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R
NA interference (RNAi) is a naturally
occurring cellular mechanism that ul-
timately results in sequence-specific

gene knockdown and can be externally
inducedby intracellular delivery of short inter-
fering RNA (siRNA).1 Targeted gene knock-
down via siRNA delivery has exciting poten-
tial for the treatment of diseases caused by
aberrant gene expression.2,3 However, safe
and efficient intracellular siRNA delivery
remains a challenging obstacle.
Promising siRNA delivery strategies have

been suggested that employ lipid-based,4,5

inorganic,6�8 or polymeric materials9�11 si-
milar to those designed for DNA delivery.
Certain siRNAdeliverymaterial design param-
eters can be addressed using the same

materials found to effectively deliver DNA.
Cationic polymers with high buffering
capacities, such as poly(ethylenimine) (PEI),
promote nucleic acid compaction and protec-
tion, cellular internalization, and endosomal
escape.12 Polymer degradability such as that
afforded by hydrolytically cleavable poly-
(β-amino ester)s (PBAE)s results in cargo re-
lease far superior to nondegradable PEI.13

Two key delivery obstacles specific to
siRNA are unstable particle formation and
cytoplasmic targeting. The former concern
results from the relatively small size and
rigidity of siRNA, which is ∼200 times smal-
ler than most plasmids used for DNA deliv-
ery and is stiffer than DNA.14,15 Shorter
length results in reduced mutivalency of
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ABSTRACT siRNA nanomedicines can potentially treat many human diseases,

but safe and effective delivery remains a challenge. DNA delivery polymers such as

poly(β-amino ester)s (PBAEs) generally cannot effectively deliver siRNA and require

chemical modification to enable siRNA encapsulation and delivery. An optimal siRNA

delivery nanomaterial needs to be able to bind and self-assemble with siRNA

molecules that are shorter and stiffer than plasmid DNA in order to form stable

nanoparticles, and needs to promote efficient siRNA release upon entry to the

cytoplasm. To address these concerns, we designed, synthesized, and characterized an array of bioreducible PBAEs that self-assemble with siRNA in aqueous

conditions to form nanoparticles of approximately 100 nm and that exhibit environmentally triggered siRNA release upon entering the reducing

environment of the cytosol. By tuning polymer properties, including bioreducibility and hydrophobicity, we were able to fabricate polymeric nanoparticles

capable of efficient gene knockdown (91 ( 1%) in primary human glioblastoma cells without significant cytotoxicity (6 ( 12%). We were also able to

achieve significantly higher knockdown using these polymers with a low dose of 5 nM siRNA (76 ( 14%) compared to commercially available reagent

Lipofectamine 2000 with a 4-fold higher dose of 20 nM siRNA (40 ( 7%). These bioreducible PBAEs also enabled 63 ( 16% gene knockdown using an

extremely low 1 nM siRNA dose and showed preferential transfection of glioblastoma cells versus noncancer neural progenitor cells, highlighting their

potential as efficient and tumor-specific carriers for siRNA-based nanomedicine.
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electrostatic interactions between a cationic polymer
and anionic siRNAmolecule, while rigiditymay prevent
siRNA from conforming into shapes favorable for
binding and nanoparticle (NP) self-assembly. In addi-
tion, cytoplasmic targeting of siRNA is required for
optimal gene knockdown, as the cytosol is the site of
RNAi-induced mRNA degradation.16 Polymer bio-
reduction by glutathione (GSH) in the reducing cyto-
plasmic environment is a simple and specific method
to engineer triggered cytoplasmic siRNA release.17 This
can be achieved by the inclusion of bioreducible
disulfide linkages as a cross-linking agent,18 adjacent
to cationic groups on polymer end-caps19,20 or along
the polymer backbone.21

The use of bioreducible moieties in other siRNA
delivery vehicles has met with success in the past.
Linear, low-molecular weight PEI segments linked with
disulfide bonds were shown to be as effective as
commercially available, branched 25 kDa PEI (bPEI)
but less cytotoxic. In particular, this material was cap-
able of roughly 50% knockdown of a fluorescent
marker gene during in vitro, serum-free siRNA delivery
to Chinese hamster ovary cells (CHO-K1) using 100 nM
siRNA.9 Disulfide-containing poly(amido amine)s have
shown successful in vitro siRNA delivery in human head
and neck carcinoma cells (UM-SCC-14C),22 nonsmall
cell lung carcinoma (H1299),11 and human prostate
cancer cells in which ∼80% knockdown was achieved
with 30 nM siRNA.23 The KALA peptide (a 30-residue
peptide containing 3 Lys-Ala-Leu-Ala repeats)24 mod-
ified with cysteine residues and cross-linked to form a
bioreducible polymer was electrostatically complexed
with PEGylated siRNA.25 This delivery system achieved
nearly 50% gene knockdown in vitro in 10% serum-
containing media to MDA-MB-435 melanoma cells
using ∼60 nM siRNA. PBAEs containing disulfides in
the polymer end-caps achieved ∼70% knockdown in
human umbilical vein cells in an in vitro study in which
60 nM siRNA was delivered in the presence of 2%
serum.26

