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S
mall interfering RNA (siRNA) is emer-
ging as a therapeutic approach for
potent, gene-specific silencing,1 but

clinical use of siRNA hinges on the develop-
ment of safe and effective delivery tech-
nologies.2 A variety of cationic biomaterials
have been developed for siRNA packaging
and delivery, including polymers, lipids,
polysacaccharides, cell penetrating and
fusogenic peptides, and dendrimers.3,4

Cationic vehicles are effective for in vitro

delivery because they condense siRNA into
nanosized complexes with positive surface

charge, which promotes endocytosis by
electrostatically adsorbing onto anionic cell
membranes.5 However, intravenous admin-
istration of cationic lipoplexes or polyplexes,
which is desirable for many therapeutic ap-
plications, often results in particle instability
and nonspecific interactions with blood
components that induce opsonization, ag-
gregation of red blood cells, platelet activa-
tion, excessive biodistribution to the lungs,
and, in extreme cases, rapid mortality.6�9

Polyethylene glycol (PEG) has been used
extensively to improve the biocompatibility
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ABSTRACT A family of pH-responsive diblock polymers composed

of poly[(ethylene glycol)-b-[(2-(dimethylamino)ethyl methacrylate)-

co-(butyl methacrylate)], PEG-(DMAEMA-co-BMA), was reversible

addition�fragmentation chain transfer (RAFT) synthesized with

0�75 mol % BMA in the second polymer block. The relative mole %

of DMAEMA and BMA was varied in order to identify a polymer that

can be used to formulate PEGylated, siRNA-loaded polyplex nano-

particles (NPs) with an optimized balance of cationic and hydro-

phobic content in the NP core based on siRNA packaging,

cytocompatibility, blood circulation half-life, endosomal escape, and in vivo bioactivity. The polymer with 50:50 mol % of DMAEMA:BMA (polymer

“50B”) in the RAFT-polymerized block efficiently condensed siRNA into 100 nm NPs that displayed pH-dependent membrane disruptive behavior finely

tuned for endosomal escape. In vitro delivery of siRNA with polymer 50B produced up to 94% protein-level knockdown of the model gene luciferase. The

PEG corona of the NPs blocked nonspecific interactions with constituents of human whole blood, and the relative hydrophobicity of polymer 50B increased

NP stability in the presence of human serum or the polyanion heparin. When injected intravenously, 50B NPs enhanced blood circulation half-life 3-fold

relative to more standard PEG-DMAEMA (0B) NPs (p < 0.05), due to improved stability and a reduced rate of renal clearance. The 50B NPs enhanced siRNA

biodistribution to the liver and other organs and significantly increased gene silencing in the liver, kidneys, and spleen relative to the benchmark polymer

0B (p < 0.05). These collective findings validate the functional significance of tuning the balance of cationic and hydrophobic content of polyplex NPs

utilized for systemic siRNA delivery in vivo.

KEYWORDS: siRNA . reversible addition�fragmentation chain transfer (RAFT) polymerization . intravenous delivery . drug delivery .
PEG . smart polymer . endosomal escape
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of drug delivery nanoparticles and tissue engineered
hydrogels. Functionalization of the exterior of drug
delivery nanocarriers with PEG blocks adsorption of
proteins, inhibits hemolysis or aggregation of erythro-
cytes, avoids immune stimulation, improves circulation
time, protects the cargo fromenzymatic degradation, and
generally provides colloidal stability and “stealth”.10�15

PEGylation of cationic carriers has been successfully
utilized to endow these properties to common poly-
cations such as polyethyleneimine (PEI), poly-L-lysine,
polyamidoamine (PAMAM), and poly(propyleneimine)
(PPI) dendrimers, and poly(N,N-dimethylaminoethyl
methacrylate) (PDMAEMA).16�20

Poly(EG-b-DMAEMA) (PEG-DMAEMA) demonstrates
efficient siRNA packaging and relatively low cyto-
toxicity,20 and studies on the effects of PEG architec-
ture have shown that performance of a PEG-DMAEMA
diblock structure is superior to brush or copolymer
architectures.12 PDMAEMA, like PEI, is believed to
operate through the proton sponge effect for endoso-
mal escape.21,22 However, it has been found that
active, pH-dependent membrane disruptive mech-
anisms improve intracellular bioactivity relative to pure
proton sponge.23 Recently, it has been shown that
copolymerization of the hydrophobic monomer butyl
methacrylate (BMA) with DEAMA or DMAEMA and
propylacrylic acid (PAA) in a core-forming block24,25

could be used to tune the pH-dependent membrane
disruptive behavior of micelleplexes; these micelle-
plexes were designed to be preassembled, and nucleic
acids were subsequently condensed onto coronas
consisting of homopolymer blocks of DMAEMA.26�28

Hydrophobic modification has also been found to
have other beneficial effects on cationic delivery sys-
tems including serum stability, membrane binding,
improved dissociation in the cytoplasm, and decreased
cytotoxicity.29 Recently, a self-assembled micelleplex
made from the triblock polymer poly(EG-b-nBA-b-
DMAEMA) that packaged siRNA in the corona was
found to have improved gene silencing in vitro and
had increased tumor uptake relative to PEG-DMAEMA-
based polyplexes.30 While polymer blocks of DMEAMA

with nBA are beneficial for stability, they do not gen-
erate polymers with active, pH-dependent membrane
disruption behavior, possibly reducing the gene silen-
cing activity due to endosomal entrapment. The poly-
mers are also preassembled and condense siRNA onto
the positively charged micelle corona that contains a
mixture of PDMAEMA and PEG. Although it was not
reported, this also presumably resulted inmicelleplexes
with a positive zeta potential, which would hinder in vivo
circulation time and performance.31,32

