
Neutral Polymeric Micelles for RNA Delivery
Brittany B. Lundy, Anthony Convertine, Martina Miteva, and Patrick S. Stayton*

Department of Bioengineering, University of Washington, Seattle, Washington 98195, United States

*S Supporting Information

ABSTRACT: RNA interference (RNAi) drugs have signifi-
cant therapeutic potential, but delivery systems with
appropriate efficacy and toxicity profiles are still needed.
Here, we describe a neutral, ampholytic polymeric delivery
system based on conjugatable diblock polymer micelles. The
diblock copolymer contains a hydrophilic poly[N-(2-
hydroxypropyl)methacrylamide-co -N -(2-(pyr idin-2-
yldisulfanyl)ethyl)methacrylamide) (poly[HPMA-co-
PDSMA]) segment to promote aqueous stability and facilitate
thiol−disulfide exchange reactions and a second ampholytic
block composed of propylacrylic acid (PAA), dimethylami-
noethyl methacrylate (DMAEMA), and butyl methacrylate
(BMA). The poly[(HPMA-co-PDSMA)-b-(PAA-co-DMAE-
MA-co-BMA)] was synthesized using reversible addition−fragmentation chain transfer (RAFT) polymerization with an overall
molecular weight of 22 000 g/mol and a PDI of 1.88. Dynamic light scattering and fluorescence measurements indicated that the
diblock copolymers self-assemble under aqueous conditions to form polymeric micelles with a hydrodynamic radius and critical
micelle concentration of 25 nm and 25 μg/mL, respectively. Red blood cell hemolysis experiments show that the neutral
hydrophilic micelles have potent membrane destabilizing activity at endosomal pH values. Thiolated siRNA targeting
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was directly conjugated to the polymeric micelles via thiol exchange
reactions with the pyridal disulfide groups present in the micelle corona. Maximum silencing activity in HeLa cells was observed
at a 1:10 molar ratio of siRNA to polymer following a 48 h incubation period. Under these conditions 90% mRNA knockdown
and 65% protein knockdown at 48 h was achieved with negligible toxicity. In contrast the polymeric micelles lacking a pH-
responsive endosomalytic segment demonstrated negligible mRNA and protein knockdown under these conditions. The potent
mRNA knockdown and excellent biocompatibility of the neutral siRNA conjugates demonstrate the potential utility of this
carrier design for delivering therapeutic siRNA drugs.

■ INTRODUCTION

Short interfering RNA (siRNA) technology has the potential to
revolutionize the treatment of serious diseases by allowing
selective silencing of oncogenic or therapeutic mRNAs and
their corresponding proteins. Despite this immense therapeutic
potential of this technology, the effective systemic and
intracellular delivery of siRNA remains a significant challenge.
The delivery of siRNA typically yields low levels of mRNA
silencing due to barriers that include degradation by endo- and
exonucleases, poor cellular uptake, and intracellular trafficking.1

To overcome these obstacles, delivery systems including
liposomes, cationic lipoplexes, and cationic polymers have been
developed to enhance the effectiveness of siRNA.1−3 Because of
their small size (∼100 nm), biocompatibility, and activity,
liposomes have been used to successfully knock down the
expression of proteins associated with a variety of disease
targets.4−9 Both cationic and neutral lipoplexes have exhibited
good efficacy,10−15 with different toxicity and protein
adsorption/targeting properties that affect the choice of target
tissue and medical application.16,17 Cationic polymers, such as
chitosan18−21 and other natural polymers,19,22 polyethylenimine
(PEI),23 dendrimers,24,25 and other synthetic polymers26,27

have also shown promise, although the toxicity of polycation
carriers remains problematic.
Conjugation strategies have also been developed with a

variety of nonviral delivery carrier systems. Lipophilic siRNA
conjugates to cholesterol,28 bile acids,29,30 lipids,31 and α-
tocopherol (vitamin E)32 have been shown to moderately
increase target cell uptake. Cell-penetrating peptides such as
TAT trans-activator protein,33,34 Penetratin,34,35 and Trans-
portan35 have also been conjugated to the antisense strand of
siRNA to increase cellular uptake and enhance gene silencing.
PEG−siRNA conjugates exhibit high levels of serum stability
and have been shown to increase gene silencing efficiency.36

Additionally, PEG−siRNA conjugates complexed with cationic
polymers or peptides to form polyelectroplyte complex
micelles, further enhancing circulation time, uptake, and
efficacy.37−40 Recently, Heredia et al. employed reversible
addition−fragmentation chain transfer (RAFT) to prepare
poly(ethylene glycol acrylate) with telechelic pyridyl disulfide
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functionality.41 Covalent siRNA conjugates have also been
prepared by Xu et al. who conjugated siRNA to a pyridyl
disulfide end-capped poly(HPMA)-dendritic carbohydrate
scaffold.42

Previously, we described the synthesis of a new family of
diblock copolymer siRNA carriers.43−46 These carriers are
composed of a positively charged block of dimethylaminoethyl
methacrylate (DMAEMA) to mediate siRNA binding and a
second pH-responsive endosomal-releasing block composed of
DMAEMA, propylacrylic acid (PAA), and butyl methacylate
(BMA) monomers. This carrier system displays excellent
delivery activity, but the cationic segment could have adverse
toxicity profiles. Here, we describe the development of a
neutral, ampholytic diblock copolymer that replaces the
cationic DMAEMA segment with a hydrophilic block of N-
(2-hydroxypropyl)methacrylamide (HPMA) and a disulfide-
conjugatable monomer N-(2-(pyridin-2-yldisulfanyl)ethyl)-
methacrylamide. This system provides a starting foundation
for future targeted siRNA delivery schemes using pH-
responsive polymeric micelle conjugates for therapeutic use.