Recently, we have shown the synthesis and charac-
terization of a single linear PBAE with disulfide bonds
along the polymer backbone.21 In our current work, we
sought to improve siRNA delivery with bioreducible
PBAE-based nanoparticles by specifically addressing
the instability of siRNA nanoparticles and the need for
cytoplasmic targeting. We wanted to engineer a class
of polymers for siRNA nanoparticle formation and
efficient siRNA delivery by balancing polymer bioredu-
cibility and hydrophobicity, as PBAE hydrophobicity
may enhance particle stability and has been shown to
promote enhanced delivery of both DNA and
siRNA.19,27 Polymer bioreducibility was used to reduce
potential cytotoxicity and to impart cytoplasmic tar-
geting of siRNA release. To further elucidate ideal
siRNA delivery criteria, we also examined the effects
of changing nanoparticle formulation parameters and

physical properties on gene knockdown and cytotoxi-
city. We also characterized the biological efficacy of
these particles in both cancer and noncancer cells. The
results presented herein show that bioreducible PBAE
chemical properties and nanoparticle physical proper-
ties can be engineered for simple, safe, effective, and
cancer-specific siRNA delivery.

RESULTS AND DISCUSSION

We were able to successfully synthesize and char-
acterize bioreducible and hydrophobic PBAEs. Bio-
reduciblemonomer 2,20-disulfanediylbis(ethane-2,1-diyl)
diacrylate BR6 was synthesized in a method similar to
Chen et al.28 Synthesis of bioreducible and hydropho-
bic polymers was achieved bymixing backbonemono-
mers 2,20-disulfanediylbis(ethane-2,1-diyl) (BR6) and
hexane-1,6-diyl diacrylate (B6) at ratios of either 1:0,
3:1, 1:1, 1:3, or 0:1 prior to polymerization with side
chain monomers 3-amino-1-propanol (S3), 4-amino-
1-butanol (S4), or 5-amino-1-pentanol (S5). Polymers
were then end-capped with small molecule 1-(3-
aminopropyl)-4-methylpiperazine (E7) (Scheme 1). As
an example, a polymer synthesized with a 3:1 BR6:B6
ratio, side chain S3, and end-capped with E7 will be
referred to as “3:1 R637” in this manuscript, while the
same polymer with a 0:1 BR6:B6 ratio will be referred to
as “637.” BR6 has almost the same structure as B6,
except that it contains a disulfide linkage. As the ratio
of BR6:B6 increases, so does the bioreducibility of the
combined polymer. Proton nuclear magnetic reso-
nance (1H NMR) was used to confirm the identity
and purity of the polymers (Supporting Information
Figure S1), while gel permeation chromatography
(GPC) was used to confirm the size and polydispersities
of the polymers (Supporting Information Table S1).
The in vitro siRNA delivery efficacy and cytotoxicity

of each of these 15 polymers was evaluated in primary
human glioblastoma (GBM 319) cells expressing con-
stitutive GFP,29 using GFP-targeting or a scrambled

Scheme 1. Polymer synthesis scheme. Diacrylate backbone
monomers BR6 and B6 were randomly copolymerized at a
ratio of X:Ywith side chain S3, S4, or S5, (demonstrated with
S4 above). The resulting acrylate-terminated base polymers
were then end-capped with small molecules E6 or E7. The
representative polymer shown above would be referred to
as “X:Y R647”.
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control siRNA (scRNA). Lipofectamine 2000 and siRNA
alone were used as controls with 20 nM siRNA. To
evaluate the effect of polymer structure, nanoparticles
were formed with all 15 polymers to yield final in vitro

concentrations of 180 μg/mL polymer and 20 nM
siRNA. These results, which are presented in Figure 1,
show interesting trends with regard to polymer bio-
reducibility and hydrophobicity. First, the results show
that as the polymer side chain becomes more hydro-
phobic, toxicity increases, a conclusion supported by
the statistical results shown in Table 1. An example is
polymer 1:1 R647 that formed nanoparticles that
caused �9 ( 11% (essentially zero) loss in metabolic
activity versus polymer 1:1 R657, which has a side chain
longer by only one hydrocarbon but formed nanopar-
ticles that caused 77 ( 13% loss in metabolic activity.
Second, the results show that polymer bioreducibility
significantly reduces cytotoxicity. For example, poly-
mers based on 1:1 BR6:B6, in which ∼50% of repeat
units are bioreducible, have dramatically less cytotoxi-
city than polymers based on 1:3 BR6:B6, in which only
∼25% of repeat units are bioreducible (Table 1). A
particular example of this extreme toxicity changewith
a small change to polymer structure is 1:1 R647, which
formed nanoparticles that caused no significant loss in
metabolic activity, versus 1:3 R647-based nanoparti-
cles, which caused a loss in metabolic activity of
83 ( 1%.
The tunable toxicities of these polymers is interest-

