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ABSTRACT In this work, we develop and evaluate polycationic

nanoparticles for the delivery of small interfering RNA (siRNA).
Delivery remains a major challenge for translating siRNA to the clinic,
and overcoming the delivery challenge requires effective siRNA
delivery vehicles that meet the demands of the specific delivery
strategy. Cross-linked polycationic nanoparticle formulations were
synthesized using ARGET ATRP or UV-initiated polymerization. The

one-step, one-pot, surfactant-stabilized monomer-in-water synthe-
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PEGMA: hydrophilic corona improves
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sis technique may provide a simpler and faster alternative to

complicated, multistep techniques and an alternative to methods that rely on toxic organic solvents. The polymer nanoparticles were synthesized

using the cationic monomer 2-(diethylamino)ethyl methacrylate, the hydrophobic monomer tert-butyl methacrylate to tune pH responsiveness, the

hydrophilic monomer poly(ethylene glycol) methyl ether methacrylate to improve biocompatibility, and cross-linking agent tetraethylene glycol

dimethacrylate to enhance colloidal stability. Four formulations were evaluated for their suitability as siRNA delivery vehicles in vitro with the human

embryonic kidney cell line HEK293T or the murine macrophage cell line RAW264.7. The polycationic nanoparticles demonstrated efficient and rapid loading

of the anionic siRNA following complexation. Confocal microscopy as well as flow cytometry analysis of cells treated with polycationic nanoparticles loaded

with fluorescently labeled siRNA demonstrated that the polycationic nanoparticles promoted cellular uptake of fluorescently labeled siRNA. Knockdown

experiments using polycationic nanoparticles to deliver siRNA demonstrated evidence of knockdown, thus demonstrating potential as an alternative route

to creating polycationic nanoparticles.
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hile drug delivery systems for

small interfering RNA (siRNA)

have been extensively studied,
the challenges associated with safe and
effective delivery continue to prevent wide-
spread translation of the new technology
from the bench to the clinic.'* RNA inter-
ference (RNAI) induced by small noncoding
RNAs is a post-transcriptional mechanism to
down-regulate gene expression by potently
and specifically degrading mRNA, thus pre-
venting translation of the mRNA to protein.”
siRNA has been likened to a “magic bullet"®
due to this potency and specificity, but as
with Der Freischdtz, off-target effects (which
can occur via an miRNA-like mechanism
by degradation of mRNA sequences with
partial complementary) create additional
challenges for researchers.”®
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Unprotected oligonucleotides such as
naked, unmodified siRNA have a very short
half-life in vivo (seconds to minutes)® as a
result of loss of functionality from degrada-
tion (by endogenous nucleases)' and rapid
kidney filtration from circulation (due to
their small size)."' Following cellular inter-
nalization, the siRNA must also escape the
endosome because siRNA must be inside
the cytosol (rather than sequestered in a
subcellular compartment) to have a thera-
peutic effect.'? For these reasons, enhanced
delivery strategies such as novel nanoparti-
cle structures are necessary to prevent de-
gradation or clearance, to enhance uptake,
and to promote endosomal escape.

Some cell types, such as primary cells,'
cells of the central nervous system,' and
macrophage-type cell lines like the murine

AT AN TS

* Address correspondence to
peppas@che.utexas.edu.

Received for review January 8, 2014
and accepted February 18, 2014.

Published online February 18, 2014
10.1021/nn500101¢

©2014 American Chemical Society

2908

WWwWW.acsnano.org



TABLE 1. Transfection of HEK293 Cells with siRNA: Examples from the Literature®

type of carrier concentration and type of siRNA

imidazole-4-acetic acid (IAA)-conjugated chitosan
siPORT amine 20 nM GAPDH siRNA
micelle nanoparticles (mPEG,s-b-PCLyge-b-PCL) 100 nM EGFP siRNA
micelle nanoparticles (mPEG,s-b-PCLyge-b-PCL) GL3 luciferase siRNA
Lipofectamine2000

layered double hydroxide nanoparticles

50 nM GAP480 silencer siRNA

10 nM of various siRNAs
250 nM siRNA DCC gene

method of evaluating knockdown ref
KDalert assay kit 25
KDalert assay kit 26
flow cytometry to measure GFP expression 27
luminescence 27
luminescence, ELISA, RT-PCR, Western blotting 28
Western blotting 29

“DCC, deleted in colorectal cancer; (E)GFP, (enhanced) green fluorescent protein; ELISA, enzyme-linked immunosorbent assay; mPEG, methoxypoly(ethylene glycol); PCL,

poly(e-caprolactone); RT-PCR, reverse transcriptase polymerase chain reaction.

