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ABSTRACT

Purpose To apply a combinatorial chemistry approach toward
the design of polymeric vectors, and to evaluate their effectiveness
as siRNA delivery systems in vitro.

Methods Poly(acrylic acid) (pAA) was synthesized via RAFT poly-
merization with well-controlled molecular weights (M,,: 3 kDa,
5 kDa, 10 kDa and 21 kDa). A polymer library was generated
from the pAA precursors by conjugating two distinct moieties,
agmatine (Agm) and D-(+)-galactosamine (Gal), at various ratios.
Biophysical and cellular characterization was evaluated in vitro for
these polymeric vectors using MDA-MB-23 | -luc+ cells.

Results A critical balance between Agm/Gal content and poly-
mer molecular weight must be attained to achieve favorable
transfection efficacies. From the library of 22 polymers, only a
few had knockdown efficiencies commensurate with effective
siRNA delivery, particularly those with polymer precursor M,, of
5 kDa and 10 kDa. Highest protein knockdown of 84% was
achieved by a polymer conjugate with a 5 kDa pAA backbone
with a side chain composition of 55% Agm and 17% Gal.
Conclusions Effective delivery of siRNA was found to be highly
dependent on the molecular structure of the polymeric vector.
The combinatorial approach employed provided the tools to
identify optimal structural properties leading to efficient siRNA
delivery for this class of vector.

Electronic supplementary material The online version of this
article (doi:10.1007/s11095-012-0876-4) contains supplementary
material, which is available to authorized users.
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ABBREVIATIONS

Agm  agmatine

FA fluoresceinamine

Gal D-(+)-galactosamine

M, number-average molecular weight

pPAA  poly(acrylic acid)

PDI polydispersity index

PEIb branched polyethyleneimine
siRNA  small interfering RNA

INTRODUCTION

The discovery of RNA interference (1) (RNAIi) has led to a
revolution in molecular biology and disease treatment.
RNAI is a highly regulated post-transcriptional mechanism
that modulates protein expression, and has become attrac-
tive for studies involving protein regulation both i vitro and
i vivo (2—4). By taking advantage of this endogenous mech-
anism, gene silencing can be induced by sequence-specific
cleavage of a messenger RNA, thereby reducing or elimi-
nating undesired protein expression. Inducing protein
knockdown in mammalian systems can be achieved using
different effectors, including synthetic small interfering RNA
(siRNA), short hairpin RNA (shRNA), and DNA encoding
for shRNA (5). In particular, synthetic siRNA, generally
composed of oligonucleotides 21-23 base pairs long, offers
significant advantages over other effectors such as a wide
range of mRINA targets with high specificity and a cytoplas-
mic site of action, thereby avoiding chromosomal DNA
perturbations.

Introducing siRINA into cells is challenging owing to the
lack of effective delivery vectors that can safely transport
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these macromolecules to their site of action while overcom-
ing a manifold of the barriers that hinder the delivery
pathway (6). In contrast to viral vectors, non-viral delivery
systems have become promising therapeutic alternatives due
to their low cytotoxicity profiles, low immunogenic potential
and ease of chemical modifications. Among non-viral deliv-
ery systems, polymer-based vectors have gained increasing
attention primarily due to the ability to tailor their archi-
tectures, and consequently their physicochemical properties,
for specific applications (7-9). Although several drawbacks
exist for polymeric vectors, they can be designed to integrate
specific functionalities that provide beneficial properties in-
cluding cell targeting, pH-responsiveness, and thermodynamic
stability in the extracellular medium. Multifunctional polymers
are adaptable to address multiple design criteria for bioactive
materials (10); however, identifying optimal structural charac-
teristics from a wide structure-parameter space can be
challenging.

Combinatorial libraries of polymers have become a valu-
able avenue for the design of functional biomaterials, par-
ticularly for gene delivery (11-17). Through combinatorial
libraries, the structure-function relationship of biomaterials
can be correlated to identify the most favorable structural
parameters for optimal outcomes—in this case, high trans-
fection efficiencies with minimal cytotoxicity. Therefore, a
combinatorial approach can be remarkably powerful for the
development of bioactive polymers as siRNNA delivery sys-
tems. Morcover, branched polymers, such as poly(acrylic
acid) (pAA), offer the flexibility for structural modifications
due to their multiple side chains. Following a similar chem-
istry, various moieties could potentially be incorporated,
therefore enhancing the ability to generate new functional
biomaterials.

In this study, a combinatorial chemistry approach was
applied toward the design of polymeric vectors for enhanced
siRNA delivery through an analysis of their structure-
function relationships. Toward this goal, pAA of different
molecular weights (M,,) was synthesized by reversible
addition-fragmentation chain transfer (RAFT) polymeriza-
tion. Based on these pAA precursors, a library of polymers
was generated by the side chain substitutions with two
distinct moieties, agmatine (Agm) and D-(+)-galactosamine
(Gal), at varying ratios. Agm provides a cationic source to
facilitate interactions with the siRNA and enhance cell
membrane permeability, while Gal can serve as a polyplex
solubilizer/stabilizer. The structural parameters examined
include: 1) molecular weight (M,,) of the polymer; 2) Agm
content; and 3) Gal content. The biophysical and cellular
characterization of these polymeric vectors was carried out
and herein reported, including the relative binding affinity
of the polymers with siRNA, polyplex stability in the pres-
ence of competitive ionic species (sodium heparin), polyplex
stability in serum, polyplex effective diameter and zeta

potential, cytotoxicity and transfection efficiency using
MDA-MB-231-luc+ cells as a model cell line.