ing, as polymer hydrophobicity has been shown to
promote enhanced nucleic acid delivery;19,27 there-
fore, hydrophobic polymers, such as 647, may be
effective for siRNA delivery but are too toxic to have
an effective therapeutic window. By combining hydro-
phobic monomers with bioreducible ones, we have
been able to harness the useful properties of hydro-
phobicity while reducing cytotoxicity and promoting
cytoplasmic cargo release. Polymer R647, for example,
formed nanoparticles that achieved 81 ( 3% GFP
knockdown versus 3:1 R647, which achieved 91 (
1%, a significant increase (p < 0.05 by Student's t test),
resulting only from making 25% of repeat units more
hydrophobic. Another interesting result from these
studies was that eight of the polymeric nanoparticles
tested achieved significantly higher GFP knock-
down than Lipofectamine 2000 without causing sign-
ificantly higher loss of metabolic activity. An example
fluorescence image of 1:1 R647 nanoparticle treated
cells demonstrating safety and efficacy is shown in
Figure 2E.
To further elucidate the nanoparticle properties

favorable for safe and effective siRNA delivery, we
sought to examine the effects of changing nanoparticle
formulation and the resulting physical properties asso-
ciated with these changes. First, siRNA dose-dependency
was examined by delivering siRNA at final in vitro

doses ranging from 1 to 160 nM using polymer 1:1

R647 at a fixed concentration of 180 μg/mL (Figure 2A,C).
An intriguing result from this experiment is that we
were able to achieve significantly higher GFP knock-
down using only 5 nM siRNA (76 ( 14%) compared to
leading commercially available Lipofectamine 2000
with 20 nM siRNA (40 ( 7%). Importantly, none of
the formulations tested were significantly more toxic
to the cells than Lipofectamine 2000. Additionally, we
achieved 63 ( 16% GFP knockdown with as little as
1 nM siRNA, demonstrating the efficiency of these
bioreducible siRNA-containing nanoparticles. Interest-
ingly, we did not see a particularly strong siRNA dose-
dependent trend of GFP knockdown within the range
of nanoparticle formulations tested, as almost all siRNA
doses evaluated caused uniformly high knockdown. Of
the nine polymer/siRNA doses tested, seven achieved
more than 75% knockdown and were significantly

Figure 1. Gene knockdown and loss in metabolic activity of
polymers with varying bioreducibility and hydrophobicity.
Results shown include day 1 loss in metabolic activity and
day 9 gene knockdown of GFPþ GBM 319 cells transfected
with all polymers using 180 μg/mL polymer and 20 nM
siRNA targeting GFP, normalized to cells treated with the
same NP formulation using scrambled control RNA. Lipo-
fectamine 2000 is used as the control for statistical compar-
isons by one-way ANOVA with Dunnett's post-tests (*p <
0.05, **p < 0.01, ***p < 0.001).

TABLE 1. Two-Way ANOVAof Loss inMetabolic Activity of

All Polymers

two-way ANOVA results of loss in metabolic activity P-value significance

Side Chains
S3 vs S4 0.5877 ns
S3 vs S5 <0.0001 ****
S4 vs S5 0.0006 ***

Base Monomers
R6 vs 3:1 0.721 ns
R6 vs 1:1 0.2547 ns
R6 vs 1:3 <0.0001 ****
R6 vs B6 <0.0001 ****
3:1 vs 1:1 0.9266 ns
3:1 vs 1:3 <0.0001 ****
3:1 vs B6 <0.0001 ****
1:1 vs 1:3 <0.0001 ****
1:1 vs B6 <0.0001 ****
1:3 vs B6 0.7468 ns
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more effective than Lipofectamine 2000. For these
samples, knockdown correlated semilogarithmically
with siRNA dose (R2 = 0.8649).
Polymer concentration dependency was examined

by carrying out transfections with 20 nM siRNA and
varying 1:1 R647 concentrations from11.25 to 360μg/mL
(Figure 2B,D). Interestingly, GFP knockdown corre-
lated linearly with polymer concentration with R2 =
0.9440. To elucidate the mechanisms behind these
surprising results, we analyzed the nanoparticle physi-
cal properties associated with each delivery method to
determine the size, zeta potential, nanoparticle con-
centration, and siRNA loading of each formulation.
siRNA loading was calculated from the nanoparticle
concentration, total siRNA dose, and siRNA molecular
weight. Nanoparticle concentration measurements
were quantified in a manner consistent with the pro-
tocol described by Bhise et al.30