TABLE 2. Transfection of RAW264.7 Cells with siRNA: Examples from the Literature®

type of carrier concentration and type of siRNA method of evaluating knockdown ref
PEI-PLGA microparticles 25—30 nM IL-10 siRNA RT-PCR 26
Dharmafect, Lipofectamine2000, HiPerfect, and other commercial 20—100 nM EGFP siRNA green fluorescence quantified using an 15
transfection agents automated fluorescence microscope
rabies virus glycoprotein conjugated nona-p-arginine residues (RVG-9dR) 200 nM TNF-at siRNA TNF-oc ELISA, RT-PCR 30
thioketal nanoparticles 1500—2000 nM TNF-ot SiRNA TNF-at ELISA 3
PEI nanoparticles 1 nM TNF-at siRNA TNF-o ELISA 32
mannose-modified trimethyl chitosan—cysteine (MTC) conjugate 1—300 nM TNF-oc SiRNA TNF-oc ELISA, RT-PCR 33
nanoparticles
amphiphilic cationic cyclodextrin 100 nM TNF-ct siRNA TNF-at and IL-6 ELISA, RT-PCR 34
cationic shell cross-linked knedel-like nanoparticles (cSCKs) 100 nM AllStars Death siRNA MTS to measure relative cell viability 35

“ Macrophage-type cells like RAW264.7 are considered to be difficult to transfect. (E)GFP, (enhanced) green fluorescent protein; ELISA, enzyme-linked immunosorbent assay;
PEI, polyethylenimine; PLGA, poly(lactide-co-glycolide); RT-PCR, reverse transcriptase polymerase chain reaction; TNF-ct, tumor necrosis factor a..

macrophage cell line RAW264.7,"> are considered dif-
ficult to transfect, while other cell types such as the
human embryonic kidney cell line HEK293T are widely
used for siRNA screen experiments. (For examples
of siRNA knockdown in the literature using RAW264.7
or HEK293T cell lines, see Table 1 and Table 2,
respectively.) Note that since a brief search for articles
referencing siRNA in a major literature search service
reveals 100000s of articles, and these articles likely
represent 1000s—10000s of distinct delivery strategies
to 10s—100s of cell types, the types listed in the tables
represent only a small fraction of the siRNA delivery
experiments reported in the literature. Within this
legion of delivery strategies, the majority of siRNA
delivery experiments rely upon carrier-mediated deliv-
ery, such as complexation of the siRNA to cationic
lipids. Early (and largely disappointing) siRNA-based
therapeutic clinical trials relied upon the delivery of
naked siRNA, but later clinical trials for siRNA-based
therapeutics have relied upon sophisticated delivery
vehicles for carrier-mediated delivery.”

Effective nanoparticle vehicles for drug delivery
must demonstrate siRNA binding, low cytotoxicity,
effective cellular uptake, and, most importantly, evi-
dence of siRNA-induced knockdown. While reports of
advanced or complex chemistry techniques indicate
that these new methods may have promise as effective
nanoparticle carriers, there are few examples in the
literature that provide a direct comparison of ARGET
ATRP (activators regenerated by electron transfer
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atom transfer radical polymerization) and UV-initiated
polycationic nanoparticles. Of these few examples
that provide a direct comparison of ARGET ATRP and
UV-initiated polymerization, none (to the best of the
authors' knowledge) directly compare siRNA delivery
for the two different methods. This work evaluates
polycationic nanoparticles synthesized by either AR-
GET ATRP or UV-initiated polymerization and provides
the first report of their suitability as siRNA delivery
vehicles to HEK293T and RAW264.7 cells.

RESULTS AND DISCUSSION

Synthesis of Polycationic Nanoparticles. Polycationic
nanoparticles were synthesized using a previously
reported ARGET ATRP technique'®'” or a UV-initiated
polymerization technique previously developed by
Fisher et al.'® The techniques represent single-step,
one-pot, surfactant-stabilized monomer-in-water syn-
thesis methods that may provide a simpler and faster
alternative to complicated multistep techniques and
an alternative to methods that rely on toxic organic
solvents. The polycationic nanoparticles are composed
of the cationic monomer 2-(diethylamino)ethyl metha-
crylate (DEAEMA), the hydrophobic monomer tert-
butyl methacrylate (tBMA) to tune pH responsiveness,
the hydrophilic monomer poly(ethylene glycol) methyl
ether methacrylate (PEGMA) to improve biocompat-
ibility, and cross-linking agent tetraethylene glycol
dimethacrylate (TEGDMA) to enhance colloidal
stability.
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Two different molar feed compositions were exam-
ined, differing in the mole ratio of tBMA to DEAEMA in
the feed (30 or 45 mol tBMA per 100 mol DEAEMA in
the feed). The tBMA composition of the feed was varied
as previous work by Fisher et al. had demonstrated
that tBMA played an important role in modulating the
properties of polycationic nanoparticles."®

The physical characterization of the four formula-
tions of P(DEAEMA-co-tBMA-co-PEGMA-co-TEGDMA)
polycationic nanoparticles has been presented in the
literature.'®"” Briefly, dynamic light scattering demon-
strates a positive surface charge (zeta-potential of
~40 mV in water) with a z-average diameter of ~75
to ~150 nm (in 1x PBS pH 7.4), with increased size
associated with the ARGET ATRP formulations com-
pared to the UV-initiated formulations and also for the
30 mol tBMA formulations compared to the 45 mol
tBMA formulations.'® In addition, the ARGET ATRP
formulations demonstrated sharper pH-responsive'®
and thermal'” transitions than the corresponding UV-
initiated formulations.