MATERIALS AND METHODS
Materials

25 kDa branched polyethylenimine (PEIb), sodium heparin
from porcine intestinal mucosa, fluoresceinamine, isomer I
(FA), bovine serum albumin (BSA) and ethidium bromide
(EtBr) were purchased from Sigma-Aldrich. HEPES buffer
(10 mM, pH 7.2) was prepared with ultrapure water and
filtered through a 0.2 um PES membrane. TBE buffer
(0.089 M Tris base, 0.089 M boric acid, and 2 mM sodium
EDTA) and SYBR green II RNA gel stain were purchased
from Invitrogen. MDA-MB-231-luc+ cells (human breast
carcinoma cell line), kindly donated by Dr. Balraj Singh,
University of Texas MD Anderson Cancer Center, Huston
Texas, were maintained in Dulbecco’s Modified Eagle
Medium (DMEM Cellgro, Mediatech Inc., Manassas VA)
with 10% v/v Fetal Bovine Serum (FBS, HyClone, Thermo
Scientific) and no antibiotics at 37°C and 5% CO,. Luciferase
GL3 duplex siRNA (sense sequence 5- CUU ACG CUG
AGU ACU UCG A dTdT -3') and non-specific control
duplex siRNA (sense sequence 5-AUG UAU UGG CCU
GUA UUA G UU -3'), were purchased from Dharmacon,
Thermo Scientific. Costar 96-well plates (clear and opaque)
were purchased from Corning Life Sciences.

Characterization

M, and polydispersity indices (PDI) for pAA were obtained
using a Waters Gel Permeation Chromatography (GPC)
system equipped with two Ultrahydrogel™ columns
(Waters) in series (500 A and 250 A), 1515 isocratic HPLC
pump and 2414 refractive index detector with the temper-
ature controlled at 30°C. The mobile phase employed was
phosphate buffer saline (pH=7.4) at a rate of 0.8 mlmin '
calibrated with poly(methacrylic acid), sodium salt stand-
ards. "H NMR of pAA and polymer conjugates was per-
formed using an Inova 400 MHz spectrometer with
deuterium oxide (DyO) as the solvent. Resonances were
referenced to HOD at 4.81 ppm. Particle effective diameter
and zeta potential were obtained with a Malvern Zetasizer
Nano-ZS system using the Malvern Dispersion Technology
software supplied by the instrument manufacturer. The
Smoluchowski model was applied to calculate zeta poten-
tials. Confocal imaging was performed on a Leica TCS SP2
laser scanning confocal system with a HCX PL APO 63x/
1.32-0.6 oil immersion GS objective equipped with a 4-line
argon laser. Gel electrophoresis was performed in an Invi-
trogen XCell SureLock™ Mini-Cell using Novex® 15%
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TBE-urea pre-cast gels. Gels were run at a constant voltage
of 200 V. Absorbance was obtained using a Molecular
Devices SpectraMax Plus®®* UV/Vis spectrophotometer at
the specified wavelength (A,},). Fluorescence was
obtained using a Molecular Devices SpectraMax Gem-
miEM at the specified excitation and emission wavelengths
(Aexe and Aqpy;, respectively). Luminescence (in RLU units) was
obtained using a Veritas Microplate Luminometer (Turner
Biosystems).

Polymer Precursor Synthesis

PAA of various M,, were synthesized as previously reported
by our group (18). A representative example for 3 kDa pAA
(Table I, entry 1-6) is as follows: Acrylic acid (AA; 0.950 ml,
13.9 mmol) and 4-cyanopentanoic acid dithiobenzoate
(CPA-DB; 77.8 mg, 0.278 mmol; in 3.0 ml methanol) were
transferred to a 5 ml glass ampule with a magnetic stirbar
and purged with nitrogen for 5 min. 4,4'-azobis(4-cyano-
pentanoic acid) (A-CPA; 19.5 mg, 0.0695 mmol; in 0.670 ml
methanol) was added, and the solution was purged with nitro-
gen for 2 min. The ampule was flame-sealed and polymeriza-
tion nitiated with continuous stirring (600 rpm) at 60°C. The
reaction was stopped at 48 h by inserting the ampule in an ice
bath and exposing the solution to air. The solution was then
placed under reduced pressure (Edwards RV8 vacuum pump)
for 15-20 min, diluted with deionized-water and dialyzed using
Spectra/Por regenerated cellulose dialysis tubing (1 kDa
MWCO) against deionized-water for 3 days. The product
was recovered by lyophilization. For this particular sample,
M,=2,900, PDI=1.36 and percent conversion estimated by
gravimetric analysis was 37%. "H NMR (D,O, ppm) pAA: &
1.8 (br t, 2H), 5 2.4 (br s, 1H).

Polymer Conjugate Synthesis

Polymer conjugates were synthesized by a sequential conju-
gation of Agm and Gal to the side chains of pAA as previ-
ously reported by our group (18). The conjugation of these
groups was mediated via a condensation reaction using 4-
(4,6-dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium
chloride (DMTMM) as the condensing agent. Briefly, a
representative example for 200% (mol percentage) target
Agm conjugation to 3 kDa pAA (3-P1), which corresponds
to [COOH](:[DMTMM]:[Agm]p=1:2:4 (Table I, entry 1)
1s as follows: pAA (50 mg, 0.69 mmol COOH) and Agm
(640 mg, 2.8 mmol) were transferred to a 25 ml pear-shaped
flask with a magnetic stir bar, dissolved with 13 ml of 0.1 M
borate buffer, pH=8.5 and stirred for 10 min. A DMTMM
solution (390 mg, 1.4 mmol; in 3.7 mL of 0.1 M borate
buffer, pH=8.5) was added dropwise, and the pH was
adjusted to 8.0 with additions of I N sodium hydroxide
(NaOH). The reaction flask was capped and continuously
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stirred (600 rpm) at room temperature for 48 h. The prod-
uct was purified by dialysis using Spectra/Por regenerated
cellulose dialysis tubing (1 kDa MWCO) against 0.001 M
borate buffer (pH=8.5) for 2 days and deionized-water for 2
additional days and recovered by lyophilization. For this
particular sample, Agm actual substitution to pAA was
76% which corresponds to a conjugation efficiency of
38%. '"H NMR (D,O, ppm) pAA-Agm: & 1.6 (s, 4H), &
1.7 (br s, 2H), 8 2.1 (br s, 1H), & 3.2 (s, 4H). Sequential
conjugation of Gal to pAA-Agm followed the same proce-
dure as previously described with [polymer];=3.0 mg/ml
and the pH adjusted to 7.0 with additions of 1N sodium
chloride (HCI). The product was purified by dialysis using
Spectra/Por regenerated cellulose dialysis tubing (1 kDa or
3.5 kDa MWCO) against water for 3 days and recovered by
lyophilization. "H NMR (D,O, ppm) pAA-Agm-Gal: & 1.6
(s,4H),8 1.7 (brs, 2H), 8 2.1 (brs, 1H), 6 3.2 (s, 4H), & 3.5—
4.7 (m, 6H). To obtain different ligand contents, the
[COOH]; to [DMTMM], molar ratio was varied with
[NHs]o=2"[DMTMM], and [polymer]p=3.0 mg/ml (Sup-
plementary Table S1, Table S2 and Table S3). The degree
of side chain substitution of each ligand (mol %) in pAA was
determined by "H NMR (400 MHz, D,O) through integra-
tion of the "H NMR resonances (Supplementary Material).