To evaluate the ability of the polymers to complex
with siRNA to form nanoparticles, we determined the
polymer/siRNA weight ratios (wt/wts) at which siRNA
became completely complexed. We performed a gel
retention assay using 1:1 R647 with wt/wts ranging
from 37.5 to 600 w/w (Figure 3). We found that siRNA
is completely bound to 1:1 R647 at wt/wts as low as
150 w/w, but not at 75 or 37.5 w/w. This study also
enabled us to validate that siRNA loading could not be
accurately calculated for nanoparticle formulations at
these lower wt/wts. To demonstrate the siRNA release

efficacy of this polymer in a reducing environment
comparable to the cytosol,17 particles were incubated
in a solution of 5 mM glutathione for 15 min prior to
electrophoresis. All formulations tested showed com-
plete siRNA release, showing that siRNA unloading can
occur within minutes of reaching the cytosol, in an
environmentally triggeredmanner, due to the disulfide
linkages in the polymer. While there are also ester
linkages in these bioreducible PBAEs, the half-life for
hydrolysis of the ester bonds in this class of materials is
on the order of hours,31 while the half-life for bioreduc-
tion of the disulfide bonds is on the order of minutes in
the presence of glutathione.21 While Figure 3 shows that
intracellular siRNA release is likely driven by disulfide
degradation, the hydrolytic degradability of the polymers
may afford an additional reduction in potential toxicity.
Nanoparticle properties were measured using the

same formulations shown in Figure 2A, in which siRNA

Figure 2. GFP knockdown and loss of metabolic activity in GFPþ GBM 319 cells transfected with various formulations of 1:1
R647 siRNA nanoparticles. All knockdown values are normalized to scrambled control RNA. (A) Transfection results using
180 μg/mL polymerwith siRNAdoses ranging from1 to 160 nM. The Lipofectamine 2000 control shown used 20 nM siRNA. (B)
Transfection results using 20 nM siRNA with polymer concentrations ranging from 11.25 to 360 μg/mL. (C) Correlation of
knockdown efficiency and varying siRNA doses with polymer concentration fixed at 180 μg/mL fitted to a semilogarithmic
line. (D) Correlation of knockdown efficiency and varying polymer concentrations with siRNA concentration fixed at 20 nM
fitted to a linear regression. (E) Phase contrast (top) and fluorescence (bottom) images of GFPþ GBM cells treated with 1:1 R647 at
180 μg/mL and 20 nM of either siRNA targeting GFP (left) or scrambled control RNA (right) NPs. Lipofectamine 2000 is used as the
control for statistical comparisons by one-way ANOVA with Dunnett's post-tests (*p < 0.05, **p < 0.01, ***p < 0.001).

Figure 3. Gel retention assay of 1:1 R647 particles formed at
varying w/w and incubated for 15min at room temperature
in the absence (top) or presence (bottom) of 5 mM GSH.
Columns above each well indicate polymer to siRNA weight
ratio (w/w).
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dose was varied from 1 to 160 nM and 1:1 R647
concentration remained the same at 180 μg/mL. Nano-
particle diameter was shown to correlate with siRNA
dose on a semilogarithmic scale (R2 = 0.9077), while
zeta potential remained consistently between 18 and
22 mV (Figure 4A). Size measurements were also
completed using 0 nM siRNA, which showed smaller
polymeric particles, 78 ( 4 nm in size. Nanoparticle
concentration remainednearly constantwith changing
siRNA dose, even with 0 nM siRNA, staying between 1.29
and 1.66� 1011 particles/mL (R2 = 0.0013). siRNA loading
was calculated and demonstrated a linear correlation
with siRNA dose (R2 = 0.9980).
We repeated the same experiments, this time using

the nanoparticle formulations shown in Figure 2B,
where siRNA dose remained constant at 20 nM
and 1:1 R647 concentration was varied from 11.25 to
360 μg/mL. Polymer concentration did not correlate
well with either nanoparticle diameter (R2 = 0.3012) or
zeta potential (R2 = 0.4280) (Figure 4B). Nanoparticle
concentration, however, fit a linear regression versus

polymer concentration (R2 = 0.9496). This resulted in
siRNA loading values that exponentially decayed with
increasing polymer concentration (R2 = 0.9989), meaning
that themost effective siRNAdelivery formulations in this
group consisted of the highest nanoparticle concentra-
tions but with the lowest siRNA loading values.
When calculating siRNA loading, we were calculat-

ing average siRNA loading across a nanoparticle batch.
We believe that siRNA loading within these batches is

also roughly uniform based on the presence of a
constant nanoparticle concentration across all siRNA
doses as well as linearly increasing nanoparticle diam-
eters with increasing siRNA dose. To further character-
ize nanoparticle size and siRNA loading, we performed
transmission electron microscopy (TEM) on 1:1 R647 at
180 μg/mL with 20 nM siRNA and compared the size
histogram results from NTA of this nanoparticle formula-
tion to the corresponding nanoparticle formulation with-
out siRNA (Figure 5). TEM shows a roughly uniform size
distribution, with the presence of a few larger particles/
aggregates (Figure 5A). This matches the NTA analysis as
well (Figure 5B). The NTA histogram of the nanoparticles
containing 20 nM siRNA (113 ( 2 nm) was distinct from
that of the smaller nanoparticles containing 0 nM siRNA
(78 ( 4 nm). Due to this greater size and monodisperse
distribution, it is most likely that as siRNA dose is in-
creased, each nanoparticle contains more siRNA per
particle, rather than a significant fraction of nanoparticles
remaining empty, which would have resulted in a bimo-
dal particle distribution.
We envision that these bioreducible siRNA nanopar-

ticles could potentially be used for local intracranial
delivery of siRNA for the treatment of glioblastoma. In
this approach, they would applied in a manner analo-
gous to the GLIADELWafer following surgical resection
of glioblastoma. Although we intend for this potential
therapeutic to be used for local delivery, rather than
systemic delivery, we also looked at transfection in
the presence of serum proteins, which are known to