Binding of siRNA. The loading efficiency of the poly-
cationic nanoparticles is related to the siRNA binding,
and the binding of siRNA to polycationic nanoparticles
was evaluated using the RiboGreen assay. The siRNA
demonstrates efficient loading even after 10 min, with
85—91% loading efficiency for all polycationic nano-
particle formulations (Figure 1). After 70 min incuba-
tion, the loading efficiency demonstrates a nominal
increase to 96—98% efficiency for all polycationic
nanoparticle formulations, and this efficiency persists after
160 min. Based on the negligible increase in siRNA from
10 to 70 min, the siRNA/nanoparticle complexes were
used shortly after preparation (approximately 10 min after
adding the siRNA) rather than after a longer incubation. At
all time points, there is no significant difference in siRNA
binding among the four formulations.

The siRNA demonstrates very efficient binding
(~98% for all formulations) in 0.2x PBS pH 5.5, likely
due to positive charge induced by low pH combined
with low ionic strength (Figure 2). Across all formula-
tions, the siRNA binding follows the following decreas-
ing trend: 0.2x PBS pH 5.5 > 1x PBS pH 5.5 > 1x PBS
pH 7.4 > Opti-MEM. For the 1x PBS pH 7.4 and the
Opti-MEM, the 30UV and 30ARGET formulations de-
monstrate slightly higher binding efficiencies than
the corresponding 45UV and 45ARGET formulations.
The 45ARGET formulation demonstrates the lowest
binding efficiency in Opti-MEM of the four formula-
tions, with 55% of the siRNA bound to the polymer
(compared to 74% for 30UV, 70% for 45UV, and 63% for
30ARGET). The reduced binding efficiency for 45ARGET
compared to that of the other formulations may be a
factor in determining knockdown efficiency; however,
it is one factor among many.

Nanoparticle Cytotoxicity. The biocompatibility of the
polycationic nanoparticles with HEK293T cells and
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Figure 1. Binding of siRNA to polycationic nanoparticles.
Nanoparticles were loaded with AllStars negative control
siRNA in 1x PBS pH 5.5, with 0.125 mg/mL nanoparticles
and 500 nM siRNA. Binding of siRNA evaluated at 10, 70, and
160 min using RiboGreen. Data are expressed as the mean
plus or minus the standard deviation (n = 3).
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Figure 2. Binding of siRNA to polycationic nanoparticles
in PBS buffers and Opti-MEM. Following loading of
0.125 mg/mL nanoparticles with 500 nM siRNA, complexes
were diluted 5x in 0.2x PBS pH 5.5, 1x PBS pH 5.5, 1x PBS
pH 7.4, and Opti-MEM prior to evaluating siRNA binding
using RiboGreen. Data are expressed as the mean plus or
minus the standard deviation (n = 3).

RAW264.7 cells was evaluated using an MTS assay
following 48 h incubation with the nanoparticles
(see Figure 3). Both cell lines demonstrate high relative
viability at low concentrations (greater than 80%
viability at 0.025 mg/mL and lower concentrations).
In HEK293T cells, formulations 45UV and 45ARGET
show increased biocompatibility compared to the
30UV and 30ARGET formulations; for example, at
0.05 mg/mL, the 45UV and 45ARGET formulations
demonstrate 60 and 78% viability, respectively, while
the 30UV and 30ARGET formulations demonstrate 18
and 21% viability, respectively.

In the RAW264.7 cells, biocompatibility is less
dependent on formulation. The biocompatibility of
the polycationic nanoparticle formulations with the
RAW264.7 cells is indistinguishable at the upper two
(0.2 and 0.1 mg/mL) and lower two (0.00313 and
0.00156 mg/mL) concentrations. Both 30ARGET and
45ARGET show a slightly increased viability compared
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Figure 3. Biocompatibility of polycationic nanoparticle
formulations with (a) HEK293T cells or (b) RAW264.7 cells
at various concentrations (0.02—0.00156 mg/mL) evaluated
using an MTS assay following 48 h incubation. Data are
expressed as the mean plus or minus the standard deviation
(n=6).

to 30UV and 45UV at 0.05 and 0.025 mg/mL in
RAW264.7 cells. At 0.0625 mg/mL, the 30ARGET shows
increased viability compared to the other three for-
mulations (100% versus 74—82% viability). All formula-
tions demonstrated low viability in both cell types at
the highest concentration tested (0.2 mg/mL).