Fluoresceinamine Conjugation to Polymer Conjugates

A representative example for 10% (mol percentage) target FA
conjugation to available carboxyl groups in 10 kDa pAA-
78%Agm-3%Gal (10-P2), which corresponds to
[COOH]:[DMTMM]:[FA]p=1:0.1:0.2 1s as follows: 10-P2
(10 mg, 0.012 mmol COOH) and FA (0.83 mg, 0.0024 mmol
in 33 pl of DMSO) were transferred to a 5 ml pear-shaped
flask with a magnetic stir bar, dissolved with 2 ml of 0.1 M
borate buffer, pH=8.5 and stirred for 10 min. A DMTMM
solution (0.33 mg, 0.0012 mmol; in 1.3 ml of 0.1 M borate
buffer, pH=8.5) was added dropwise, and the pH was adjust-
ed to 7.5 with additions of 1IN NaOH. The reaction flask was
capped and continuously stirred (600 rpm) at room tempera-
ture for 24 h. The product was purified by dialysis using
Spectra/Por regenerated cellulose dialysis tubing (3.5 kDa
MWCO) against deionized-water for 3 days and recovered
by lyophilization.

Preparation of Polyplexes

A 0.5 mg/ml stock solution of each polymer conjugate was
prepared with 10 mM HEPES buffer, pH 7.2. Immediately
prior to formation of the polyplex, the polymer conjugate
stock solution was sonicated for 60 sec to disrupt electrostat-
ic interaction between polymer chains prior to complexation
with the siRNA. A specific volume of a 20 pM or 2 pM
siRNA stock solution was mixed with aliquots of the
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Table I Polymer Precursor (pAA)

pAA M PDI? Agm Content (%) Gal Content (%)

M, and PDI, Agm Content Entry Name

and Gal Content

for Polymer Conjugates I 3 kDa-P 3-PI
2 3-P2
3 3-P3
4 3-P4
5 3-P5
6 3-P6
7 5 kDa-P 5-PI
8 5-P2
9 5-P3
10 5-P4
Il 5-P5
12 5-P6
I3 10 kDa-P 10-PI
14 10-P2
15 10-P3
6 |10-P4
17 10-P5
18 10-P6

°As determined by Gel 19 21 kDa-P 21-P1

Permeation Chromatography 20 21-P2

(GPC) 21 21-P3

°As determined by 'H NMR 2 21-p4

(400 MHz, D,0)

2900 [.36 76
76 3
56 17
56 8
45 22
45 13
4 800 .32 76 0
76 2
55 17
55 10
46 28
46 14
10 400 1.20 78 0
78 3
56 18
56 10
46 26
46 14
20 900 [.19 72 0
72 3
55 12
55 4

polymer conjugates stock solution to form the designated
polymer:siRNA (w:w) ratio. The final volume was adjusted
to 120 pL, unless otherwise specified, with 10 mM HEPES
buffer, pH 7.2. After vortexing for 5 sec, the polyplex
solution was incubated at room temperature for 20 min.

Relative Polyplex Binding Affinity and Competitive
Displacement with Heparin

The relative strength of electrostatic binding between siRNA
and polymer conjugates and the displacement of siRNA from
the polyplex by heparin (competitive anionic species) were
measured by EtBr fluorescence quenching. Stock solutions
of siRNA, polymer conjugates, sodium heparin, and EtBr
were prepared with 10 mM HEPES buffer, pH 7.2. Poly-
plexes were formed as previously described. siRNA (20 pl of a
2 uM stock solution) was combined with a specific volume of
the polymer conjugate stock solution to achieve the designated
polymer:siRNA (w:w) ratio, and the final volume was adjusted
to 120 pl with 10 mM HEPES buffer, pH 7.2. The polyplex
solution (100 ul) was transferred to a black 96-well polystyrene
plate (non-treated).

For the relative binding affinity assay, EtBr (50 ul of a
14 pM stock solution) was added to each well, and the plates
were incubated at room temperature for 20 min. For the
competitive heparin displacement assay, a sodium heparin

solution (10 pl) of varying concentrations was transferred to
each corresponding well, and plates were incubated at 37°C
for 20 min. EtBr (40 pl of a 17.5 uM stock solution) was
added to each well, and plates were incubated at room
temperature for an additional 20 min.

The final concentration of EtBr was 4.67 uM and the
siRNA phosphate group to EtBr molar ratio was 2:1. Fluo-
rescence was read at A..=535 nm and A.,;=595 nm. Each
condition was performed in triplicate.