Figure 4. Characterization of nanoparticle size, zeta potential, concentration, and loading of nanoparticles synthesized with
180 μg/mL 1:1 R647 and varying siRNA doses (A and C) or with 20 nM siRNA and varying polymer concentrations (B and D).
Size and concentration were measured by NTA, zeta potential was measured using DLS, and siRNA loading was calculated
from concentration. (A) Nanoparticle size positively correlates with siRNA dose on a semilogarthimic scale, while zeta
potential does not change. (B) Nanoparticle size and zeta potential do not strongly correlate with polymer concentration. (C)
Nanoparticle concentration remains consistent despite changing siRNA dose, while siRNA loading increases linearly. (D)
Nanoparticle concentration linearly increases with polymer concentration resulting in exponential decay of siRNA loading
with increasing polymer concentration.
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reduce the efficacy of many gene delivery systems. We
found that bioreducible PBAE polymers can enable
high (80( 4%) GFP knockdown in the presence of 10%
serum-containing media and knockdown can persist
for at least 2 weeks (Supporting Information Figure S2).
To evaluate the therapeutic potential of the biore-

ducible nanoparticles in vitro, primary human glioblas-
toma and primary human noncancer neural progenitor
cells were both transfectedwith the same bioreducible
nanoparticles containing siRNA that could cause cell
death to successfully transfected cells (Figure 6). We
evaluated the brain cancer killing potential of these
nanoparticles, their potential off-target cytotoxicity to

Figure 5. Characterization of nanoparticle size distribution.
(A) TEM image of nanoparticles made with 1:1 R647 at
180 μg/mL and 20 nM siRNA. (B) Nanoparticle size distribu-
tion of 1:1 R647 at 180 μg/mL and either 20 or 0 nM siRNA as
measured by NTA.

Figure 6. Delivery of death siRNA to cancer and noncancer brain cells using polymer R646. (A andB) Delivery efficacy of death
positive control siRNA to cancer (GBM 319) and noncancer (fNPC 34) cells using a range of bioreducible PBAE nanoparticle
formulations. All percent siRNA-mediated death values are calculated versus cell counts of scrambled control RNA-treated
cells. (C and D) Toxicity of nanoparticle treatments to GBM 319 and fNPC 34 cells. (E) Phase contrast images of fNPC 34 (top)
and GBM 319 (bottom) cells following treatment with nanoparticles containing 120 nM of either scrambled RNA or death
positive control siRNA.
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noncancer human primary cells, and the potential for
the nanoparticles to effectively target siRNA delivery to
brain cancer cells over healthy brain cells.
To accomplish this goal, we optimized siRNA deliv-

ery to human fetal neural progenitor cells (fNPC 34s)
and GBM 319 cells over a range of polymer and siRNA
concentrations. Out of the polymers synthesized from
the monomers in Scheme 1, we found R646 to be
optimal for siRNA delivery to the fNPC 34 cells, which
included minimizing cytotoxicity, and it was therefore
utilized for subsequent functional siRNA delivery stud-
ies. Functional delivery efficacy was detected using a
positive control cell death-inducing siRNA, with which
successfully delivered siRNA would result in cell death.
Cell death was measured using DAPI and propidium
iodide (PI) to stain healthy and dying cells, respectively,
and cell death was calculated using fluorescence micro-
scopy followed by quantification with ImageJ software.
Nanoparticle toxicity was calculated by normalizing
scrambled RNA (scRNA)-treated cell counts to untreated
cell counts, while siRNA delivery efficacy was calculated
by normalizing death siRNA-treated cell counts to scRNA-
treated cell counts.
For all R646 nanoparticle formulations tested, the