■ EXPERIMENTAL PROCEDURE

Materials. All reagents were purchased from Sigma-Aldrich
and Wako Chemicals and used without further purification
unless specified otherwise. The trithiocarbonate CTAs ethyl
cyanovaleric trithiocarbonate (ECT) and PEG3 biotin ECT
were synthesized as previously described.43,47 Pyridyl disulfide
methacrylate (PDSMA) was synthesized as described pre-
viously.48 N,N-Dimethylacrylamide was distilled under reduced
pressure. Propylacrylic acid (PAA) was synthesized as
previously reported. Radical initiator (V70) was purchased
from Wako Chemicals. 2,2-Azobisisobutyronitrile (AIBN) was
recrystallized from methanol.
Syn the s i s o f Po l y (N - ( 2 - h yd ro xyp r opy l ) -

methacrylamide (HPMA)-co-PDSMA) Macro Chain
Transfer Agent (macroCTA). Poly(HPMA-co-PDSMA) was
synthesized using a mixed aqueous−organic solvent system.
Polymerizations were conducted with an initial molar HPMA to
PDSMA ratio of 9:1. HPMA (1.134 g, 7.9 mmol) was dissolved
in ultrapure water (5.87 g). Biotinylated 4-cyano-4-
(ethylsulfanylthiocarbonyl)sulfanylvpentanoic acid (biotin-
ECT) (93.8 mg, 0.106 mmol) was dissolved in ethanol (1 g).
The initiator solution was prepared by dissolving V501 (1.23
mg/g ethanol solution, 4.38 μmol) in ethanol. PDSMA (0.225
g, 0.89 mmol) was dissolved in ethanol (1 g). The ethanol
solutions were combined and added to the aqueous HPMA
solution in a 25 mL round-bottom flask. The final solvent
concentration was a ratio of 2:1 (water to ethanol). The
solution was purged with nitrogen for 30 min on ice and then
allowed to react at 70 °C for 4 h. Ultrapure water (35 g) was
added to the reaction solution and frozen under liquid nitrogen.
Water was removed from the reaction via lyphilization after 48
h. The resultant polymer was isolated by repeated precipitation
from ethanol into an excess of ether. The polymer was rinsed
after final precipitation with pentane to remove excess ether
and dried overnight in a vacuum oven. The macroCTA was
characterized by SEC to be 9300 g/mol with a PDI of 1.07
from the measured dn/dc of 0.091. 1H NMR was used to
determine the composition of 94% HPMA and 6% PDSMA by
evaluating the peak at 3.9 ppm and aromatic peaks at
resonances between 7 and 8.5 ppm for HPMA and PDSMA,
respectively.

Synthesis of Poly[(HPMA-co-PDSMA)-b-(BMA-co-
DMAEMA-co-PAA)]. Poly[(HPMA-co-PDSMA)-b-(BMA-co-
DMAEMA-co-PAA)] was prepared by adding the poly-
(HPMA-co-PDSMA) macroCTA (0.239 g, 28.5 μmol) to a
solution of BMA (0.486 g, 3.42 mmol), DMAEMA (0.403 g,
2.56 mmol), and PAA (0.292 g, 2.56 mmol) (40:30:30 mol %)
in dimethylacetamide (DMAc) (2.4 g) such that the final
solvent concentration was 66% by weight. The initial
macroCTA to V70 initiator (3.5 mg, 11.4 μmol) ratio
([macroCTA]o/[I]o) and initial monomer to macroCTA
([M]o/[macroCTA]o) were 2.5:1 and 300:1, respectively.
The polymerization solution was purged with nitrogen for 30
min before being allowed to react at 30 °C for 24 h. The final
polymers were isolated by precipitation from ethanol into a
50× excess of pentane/ether (3:1 v/v). The polymer
precipitant was rinsed with neat pentane and dried under
vacuum overnight. The polymers were dissolved in deionized
water and further purified by passing them through PD10
desalting columns. The final dry polymers were obtained via
lyophilization. The diblock copolymer was characterized by
SEC to be 22 000 g/mol with a PDI of 1.88 from the measured
dn/dc of 0.081. 1H NMR was used to determine the
composition of the second block to be 27% PAA, 24%
DMAEMA, and 49% BMA, by evaluating the peaks between 3.9
and 4.2 ppm (representing HPMA, BMA, and DMAEMA),
peak at 2.4 ppm (resonance peak of DAEMA), and the
backbone peaks. The proportion of PAA was back-calculated
from integrating the entire backbone peak and subtracting the
protons associated with the other protons from HPMA,
PDSMA, DMAEMA, and BMA.

Synthesis of Poly[(HPMA-co-PDSMA)-b-(methyl meth-
acrylate) (MAA)] Non-pH-Responsive Control Polymer.
The control polymer was prepared by adding the poly(HPMA-
co-PDSMA) macroCTA (0.066 g, 7.92 μmol) to a solution of
MAA (0.278 g, 2.77 mmol) in dimethylformamide (DMF)
(0.416 g) such that the final solvent concentration was 55% by
weight. The initial macroCTA to AIBN initiator (0.125 mg)
ratio ([macroCTA]o/[I]o) and initial monomer to macroCTA
([M]o/[macroCTA]o) were 10:1 and 350:1, respectively. The
polymerization solution was purged with nitrogen for 30 min
before being allowed to react at 30 °C for 6 h. The final
polymers were isolated by precipitation from DMF into a 50×
excess of ether. The polymer precipitant was rinsed with neat
ether and dried under vacuum overnight. The polymers were
dissolved in deionized water and further purified by passing
them through PD10 desalting columns. The final dry polymers
were obtained via lyophilization. The diblock copolymer was
characterized by SEC to be 17 300 g/mol with a PDI of 1.04
from the measure dn/dc of 0.0963.