In this work, a novel series of copolymers of DMAEMA
and BMA, ranging from 0 to 75 mol % BMA, were
synthesized using a simple, one-pot reversible addition�
fragmentation chain transfer (RAFT) polymerization
reaction from a PEGylated macro-chain transfer agent
(macro-CTA). This polymer series was designed for core
complexation of siRNA into PEG-corona polyplex nano-
particles (NPs) whose assembly is electrostatically trig-
gered upon simple mixing with siRNA in buffer of
appropriate pH. This strategy enables formulation of
surface charge neutral siRNA-loaded NPs core-stabilized
by a combination of electrostatic and hydrophobic inter-
actions. Thebalanceof cationic andhydrophobic content
in the poly(DMAEMA-co-BMA) NP core-forming block
was carefully titrated in order to identify improved
PEGylated polycation variants that are optimized for
in vivoperformancebasedona combinationof improved
stability and inertness in the blood circulation and pH-
dependent membrane disruptive behavior finely tuned
for efficient endosomal escape and cytoplasmic delivery.
The performance of polyplexes made from PEG-(DMAE-
MA-co-BMA) polymers with varied quantities of BMAwas
benchmarked against the standardized and previously
optimized PEG-DMAEMA diblock architecture.20

RESULTS AND DISCUSSION

Polymer Synthesis and Characterization. A series of pH-
responsive diblock copolymers were synthesized from
a PEG5Kmacro-CTA using RAFT polymerization (Figure 1).
Six polymers were synthesized with varied copolymer
ratios of DMAEMA and BMA in the second block
ranging from 0 to 75% BMA by adjusting the

Figure 1. Polymer synthesis scheme for PEG-(DMAEMA-co-BMA).
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composition in the feed (Table 1). The synthesis was
completed by the RAFT polymerization technique,
which has numerous advantages including formation
of monodisperse polymers33,34 as obtained here (all
Mw/Mn e 1.1). Additionally, the single-step polymeri-
zation was a facile and scalable synthesis that yielded
easily purified polymers with composition and molec-
ular weight that closely matched the targeted values.
This polymer series was designed to overcome the
challenges related to systemic intravenous administra-
tion of polyplex nanoparticles with highly cationic
surfaces.7�9 It was posited that polyplex NPs comprising

a PEG shell and a poly(DMAEMA-co-BMA) core would
produce optimal properties for navigating both systemic
circulation and intracellular (i.e., endosomal) delivery
barriers following intravenous delivery.

Characterization of pH-Dependent Polymer Micelle Assembly
and Disassembly in the Absence of siRNA. In order to identify
optimal formulation conditions for efficient siRNA
packaging, dynamic light scattering (DLS) was used
to assess the pH-dependent micelle assembly/disas-
sembly behavior of the polymers across a range of pHs,
from 7.4 to 4.0. As expected, the relative acidity re-
quired to trigger polymer micelle disassembly was
directly related to the % BMA content in the poly-
(DMAEMA-co-BMA) block. The 0B and 25B polymers
did not spontaneously form micelles at any pH tested,
while polymers with 50%ormore BMA content formed
micelles (∼25 nmdiameter, Figure 2) at pH 7.4, with the
40B polymer appearing to be in a transition state at this
pH. The 40B, 50B, and 60B polymeric micelles disso-
ciated as the pH was lowered, and the pH where this
transition occurred was inversely proportional to the%
BMA in the polymer (Figure 2C�E, Figure 2D inset
transmission electron microscopy (TEM) images vi-
sually confirmed NP assembly for 50B at pH 7.4).

TABLE 1. Molecular Weight and Percent Composition of

the Polymer Library

polymer name (% BMA in feed) Mn(g/mol)
a PDIa % BMAb % DMAEMAb

0B 17 035 1.092 0.0 100.0
25B 18 747 1.075 23.8 76.2
40B 20 765 1.117 39.6 60.4
50B 18 040 1.040 48.3 51.7
60B 19 938 1.081 58.6 41.4
75B 17 349 1.053 74.5 25.5

a Determined by GPC. b Determined by 1H NMR.

Figure 2. DLS measurements characterizing pH-dependent assembly/disassembly behavior of PEG-(DMAEMA-co-BMA)]
polymers. DLS at varyingpH values for polymerswith (A) 0%BMA, (B) 25%BMA, (C) 40%BMA, (D) 50%BMA, (E) 60%BMA, and
(F) 75%BMA. DLS data are shown for decreasing pH values down to pH 4.0 or until full NP disassembly occurred. Polymer 50B
demonstrated themost dynamicpH-dependent behavior over the physiologically relevant range tested. The inset TEMof 50B
polymer at pH 7.4 shows spherical nanoparticles (scale bar = 100 nm).
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The 75B polymer remained in a stable micellar state at
all pHs tested, suggesting that it did not accumulate
sufficient cationic charge, even at pH 4.0, to destabilize
the increased hydrophobic interactions between BMA
(Figure 2F).

