by the cells. However, the results shown
here are promising, considering that these OB polymer vesicles
are a ﬁrst generation model nondegradable polymer vesicle
system. Future improvements could likely be achieved for
siRNA delivery by polymer vesicles by designing block
copolymers that would more eﬀectively release encapsulates
and facilitate endosomal escape.

siControl, or as is more likely a combination of the two. It
should be noted that others have observed similar levels of
toxicity for the RNAiMAX transfection agent, and in fact
among the variety of commercial siRNA transfection agents
currently available, RNAiMAX is recognized as one of the least
toxic and most eﬀective.73−79 Figure 9A clearly shows that
RNAiMAX complexed with siControl (siControl + RNAiMAX) gives some moderate toxicity in both cell lines as
compared to both untreated cells and delivery of siControl by
PR_b-functionalized polymersomes (20% PR_b siControl).
However, it is uncertain to what extent this diﬀerence in
toxicity derives from the diﬀering levels of actual siRNA
delivery from these two formulations, considering that Figure 8
indicates that not all of the siRNA can escape from the
nondegradable OB polymersomes. Ideally, one would like to
measure the cell viabilities resulting from RNAiMAX delivered
alone without siRNA to assess the inherent toxicity of the
delivery agent itself, similar to what was done with “empty”
polymer vesicles. This experiment was attempted; however, an
accurate measure of the toxicity of RNAiMAX alone could not
be obtained. Because the RNAiMAX transfection agent forms a
complex with siRNA in solution, and it is this tightly bound
complex that delivers to the cells, delivery of the RNAiMAX
reagent alone (i.e., uncomplexed, without any siRNA) is
inherently diﬀerent and does not interact with cells in a similar
manner, and thus does not represent a valid measure of the
RNAiMAX toxicity.
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