Polymer Characterization. Absolute molecular weights
and polydispersities (PDIs) were determined via SEC laser light
scattering (LLS) using a Optimlab T-rEX (Wyatt) equipped
with miniDAWN TREOS (Wyatt) for light scattering,
refractive index, and UV. HPLC-grade DMF containing 0.1
wt % LiBr at 60 °C was used as the mobile phase at a flow rate
of 1 mL/min. Copolymer composition was determined via 1H
NMR spectra, which were recorded on a Bruker AV301 in
deuterated methanol (CD3OD) at 25 °C. A deuterium lock
(CD3OD) was used, and chemical shifts were determined in
ppm at 3.35 and 4.78 (CD3OD). Polymer concentration was
7.5 mg/mL. Copolymer morphology was determined via 1H
NMR spectra and was recorded on a Bruker AV500 in CD3OD
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and deuterated oxide (D2O) at 25 °C. Polymer concentration
was 12.5 mg/mL.
Critical Micelle Concentration (cmc) via ANS Fluo-

rescence. The cmc for the diblock copolymer was determined
using a fluorescent probe, 1-anilino-8-naphthalene sulfonate
(ANS). The ANS was dissolved in ethanol to form a 100 μM
stock solution. Polymer concentration was varied from 1 to 100
μg/mL with a set ANS concentration of 5 μM. The various
polymer solution (95 μL) was incubated with ANS stock
solution (5 μL) for 1 h in a black 96-well Nunc plate. The
fluorescence spectra (excitation, 390 nm; emission, 550 nm)
were recorded using a Tecan Safire 2 microplate reader. The
cmc was estimated to be the concentration corresponding to
the half-width intensity at 550 nm between low and high
plateau regions.
Transmission Electron Microscopy (TEM). A 1.0 mg/mL

solution of poly[(HPMA-co-PDSMA)-b-(BMA-co-DMAEMA-
co-PAA)] in PBS was applied to a carbon-coated copper grid
for 30 min, fixed in Karnovsky’s solution, and washed in
cacodylate buffer and water. The grid was stained with a 6%
solution of uranyl acetate for 15 min and then dried until
analysis. Transmission electron microscopy was carried out on
a Tecnai G2 F20, 200 kV scanning transmission electron
microscope (S/TEM).
Dynamic Light Scattering. Particle sizes of polymer alone

or polymer−siRNA conjugates were measured by dynamic light
scattering (DLS) using a Malvern Zetasizer Nano ZS.
Lyophilized polymer was dissolved in 100% ethanol at 10−50
mg/mL, then diluted 10-fold into phosphate buffer, pH 7.4.
Polymers were analyzed in phosphate buffered saline, pH 7.4
(PBS), at 0.1 mg/mL for polymer alone and polymer−siRNA
conjugates. Polymers and polymer−siRNA conjugates were
filtered with a 200 nm filter prior to measurement.
siRNA Conjugation via Thiol Exchange. The number of

thiol reactive pyridyl disulfide groups on the diblock copolymer
was determined by following the release of pyridine-2-thione at
343 nm following a 60 min incubation period in pH 7.4
phosphate buffered saline (PBS) (137 mM NaCl, 2.7 mM KCl,
8 mM Na2HPO4, and 2 mM KH2PO4). The thiolated siRNA
was reduced (GAPDH and SCR sequences) by combining 20
μL of thiolated siRNA stock solution (500 μM) with 45 μL of
RNase-DNase free water and 50 μL of DTT (0.1 M) with 3 μL
of triethylamine (TEA) (all values are per number of
reactions).42 Mixtures were incubated for 30 min, and the
thiolated siRNA was isolated by precipitation into water
saturated with ethyl acetate. The lyophilized diblock polymer
was predissolved in 100% ethanol and then diluted 10-fold into
phosphate buffer (RNase-DNase free), pH 7.4, at a final
concentration of 2.5 mg/mL. Varying molar ratios of reactive
PDS groups on polymer determined via TCEP reduction (1, 2,
5, 10, 20) were immediately added to siRNA solution (10 nmol
of siRNA). Sterile phosphate buffer (RNase-DNase free), pH
7.4, was added to the final reaction have siRNA concentration
of 11 μM and reacted at 37 °C for 12 h. The degree of siRNA
conjugation to the block copolymer was determined by
measuring the release of pyridine-2-thione at 343 nm using
an extinction coefficient of 8.08 × 103 M−1 cm−1.
Gel Shift Assay. To determine the polymer to thiol ratio at

which complete siRNA conjugation occurs, gel retardation
assays were conducted at varying molar ratios of polymeric PDS
groups to thiolated siRNA. Ratios of 1:1, 2:1, 5:1, 10:1, and
20:1 (polymer reactive PDS groups to siRNA) were evaluated.
A 2% agarose gel was loaded with each lane containing 1 μg of

free siRNA or siRNA conjugated with varying quantities of
diblock copolymer. An amount of 2 μL of a 0.1 M DTT
solution was reacted with the conjugates for 1 h prior to loading
on gel to evaluate the reversibility of the siRNA conjugation. An
amount of 5 μL of 2.5% SDS solution was combined to siRNA
conjugates to determine if electrostatic interactions were
driving complexation rather than conjugation. Nonthiolated
siRNA and the same polymer to siRNA ratios were also
evaluated as controls. The gels were run at 100 V for 1 h and
then stained with SYBR Safe dye diluted 1:5000 for 30 min for
UV visualization.