Polyplex Stability in Serum

The polyplex stability in the presence of serum proteins was
evaluated as previously described by Katas et al. (19). Briefly,
polyplexes were formed as previously described. siRNA
(18.8 ul of a 20 uM stock solution) was combined with a
specific volume of the polymer conjugate stock solution to
achieve the designated polymer:siRNA (w:w) ratio, and the
final volume was adjusted to 200 pl with 10 mM HEPES
buffer, pH 7.2. Polyplexes were incubated at 37°C with an
equal volume of DMEM with 20% v/v FBS. The FBS final
concentration was 10% v/v. At the designated times (0, 1, 2,
4, 8, 16, 24 and 48 h), an aliquot of the polyplex solution
(40 pl) was removed, flash frozen in liquid nitrogen and
stored at —80°C. To terminate serum activity and to disso-
ciate the siRNA from the complex, samples were incubated
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at 80°C for 5 min and sodium heparin (5 pul of a 1 mg/ml stock
solution) was added, respectively. The integrity of the siRINA
was assessed by gel electrophoresis using a 15% TBE-urea
polyacrylamide gel (Invitrogen) at a constant voltage of 200 V
for 1 hin 1x TBE buffer. Gels were afterward incubated in
SYBR green II RNA gel stain (1:10,000 dilution in ultrapure
water filtered through a 0.2 pum PES membrane) for 40 min,
and siRNA bands were visualized under a UV transillumina-
tor (A=302 nm) using a SYBR Green gel stain photographic
filter (Invitrogen).

Effective Diameter and Zeta Potential

Polyplexes were formed as previously described. siRNA
(19.8 ul of a 20 uM stock solution) was combined with a
specific volume of the polymer conjugate stock solution to
achieve the designated polymer:siRNA (w:w) ratio, and the
final volume was adjusted to 1.05 ml with 10 mM HEPES
buffer, pH 7.2 (50 pl and 1 ml for effective diameter and
zeta potential measurements, respectively). The siRINA final
concentration was 5 pg/ml. Effective diameter and zeta
potential of polyplexes were determined by dynamic light
scattering using a Malvern Zetasizer Nano-ZS. For the
particle effective diameter, three measurements consisting
of 10 runs of 10 s each were performed on each sample at
room temperature. For the particle zeta potential, three
measurements consisting of 15 runs each were performed
on each sample at room temperature.

Confocal Microscopy

MDA-MB-231-luc+ cells (1 X 10° cells/plate) were seeded in
2 ml of growth medium (DMEM with 10% v/» FBS) in
polystyrene plates (non-treated, 60 mmX15 mm) with 3
glass coverslips (non-treated, 12 mm diameter) 24 h prior
to transfection and incubated at 37°C and 5% CQOy. Imme-
diately prior to transfection, polyplexes were formed as
previously described. siRNA (11.3 ul of a 20 uM stock
solution) was combined with a specific volume of the FA-
labeled polymer conjugates stock solution (10-P2-FA or 10-
P3-FA) to achieve the designated polymer:siRNA (w:w) ra-
tio, and the final volume was adjusted to 310 pl with 10 mM
HEPES buffer, pH 7.2. After formation of the polyplex,
4.19 ml of serum-free medium was added to the polyplex
solution. The growth medium was removed from the plates,
and cells were rinsed with 1X Dulbecco’s phosphate buff-
ered saline (DPBS, Cellgro, Mediatech Inc., Manassas VA,
2 ml). The glass coverslips were transferred to new plates
with 2 ml of serum-free medium (3 coverslips/plate),
corresponding to 120,000 cells/plate. The serum-free me-
dium from the plates was replaced with 2.25 ml of the
polyplex solution. The siRNA concentration per plate was
0.67 pg/ml (1.5 pg siRINA per plate). Plates were incubated
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at 37°C and 5% COy, for 4 h. Cells were rinsed 3 times with
DPBS (2 ml), fixed with 3.7% formaldehyde (2 ml) for
10 min followed by quenching with BSA (2 ml of
10 mg/ml in DPBS). Coverslips were mounted onto micros-
copy slides using Vectashield mounting medium (Vector Lab-
oratories, Burlingame CA), and cells were immediately
imaged using a Leica TGS SP2 laser scanning confocal sys-
tem. FA-containing polymer conjugates were detected by
excitation at 488 nm, and fluorescence emission was
collected at 500-550 nm.

Cytotoxicity

MDA-MB-231-luc+ (8,000 cells/well) were seeded in 100 pl
of growth medium (DMEM with 10% /v FBS) in clear 96-
well polystyrene plates (tissue-culture treated) 24 h prior to
transfection and incubated at 37°C and 5% CO,. A
0.5 mg/ml polymer stock solution was prepared with
10 mM HEPES buffer, pH 7.2 and sonicated for 60 sec to
disrupt electrostatic interactions between polymer chains.
From this stock solution, polymer conjugates were diluted
with 10 mM HEPES buffer, pH 7.2 to various concentra-
tions at a final volume of 120 pl and vortexed for 5 sec. The
growth medium was removed from the wells, and cells were
rinsed with DPBS (150 pl). Serum-free medium (no phenol
red, 120 pl) was added to the wells, followed by aliquots of
polymer dilutions (30 pl). The final polymer concentration
in the wells were 0, 1, 2.5, 5, 7.5, 10, 15, 20, 30, 40, 60, 100
and 150 pg/ml. Plates were incubated at 37°C and 5%
COs for 4 h, after which the medium in each well was
replaced with fresh growth medium (DMEM with 10% /v
FBS, 150 pl). Plates were incubated at 37°C and 5% COqy
for an additional 44 h. Cytotoxicity was assessed by the
MTS Assay using CellTiter 96® AQueous One Solution
Cell Proliferation Assay (Promega, Madison WI) according
to the manufacturer’s instructions. Following incubation of
the plates at 37°C and 5% COy, for 2 h, the absorbance was
read at A, =490 nm. Data was fitted to sigmoidal (dose-
response) curve using OriginPro 8.1, and the half maximal
inhibitory concentrations (IC5,) were calculated as the poly-
mer concentration (in pg/ml) corresponding to 50% cell
survival or half the absorbance measured at a polymer
concentration of 0 pg/ml. Each condition was performed
in triplicate.