When the polymers are preassembled intomicelles,
the cationic poly(DMAEMA-co-BMA) polymer block is
located in the particle core and is not readily accessible
to electrostatically bind to siRNA. As a result, the
polymers with a higher mole % of BMA in the poly-
(DMAEMA-co-BMA) block must be dissolved in a more
acidic buffer to ensure that the DMAEMA tertiary
amines are highly protonated, causing the polymers
to exist as solubilized unimers due to electrostatic
repulsion between poly(DMAEMA-co-BMA) blocks. In
this unimeric state, the cationic polymer segments are
fully exposed, and mixing with siRNA triggers electro-
static interactions that drive formation of polyplex NPs
core-stabilized by electrostatic (PEG-DMAEMA) or a
combination of electrostatic and hydrophobic interac-
tions (PEG-(DMAEMA-co-BMA)). The data in Figure 2
suggest that polymers with 60mol%BMAor less in the
poly(DMAEMA-co-BMA) block exist in a unimeric
state at pH 5.2, and as a result, this pH was used for
formulation of siRNA-loaded polyplex NPs in subse-
quent studies.

Assembly and Characterization of siRNA-Loaded Polyplex
NPs. The polymers were mixed with siRNA at pH 5.2
to trigger polyplex NP formation, and it was found that
the N:P ratio required to fully complex siRNA was
proportional to the % BMA in the polymer. Agarose
gel electrophoretic mobility shifts were used to calcu-
late the % siRNA packaging efficiency achieved using
different formulation conditions (Figure 3). However,
even polymers 40B and 50B were able to efficiently
package siRNA at an N:P of 10 or greater. In contrast,
the 75B polymers were found to encapsulate only 38%
of the siRNA even at an N:P of 20. The polyplex NPs
formed from all polymers at N:P of 10:1 had a hydro-
dynamic diameter of ∼100 nm and approximately

neutral zeta potential (Supplemental Figure S4). It
was also found that reduction of the pH to 4.0 enabled
efficient siRNA complexation of 50B at a lower charge
ratio of 5:1, further supporting the importance of
formation pH in siRNA packaging efficiency of these
polymers (Supplemental Figure S5).

Cellular Uptake, Gene Silencing, and Cytotoxicity. Flow
cytometry revealed that 0B polyplexes had the highest
uptake and transfected nearly 100% of cells. 50B
polyplex NPs were internalized significantly more than
40B or 60B (Figure 4A). Despite the higher relative
uptake of 0B (p < 0.05), 50B polyplexes produced
significantly greater luciferase silencing (94% reduc-
tion in the protein level at 48 h when compared to
scrambled control siRNA) relative to all other polymers
in MDA-MB-231 breast cancer cells transduced to
constitutively express luciferase (Figure 4B, p < 0.05).
Although the benchmark formulation (0B) produced
the greatest uptake, it produced only 20% luciferase
silencing. The increased gene silencing activity of 50B
NPs suggests that they are more efficient in navigating
intracellular delivery barriers (i.e., increased cytoplas-
mic release) relative to 0B polyplexes. Treatment with
the polyplex NPs was also shown to be nontoxic to
MDA-MB-231 cells (not shown) and NIH3T3 fibroblasts
at the concentrations used in gene silencing experi-
ments (Figure 4C). The complete data set is listed in
Supplemental Figures S8�S10.

Endolysosomal Escape. A major intracellular delivery
barrier of siRNA nanocarriers is endosomal entrap-
ment and trafficking for lysosomal degradation or
exocytosis.35 The current polymer family was designed
to form polyplex NPs that destabilize at endolysosomal
pHs, exposing the membrane disruptive poly(DMAEMA-
co-BMA) polymer block. As a screen for active endosomal
escapebehavior, thepH-dependentmembranedisruptive
activity of siRNA-loaded polyplexNPswasmeasured using
a red blood cell hemolysis assay.36 At all N:P ratios tested,
polyplexes made with 40B, 50B, and 60B generated
switch-like, pH-dependent membrane disruption.

Figure 3. Formulation of siRNA polyplex NPs at pH 5.2. (A) siRNA packaging efficiency was dependent on both polymer
composition and N:P ratio. (B) Gel images used to quantify siRNA packaging efficiency (concatenated image containing six
gels, each of which was internally controlled for quantification purposes).
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Percent hemolysis of each polymer increased as
the polymer concentration was increased and as the
buffer pH was decreased. The pH where the hemolytic
transition occurred mirrored the trend seen for desta-
bilization of polymer NPs (Figure 2) and was inverse-
ly dependent on the % BMA content in the poly-
(DMAEMA-co-BMA) block (Figure 5A�C). Polyplex
NPs made with the 50B polymer had optimal pH-
responsive behavior based on producing membrane
disruption in a pH environment representative of early
and late endosomes but not at physiologic pH. Further-
more, the pH-dependent membrane disruptive beha-
vior of 50B was similar between the polymer-only
micelle and polyplex NP forms (Supplemental Figure
S6). This suggests that the presence of the anionic
siRNA did not inhibit pH-dependent particle destabili-
zation and exposure of the membrane disruptive

poly(BMA-co-DMAEMA) block of polyplex NPs exposed
to acidic pH. Although they did not fully disassemble
like the polymer-only micelles (Figure 2), the polyplex
NP hydrodynamic diameter increased upon exposure
to buffers of decreasing pH, suggesting that swelling
and/or reorganization of the polyplex structure leads
to exposure of the core-forming block under acidic
conditions (Supplemental Figure S7).