Red Blood Cell Hemolysis Assay. pH responsive
membrane destabilizing activity was assayed by titrating
polymer alone or polymer−siRNA conjugates into preparations
of human red blood cells (RBCs) and determining membrane-
lytic activity by hemoglobin release (determined by measuring
absorbance at 540 nm) under five different pH conditions.
RBCs were isolated by centrifugation from whole blood
collected in vaccutainers containing EDTA. RBCs were washed
3 times in normal saline and brought to a final concentration of
2% RBCs in PBS at a specific pH (5.8, 6.2, 6.6, 7.0, or 7.4).
Polymer alone or polymer−siRNA conjugates were evaluated at
20 and 40 μg in triplicate at each pH. RBCs with polymer alone
or polymer−siRNA conjugates were incubated at 37 °C for 60
min and centrifuged to remove intact RBCs. Supernatants were
transferred to a transparent 96-well plate, and absorbance was
determined at 540 nm. Percent hemolysis is expressed as A540
sample/A540 of 1% Triton X-100 treated RBCs (control for
100% lysis).

Cytotoxicity Measurements. Free diblock copolymer
toxicity was evaluated in HeLa cells using the CellTiter
96AQueous One solution cell proliferation assay (MTS)
(Promega Corp., Madison, WI). HeLa cells were seeded in
96-well plates at a density of 3000 cells/cm2 and allowed to
adhere overnight. The medium was then replaced with 200 μL
of fresh medium containing the diblock copolymer at the
appropriate concentrations. Polymer cytotoxicity was evaluated
in triplicate after 12 h using the CellTiter MTS assay according
to the manufacturer’s instructions. The absorbance at 490 nm
was evaluated using Tecan Safire 2 microplate reader, and
untreated cells in the medium were used as a negative control.
The cytotoxicity of diblock copolymer and siRNA−polymer

conjugates for normalization in the GAPDH protein assay was
determined by assaying for cell metabolic activity. HeLa cells
were seeded in 96-well plates at a density of 3000 cells/cm2 and
allowed to adhere overnight. Conjugates were formed with
GAPDH siRNA at concentrations up to 100 nM siRNA/well
(200 μL volume). Samples were added to wells in triplicate.
After cells had been incubated for 24 or 48 h with the polymer
or polymer−siRNA conjugates, the cells were lysed with
KDalert lysis buffer and incubated at 4 °C for 20 min. An
amount of 40 μL of cell lysate from each sample was then
transferred to a fresh transparent 96-well plate and diluted with
60 μL of PBS buffer (pH 7.4). An amount of 100 μL of lactate
dehydrogenase (LDH) reagent mix was then added to each
well (Roche). The coupled enzymatic reaction occurred within
5 min at 25 °C, and fluorescence (490/650 nm) was
determined according to the manufacturer’s instructions.
Percent viability is expressed as a function of 1% Triton X-
100 treated cells (control for 0% viability).

Measurement of siRNA Knockdown Activity Using
Quantitative PCR. Knockdown activity of siRNA−poly-
[(HPMA-co-PDSMA)-b-(BMA-co-DMAEMA-co-PAA)] com-
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plexes was assayed in 96-well format by measuring specific gene
expression after 24 and 48 h of treatment with polymer−siRNA
conjugates. Polymer and GAPDH targeting siRNA or negative
control siRNA were mixed as described above and allowed to
conjugate overnight before the addition to HeLa cells in 200 μL
of normal medium containing 10% FBS. Final siRNA
concentration was evaluated at 50 nM. Total RNA was isolated
24 and 48 h after treatment, and GAPDH expression was
measured relative to the internal normalizer gene, B-actin, by
quantitative PCR.
Measurement of siRNA Knockdown Activity by

Measuring GAPDH Protein. HeLa cells were seeded in 96-
well plates at a density of 3000 cells/cm2 and allowed to adhere
overnight. Conjugates were formed with GAPDH siRNA or
negative control siRNA to attain concentrations up to 50 nM
siRNA (200 μL volume). Ratios of 1:1, 2:1, 5:1, 10:1, and 20:1
(polymer PDS groups to siRNA) were evaluated. Samples were
added to wells in triplicate. After cells had been incubated for
24 or 48 h with the polymer or polymer−siRNA conjugates, the
cells were lysed and incubated at 4 °C for 20 min. The KDalert
GAPDH assay kit (Ambion) was used to determine GAPDH
protein levels. An amount of 10 μL of cell lysate from each
sample was then transferred to a fresh black 96-well plate, and
90 μL of KDalert master mix was then added to each well.
Fluorescence levels for each well were then read immediately
after addition of the master mix (λex = 560 nm and λem = 590
nm). Identical measurements were then repeated after 4 min.
GAPDH activity was determined by the difference of the two
readings. Values were then normalized to total lactate
dehydrogenase (LDH) protein content via lysate analysis
with LDH cytotoxicity kit (Roche) as previously described.
Polymer siRNA Conjugate Internalization by Fluo-

rescence Microscopy. Internalization of diblock siRNA
conjugates was visualized by fluorescence live-cell microscopy.
HeLa cells were seeded in 96-well plates at a density of 15 000
cells/cm2 and allowed to adhere overnight in Lab-Tek II
chambered coverglass slides (NUNC, Rochester, NY). Polymer
and polymer−siRNA conjugates were bound to Alexa-488-label
streptavidin (4:1 M polymer to streptavidin) through the biotin
RAFT agent after a 1 h incubation. Cells were treated with a 30
min incubation of polymer, polymer−siRNA conjugate, or
streptavidin alone to look at internalization of the carrier at 1 h.
Then a 25 nM steptavidin dose was administered to all sample
groups. Chamber slides were placed on a live-cell fluorescence
microscope (Nikon Ti-E) equipped with an environmental
control chamber at 37 °C. Cells were imaged with a mercury
lamp and a 100× objective using the following filter sets for
AF488 and DAPI. Z-sections of the cells (step size 0.4 μm)
were acquired, and after image acquisition image stacks were
deconvolved using the object-based measurement software
Volocity (Perkin-Elmer) to focus fluorescence. To deconvolve
image stacks, point spread functions were calculated for the
green and blue channels and applied using 25 iterations to
reach a near 100% confidence interval.