Flow Cytometry To Quantify Uptake of Fluorescently Labeled
siRNA. Flow cytometry was used to evaluate the inter-
nalization of fluorescently labeled siRNA. The percent
of cells associated with fluorescently labeled siRNA
and the normalized fluorescent intensity for each
formulation are shown in Figure 4 and Figure 5,
respectively (see Supporting Information for represen-
tative histograms). All polycationic nanoparticles de-
monstrated efficient uptake with slight differences
among formulations in the percentage of cells with
fluorescently labeled siRNA. However, the difference
between cell types is more significant. When the siRNA
is delivered with polycationic nanoparticles, a greater
percentage of RAW264.7 cells than HEK293T cells shows
fluorescence of DY647 siRNA. For the polycationic nano-
particle formulations with HEK293T cells, 50.8 to 60.8% of
cells are associated with fluorescently labeled siRNA;
likewise, the comparable values for the RAW264.7 cells
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Figure 4. HEK293T or RAW264.7 cells associated with fluor-
escently labeled DY647 siRNA. Cells were incubated for 2 h
with 0.05 mg/mL polycationic nanoparticles or appropriate
controls with 200 nM fluorescently labeled DY647 siRNA.
Following incubation, cells were rinsed and suspended for
flow cytometry analysis with a BD Fortessa flow cytometer.
Data are expressed as the mean plus or minus the standard
deviation of three independent experiments.
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Figure 5. (a) HEK293T or (b) RAW264.7 cells associated with
fluorescently labeled DY647 siRNA. Cells were incubated for
2 h with 0.05 mg/mL polycationic nanoparticles or appro-
priate controls with 200 nM fluorescently labeled DY647
siRNA. Following incubation, cells were rinsed and sus-
pended for flow cytometry analysis with a BD Fortessa flow
cytometer. Data are expressed as the mean plus or minus
the standard deviation of three independent experiments.
The data are normalized by dividing by the fluorescence
intensity of the blank PBS-only control. Asterisks (x) and
pound signs (#) represent p < 0.05 and p < 0.015, respec-
tively, as determined using Student's t test.

are 66.0 to 84.5%. In contrast, when the siRNA is delivered
with Lipofectamine or Lipofectamine2000, the RAW264.7
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Figure 6. Internalization of fluorescently labeled siRNA in
HEK293T cells. Cells were incubated 2 h with 200 nM DY647
fluorescently labeled siRNA complexed with 0.05 mg/mL
polycationic nanoparticles or controls prior to rinsing, fix-
ing, DAPI staining, and mounting. Staining of the cells:
blue is DAPI stained nuclei, and red is DY647 fluorescently
labeled siRNA; 5000 nm scale bars, 63x magnification,

Yblue = Yred = 0.45; Vpright-field = 1.3

cells do not show increased association compared to
HEK293T. Another important difference between the
cell types is the no-carrier siRNA-only control, which
demonstrates strong association with the HEK293T
cells but not the RAW264.7 cells. The cause of this
cell-specific association is unclear, as naked siRNA is
negatively charged, and thus generally tends to resist
association with or transport through the negatively
charged cell membrane. Note that uptake of naked
siRNA is not without precedent; early knockdown
studies were sufficiently promising to motivate clinical
trials using naked siRNA, although later studies have
relied upon carrier-mediated delivery.’ Likewise, up-
take of naked siRNA has been observed in the literature
by Santel et al.*® (who “surprisingly” observed a “sig-
nificant uptake of fluorescently labeled siRNAs in the
absence of transfection reagents” for human HUVEC
and Hela cell lines) and by Petrova et al. (who observed
an association of naked fluorescently labeled siRNA
with HEK293 cells using flow cytometry but not sig-
nificant uptake with confocal microscopy).?' Santel
et al. also observed that the majority of the fluores-
cence corresponding to the naked siRNA was detected
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Figure 7. Internalization of fluorescently labeled siRNA in
RAW264.7 cells. Cells were incubated 2 h with 200 nM DY647
fluorescently labeled siRNA complexed with 0.05 mg/mL
polycationic nanoparticles or controls prior to rinsing, fixing,
DAPI staining, and mounting. Staining of the cells: blue is
DAPI stained nuclei, and red is DY647 fluorescently labeled
siRNA; 5000 nm scale bars, 63 x magnification, ypjue = Yred =
0.45; Ybright-field = 1.3.

in late endosomal/lysosomal vehicles rather than es-
caping the endosomal pathway.?°

For both cell types, 45UV and 45ARGET demon-
strate greater normalized fluorescence intensity than
the corresponding 30UV and 30ARGET formulations.
The formulation 45ARGET demonstrates the largest
normalized fluorescence intensity of the four poly-
cationic nanoparticle formulations. Although the dif-
ference is slight between the normalized fluorescent
intensity for the polycationic nanoparticle formula-
tions between cell types, as a function of normalized
fluorescence intensity, the Lipofectamine and Lipofec-
tamine2000 have a much larger signal for the HEK293T
cells than for the RAW264.7. Also, the Lipofectamine
and Lipofectamine2000 have greater normalized fluor-
escent intensities than the polycationic nanoparticle
formulations.