To assess intracellular trafficking and endolysoso-
mal escape, confocal microscopy was used to measure
colocalization with the fluorescent dye Lysotracker.
Diffuse staining of the cy5-labeled dsDNA cargo was
visualized in cells incubated with 50B polyplexes for
24 h (Figure 5D), and 50B polyplex delivery resulted
in significantly lower Lysotracker colocalization rela-
tive to Lipofectamine (colocalization appears yellow,
Figure 5E). The colocalization was further visualized by

Figure 5. Polyplexes formulated with 50B show active endosome disruption and escape. (A�C) Hemolysis was both pH and
composition dependent, with 50B siRNA polyplexes showing the most desirable pH-dependent membrane disruption
behavior; 50Bpolyplexes did not disrupt erythrocytemembranes at pH7.4, but produced robust hemolysis at pH 6.8, which is
representative of early endosomes. All polyplexesweremade at N:P of 10:1, and hemolysiswasmeasured at (A) 1 μg/mL, (B) 5
μg/mL, and (C) 40 μg/mL polymer. (D, E) Confocal images showing colocalization of the endosome/lysosome dye Lysotracker
with the cy5-labeled dsDNA cargo. Colocalization graphs are shown as insets. (F) 50B polyplexes showed decreased %
colocalization of dsDNA cargo with lysosomes relative to Lipofectamine 2000 (* signifies p < 0.01).

Figure 4. 50B-based polyplex NPs have the optimal combination of siRNA uptake, gene silencing bioactivity, and
cytocompatibility in vitro. (A) Flow cytometry measurement of transfection efficiency and (B) bioluminescence measurement
of luciferase knockdown in vitro; NT = no treatment, LF = Lipofectamine 2000, SCR = 50B polyplexes loaded with scrambled
siRNA. (C) There was no cytotoxicity of any of the formulations at the concentrations tested. Statistical significance was
evaluated by ANOVA at a confidence level of p < 0.05, and all groups were found to be significantly different except for the
paired groups marked with *,†, or NS.
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plotting color values of nonbackground image pixels in
a dot plotwhere colocalized signal falls on the y= x line,
free siRNA falls on the y-axis, and lysosomes not
containing siRNA fall on the x-axis (inset graphs). These
combined data quantitatively and qualitatively sug-
gest that polyplexes are able to efficiently overcome
intracellular endolysosomal delivery barriers. This out-
come is in agreement with the results from the pH-
dependent hemolysis experiment, which suggests that
50B polyplexes are finely tuned to disrupt membranes
in pH values representative of the endolysosomal
pathway. These combined results suggest that 50B
polyplexes improve the intracellular bioavailability of
internalized siRNA, and this may mechanistically ac-
count for 50B having the highest gene silencing bioac-
tivity of the polymers screened in vitro (Figure 4B).

Polyplex Stability and Hemocompatibility. For intrave-
nous siRNA delivery systems, avoidance of destabiliza-
tion and/or nonspecific interactions with cells and
other blood components is key to general hemocom-
patibility and for maximizing blood circulation time in
order to allow for passive tumor accumulation or active
tissue targeting of intact, bioactive NPs. Nanoparticle
PEGylation improves these properties,37 and we hy-
pothesized that optimization of the polyplex core
could be an avenue to further enhance stability. Poly-
plex NPs made with 40B, 50B, and 60B were stable and
did not aggregate or dissociate over a period of 24 h in
phosphate-buffered saline (PBS) as assessed with DLS
(Supplemental Figure S11). Förster resonance energy
transfer (FRET) was used as another measure of stabi-
lity, where 50B-NPswere co-loadedwith FAM- and cy5-
labeled dsDNA. FRET emission of the acceptor dye is
observed only when the two fluorophores are co-
encapsulated in the core of the NPs.38 FRET-NPs made
with 50B also retained an equivalent % FRET after 48 h
of storage at room temperature, further indicating that
siRNA remains stably encapsulated in the core of the
polyplexes (Supplemental Figure S11).

Ex vivo experiments in human whole blood were
done to measure nonspecific red blood cell interac-
tions and stability of polyplexes. After a 1 h incubation
in whole blood, polyplex NPsmade with 50B were 74%
retained in the serum fraction, whereas commercial
standards PEI (5%) and Lipofectamine 2000 (48%)were
more significantly associated with the cellular fraction
following centrifugation (Figure 6A). As a measure of
whole blood stability, FRET-NPs were incubated for 1 h
in whole blood, andmeasurement of the FRET signal in
the serum fraction showed that the 50B polyplex NPs
retained a high % FRET signal of 77%, while Lipofecta-
mine 2000 showed a significant (p < 0.05) decrease in
relative% FRET to 35%of the baseline signal (Figure 6B).

Rapid urine excretion of many intravenously deliv-
ered cationic siRNA polyplexes occurs due to dissocia-
tion in the kidney glomerular basement membrane
(GBM), which contains a high concentration of the

anionic macromolecule heparan sulfate.39,40 To model
this phenomenon in vitro, we incubated FRET-NPs with
heparinized saline (2 U/mL) and measured stability
over time. This experiment showed that destabilization
was dependent on the composition of the core-form-
ing polymer block, indicating that 40�60% BMA re-
sulted in significantly greater stability (p < 0.05)
compared to 0B and 25B polyplex NPs (Figure 6C).
Higher concentrations of heparin (>10 U/mL) were
capable of dissociating the higher % BMA polyplexes
40B�60B (Supplemental Figure S12). These data sug-
gest that incorporation of hydrophobic content into
the core will slow the rate of kidney filtration of siRNA-
loaded polyplex NPs.

Circulation Half-Life and Biodistribution. Increased resis-
tance to heparin-mediated destabilization of 50B-
based polyplex NPs was found to be functionally
significant in vivo and yielded a 3.2-fold increase in
the blood circulation half-life (18.4 ( 0.53 vs 5.80 (
0.58 min) and 3.4-fold increase in area under the curve
(AUC) (14.0 mg 3 h/L vs 4.1 mg 3 h/L) relative to the
benchmark polymer 0B (p < 0.05 for both half-life
and AUC, Figure 6D). The blood circulation half-life of
0B was consistent with previous studies on PEGylated
polycationic siRNA carriers, which have typically shown
values of <5 min and is associated with rapid decom-
plexation and systemic removal in the kidney.39,40 Our
combined data suggest that increased hydrophobicity
in the core of polyplexes made with 50B polymers
increased NP stability in the presence of heparin,
slowed renal clearance in vivo, and increased blood
circulation time. These data suggest 50B will biodistri-
bute more efficiently to other tissues and will be
potentially targetedmore efficiently to tumors or other
pathological sites.