■ RESULTS
Polymer Synthesis and Characterization. RAFT poly-

merization methodology was employed in order to prepare the
macro chain transfer agent (macroCTA) composed predom-
inately of the hydrophilic HPMA with 10 mol % (feed) of a
thiol-reactive PDSMA comonomer as shown in Scheme 1.
Aqueous conditions were selected for the copolymerization of
the methacrylamido-based comonomers, as they have been

shown to provide excellent control over the molecular weight
and polydispersity at lower initiator concentrations leading to
materials high chain end retention of the thiocarbonylthio
groups.49,50 In order to facilitate solubilization of the poorly
water-soluble PDSMA comonomer, 33% ethanol by volume
was added to the aqueous polymerization solution. These
conditions provided excellent control over the copolymeriza-
tion as evidenced by the narrow and symmetric molecular
weight distribution (Supporting Information Figure S1) and
yielded a copolymer with a molecular weight and polydispersity
of 9300 g/mol and 1.07, respectively. Incorporation of both
comonomers in the copolymer as well as retention of PDS
functionality was determined by 1H NMR spectroscopy in
CD3OD. Comparison of the HPMA methyne resonance at 3.78
ppm to the PDSMA aromatic resonances at 8.45 ppm suggests
that approximately 6% PDSMA was incorporated into the
polymer compared to 10% in the feed (Table 1).
The resultant copolymer was subsequently employed as a

macroCTA for block copolymerization of PAA, DMAEMA, and
BMA. The polymerization was conducted in DMAc at 30 °C
for 24 h. Although broadening of the molecular weight
distribution was observed for the diblock copolymer, a clear
shift to lower elution volumes is observed (Supporting
Information Figure S1). Evaluation of the copolymer
composition via 1H NMR spectroscopy indicates approximately
49 mol % BMA content in the second block with approximately
equimolar quantities of of PAA and DMAEMA making up the
remainder (Figure 1). Also evident from the 1H NMR
spectrum is the presence of aromatic resonances associated
with the PDS pyridine ring. Because the absolute concentration
of PDSMA residues in the block copolymer is critically
important for conjugation of thiolated siRNA, a TCEP
reduction assay was also conducted to corroborate the values
determined by 1H NMR. In this assay the copolymer was
dissolved in PBS buffer and incubated with 50 mM TCEP for 1
h in order to reduce disulfide bonds. It was determined that the
number of PDS groups retained on the polymer was
approximatey 1.9 compared to 2 PDS groups per polymer by
NMR. A non-pH-reponsive control polymer containing a
methyl methacrylate (MMA) based core (poly[(HPMA-co-
PDSMA)-b-(MAA)]) was also synthesized via RAFT polymer-

Scheme 1. Synthetic Structure, Molecular Weight, and
Chemical Composition of the Diblock Copolymer for siRNA
Conjugations Employed in These Studies
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ization and had an overall molecular weight of 17 300 g/mol
with a PDI of 1.04.
Diblock Copolymer Morphology. Spectroscopic con-

firmation of the anticipated micellar morphology with a
poly(HPMA-co-PDSMA) segment making up the corona and
the poly(PAA-co-DMAEMA-co-BMA) segment making up the
core was provided by 1H NMR. Analysis of copolymer in
deuterated methanol, which acts as a solvent for both block
copolymer segments, shows resonances associated comonomer
residues present in both blocks. This is clearly shown in Figure
2 where resonances associated with HPMA residues (iii, iv) as
well as DMAEMA (i, v) and BMA (ii, vi, vii) are observed
together. In contrast, NMR analysis of the diblock copolymer in
D2O shows a strong attenuation of resonances associated with
the poly(PAA-co-DMAEMA-co-BMA) segment. This is illus-
trated in Figure 2 most notably by the disappearance ester
resonances (DMAEMA and BMA; i, ii) at 4.2 and 4.0 ppm,
respectively, as well as an almost complete disappearance of the
strong DMAEMA dimethyl resonance (v) at 2.4 ppm. These
results, taken together, strongly suggest the association of the
diblock copolymers under aqueous conditions to form core
shell particles. The peaks corresponding to the proton adjacent
from the hydroxyl on HPMA (3.8 ppm) (iii) and the protons
adjacent from the amide of HPMA (3.0 ppm) (iv) retain their
intensity.
Self-assembly of the diblock copolymers into a micelle-like

morphology under aqueous conditions was further supported
by conducting dynamic light scattering measurements as a
function of solution pH. Polymer and polymer siRNA
conjugates were prepared in 1× PBS solutions (0.1 mg/mL)
at pH 7.4, 6.6, and 5.8. Under physiological conditions, a
hydrodynamic diameter from 25 to 27 nm was observed for
polymer and siRNA−polymer conjugates (ratio of 20:1 PDS to
siRNA); this is indicative of the expected micelle morphology.
Under more acidic environments representative of the
endocytosis pathway, a reduction in the hydrodynamic