siRNA Transfection

MDA-MB-231-luc+ (8,000 cells/well) were seeded in 100 pl
of growth medium (DMEM with 10% /v FBS) in both
white and clear 96-well polystyrene plates (tissue-culture
treated) 24 h prior to transfection and incubated at 37°C
and 5% COy. Immediately prior to transfection, polyplexes
were formed as previously described. The growth medium
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was removed from the wells, and cells were rinsed with
DPBS (150 pl). Serum-free medium (no phenol red,
120 pl) was added to the wells, followed by aliquots of the
polyplex solution (30 pul). The siRNA concentration per well
was varied from 0.33 pg/ml (50 ng of siRNA/well) to 3
pg/ml (450 ng of siRNA/well). Plates were incubated at
37°C and 5% COy for 4 h, after which the medium in each
well was replaced with fresh growth medium (DMEM with
10% v/v FBS, 150 pl). Plates were incubated at 37°C and
5% COy for an additional 44 h.

As positive controls, cells were transfected with PEIb,
RNAIFECT (Qiagen) and TransI'T-siQuest (Mirus Bio, Mad-
ison WI). Transfections with PEIb followed the same proce-
dure as previously described for polymer conjugates. Complex
formation with RNAIFECT was performed according to the
manufacturer’s instructions with a siRNA:RNAIFECT
(ng:pl) = 1:6 in the Buffer EC-R supplied. Complex formation
with TransIT-siQuest was performed according to the man-
ufacturer’s instructions with a siRNA:RNAIFECT (ug:ul) =
1:5 in Opti-MEM. The growth medium was removed from
the wells, and cells were rinsed with DPBS (150 pl). Serum-
free medium (no phenol red, 120 pl) was added to the wells,
followed by aliquots of the complex solution (30 pl). Plates
were incubated at 37°C and 5% CO, for 4 h, after which the
medium in each well was replaced with fresh growth medium
(DMEM with 10% v/0 FBS, 150 pl). Plates were incubated at
37°C and 5% COy for an additional 44 h.

White 96-well plates were assayed for luciferase activity
using Bright-Glo Luciferase Assay (Promega, Madison WI)
according to the manufacturer’s instructions. Clear 96-well
plates were assayed for either total protein content using
BCA Protein Quantification Assay (Thermo Scientific
Pierce) according to the manufacturer’s instructions or
relative cell viability by MTS assay as previously described.
Each polyplex/control condition was performed in triplicate
for luciferase activity, total protein quantification and cell
viability.

Bright-Glo Luciferase Assay

Prior to luciferase activity quantification, growth medium
was removed from the wells of the white 96-well plate, and
cells were rinsed with DPBS (150 pl). Serum-free medium
(no phenol red, 100 pl) was added to each well. Bright-Glo
working solution (Promega, Madison WI; 100 ul) was added
to each well. The plate was incubated for 2 min at room
temperature, and luminescence (in RLU units) was imme-
diately obtained.

BCA Protein Quantification Assay

Prior to total protein quantification, growth medium was
removed from the wells of the clear 96-well plate, and

cells were rinsed with DPBS (150 pl). Glo-lysis buffer
(Promega, Madison WI; 10 pl) was added to each well,
and plates were gently shaken at room temperature on a
microplate shaker for 10 min. BCA working solution
(Thermo Scientific; 200 pl) was added to each well and
incubated at 37°C and 5% CO, for 1 h. Absorbance was
read at A,,s=562 nm. The total protein (in pg/well) was
calculated from a calibration curve generated from a
BSA protein standard with concentrations varying from
0 to 2000 pg/ml performed simultaneously with each
experiment.

Statistical Analysis

All data included is presented as the mean * standard devia-
tion. Statistical analysis between samples was performed via a
two-tailed unpaired t-test. Difference between samples were
considered significant if p<0.05.

RESULTS
Polymer Conjugates

PAA was synthesized via RAFT polymerization using A-
CPA and CPA-DB as the radical initiator and chain
transfer agent (CTA), respectively. By varying the
monomer to CTA molar ratio, pAA of four different
M, specifically 2,900 kDa, 4,800 kDa, 10,400 kDa and
20,900 kDa, were synthesized with PDIs ranging from
1.36 to 1.19 depending on the M,. The M, range for
PAA was selected based on the limited solubility of the
polymer conjugates with the highest molecular weight at
physiological pH of 7.4.

A library of polymers was synthesized by conjugating two
distinct moieties, Agm and Gal, at different ratios to the side
chains of pAA. The conjugation of both moieties was me-
diated via an amidation reaction between the side chain
carboxyl groups in pAA and the amino groups in the ligands
using DMTMM as the condensing agent (18). The conju-
gation of both ligands to pAA was achieved in a two-step
reaction, where Agm was first introduced followed by Gal
(Fig. 1). Simultaneous conjugation of both ligands is possi-
ble; however, in order to achieve high Agm content (>39%),
a two-step conjugation reaction was required. The degree of
side chain substitution of cach ligand was determined by 'H
NMR spectroscopy (Inova 400 MHz, D,O) and is referred
to as a percentage value. The percentage reported (mol %)
corresponds to the total ligand content relative to the total
side chains (or repeating units) in each polymer. To obtain
different ligand content, the [COOH], to [DMTMM],
molar ratio was varied while keeping [NHy]o=
2:-[DMTMM], and [polymer]p=3.0 mg/ml. Of note,
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NH

HoN o~ N K NH,
Agm
74 RAFT #
o —— o .
HO DMTMM
OH pH 8

AA pAA

OHGH,0H
o)
X n-x HO x y z
0 NH, OH o= o= ©
NH OH Gal NH OH NH

Fig. 1 Synthesis schematic of polymer conjugates. Polymers precursors (pAA) were synthesized by RAFT polymerization with different molecular weights
followed by a two-step conjugation of Agm and Gal at different mol percent (%) substitutions.

partial methylation of the carboxyl side chain group (~6%)
occurred during synthesis of the polymer precursor. This
modification produced a "H NMR signal at 3.7 ppm (s, $H),
which was accounted for the quantitation of Gal substitution
in pAA.