Confocal Microscopy To Verify siRNA Internalization. Flow
cytometry does not distinguish between surface-bound
and internalized fluorescence signal, so confocal micro-
scopy was used to verify siRNA internalization. HEK293T
cells or RAW264.7 cells were incubated 2 h with DY647
fluorescently labeled siRNA complexed with polycationic
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Figure 8. Delivery of AllStars Death siRNA to HEK293T cells
using polycationic nanoparticle carriers. The complexes were
added to cells at a final concentration of 0.025 mg/mL and
200 nM in the wells following 1 h incubation with Opti-MEM.
The polycationic nanoparticles were evaluated versus Lipo-
fectamine (0.25 uL/well), Lipofectamine2000 (0.25 uL/well),
and no-carrier controls with an MTS assay following 48 h
incubation. Pound signs (#) in (a) represent p < 0.015 as
determined using Student's t test.

nanoparticles or controls (200 nM siRNA and 0.05 mg/mL
polycationic nanoparticles). Cells were rinsed, fixed,
stained with DAPI nuclear stain, and then mounted
to microscope slides. Settings for image acquisition
and processing were kept consistent during the ex-
periment for each cell type to permit direct compar-
isons within each cell type.

The trends observed with flow cytometry are sup-
ported by confocal microscopy. Representative images
for the HEK293T and RAW264.7 confocal microscopy
experiments are shown in Figure 6 and Figure 7,
respectively. For the HEK293T cells, visual inspection
confirms greater DY647 fluorescence for the 45UV and
45ARGET formulations compared to the correspond-
ing 30UV and 30ARGET formulations. Likewise, the
Lipofectamine and Lipofectamine2000 images show
more DY647 fluorescence than the polycationic nano-
particles. These microscopy results are consistent with
the flow cytometry results. Interestingly, the microscopy
results for the 30UV and 45UV suggest a diffuse fluores-
cence rather than the punctate fluorescence observed
for the 30ARGET and 45ARGET formulations. Punctate
(speckled or spotted) fluorescence demonstrates a non-
homogeneous distribution of the siRNA in the cytosol,
which in turn suggests subcellular localization of the
siRNA. Diffuse fluorescence, as for siRNAs that are evenly
distributed in the cytosol, suggests endosomal escape.®?
The results of the flow cytometry and confocal micro-
scopy experiments using fluorescently labeled siRNA
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Figure 9. Delivery of AllStars Death siRNA to (a) HEK293T or
(b) RAW264.7 cells using polycationic nanoparticle carriers.
The complexes were added to cells at a final concentration
of 0.025 mg/mL and 100 nM in the wells following 1 h
incubation with Opti-MEM. The polycationic nanoparticles
were evaluated versus Lipofectamine (0.25 uL/well), Lipo-
fectamine2000 (0.25 uL/well), and no-carrier controls with
an MTS assay following 48 h incubation. Asterisks (x)
represent p < 0.05 as determined using Student's t test.

indicate evidence of internalization necessary for siRNA-
induced knockdown.

Transfection with AllStars Death siRNA. Knockdown effi-
ciency induced by siRNA was evaluated using AllStars
Hs Cell Death siRNA or AllStars Mm/Tn Cell Death
siRNA. HEK293T cells were transfected for 48 h with
0.025 mg/mL polycationic nanoparticles (or appropri-
ate controls) and 100 or 200 nM siRNA following 1 h
incubation with Opti-MEM. Cell death was confirmed
visually, and viability was evaluated using an MTS
assay. The ability of the polycationic nanoparticles
to effectively deliver siRNA was first demonstrated
in HEK293T cells with 0.025 mg/mL polycationic nano-
particles and 200 nM AllStars Hs Cell Death
siRNA (see Figure 8). All of the siRNA delivery carriers
demonstrated knockdown, with the greatest efficiency
demonstrated by the 30UV, 30ARGET, and 45ARGET
formulations (78, 84, and 75% knockdown efficiency,
respectively). Unfortunately, this increased knockdown
efficiency is associated with decreased cell viability.
When the polycationic nanoparticle is kept constant
at 0.025 mg/mL and the siRNA concentration is
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Figure 10. Knockdown efficiency versus viability for (a)
HEK293T or (b) RAW264.7 cells. Knockdown efficiency was
evaluated following 48 h transfection with 0.025 mg/mL
polycationic nanoparticles and 100 nM siRNA following
1 h incubation with Opti-MEM. The polycationic nanoparti-
cles were evaluated versus Lipofectamine (0.25 uL/well),
Lipofectamine2000 (0.25 «L/well), and no-carrier controls.

decreased to 100 nM, the HEK293T cells with
scrambled siRNA demonstrate improved viability; as
a result, later studies used this 100 nM siRNA concen-
tration (see Figure 9a and Figure 10a). While this
change results in increased HEK293T cell viability, it
also results in decreased knockdown efficiency and
increased variation. There was statistically significant
knockdown (p < 0.05) for the 30UV, 30ARGET, and
45ARGET formulations (41, 51, and 48%, respectively)
as well as the Lipofectamine commercially available
transfection agent (28% knockdown).