diameter was observed to below 10 nm, which is consistent
with unimers and micelle disruption. This transition occurs
when DMAEMA residues in the core-forming block become
increasingly protonated, building up an excess cationic charge
as PAA is protonated and becomes neutral. No significant size
difference was observed with the addition of a reducing agent,
TCEP, in solution under these conditions.
The critical micelle concentration (cmc) for the diblock

copolymer was determined by following the change in
fluorescence intensity of 8-anilino-1-naphthalenesulfonic acid
(ANS) as a function of block copolymer concentration. ANS
shows a significant increase in fluorescence intensity as well as a
blue shift upon translocation from an aqueous solution to a
nonpolar environment. By evaluation of the fluorescence
intensity of ANS at 550 nm (370 nm excitation), it was
possible to follow the transition of the diblock copolymer from
an associated micellar state to unimers. Low ANS fluorescence
is observed below a diblock copolymer concentration of
approximately 10 μg/mL, while above this concentration a
sharp increase in fluorescence occurs indicating a transition
from unimers to micelles (Supporting Information Figure S2A).
Measurements of the half-width intensity between low and high
plateau regions indicate a cmc of ∼25 μg/mL for the diblock
copolymer derived micelles. Additional evidence that the
diblock copolymer exists in particle morphology was evaluated
by electron microscopy (Supporting Information Figure S2B).
From the electron micrograph the average diameters of the
particles, which appear spherical, are sub-50 nm.

Polymer−siRNA Conjugation and Characterization by
Gel Electrophoresis. To conjugate polymer and siRNA via

Table 1. Molecular Weight and Chemical Composition of the Diblock Copolymer for siRNA Conjugations Employed in These
Studies

polymer composition (feed) compositiona (exp) Mn
b (g/mol) PDIb (Mw/Mn)

(HPMA61PDSMA2) 90:10 94:6 9300 1.07
(HPMA61PDSMA2)-b-(PAA30DMAEMA19BMA44) 30:30:40 27:24:49 22000 1.88

aAs determined by 1H NMR (CD3OD) spectroscopy (Bruker AV 500) (Figure 1). bAs determined by size exclusion chromatography.

Figure 1. 1H NMR spectra of the macroCTA and diblock copolymer
in deuterated methanol (CD3OD) at 25 °C: (a) is one proton from
PDSMA, (e) is one proton from HPMA, (j) is two protons from
DMAEMA, (k) is two protons from BMA, (m) is six protons from
DMAEMA and the sum of protons from 0.5 to 3.1 ppm are from
HPMA (10), DMAEMA (13), PDSMA (9), PAA (9), and BMA (12). Figure 2. 1H NMR spectra of the poly[(HPMA-co-PDSMA)-b-(PAA-

co-DMAEMA-co-BMA)] in deuterated methanol (CD3OD) and
deuterated oxide (D2O) at 25 °C represent polymer morphology
based on environment. Resonances are associated with HPMA
residues (iii, iv) as well as DMAEMA (i, v) and BMA (ii, vi, vii)
fully solvated in CD3OD, while a strong attenuation of resonances
associated with DMAEMA (i, v) and BMA (ii) at 4.2, 2.4, and 4.0
ppm, respectively, is observed in D2O.
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reducible disulfide linkages, thiolated siRNA molecules were
first reduced with DTT for 30 min and then reacted with the
PDS−functional diblock copolymer overnight at 37 °C.
Polymer−siRNA conjugation efficiency was determined via
agarose gel electrophoresis and by analysis of pyridine-2-thione
release. Thiol to PDS ratios of 1:1, 1:2, and 1:10 (thiol to
polymer, ∼1:0.5, 1:1, and 1:5) were evaluated in order to
determine the minimum ratio necessary to achieve complete
siRNA conjugation. This value was determined to be 1:10
(thiol to polymer, ∼1:5) as evidenced by gel electrophoresis
where a complete disappearance of the free siRNA band is
observed at this ratio (Supporting Information Figure S3). As
expected, siRNA conjugations conducted at a thiol to PDS ratio
of 1:20 also showed complete siRNA conjugation (Figure 3).

Following incubation with DTT, a disulfide reducing agent that
cleaves the siRNA−polymer linkage, electrophoresis of the
conjugates resulted in a reappearance of the free siRNA band.
Following incubation with SDS, which disrupts micelle
formulation, electrophoresis of the conjugates indicated no
band corresponding to free siRNA, suggesting that the siRNA
molecules remained conjugated to the unimer form of the
polymer. Complete siRNA reduction from the polymeric
system was observed under the presence of DTT and SDS
perhaps because the DTT was allowed access to the bond
without steric hindrance from the micelle formation. Control
experiments in which nonthiolated siRNA was incubated in the
presence of the diblock copolymer did not result in any visible
associations with the polymer. Comparison of thiolated
GAPDH siRNA to the corresponding scrambled sequence
showed negligible differences in the pyridine-2-thione release,
particle sizes, and conjugation reversibility assays. In addition,
siRNA conjugation was successful at this ratio to the non-pH-
responsive control polymer (data not shown).
pH-Responsive Membrane Destabilizing Activity. The

pH-responsive membrane destabilizing activity of diblock
copolymer was assayed using a red blood cell hemolysis
assay. Five different pH conditions were used to mimic the
transitions within the endosomal pH environments ranging
from extracellular pH 7.4 to late endosome pH 5.8. Membrane
destabilization is thought to occur through a combination of
ionic localization of the polymer on the membrane surface and
hydrophobic interaction of the nonpolar butyl methacrylate
with the membrane lipids. To test whether conjugation of the
diblock copolymer to a hydrophilic nucleic acid interfered with