GBM 319 cells showed near-complete siRNA-mediated
cell death (79�97, while the fNPC 34 cells had 0�27%
siRNA-mediated cell death under the same conditions.
For certain nanoparticle formulations, high knockdown
leading to specific cell death of human glioblastoma
cells was achieved (>90%), while nonspecific cytotoxi-
city to both human glioblastoma and healthy human
neural cells was kept low (<20%). As the siRNA itself
was not specific to GBM 319 cells over fNPC 34 cells
and the same particle and siRNA doses were utilized,
this finding suggests that bioreducible PBAE-based

nanoparticles themselves preferentially transfect cancer
cells over noncancer cells. This presents an interesting
opportunity in siRNA-based nanomedicine as future
siRNA targets and siRNA combinations may not need to
be limited toproteins thatwould specifically affect cancer
cell viability without harming the surrounding tissue, but
instead could enable effective targeting and knockdown
of any protein necessary to tumor survival as thematerial
itself could provide cancer specificity.
We have synthesized and characterized novel siRNA

delivery nanoparticles capable of near complete gene
knockdown in human primary glioblastoma (GBM 319)
cells. These nanoparticles are safe and effective even at
very low siRNA doses. We were able to show that
combining polymer hydrophobicity, a property known
to promote enhanced siRNA and DNA delivery,19,27

with bioreducibility decreased the cytotoxic effects
typical of hydrophobic polymers while optimizing en-
vironmentally triggered cytoplasmic cargo release to
enhance siRNA delivery. We examined the effects of
changing nanoparticle formulation and were able to
show that, with this class of materials, nanoparticle
concentration is largely determined by polymer concen-
tration and that higher polymer concentrations promote
enhanced siRNA delivery. Gene knockdown was shown
to be very effective (91 ( 1%) with moderate doses of
siRNA (20 nM), and effective (63( 16%) even at very low
doses of siRNA (1 nM). Functional siRNA delivery efficacy
was shown to be near complete (up to 97 ( 4%) in
human primary glioblastoma, but less effective (up to 27
( 9%) in human primary noncancer brain cells, which
suggests that these particles could exhibit cancer speci-
ficity. Bioreducible PBAEs with tunable hydrophobicities
have exciting potential as safe and efficient siRNA deliv-
ery vehicles for nanomedicine applications.

MATERIALS AND METHODS
Materials. All chemicals used for the synthesis of monomer

BR6were purchased from Sigma-Aldrich Chemical Co. (St. Louis,
MO) and used without further purification. All other monomers
were purchased from Alfa Aesar (Ward Hill, MA). Lipofectamine
2000 and Opti-MEM I were purchased from Invitrogen
(Carlsbad, CA) and used according to manufacturer's instruc-
tions. Ambion Silencer eGFP and Ambion Silencer Negative
Control #1 siRNA were purchased from Life Technologies.
CellTiter 96 AQueous One MTS assay was purchased from
Promega (Fitchburg, WI) and used according to manufacturer's
instructions.

BR6 Synthesis. Bis(2-hydroxyethyl) disulfide (15.4 g, 10mmol)
and triethylamine (TEA, 37.5 mL, 300 mmol) were dissolved in
450 mL of tetrahydrofuran (THF) (previously dried with Na2SO4)
in a 1 L round-bottom flask; the contents were then flushedwith
N2 for 10 min and maintained under a N2 environment for the
remainder of the reaction time. Acryloyl chloride (24.4 mL,
300 mmol) was dissolved in 50 mL of dried THF and added to
the flask dropwise over 2 h while stirring, and the reaction was
allowed to continue at room temperature for 24 h. Following
reaction, TEA HCl precipitate was removed by filtration, and THF
was removed by rotary evaporation. The product was dissolved
in 200 mL of dichloromethane (DCM) and washed five times

with 200 mL of aqueous 0.2 M Na2CO3 and three times with
distilled water. The solution was dried with Na2SO4, and DCM
was removed by rotary evaporation. The product 2,20-disulfane-
diylbis(ethane-2,1-diyl) (BR6) was confirmed via 1H NMR: (CDCl3,
400 Hz), δ2.95 (2H, t, CH2CHCOOCH2CH2S), δ3.95 (2H, t,
CH2CHCOOCH2CH2S), δ5.8�5.9 (1H, d, CH2CHCOOCH2CH2S),
δ6.1�6.2 (1H, dd, CH2CHCOOCH2CH2S), δ6.4�6.5 (1H, d,
CH2CHCOOCH2CH2S).

Polymer Synthesis. Polymer synthesis was carried out in a
method similar to Bhise et al.32 The diacrylate base monomers
used for polymerization were BR6 (see above) or hexane-
1,6-diyl diacrylate (B6). Backbone monomers BR6 and hexane-
1,6-diyl diacrylate (B6) weremixed at amolar ratio of 1:0, 3:1, 1:1,
1:3, or 0:1 prior to polymerization. Side chain monomers used
were 3-amino-1-propanol (S3), 4-amino-1-butanol (S4), or 5-amino-
1-pentanol (S5). The end-caps used were 2-(3-(aminopropyl)-
amino)methanol (E6) and 1-(3-aminopropyl)-4-methylpipera-
zine (E7). For all polymers, polymerization was completed using
a base monomer to side chain ratio of 1.01:1 at 500 mg/mL in
dimethyl sulfoxide (DMSO) at 90 �C for 24 h while stirring. The
polymers were end-capped in DMSO at 100 mg/mL with 0.2 M
E7 for 1 h at room temperature while shaking. Excess E7
monomer was not removed from the polymer solution; how-
ever, examining E7 monomer cytotoxicity showed that free E7
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was not significantly cytotoxic to GBM 319 cells (Supporting
Information Figure S3). As we have found with our prior work
with this class of polymers,32 the step growth polymerization of
the bifunctional monomers leads to short linear polymers
without any byproducts or side reactions. Purity of polymers
and the identity of copolymers is confirmed by 1H NMR spectra.
The 1H NMR spectra for representative polymers R647, 1:1 R647,
and 647 are shown in Supporting Information Figure S1. The
integration of the peaks of the copolymers validate that base
monomers B6 and BR6 incorporate into a copolymer at the
same molar ratio as is used during polymer synthesis.