To this end, tissue biodistribution of 0B and 50B
siRNA polplex NPs was examined intravitally immedi-
ately following injection and at postmortem endpoints
of 5 min, 20 min, 1 h, and 2 h postinjection. In
agreement with the 50B polyplexes having less rapid
renal decomplexation and siRNA removal through the
urine acutely following injection, there was an immedi-
ate spike in concentration of siRNA in the kidneys of 0B
polyplex-treated mice, and overall systemic clearance
of siRNAdeliveredwith 0B polyplexNPswas faster than
following delivery with 50B polyplexes (Figure 6E,F).
This trend is shown visually in representative mice
(Figure 6G), and the full panel of intravital images is
shown in Supplemental Figure S13. Imaging of kidneys
excised from mice that were euthanized 5 min post-
injection confirmed the intravital imaging data and
showed a 2.2-fold increase in siRNA distribution in the
kidney for 0B relative to 50B (Figure 6H). Liver biodis-
tribution was noted at 5 min, 20 min, 1 h, and 2 h end
points for 0B and 50BNPs and suggested that uptake in
the liver is the primary route for removal of intact NPs
(Figure 6I�K). There was a significantly greater quantity
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of siRNA in the liver and kidneys for 50B than 0B (p <
0.05) at 20 min, 1 h, and 2 h. Because 50B is partially
susceptible to heparin decomplexation, the kidneys also
have higher fluorescence at the later time points based
on continued clearance of the longer-circulating
50B formulations. The integrated fluorescence across
all organswas 1.5-fold higher in 50Bpolyplexes than 0B
after 2 h (p < 0.05, Figure 6J), which is also consistent
with slower removal through the urine and better
overall biodistribution of 50B relative to 0B polyplexes.
Importantly, we saw little uptake in the lungs and heart
that would be associated with acute pulmonary toxi-
city that occurs with ineffectively shielded cationic
polyplexes.9

The combined data from Figure 6 suggest that both
polyplex surface PEGylation and incorporation of hy-
drophobic content in the core are beneficial for en-
hancing circulation half-life. PEG shielding improves
circulation by decreasing aggregation with or adsorp-
tion to blood components, but does not fully shield the
polyplex core from interaction with competing anions
prevalent in the kidneys. The optimal combination of
core hydrophobicity and PEG shielding achieved with
50B polyplexes increased the circulation half-life and is
anticipated to improve passive tumor accumulation or,
through functionalization with targeting ligands, re-
tention in other target tissues. Poorer stability of 0B
resulted in decreased systemic biodistribution due to

Figure 6. 50B polyplex NPs demonstrate enhanced stability upon exposure to heparin and human whole blood and have a
longer circulation half-life and improved tissue biodistribution in vivo. (A) When incubated in blood at 37 �C, a significant
fraction of the PEGylated polyplexes remained in the serum, indicating that they nonspecifically interact with erythrocytes to
a significantly lesser degree than PEI (p < 0.05). (B) FRET-NP incubation in diluted human whole blood suggested that all
PEGylated polyplex NPs were significantly more serum stable than the commercial standard Lipofectamine 2000 (p < 0.05).
Statistical significance for A and B was evaluated by ANOVA at a confidence level of p < 0.05, where all groups were found to
be significantly different except for those designated with †. (C) Stability of FRET-NPs incubated in 2 U/mL of heparin was
enhanced for polyplexes with 40�60% BMA content in the core-forming polymer block. (D) The circulation half-life was 18.4
min for 50B and 5.8 min for 0B (p < 0.05, n = 3). (E) When measured intravitally, systemic biodistribution was significantly
higher (p < 0.05) for the 50B-injected mice. (F) Intravital imaging of intravenously injected 50B and 0B polyplex NPs reveals
rapid kidney distribution and systemic clearance of 0B. (G) Representative time course images are shown noting significantly
more overall systemic biodistribution of fluorescent siRNA delivered via 50B polyplexes relative to the more rapidly cleared
0B polyplexes. (H) Imaging of siRNA fluorescence in kidneys excised at 5 min postinjection confirmed increased, rapid renal
filtration of siRNA delivered via 0B polyplex NPs relative to the 50B group. (I) Postmortem tissue biodistribution showed
preferential accumulation in liver and kidneys, with significantly decreased systemic clearance of 50B vs 0B at 20min, 1 h, and
2 h postinjection (p < 0.05, n = 3). (J) Measurement of cumulative fluorescence in all of the organs at 2 h postinjection showed
significantly increased biodistribution and retention in the organs for 50B relative to 0B polyplex NPs (p < 0.05). (K)
Representative organ biodistribution images are shown from 2 h. Statistical significance for in vivo experiments was
evaluated with ANOVA at a confidence level of p < 0.05, and * designates significant differences.
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rapid decomplexation and removal through renal filtra-
tion. This agrees with previous literature suggesting that
siRNA delivered via simple polycations is substantially
excreted through theurinewithin 1minpostdelivery.39,40