Knockdown in RAW264.7 cells using 100 nM AllStars
Mm/Tn Cell Death siRNA was evaluated using the
four nanoparticle formulations as well as two commer-
cially available transfection agents Lipofectamine and
Lipofectamine2000 (see Figure 9b and Figure 10b).
Statistically significant knockdown (p < 0.05) was ob-
served for all four nanoparticle formulations (knockdown

METHODS

Chemicals. Poly(ethylene glycol) methyl ether methacry-
late (PEGMA) solution (M,, 2000 for PEG chain, 50 wt % in
water), 2-(diethylamino)ethyl methacrylate (DEAEMA), tert-butyl
methacrylate (tBMA), tetraethylene glycol dimethacrylate
(TEGDMA), ethyl 2-bromoisobutyrate (EBIB), tris(2-pyridyl-
methyl)amine (TPMA), ascorbic acid (AA), trypsin-EDTA solu-
tion, and Dulbecco's phosphate buffered saline (DPBS, Sigma-
Aldrich) were purchased from Sigma-Aldrich. Hydrochloric acid
(1 N HCl) was purchased from Fisher Scientific. Copper(ll)
bromide was purchased from Acros Organics. Ultrapure water
was used for all studies. All chemicals were used as received.

Nanoparticle Synthesis and Purification. P(DEAEMA-co-tBMA-co-
PEGMA-co-TEGDMA) polycationic nanoparticles were synthesized

FORBES AND PEPPAS

efficiency of 27, 34, 35, and 25%, respectively) and also
for the Lipofectamine2000 control (41%). The RAW264.7
cells are considered to be more difficult to transfect
than HEK293T cells, and this is supported by the de-
creased transfection efficiency and cell viability with the
RAW264.7 cells compared to the HEK293T. Note that
dramatically increased transfection efficiency has been
observed in 3D cell culture models compared to 2D
models,”® so the next step in evaluating the polycationic
nanoparticles and determining a relevant therapeutic
concentration of siRNA/polycationic nanoparticles would
require improved transfection models such as 3D cell
culture or in vivo experiments.

CONCLUSIONS

The purpose of the studies undertaken in this
report was to provide an analysis of four formulations
of polycationic nanoparticles and examine their
suitability as siRNA delivery vehicles to HEK293T
and RAW264.7 cells. The polycationic nanoparticles
demonstrate effective siRNA loading and good bio-
compatibility at low concentrations in vitro. Uptake
experiments using flow cytometry and confocal micro-
scopy confirmed siRNA internalization using fluores-
cently labeled siRNA loaded in polycationic nano-
particles. The percent of cells with fluorescently labeled
siRNA uptake was similar across the four formulations,
with the RAW264.7 cells demonstrating a greater
percent of cells with fluorescently labeled siRNA than
the HEK293T cells. However, although all four formula-
tions led to approximately the same percent of
cells with fluorescently labeled siRNA, the 45ARGET
formulation demonstrated a greater normalized fluo-
rescence intensity than the other polycationic nano-
particle formulations. Knockdown experiments de-
monstrated knockdown following transfection, with
the nanoparticle formulations performing on par with
the commercially available carriers. This work indicates
that the polycationic nanoparticles may have utility
as siRNA delivery vehicles, but additional research
is needed to improve knockdown at lower concentra-
tions of siRNA.

using a previously reported activators regenerated by electron
transfer atom transfer radical polymerization (ARGET ATRP)
technique'®'” or a UV-initiated polymerization technique pre-
viously developed by Fisher and colleagues.'® Briefly, reagents
DEAEMA/PEGMA/TEGDMA/CuBr,/TPMA/EBIB at molar ratios of
100:10:4:0.5:0.5:4 (with tBMA with a molar ratio of 30 or 45
depending on the formulation) were combined with 8 mg/mL
Brij 30 (Acros Organics) and 1.35 mg/mL myristyltrimethylam-
monium bromide (MyTab, Sigma-Aldrich) in water for a
0.1 weight ratio of monomer to solvent. For the UV-initiated
polymerization, Irgacure 2959 (Ciba) was added at a 0.005 mass
ratio of initiator to monomer in place of CuBr,/TPMA/EBIB.
Following probe sonication (S-4000 Misonix Ultrasonicator,
Misonix Inc.) and nitrogen purge, the ARGET ATRP and UV-initiated
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polymerizations were reacted at ambient temperature for 3 h by
the addition of degassed ascorbic acid solution as a reducing
agent (AA/DEAEMA 0.5:100) or for 2.5 h by exposure to UV light
(Dymax BlueWave200 UV), respectively. Purification was done by a
technique described previously by Fisher and Peppas'® as well as
Liechty and colleagues®* with repeated precipitation/resuspen-
sion with acetone/0.5 N HCl. Following dialysis (12000—14000
molecular weight cutoff regenerated cellulose tubing, Spectra/
Por), polymer was recovered by freeze-drying.