siRNA Delivery to GBM 319 and fNPC 34 Cells and Cell Viability. GFPþ

GBM 319 glioblastoma cells were plated at a cell density of
15 000 cells/well in 96-well tissue culture plates in 89% GIBCO
DMEM-F12, 1% GIBCO Antibiotic-Antimycotic (Invitrogen), and
10% Corning Cellgro Heat-Inactivated FBS and allowed to
adhere overnight. fNPC 34 cells were utilized to compare siRNA
delivery between primary human glioblastoma cells and
healthy human primary cells found in the brain. fNPC 34 cells
are primary fetal neural progenitor cells obtained as described
previously following procedures approved by the Johns Hopkins
University Institutional Review Board.33 fNPC 34 cells were
plated at a density of 15 000 cells/well in 96-well tissue culture
plates in 97%GIBCODMEM-F12, 1%GIBCOAntibiotic-Antimycotic
(Invitrogen), 2% B-27 Serum-Free Supplement, and 20 μg/mL
each of basic fibroblast growth factor (Roche Applied Science)
and epidermal growth factor (Sigma) and allowed to adhere
overnight prior to transfection. The siRNAs used were either
siRNA targeting eGFP with sequence 50-CAAGCUGACCCUGAA-
GUUCTT (sense) and 30-GAACUUCAGGGUCAGCUUGCC (antisense),
or a scrambled control siRNA (scRNA) with sequence 50-AGUACUG-
CUUACGAUACGGTT (sense) and30-CCGUAUCGUAAGCAGUACUTT
(antisense). AllStars Human Cell Death siRNA was purchased from
Qiagen. For all transfections, siRNA and polymers were diluted in
25 mM NaAc at 12 times the final concentration listed for each
group, and siRNA and polymers were combined in a 1:1 (v/v) ratio
and allowed to form cells for 10 min at room temperature. As an
example, nanoparticles listed at final concentrations of “180μg/mL
and 20 nM siRNA” were formed by mixing a 2.16 mg/mL solution
of polymer with a 240 nM solution of siRNA. The cell culturemedia
was removed and replacedwith serum-freemedia prior to adding
nanoparticles. Nanoparticle formulationswere diluted in eachwell
in quadruplicates in a 1:6 (v/v) ratio to yield the final siRNA and
polymer concentrations listed for each group. Cells were incu-
bated with nanoparticles for 4 h for siGFP experiments and 2 h for
death siRNA experiments, after which the nanoparticle solutions
were removed and fresh, serum-containing media was added.
Cytoxicity for siGFP transfections was assessed 24 h after transfec-
tion CellTiter 96 AQueous One MTS assay following manufacturer's
instructions and read using a BioTek Synergy 2 Microplate Reader.

Cell death in death siRNA experments was assessed by
staining cells with propidium iodide (PI) in DMEM-F12 at 1:200
(v/v) PI prior to fixation and 750 nM 2-(4-amidinophenyl)-1H-
indole-6-carboxamidine (DAPI) following fixation in 10% for-
malin. Cell images were taken at 5�magnification using a Zeiss
Axio observer A1microscopewith a Zeiss AxiocamMRmcamera
using AxioVision Release 4.8.2 software. Fluorescence was
provided by an Exfo X-Cite series 120Q. Live and dead cells
were quantified using ImageJ v1.47 software, and dead cells
were subtracted from the live cell count to yield the total cell
count for each well.

Flow Cytometry. All flow cytometry was completed at 9 days
post-transfection using an Intellicyt high-throughput loader
attached to an BD Accuri C6 flow cytometer (emission filter:
530/30 nm). Hypercyt software was used to discriminate events
between each well and FlowJo 7 software was used to analyze
the flow cytometry results. Cells were prepared for flow cyto-
metry by 5 min of trypsinization with 30 μL of 0.05% trypsin-
EDTA, followed by the addition of 170 μL of a buffer of PBS
containing 1:50 (v/v) FBS and 1:200 (v/v) PI. Cell suspensions
were moved to round-bottom 96-well plates and centrifuged
for 5 min at 1000 rpm. A total of 170 μL of supernatant was
removed, and cells were resuspended in the remaining buffer.
PI signal was used to distinguish dead or dying cells from live
cells so that the unhealthy cells could be removed from analysis.