the intrinsic membrane disruptive properties of the polymer,
hemolysis experiments were conducted on both the polymer
alone and the polymer−siRNA conjugates for both the
GAPDH and SCR siRNA sequences with a final polymer
concentration at 40 μg/mL (Figure 4). No significant

hemolytic activity was observed at pH 7.4 for polymer and
polymer−siRNA conjugates. Significant increases in red blood
cell lysis were observed as pH was reduced to 6.2. Under these
conditions, similar hemolytic properties were observed between
the both GAPDH and SCR sequence siRNA−polymer
conjugates. The maximum hemolytic activity was approximately
one-third of the value for free polymer alone, suggesting that
the RNA does attenuate the membrane-destabilizing activity
when conjugated. Attenuation of the polymer intrinsic
membrane disruptive properties, as shown by the red blood
cell hemolysis assay, is generally proposed to be a result of
altering the individual polymer chain’s hydrophilic−hydro-
phobic balance. The pH-responsive segment becomes sharply
membrane destabilizing as the propyl acrylic acid is protonated
to neutrality, where the alkyl segment can destabilize
membrane packing together with the butylmethacrylate alkyl
segments. More specifically, there could also be activity
reducing effects of ionic interactions between the negatively
charge siRNA and the endosomolytic segment as the pH drop
increases the net positive charge of this block. The non-pH-
responsive control polymer and siRNA−polymer conjugates
exhibited no hemolytic activity at all pH ranges.

Polymer−siRNA Conjugate Internalization. In order to
evaluate the presence of polymer−siRNA conjugates within the
HeLa cells, nanoparticles were incubated for 1 h at room
temperature with an Alexa-488 labeled streptavidin (SA) to
bind the biotin on the RAFT chain transfer agent. The SA−
polymer−siRNA conjugates were then added to the cell
medium at a dose of 25 nM. After a 30 min incubation with
the SA−polymer−siRNA conjugates and a medium wash, cells
demonstrated robust intracellular fluorescence, suggesting that
internalization had occurred. Free SA alone was not visualized
within the cells (Supporting Information Figure S4).

Figure 3. Gel retardation assay validating polymer−siRNA conjugation
via a reducible disulfide bond, 1 μg siRNA/lane: free thiolated siRNA
(lane 1), 20:1 (reactive PDS groups on polymer to thiolated siRNA)
polymer−siRNA conjugate (lane 2); polymer−siRNA conjugate and
0.1 M DTT (lane 3); polymer−siRNA conjugate and 1% SDS (lane
4); polymer−siRNA conjugate, 0.1 M DTT, and 1% SDS (lane 5);
free polymer (lane 6).

Figure 4. Hemolysis of the poly[(HPMA-co-PDSMA)-b-(PAA-co-
DAEMA-co-BMA)] diblock copolymer, poly[(HPMA-co-PDSMA)-b-
(PAA-co-DAEMA-co-BMA)] diblock copolymer−siRNA conjugates
(Conj. 1), and poly[(HPMA-co-PDSMA)-b-(MMA)] diblock copoly-
mer−siRNA conjugates (Conj. 2) both at a 20:1 of the reactive PDS
groups on the polymer to thiolated siRNA at pH concentrations of 5.8,
6.2, 6.6, and 7.4 of 40 μg polymer/mL. Hemolytic activity is
normalized relative to a positive control, 1% v/v Triton X-100, and the
data represent a single experiment conducted in triplicate ± standard
deviation.
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siRNA Conjugates Are Active in Vitro. The knockdown
activity of the pH-responsive siRNA−polymer conjugate was
evaluated in HeLa cells. siRNA directed against GAPDH (or a
scrambled negative control) was conjugated to the polymer
carrier and added directly to HeLa cells in medium containing
10% FBS for a 48 h continuous incubation. The final siRNA
concentration was evaluated at 50 nM for the polymer−siRNA
conjugates and 25 nM for the commercially available siRNA
delivery agent Hiperfect. The high intrinsic toxicity of Hiperfect
limited the maximum siRNA dose for the control to 25 nM.
Above this concentration a substantial loss in cell viability was
observed. Specific gene knockdown activity was then measured
24 and 48 h after transfection via real-time quantitative PCR
(Figure 5A). GAPDH−polymer conjugates successfully re-
duced GAPDH mRNA to 17% and 11% control at 24 and 48 h,
respectively. Negative control SCR−polymer conjugates did
not show any knockdown GAPDH mRNA activity at either

time point. Cell toxicity was evaluated with an MTS assay, and
it verified that the polymer and polymer−siRNA conjugates up
to 3 orders of magnitude above reasonable siRNA doses are
nontoxic in Helas cells (Supporting Information Figure S5).
The ability of the siRNA−polymeric conjugates to deliver

active siRNA was further evaluated by assaying the amount of
GAPDH protein in HeLa cells (Figure 5B). GAPDH protein
knockdown activity was then measured 24 and 48 h after
transfection via KDalert GAPDH assay kit. GAPDH−polymer
conjugates successfully reduced GAPDH protein levels to 50%
of controls at 24 h of incubation and 35% of controls at 48 h of
incubation at 50 nM siRNA dose in HeLas. Negative control
SCR−polymer conjugates failed to exhibit GAPDH protein
knockdown. To evaluate the effect of the polymer on the ability
to effect siRNA knockdown, various ratios of conjugated siRNA
to polymer were tested at a fixed siRNA dose of 50 nM. A
higher dose of polymer (lower siRNA to polymer ratio during