PPIB Gene Silencing in Vivo. The last objective was to
confirm that 50B polyplex NPs remained bioactive
in vivo. The liver, kidneys, and spleen were selected
as target tissues based on their known reticuloen-
dothelial system (RES) function and the results of the
biodistribution analysis. An siRNA targeting themodel/
housekeeping gene PPIB was delivered because of the
consistent expression level of PPIB, and knockdown
was analyzed in tissues extracted 48 h after intrave-
nous injection. As shown in Figure 7, 50B polyplex NPs
robustly silenced PPIB in the liver by ∼74% following
an intravenous dose of 2 mg/kg siRNA. Furthermore,
50B generated significantly greater gene silencing than
0B polyplexes injected at the same dose of 2 mg/kg
(p < 0.05). Similarly, 50B polyplexes significantly si-
lenced PPIB in the kidneys and spleen relative to
scrambled controls (p < 0.05), and 50B silencing was

significantly greater in the spleen relative to 0B
(p < 0.05, for 0B versus 50B in the kidney). Improved
in vivo gene silencing by 50B polyplexes relative to 0B
is consistent with their active, pH-dependent mem-
brane disruptive function and increased in vitro bioac-
tivity, stability, circulation time, and overall tissue
biodistribution. The similar level of gene silencing
measured in thedifferent organs also implieswidespread
tissue distribution of intact, bioactive 50B polyplex NPs
and that these NPs may be used to preferentially accu-
mulate in a variety of target tissues if implemented with
the appropriate targeting ligand. Importantly, all polyplex
injections were well tolerated by the mice, and no
elevation in serum markers of liver toxicity ALT or AST
were detected in mice treated with 50B or 0B at days
2 or 8 postinjection (Supplemental Figure S15).

CONCLUSIONS

We have synthesized and screened a small library of
PEG-(DMAEMA-co-BMA) polymers for formulation of
in vivo-ready siRNA nanocarriers designed to over-
come key delivery barriers in the systemic circulation
and inside target cells. PEG was used in the corona to
impart hemocompatibilty and stability, and the com-
bination of surface PEGylation and titration of hydro-
phobic content into the polyplex core resulted in
better stabilized polyplexes with longer blood circula-
tion times. The 50B polymer had optimally balanced
cationic and hydrophobic content in the core-forming
block and formed polyplex NPs with improved resis-
tance against destabilization in the kidneys in vivo and
pH-dependent membrane disruptive activity ideally
tuned for endosomal escape. This resulted in slower
renal clearance, increased circulation time, improved
tissue biodistribution, and more potent gene silencing
bioactivity in vivo. The 50B siRNA polyplex nanoparti-
cles provide a promising platform for future applica-
tions involving enhanced permeability and retention
(EPR)-driven delivery to tumors in vivo or active receptor�
ligand targeting to increase accumulation and uptake in
specific cells or tissues.

MATERIALS AND METHODS
Materials. All materials were obtained from Sigma-Aldrich

and used as received unless otherwise noted. An alumna
column was utilized to remove inhibitors from DMAEMA and
BMA monomers, and final purification of polymers was done
with PD10 desalting columns (GE Healthcare, Waukesha, WI,
USA).

Synthesis of 4-Cyano-4-(ethylsulfanylthiocarbonyl)sulfanylpentanoic
Acid (ECT) and PEG-ECT. The RAFT chain transfer agent ECT was
synthesized as previously described,24 and the R-group of the
CTA was subsequently conjugated to PEG.41 Briefly, dicyclohex-
ylcarbodimide (4 mmol, 0.82 g) was added to the stirring
solution of monomethoxy-poly(ethylene glycol) (Mn = 5000,
2 mmol, 10 g), ECT (4 mmol, 1.045 g), and DMAP (10 mg) in
50 mL of dichloromethane. The reaction mixture was stirred
for 48 h. The precipitated cyclohexyl urea was removed by

filtration, and the dichloromethanane layer was concentrated
and precipitated into diethyl ether twice. The precipitated PEG-
ECT was washed three times with diethyl ether and dried under
vacuum (yield ∼10g). 1H NMR (400 MHz CDCL3) revealed 91%
substitution of the PEG (Supplemental Figure S1).

Polymer Synthesis and Characterization. RAFT polymerization
was used to synthesize a library of copolymers using the PEG-
ECT macro-CTA. In all cases, the degree of polymerization was
150, and the monomer plus CTA was 40% wt/v in dioxane. The
polymerization reaction was carried out at 70 �C for 24 h using
AIBN as the initiator with a 5:1 [CTA]:[Initiator] molar ratio. A
series of polymerizations were carried out with monomer feed
ratios of 0:100, 25:75, 40:60, 50:50, 60:40, and 75:25 mol %
[BMA]:[DMAEMA]. The reaction was stopped by exposing the
polymerization solution to air, and the resulting diblock poly-
mers were precipitated into an excess of pentane. The isolated

Figure 7. In vivo gene silencing following intravenous
delivery of 50B polyplex NPs. Gene silencing of the model
gene PPIB was evaluated by PCR 48 h after intravenous
injection of 2 mg/kg siRNA doses. Significant differences
were noted in the liver, kidney, and spleenbetween 50B and
SCR groups (p < 0.05) and in the liver and spleen between
50B and 0B (p < 0.05). Markers of statistical differences: #,*
liver; % kidney; &,$ spleen.