Table I outlines the polymer conjugates comprising the
library with their corresponding A, PDI, Gal content and
Agm content. A total of 22 polymers were evaluated; four
PAA M, and six polymer conjugates (except for 21 kDa-P
polymers) per polymer M,,, each with a unique combination
of Agm and Gal content. For the 21 kDa-P library, only four
Gal/Agm combinations (21-P1 to 21-P4) were included due
to poor solubility at physiological pH of 7.4 for the 21-P5
and 21-P6 polymers.

Relative Binding Affinity

Figure 2a—d shows the relative binding affinity of the
polymer conjugates with siRNA at various polymer:
siRNA (w:w) ratios: (a) 3 kDa-P, (b) 5 kDa-P, (c)
10 kDa-P and (d) 21 kDa-P. The relative strength of
the electrostatic interactions between the polymer chains
and siRNA can be measured by EtBr fluorescence
quenching. EtBr intercalates between the strands of
nucleic acids generating a strong fluorescence signal.
Maintaining the siRNA concentration constant, as the
polymer concentration in solution increases, the EtBr
will be excluded from interacting with the siRINA, there-
by generating a reduction in the fluorescence signal. This
quenching effect provides a quantitative analysis of the
relative binding affinity of the polymer conjugates with
siRNA (20). In Tig. 2, a relative fluorescence of 1 (highest
possible value) corresponds to free siRNNA in solution (no
binding to polymer); therefore, the lower the relative fluores-
cence, the stronger the binding affinity of the polymer with
siRNA.

From Fig. 2a—d a trend directly correlated to the Agm
and Gal contents can be distinguished for all polymers
conjugates. The higher the Agm content, the higher the
cationic density in the polymer chain leading to a stronger
electrostatic interaction with the negatively charged siRINA.

@ Springer

The Gal content in the polymer influences the total cationic
density as well through its conjugation to the free carboxyl
groups in pAA which, if unconjugated, would become ion-
ized in solution imparting a more negative charge. There-
fore, keeping the Agm content constant, the higher the Gal
content the more effective the binding of the polymer
conjugate with siRNA.

For all molecular weights, P1 and P2 polymers had
higher affinities for siRNA resulting in a relative fluo-
rescence of ~0.2 at a polymer:siRNA (w:w) >5:1 or
higher. The low level of fluorescence correlates to a
strong binding affinity between these polymers and
siRNA. As the Agm content decreases, the binding
affinity to siRNA decreases. For instance, P3 and P4
polymers generated a relative fluorescence of ~0.3-0.4
at a polymer:siRNA (w:w) >20:1 for 3 kDa-P and
5 kDa-P, and at a polymer:siRNA (w:w) >10:1 for
10 kDa-P and 21 kDa-P. For P5 polymers the relative fluo-
rescence decreased to ~0.4-0.5; however, to achieve this a
polymer:siRINA (w:w) ratio of 40:1 or higher is required. P6
polymers generate a relative fluorescence of ~0.6-0.8 at a
polymer:siRNA (w:w) >20:1.

Heparin Competitive Displacement

To evaluate the polyplex stability in the presence of other
anionic compounds, a heparin competitive displacement
assay was carried out. In this assay, the polyplex is exposed
to varying amounts of heparin, a highly anionic polysaccha-
ride. Heparin competes with the siRINA for interactions with
the polymer conjugate, thereby displacing the siRNA from
the complex. This dissociation can be evaluated by quanti-
fying the displaced siRNA in solution by means of EtBr
fluorescence. A relative polyplex stability (RPS) is calculated
from Eq. 1:

Firvg — F
RPS — 1RNA hep (1)

Fvi}b\‘}l - P}wly[xl@x

where Fj;pny 1s the corrected fluorescence of siRNA in the
absence of the polymer vector, F,,;p.. 15 the corrected
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Fig. 2 Relative binding affinity of polymer conjugates with siRNA as measured by ethidium bromide fluorescence quenching. [siRNA]=3 ug/ml. N=3. Error
bars represents standard deviation. 25 kDa PEIb is included for comparison. (a) 3 kDa-P; (b) 5 kDa-P; (c) 10 kDa-P; (d) 21 kDa-P

fluorescence of siRINA in the presence of the polymer con-
jugate and £y, is the corrected fluorescence of siRNA in
the presence of the polymer conjugate and heparin.
RPS=1 corresponds to [heparin]=0 pg/ml, or when
the fluorescence emitted from the system with heparin
(Fheyp) 1s equal to the fluorescence cmitted from the
system without heparin (Fj,pp..). A lack of change in
fluorescence corresponds to no additional siRNA:poly-
mer dissociation due to heparin, which correlates to
high stability. Therefore, the higher the RPS value
(the closer to 1), the more stable the polyplexes in the
presence of heparin. Figure 3a—c shows the RPS after
exposing the polyplex to varying amounts of heparin.
Taking the 10 kDa-P library as a representative exam-
ple (Fig. 3a), polymers with higher Agm content, par-
ticularly 10-P1 and 10-P2, provide a stronger resistance
to exchange with heparin, which correlates to a stronger
binding affinity with siRNA. Taking 10-P2 as a repre-
sentative example, as the polymer:siRNA (w:w) ratio
increases, the strength of electrostatic binding between

siRNA and the polymer increases, thus higher amounts
of heparin are needed to disrupt the siRNA-polymer
complex (Fig. 3b). For instance heparin:siRNA (w:w) =
2.5:1 is required to disrupt a polymer:siRNA (w:w) =
5:1, while a heparin:siRNA (w:w) = 5:1 is required to
disrupt a polymer:siRNNA (w:w) = 10:1 and a heparin:siRNA
(w:w) = 10:1 1s required to disrupt a polymer:siRNA (w:w) =
20:1. The polymer M, also has an impact on the RPS by
the competitive binding of heparin. It is evident from
Fig. 3c that lower M, polymers provide higher polyplex