Figure 5. (A) GAPDH mRNA knockdown in HeLa cells was measured using real time RT-PCR following a 24 and 48 h incubation with the
poly[(HPMA-co-PDSMA)-b-(PAA-co-DAEMA-co-BMA)] diblock copolymer−siRNA conjugates (Con. 1) and poly[(HPMA-co-PDSMA)-b-
(MMA)] diblock copolymer−siRNA conjugates (Con. 2) both at a 20:1 of the reactive PDS groups on the polymer to thiolated siRNA at 50 nM
doses. Scrambled siRNA conjugates and a commercially available transfection reagent, Hiperfect, were used as negative and positive controls,
respectively. The data are represented with a N = 6 ± standard error. (B, C) GAPDH protein knockdown in HeLa cells was measured using KDalert
GAPDH assay following 24 and 48 h incubation periods with poly[(HPMA-co-PDSMA)-b-(PAA-co-DAEMA-co-BMA)] diblock copolymer−siRNA
conjugates (12.5, 25, and 50 nM siRNA dose). Data were normalized with an LDH toxicity assay. Scrambled siRNA conjugates and a commercially
available transfection reagent, Hiperfect, were used as negative and positive controls, respectively. The data are represented with a N = 6, ±standard
deviation.

Figure 6. (A) GAPDH mRNA knockdown in HeLa cells was measured using real time RT-PCR following a 24 h incubation with the poly[(HPMA-
co-PDSMA)-b-(PAA-co-DAEMA-co-BMA)] diblock copolymer−siRNA conjugates at a 1:2.5, 1:5, and 1:10 of the thiolated siRNA to the diblock
copolymer at a 50 nM siRNA dose. A commercially available transfection reagent, Hiperfect, was used as a positive control. The data are represented
with a N = 6, ±standard error. (B) GAPDH protein knockdown in HeLa cells was measured using KDalert GAPDH assay following a 48 h
incubation period with poly[(HPMA-co-PDSMA)-b-(PAA-co-DAEMA-co-BMA)] diblock copolymer−siRNA conjugates (50 nM GAPDH siRNA
dose) with a range of siRNA to diblock copolymer ratios. Data were normalized with an LDH toxicity assay. A commercially available transfection
reagent, Hiperfect, was used as a positive control. The data are represented with a N = 6, ±standard deviation.
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conjugation) in the siRNA−polymer conjugates resulted in a
greater ability to knockdown GAPDH without increasing
toxicity in this concentration range (Figure 6). Physical
mixtures of nonthiolated siRNA and polymers showed
negligible protein knockdown activity (Supporting Information
Figure S6).

■ DISCUSSION

Delivery challenges still limit the therapeutic potential of
siRNA.51 Considerable progress has been made in siRNA drug
development with liposomal carriers for liver applications.52,53

These carriers can have excellent therapeutic indices due to
both passive and intrinsic targeting to the liver. They can also
be designed to enhance endosomal release via proton sponge
and/or lipid phase effects directly on the endosomal
membrane. While lipid-based systems have led the way in the
siRNA delivery field, a critical need exists for better carriers that
work in other disease target tissues and with good toxicity
profiles. In this work have described an endosomal-releasing
siRNA delivery system that retains delivery activity within a
neutral, ampholytic diblock copolymer micelle system. The
carrier exploits a reducible disulfide conjugation strategy for
linking the siRNA to the micelle carrier. This approach allows
for direct conjugation of thiolated siRNA drugs directly to the
polymeric scaffold without the need for a polycation segment.
The cytotoxicity of our neutral corona nanocarrier is

strikingly reduced compared to the polycation corona
composition with negligible toxicity observed in HeLa cells
even after 24 h of continuous exposure at 500 μg/mL
polymer.44 Successful disulfide formation between thiolated
siRNA and the PDS functional polymer was quantitated via
pyridine-2-thione release and agarose gel electrophoresis. These
studies suggest that greater than 95% siRNA conjugation was
observed at a siRNA to PDS ratio of 1:20. GAPDH−polymer
conjugates at 50 nM doses successfully reduced GAPDH
mRNA to 17% and 11% of the untreated control levels at 24
and 48 h, respectively. No reduction in GAPDH levels was
observed for physical mixture of the diblock copolymer micelles
with siRNA lacking thiol functionality. This finding supports
the conclusion that reversible covalent association of the siRNA
to the micelle is necessary to achieve cytoplasmic delivery.
Control experiments conducted with micelle carriers containing
an inert micelle core lacking any pH-responsive membrane
destabilizing behavior (i.e., poly(methyl methacrylate)) also
showed negligible mRNA knockdown. The strong correlation
between the hemolytic activity of the siRNA conjugates and the
ability to knock down the GAPDH protein indicate that an
endosomal releasing core provides a significant intracellular
delivery advantage in this carrier system.

■ CONCLUSIONS

Here, we have reported the development of a neutral,
ampholytic polymer micelle carrier for siRNA delivery that
exploits direct disulfide drug conjugation. By use of RAFT
polymerization, a [(HPMA-co-PDSMA)-b-(DMAEMA-co-PAA-
co-BMA)] diblock copolymer was synthesized with 2 mol %
PDS groups per polymer chain. Thiolated siRNA was reacted
with the pyridyl disulfide moieties incorporated into the
hydrophilic block to achieve approximately one to two siRNA
molecules per micelle with an average diameter of 25 nm. The
siRNA conjugates retain the pH-responsive membrane-
destabilizing activity of the parent polymer, although the

absolute activity is attenuated by conjugation. The siRNA−
polymer linkages are reducible by glutathione, and conjugation
is required for the knockdown of GAPDH mRNA and protein.
These carriers exhibit maximum mRNA and protein knock-
down at 50 nM siRNA doses in HeLa cells with a siRNA linear
dose−response curve. The effectiveness and low cytotoxicity of
this new carrier make it a promising candidate for future in vivo
siRNA delivery studies in disease models.
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