Binding of siRNA. Nanoparticles were loaded with AllStars
negative control sikRNA (Qiagen) in 1x PBS pH 5.5 (0.125 mg/mL
nanoparticles and 500 nM siRNA). Nuclease free 10x PBS
was prepared by dissolving sodium chloride, potassium chloride,
monosodium phosphate monohydrate, and disodium phosphate
heptahydrate (Fisher Scientific) in water, treating with 0.1% v/v
diethylpyrocarbonate (DEPC, Fisher Scientific) overnight, and then
autoclaving to remove DEPC. The bound siRNA was determined
within 10 min of combining the siRNA with the nanoparticles
and then again after 70 and 160 min in order to evaluate the effect
of loading time. The siRNA binding was also evaluated at 0.025 mg/
mL nanoparticles and 100 nM siRNA in 0.2x PBS pH 5.5, 1x PBS pH
5.5, 1x PBS pH 74, and Opti-MEM (reduced serum medium, no
Phenol Red, Life Technologies) at approximately 30 min after
combining the siRNA with the nanoparticles in order to evaluate
the amount of siRNA released in conditions prior to uptake by cells.

The fraction of bound siRNA was determined using a
Quant-iT RiboGreen RNA assay kit (Life Technologies) that was
adapted for 384-well low-volume plates. Briefly, a 10 uL sample
was combined with 10 uL of RiboGreen assay solution
(RiboGreen reagent diluted 200x in 1x TE buffer) in a black
384-well low-volume plate. The fluorescence intensity (F)
was measured using a microplate reader (Synergy HT, BioTek
Instruments, Inc) 2—5 min after adding the RiboGreen assay
solution with 485 nm excitation and 528 nm emission. The Ribo-
Green reagent is sensitive to components other than RNA present
in the assay (although the importance of these contributions
diminished for increasing siRNA concentrations), so these con-
tributions to the fluorescence were subtracted from the measured
fluorescence signal to calculate the percent of loading (L) in eq 1:

L =100x[1— Fnanoparticle+ siRNA complex — /"nanoparticle only (1)
Fsirna only — Fbuffer only

Cell Culture. Human embryonic kidney 293T cells (HEK293T)
and murine macrophage RAW264.7 cells (obtained from Amer-
ican Type Culture Collection) were maintained in Dulbecco's
modified Eagle's medium high glucose without t-glutamine
(Sigma-Aldrich) supplemented with 1% L-glutamine (MediaTech),
1% penicillin (Sigma-Aldrich), 1% streptomycin (Sigma-Aldrich),
and 10% HyClone USDA tested fetal bovine serum (FBS, Thermo
Scientific). Opti-MEM reduced serum medium, no Phenol Red
(Life Technologies), was used for all cytotoxicity and transfec-
tion experiments. Lipofectamine and Lipofectamine2000 (Life
Technologies) were used as controls in transfection experiments.

Nanoparticle Cytotoxicity. HEK293T cells were seeded at 5000
cells/well on fibronectin-coated (Sigma-Aldrich) 96-well plates
(0.4 ug/well in 75 uL/well DPBS for 45 min), and RAW264.7 cells
were seeded at 10000 cells per well in 96-well plates without
fibronectin coating (Nunc, Thermo Scientific). After 18 h incuba-
tion, the medium was replaced with Opti-MEM. The nano-
particles were prepared at 5x concentration in 1x PBS pH 5.5
and then added to cells at a final concentration of 1x in the
wells following 1 h incubation with Opti-MEM.

Following 48 h incubation, medium was removed and
cells were incubated for 90 min with CellTiter 96 AQueous non-
radioactive cell proliferation assay (MTS, Promega) with serum-free
DMEM without Phenol Red (Sigma-Aldrich). The absorbance (A) at
690 nm (background) and 490 nm (MTS assay) was measured
using a microplate reader (Synergy HT, BioTek Instruments, Inc.),
and cell relative viability (V) was calculated as shown in eq 2:

V = A490.5ample *A690‘5ample - (A490,nocells *A690.nocells) @

(A490‘media - A690‘media - A490‘nocells *A690,nocells)

Flow Cytometry To Quantify Uptake of Fluorescently Labeled siRNA.
Flow cytometry was used to quantify siRNA internalization.