Fig. 3 Relative polyplex stability. Displacement of siRNA from polyplex by
the competitive interaction of heparin with polymer conjugates was mea-
sured by ethidium bromide fluorescence quenching. [siRNA]=3 ug/ml.
N=3. Error bars represent standard deviation. (@) 10 kDa-P library at
polymer:siRNA (w:w) = 10:1: 10-PI (dark gray), 10-P2 (vertical lines), 10-
P3 (white), 10-P4 (diamond), 10-P5 (black), 10-P6 (squares). (b)!0-P2 at
various polymer:siRNA (w:w) ratios: w:w=>5:1 (light gray), w:w=10:1
(vertical lines) and wiw=20:1 (black). (c) P2 polymers at polymer:siRNA
(W:w)=10:1: 3-P2 (horizontal lines), 5-P2 (light gray), 10-P2 (vertical lines),
21-P2 (black).
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10 P m :g:g; Polyplex Stability in Serum
2 [J10-P3
% EEEE 10-P4 The polyplex stability in serum, and the ability of the poly-
8 0.8 I 10-P5 mer conjugate to protect the siRNA from nuclease degra-
‘:" EEEE 10-P6 dation, was evaluated. In this assay, polyplexes were
%_ 0.6 - incubated in 10% FBS for various times, after which the
%‘ integrity of the stRNA was examined via gel electrophoresis.
L Figure 4 shows images of RNA polyacrylamide gels with
_g ' each lane corresponding to a different incubation time.
© Naked siRNA was degraded within 2 h of incubation in
@ 024 10% FBS (Fig. 4a), while siRNA recovered from polyplexes
formed with 10-P2 and 10-P3 remained almost intact at
0.0 & i i ; 48 h and 16 h of incubation in 10% FBS, respectively
1.25:1 2.51 5:1 10:1 (Fig. 4b—c). These data suggest that the selected polymer
Heparin:siRNA Ratio (w:w) conjugates are able to protect the siRINA from serum nuclease
degradation.
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g I from the polymer conjugates and siRNA at a polymer:
> 06 siRNA (w:w) = 10:1. For all molecular weights, a trend
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% 0.4+ (wiw) = 10:1, the particle size ranges from 125 nm to
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stability in solution as it shows less siRNA displacement
by competitive anionic species as compared to their higher
M, counterparts.
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particle size to ~90 nm (Supplementary Figure S1). Similar
trends were observed for other molecular weights.

Figure 6 shows the zeta potential of polyplexes formed
from the polymer conjugates and siRNA at a polymer:
siRNA (w:w) = 10:1. All polymers conjugates, except the
P6 polymers, achieved polyplexes that exhibited positive
zeta potentials ranging from 20 to 40 mV. Polyplexes
formed from P6 polymers had net negative zeta potentials.
Taking 10-P2 as a representative example at varying poly-
mer:siRNA (wiw) of 1:1, 2.5:1. 5:1, 10:1 and 20:1, poly-
plexes exhibit net positive zeta potentials of similar values
except for polymer:siRNA (w:w) = 1:1, which had a negative
zeta potential (Supplementary Figure S2).

Confocal Microscopy

Confocal microscopy imaging was performed to visualize
the internalization of polyplexes into MDA-MB-231-luc+
cells. Two FA-labeled polymer conjugates, 10-P2-FA and
10-P3-FA, were selected as representative examples for this
analysis due to their high cationic charge and relative good
polyplex stability. For both conjugates, polyplex internaliza-
tion was achieved as distinguished by the strong fluorescence
emitted from the interior of the cell 4 h post-transfection
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Fig. 4 Polyplex stability in serum. siRNA integrity was evaluated by gel electrophoresis after incubation of polyplexes at 37°C in 10% vA FBS at various
times. siRNA bands were stained with SYBR green Il RNA gel stain and visualized under a UV transilluminator. Lane | corresponds to a |0 bp DNA ladder.
(a) naked siRNA; (b) polyplexes formed with 10-P2 and siRNA (polymer:siRNA (w:w)=10:1); (c) polyplexes formed with 10-P3 and siRNA (polymer:

SIRNA (wiw)=20:1).

(Fig. 7). Punctuated as well as diffused fluorescence was
observed in both samples.

Cytotoxicity

The cytotoxicity caused by free polymer conjugates was
assessed by calculating their IC5,, which corresponds to
the polymer concentration required to kill 50% of the
cell population. A sigmoidal fit was applied to the plot
of log;o(polymer concentration) vs. relative absorbance at
490 nm (MTS assay), and the polymer concentration was
calculated at 50% cell survival.