A
RTIC

LE



NELSON ET AL . VOL. 7 ’ NO. 10 ’ 8870–8880 ’ 2013

www.acsnano.org

8878

polymers were vacuum-dried, redissolved in water, further
purified using PD10 columns, and lyophilized. Polymers were
characterized for composition and molecular weight by 1H
nuclear magnetic resonance spectroscopy (NMR, Bruker
400 MHz spectrometer equipped with a 9.4 T Oxford magnet).
Absolute molecular weight of the polymers was determined
using DMF mobile phase gel permeation chromatography
(Agilent Technologies, Santa Clara, CA, USA) with inline Agilent
refractive index and Wyatt miniDAWN TREOS light scattering
detectors (Wyatt Technology Corp., Santa Barabara, CA, USA). All
results are shown in Supplemental Figures S2 and S3.

Characterization of pH-Dependent Polymer Micelle Assembly and
Disassembly in the Absence of siRNA. Each lyophilized polymer was
dissolved in 100% ethanol, and aliquots of this solution were
mixed with an 8-fold excess of phosphate buffer at pHs 7.4, 7.1,
6.8, 6.2, 5.6, and 5.2 or citrate buffers of 4.6 and 4.0 to make a
1 mg/mL stock solution. Each stock solution was diluted an
additional 10-fold into phosphate or citrate buffer of the same
pH to form 100 μg/mL polymer stocks, and the pH-dependence
of self-assembly of each polymer into NPs was assessed using
dynamic light scattering (Malvern Zetasizer Nano ZS, Malvern,
UK). For imaging by transmission electron microscopy, carbon
film-backed copper grids (Electron Microscopy Sciences,
Hatfield, PA, USA) were inverted onto droplets containing
aqueous NP suspensions (1 mg/mL) and blotted dry. Next,
samples were inverted onto a droplet of 3% uranyl acetate,
allowed to counterstain for 2min, and again blotted dry. Finally,
samples were desiccated in vacuo for 2 h prior to imaging on a
Philips CM20 system operating at 200 kV (Philips, EO, The
Netherlands).

Assembly and Characterization of siRNA-Loaded Polyplex NPs. Poly-
plex NPs loaded with siRNA were made by mixing pH 4.0 stock
solutions of polymer and siRNA at N:P ratios of 5, 7, 10, or 20. The
final charge ratio was calculated as the molar ratio of cationic
amines on the DMAEMA (50% are assumed to be protonated
at physiologic pH) to the anionic phosphates on the siRNA. After
mixing, these solutions were diluted 5-fold to 100 μL with
phosphate buffer to adjust the final pH to 7.4. After mixing,
samples were incubated for 30min, and 15 ng of siRNA for each
sample was loaded onto a 4% agarose gel containing ethidium
bromide to assess siRNApackaging efficiency. The gels were run
at 100 V for 35 min and imaged with a UV transilluminator.
Quantification was conducted using ImageJ version 1.45s
(Freeware, NIH, Bethesda, MD, USA). Hydrodynamic diameter
and zeta potential of the resulting polyplex NPs were measured
using a Malvern Zetasizer Nano ZS.

Cell Culture. Human epithelial breast cancer cells (MDA-MB-
231) were cultured in Dulbecco's modified Eagle's medium
(DMEM, Gibco Cell Culture, Carlsbad, CA, USA) supplemented
with 10% fetal bovine serum (FBS, Gibco) and 0.1% gentamicin
(Gibco). Mouse embryonic fibroblasts (NIH3T3) were cultured in
DMEM supplemented with 10% bovine calf serum (BCS, Gibco)
and 1% penicillin�streptomycin (Gibco).

Flow Cytometry Assessment of siRNA Intracellular Delivery. MDA-
MB-231 breast cancer cells were seeded in 24-well plates at a
density of 40 000 cells/cm2 and allowed to adhere overnight.
The cells were treated with polyplexes loaded with Alexa488-
labeled DNA (21mer duplexes mimicking siRNA molecules) at a
final concentration in each well of 100 nM in media supple-
mented with 10% FBS. After the designated treatment time,
cells were washed with PBS and trypsinized. Cells were centri-
fuged and resuspended in PBS containing trypan blue to
quench extracellular fluorescence. Relative cell fluorescence
was quantified via flow cytometry to measure NP intracellular
delivery (FACSCalibur, BD Biosciences, Franklin Lakes, NJ, USA).

Cytotoxicity. Cytotoxicity of siRNA-loaded polyplex NPs was
determined by measuring relative cell number based on luci-
ferase activity. NIH3T3s were transduced with a lentivirus to
constitutively express luciferase (LR-3T3s), and it was confirmed
that cell number was directly proportional to luciferase signal
(supplemental methods).42 LR-3T3s were seeded in black-
walled 96-well plates at a density of 12 500 cells/cm2 and
allowed to adhere overnight. Next, cells were treated with fresh
polyplexes at concentrations of 50, 100, and 200 nM siRNA/well
(100 μL volume, n = 5 for each treatment). After incubation for

24 h, the cells were given fresh luciferin-containing media
(150 μg/mL). Bioluminescence was quantified using an IVIS
Imaging System 200 series (Xenogen).

In Vitro Gene Silencing. MDA-MB-231 breast cancer cells were
transduced with a lentivirus to constitutively express luciferase
(L231, supplemental methods). L231 cells were seeded in black,
clear-bottom 96-well plates at a density of 12 500 cells/cm2 and
allowed to adhere overnight. Next, cells were treated for 24 h
with polyplex NPs containing antiluciferase siRNA (Ambion) in
10%FBSmedia.Mediawas then replacedwith luciferin-contain-
ing media (150 μg/mL), and bioluminescence was measured
using an IVIS 200 Series imaging system (Xenogen). Next, cells
were incubated for an additional 24 h in slow growth media
(DMEM supplemented with 1% FBS, and 0.1% gentamicin), and
bioluminescence was subsequently remeasured. Biolumines-
cence data were normalized to total protein content in cell
lysates, which was measured via the Bradford assay (Bio-Rad).