FORBES AND PEPPAS

Flow cytometry measurements were collected using a BD
Fortessa flow cytometer and analyzed using FACSDiva software
(BD Biosciences). Either 120000 HEK293T cells or 240000
RAW264.7 cells were plated in 6-well plates (Nunc, Thermo
Scientific) and incubated for 40 h. Next, cells were incubated for
2 h with 0.05 mg/mL polycationic nanoparticles or appropriate
controls with 200 nM fluorescently labeled DY647 siRNA
(Thermo Scientific). Controls included Lipofectamine and Lipo-
fectamine2000 (5 uL/well) as well as siRNA-only and untreated
controls. Following incubation, cells were rinsed twice with cold
1x DPBS pH 7.4 prior to treating with trypsin (HEK293T) or
scraping (RAW264.7) to form a cell suspension. The cell suspen-
sion was centrifuged, the supernatant discarded, pellet resus-
pended in flow cytometry buffer (1% FBS in DPBS), centrifuged
again, supernatant discarded, and finally the pellet resus-
pended in flow cytometry buffer. The samples were stored in
darkness at 4 °C before measurement. The results are reported
in two ways: as the average percent of cells (taken over a
large number of cells, typically 10000) containing fluorescently
labeled DY647 siRNA and as the mean fluorescence intensity
of the sample normalized to the fluorescence intensity of the
blank control. All results are reported as the average plus or
minus the standard deviation of three independent experi-
ments. The results for the normalized fluorescence for each cell
type were compared by Student's t test (two-tailed, unequal
variance) to check for statistically significant differences in
the uptake of fluorescently labeled siRNA compared to the
no-carrier siRNA-only control.

Confocal Microscopy To Verify siRNA Internalization. Coverslips
(18 mm round, no. 1.5 thickness) were acid-washed overnight
with 1T N HCl at 60 °C, rinsed with ethanol/water mixtures with
successively increasing volume ratios of ethanol, and then the
coverslips were placed in a 12-well plate. Prior to plating the
HEK293T cells, the acid-washed coverslips in a 12-well plate
were coated with fibronectin (4 ug fibronectin/well in 750 uL/
well DPBS); no fibronectin coating was used for the RAW264.7
cells. HEK293T and RAW264.7 cells were added at 40000 and
80000 cells/well, respectively. Cells were incubated for 40 h
prior to 2 h incubation with 0.05 mg/mL polycationic nanopar-
ticles or appropriate controls with 200 nM siRNA. Controls
included Lipofectamine and Lipofectamine2000 (2.5 uL/well)
as well as siRNA-only and untreated controls. Following incuba-
tion, cells were rinsed three times with 1x PBS pH 7.4 and
fixed with 4% paraformaldehyde in 1x DPBS for 10 min prior
to washing three times with HBSS (BioWhittaker) and once
with DI water (autoclaved). Coverslips were mounted to glass
slides using Prolong Gold antifade reagent with DAPI (Life
Technologies) and stored in the freezer prior to imaging.

Confocal images were acquired using a Zeiss LSM 710
confocal microscope with a 63x objective. The gain and offset
for the different channels were kept constant for the full series
of images of each cell type (with the settings for the HEK293T
and RAW264.7 cell types optimized separately) to permitimage
comparisons. Images were collected in 16 bit format, and all
images underwent identical postprocessing (y = 0.45 for red
and blue channels, y = 0.1.3 for bright-field, and bright-field
scale adjusted to max/min using ZEN Blue).

Transfection with AllStars Death siRNA. Transfection conditions
were matched to those used for cytotoxicity. HEK293T cells
were seeded at 5000 cells/well on fibronectin-coated (Sigma-
Aldrich) 96-well plates (0.4 ug/well fibronectin in 75 uL/well
DPBS for 45 min), and RAW264.7 cells were seeded at 10000
cells per well in 96-well plates without fibronectin coating
(Nunc, Thermo Scientific). After 18 h incubation, the medium
was replaced with Opti-MEM. The nanoparticles were combined
with siRNA (AllStars Hs Cell Death siRNA or AllStars Mm/Tn
Cell Death siRNA, Qiagen) in 1x PBS pH 5.5 at 0.125 mg/mL
nanoparticles and 5x the final siRNA concentration. The
complexes were added to cells at a final concentration of
0.025 mg/mL in the wells (with 100 or 200 nM siRNA) following
1 h incubation with Opti-MEM. Lipofectamine and Lipofecta-
mine2000 wells contained 0.25 uL/well Lipofectamine or
Lipofectamine2000. Following 48 h incubation, medium was
removed and cell death visually confirmed. Viability was eval-
uated as for cytotoxicity experiments (cells were incubated for
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90 min with MTS solution, and the absorbance was measured
with a plate reader). The results for viability for the AllStars
Death and the scrambled siRNA were compared by Student's
t test (two-tailed, unequal variance) to check for statistically
significant knockdown. The knockdown efficiency was evalu-
ated using the cell viability (V) ratio of cells with death siRNA and
cells with scrambled siRNA as shown in eq 3:

_ Vdeath > 3)

% knockdown = 100 x (1 v
scrambled
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