GFP knockdown was determined by finding the geometric
mean FL1 fluorescence signal for each sample. Percent knock-
down was calculated by normalizing the GFP expression of
siRNA-treated cells to scRNA-treated cells. All the transfections
were carried out using the same cell line, siRNAs, controls, and
data collection protocols, and all formulations that caused
>60% loss in metabolic activity were considered nonviable
and excluded from further analysis.

Gel Retention Assay. Nanoparticles were formed using
0.01 mg/mL scrambled control RNA (scRNA) in 25 mM sodium
acetate (NaAc) and polymer 1:1 R647 at weight ratios to scRNA
ranging from 600 to 0 w/w (siRNA) alone. Polymer to siRNA
ratios are also described as N:P ratios (Supporting Information
Table S2). These were incubated for 10 min at room tempera-
ture to allow for particle formation. To compare the effects of a
nonreducing and reducing environment on the particles, either
PBS or PBS containing L-glutathione (GSH) to yield a final GSH
concentration of 0 or 5 mM, respectively, was added and
allowed to incubate at room temperature for 15 min. A solution
of 30%glycerol was added to the particles in a 1:5 (v/v) ratio. The
particles were loaded into a 1% agarose gel containing 1 μg/mL
ethidium bromide and electrophoresed at 100 mV for 20 min.
Gels were visualized using UV light exposure.

Particle Size and Concentration Determination: Nanoparticle Tracking
Analysis. All nanoparticles were made in the same manner that
they were for transfection and then diluted so that their sizes
and concentrations could be accurately determined using
Nanoparticle Tracking Analysis (NTA). NTAwas performed using
a NanoSight NS500 and analyzed using NanoSight NTA 2.4
software. As an example, particles for transfection groups
labeled “180 μg/mL polymer with 20 nM siRNA” were synthe-
sized by forming particles at a polymer concentration of 1.08
mg/mL and scRNA at 120 nM in NaAc, as these particles would
be diluted in a 1:6 (v/v) ratio in media during transfection. For
NTA, however, these particles were diluted in PBS following the
protocol recommended by Bhise et al.30 All measurements were
repeated with three separate formulations for each condition.
The NTA analysis reported the number-average hydrodynamic
radius of the particles. All particle concentrations were reported
as the number of particles per volume that would be present in
the transfection wells.

siRNA loading was calculated by dividing the total amount
of siRNA per transfection well by the number of particles per
well. This calculation was only completed for particle formula-
tions with wt/wt ratios high enough to completely bind all
siRNA as determined by the gel retention assay. For this reason,
any particle formulations with wt/wt ratios at or below 75 w/w
were excluded from siRNA loading calculations.

Particle Zeta-Potential Determination: Dynamic Light Scattering. Par-
ticles were formed at the same concentrations and in the same
manner as described for particle sizing. Particles were diluted
1:650 (v/v) in PBS and loaded into a disposable cuvette cell.
Particle surface charge was determined via dynamic light
scattering (DLS) using a Malvern Zetasizer NanoZS.

Transmission Electron Microscopy. Nanoparticles formed using
1:1 R647 at 180 μg/mL and 20 nM siRNA were imaged using
transmission electron microscopy (TEM). The 1:1 R647 was
diluted to 2.16 μg/mL in 25 mM NaAc, scRNA was diluted to
240 nM in NaAc, and the two solutions were combined in a 1:1
(v/v) ratio and allowed to form particles for 10 min at room
temperature. Following particle formation, 5 μL of the nano-
particle solution was placed onto a carbon-coated copper TEM
grid and allowed to dry. Particles were imaged using a Philips/
FEI BioTwin CM120 transmission electron microscope.

Gel Permeation Chromatography. GPC was performed using a
Waters GPC systemwith threeWaters Styragel columns in a series
(HR 1, HR 3, and HR4) and aWaters 2414 refractive index detector,
both maintained at 40 �C throughout all samples, which were
loaded using aWaters 717plus autosampler (Waters Corp.,Milford,
MA). All samples were loaded at 5 mg/mL using 94% THF, 5%
DMSO, and 1% piperidine (v/v) as the eluent at a flow rate of
1.0mL/min for 40min. Polymermolecularweightswere calculated
relative to polystyrene standards (Shodex, Japan).

Statistics. All results are presented as mean( standard error
of the mean. Statistical significance results for all % GFP
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knockdown and % loss in metabolic activity were determined
using a one-way ANOVA with Dunnett's post-tests using Lipo-
fectamine 2000 as the control. All particle formulations that
caused >60% toxicity were considered nonviable and excluded
from statistical testing. A two-way ANOVAwith Tukey's multiple
comparisons post-test was also used to compare changes in loss
in metabolic activities of cells treated with different polymers
using side chain and base monomer as the parameters. R
squared correlation values were calculated compared to either
linear or nonlinear regressions as labeled in each figure caption.
All significance tests with p < 0.05 were considered significant.
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