Hemolysis Assay. Whole blood was extracted from anon-
ymous, consenting human donors, and red blood cells (RBCs)
were isolated according to well-established protocols.36 RBCs
were then incubated with the free polymers or with siRNA-
loaded polyplex NPs (concentrations of 1�40 μg/mL) in buffers
of pH 7.4, 6.8, 6.2, and 5.6, whichmodel the environments in the
extracellular space and in the more acidic vesicles of the
endolysosomal pathway. After 1 h of incubation, the RBCs were
centrifuged and the supernatant was spectrophotometrically
analyzed at 451 nm in order to determine percent hemolysis
relative to Triton X-100 detergent.

Confocal Microscopy Imaging of Endolysosomal Escape. MDA-MB-
231 cells were seeded at a density of 12 500 cells/cm2 in eight-
well chamber slides (Nunc, Thermo Fisher Scientific Inc., Wal-
tham, MA, USA). The cells were treated with cy5-labeled dsDNA
loaded polyplex NPs at 100 nM or Lipofectamine 2000 accord-
ing to the manufacturer's specifications. After treatment, media
was replaced with Lysotracker (Invitrogen Life Technologies,
Grand Island, NY, USA) containingmedia (75 nM), and cells were
incubated for 1 h before imaging with confocal microscopy
(Zeiss LSM 710Meta, Oberkochen, Germany) equipped with
differential interference contrast. Images were analyzed using
ImageJ with a colocalization extension, JaCOP, previously
described.43

Analysis of Polyplex Stability and Hemocompatibility. NPs were
loaded with Förster resonance energy transfer (using FAM
and Cy5) pair-labeled 23mer dsDNAs (a model for siRNA)
(FRET-NPs). Fluorescent intensity was measured using a spec-
trophotofluorometer with an excitation wavelength of 488 nm
(Jobin Yvon/Horiba Fluorolog-3 FL3-111, Horiba Scientific, Kyo-
to Japan). FAM emission was collected at 520 ( 3 nm, and Cy5
emission was obtained at 670( 3 nm. % FRET was calculated as
a ratio of the fluorescent intensity as follows:

% FRET ¼ I670
I520 þ I670

(1)

For serum stability measurements, FRET-NPs were added
into humanwhole blood diluted 1:3 in PBS at 100 nM (50 nM for
each DNA). Treated blood samples were loaded into a black,
round-bottom 96-well plate and placed on a shaker for 5 min
before incubating at 37 �C for 1 h. Plates were then centrifuged
at 500g for 5 min, and then 50 μL of supernatant (diluted blood
serum) from each well was transferred into a black, clear-
bottom 96-well plate. Fluorescence was measured using a
microplate reader, and % FRET was calculated using eq 1. In
parallel experiments to assess hemocompatibility ex vivo, poly-
plex NPs loadedwith FAM-labeled dsDNAwere used to quantify
the percent of NPs in the supernatant, as ameasure of inertness,
or ability to reduce nonspecific adsorption to or aggregation
with RBCs.

Because siRNA decomplexation by heparan sulfate-contain-
ing glomerular basement membrane in the kidney is a primary
cause for rapid systemic clearance of polycation-siRNA
nanoparticles,39,40 the stability of FRET-NPs was measured in
the presence of 2 U/mL of heparin sodium salt in DPBS. The
fluorescence emission was measured over time using a
microplate reader with an excitation wavelength of 488 nm
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and an emission wavelength of 670 nm (Tecan Infinite F500,
Männedorf, Switzerland).

Biodistribution. Balb/cmice (6�8weeks of age) were injected
intravenously into the tail vein with polyplex NPs containing
a dsDNA (model for siRNA) labeled with 50 IRDye 800CW
(Integrated DNA Technologies, IDT). Blood samples were col-
lected at 2, 5, 10, 15, and 20 min (maximum two blood
collections per mouse). Separate cohorts of mice were eutha-
nized for additional blood sample collection and organ harvest-
ing for biodistribution analysis at 5 min, 20 min, 1 h, and 2 h
postinjection. Blood was centrifuged at 500g for 5 min, and the
supernatant wasmeasured for fluorescence using a plate reader
(Tecan) with 790 nm excitation and 810 nm emission. In addi-
tion, mice were monitored intravitally using an IVIS 200 for the
first 20 min postinjection in order to measure the kinetics of
biodistribution to the liver and kidneys. The backs of mice were
shaved the day before injection and imagedwith the dorsal side
facing the camera to visualize and measure kidney and liver
biodistribution. Regions of interest were drawn around the liver,
kidneys, and the entire mouse to measure organ-specific and
total fluorescence, respectively. An IVIS 200 was used to quan-
tify the biodistribution in the explanted lungs, heart, liver,
kidney, and spleen using Living Image 4.3 quantification
software.

In Vivo PPIB Silencing. Balb/c mice (6�8 weeks of age) were
injected intravenously into the tail vein with polyplex NPs
containing a dicer-substrate siRNA designed against cyclophilin
B (PPIB, IDT) at a dose of 2 mg/kg. Mice were sacrificed at 48 h,
and the RNA was extracted from organs with TRIZOL
(Invitrogen, Carlsbad, CA, USA) and purified with RNEasy spin
column (Qiagen, Venlo, The Netherlands). The expression of
PPIB was evaluated by RT-PCR using the ΔΔCt method normal-
izing to GAPDH.

Statistical Methods. All measurements are presented as mean
( standard error of the mean. ANOVA was used to determine
statistical significance, and p < 0.05 was considered significant.
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