Table IT includes the IC5q of all polymer conjugates. Two
trends are distinguished for these polymer conjugates: 1) the
cytotoxicity decreases as Agm content decreases; 2) the
cytotoxicity decreases as polymer M,, decreases. Polymer-
induced cytotoxicity was more prominent for Pl and P2
polymers, which had conserved IC5( of ~5—6 pg/ml for all

240 E=33kDa-P [l 10kDa-P

[15kDa-P M 21kDa-P

200 +

160

120 4

80 4

40

Effective Diameter (Z-avg, nm)

Polymer
Polymer:siRNA (w:w) = 10:1

Fig. 5 Effective diameter (Z-ave, nm) of polyplexes formed from siRNA and
polymer conjugates at a polymer:siRNA (w:w)=10:1: 3 kDa-P (horizantal
lines), 5 kDa-P (dark gray), 10 kDa-P (vertical lines), 21 kDa-P (black).
[SIRNA]=5 ug/ml. Three measurements were performed on each sample.
Error bars represents standard deviation.

molecular weights. Nevertheless, for all polymer conjugates,
the cytotoxicity obtained was lower than for 25 kDa PEIb,
which had an IC5,=2.9 pg/ml under the same conditions.

siRNA Transfection

MDA-MB-231-luc+ cells were transfected with siRINA tar-
geting the luciferase protein. Figure 8a—d shows the relative
cell viability and relative luciferase expression 48 h after
siRNA transfection mediated by polymer conjugates. Poly-
plexes were formed at various polymer:siRNA (w:w)
ratios with a constant siRNA concentration of 0.33 pg/ml
(50 ng/well). Luciferase expression (RLU) was normalized to
the total protein content as determined by the BCA total
protein assay. Cell viability 48 h post-transfection was quan-
tified using the MTS assay.

A wide range of polymer:siRNA (w:w) ratios for each
polymer conjugate was assessed to identify optimal param-
eters that would achieve the highest transfection efficiency.
For each polymer conjugate, the polymer:siRNA (w:w) ratio

801 == 3kDa-P [l 10kDa-P
[ 15kDa-P N 21kDa-P

__ 40+
>
E
T 20
b=
2
o
o 0
I P2 P3
Q
N

-20 4

Polymer
Polymer:siRNA (w:w) = 10:1
-40 A

Fig. 6 Zeta potential (mV) of polyplexes formed from siRNA and polymer
conjugates at a polymer:siRNA (w:w)=10:1: 3 kDa-P (horizantal lines),
5 kDa-P (dark gray), 10 kDa-P (vertical lines), 21 kDa-P (black). [sIRNA]=
5 ug/ml. Three measurements were performed on each sample. Error bars
represents standard deviation.
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Fig. 7 Confocal microscopy
images of polyplexes internalized
by MDA-MB-23 |-luc+ cells 4 h
post-transfection. Cells were
transfected with polyplexes formed
from FA-labeled polymer
conjugates and siRNA. [siRNA]=
0.67 ug/ml (1.5 ug siRNA per
plate). (@) 10-P2-FA, polymer:
SIRNA (w:w)=10:1; (b) 10-P3-FA,
polymer:siRNA (w:w)=20:1.

was varied according to their relative binding affinities with
siRNA and to IC5( values. For all molecular weights, poly-
mers with the highest Agm content, particularly P1, P2 and
P3 polymers, achieved enhanced transfection efficiency as
compared to those with low Agm content, leading to a lower
protein expression 48 h after treatment.

Although no detectable cytotoxicity was perceived for the
3 kDa-P library at a constant siRNA concentration of
0.33 ug/ml, only a modest protein knockdown of ~40%

Table Il |Cs Values for Polymer Conjugates and 25 kDa PEIb after 48 h
Incubation with MDA-MB-23 | -Luc Cells + (MTS assay). N=3

Entry Polymer ICs0, free polymer (Ug/mI)
\ 3-Pl 3kDapAA-76%A 6.5+0.2
2 3-P2 3kDapAA-769%A-3%G 7.5+0.7
3 3-P3 3kDapAA-569%A-17%G 557=19
4 3-P4 3kDapAA-569%A-8%G 121.9+2.5
5 3-P5 3kDapAA-45%A-22%G >150

6 3-P6 3kDapAA-45%A-13%G >150

7 5-P1 5kDapAA-76%A 50%=0.5
8 5-P2 5kDapAA-76%A-2%G 5207
9 5-P3 5kDapAA-55%A-17%G 549« 1.1
10 5-P4 5kDapAA-55%A-10%G 48.8=1.2
[l 5-P5 5kDapAA-46%A-28%G >150

12 5-P6 5kDapAA-46%A-14%G >150

I3 |0-PI | OkDapAA-78%A 47x04
14 |0-P2 | OkDapAA-78%A-3%G 59+04
I5 |0-P3 | OkDapAA-56%A- 1 8%G 13.1=0.9
6 |0-P4 | OkDapAA-569%A-10%G 202+1.0
|7 |0-P5 | OkDapAA-469%A-26%G > 150

18 |0-P6 | OkDapAA-469%A- 14%G > 150

19 21-Pl | OkDapAA-72%A 6.5=0.6
20 21-P2 | OkDapAA-72%A-3%G 54+0.5
21 21-P3 | OkDapAA-55%A-12%G 10.0+£0.9
22 21-P4 | OkDapAA-55%A-4%G 153+0.6
23 PEIb 25 kDa 29+0.3
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was achieved with 3-P1 and 3-P2 polymers at various poly-
mer:siRNA (w:w) ratios. However, these values are not
statistically significant compared to non-specific siRNA
transfection carried out under the same conditions. In con-
trast, 5 kDa-P and 10 kDa-P libraries were both more
successful at siRNA transfection and protein knockdown

compared to the 3 kDa-P library, particularly for P1 and
P2 polymers. 5-P1 and 5-P2 at a polymer:siRNA (w:w) =
15:1 achieved ~60% knockdown while 10-P1 and 10-P2 at
a polymer:siRNA (w:w) = 15:1 achieved ~70% knockdown,
all being statistically significant compared to non-specific
siRNA transfection carried out under the same conditions
(p<0.05). In addition, for both libraries, P3 polymers at a
polymer:siRNA (w:w) = 30:1 achieve ~40-50% protein
knockdown. As the Agm content was decreased, less signifi-
cant knockdown was observed (~0—40% protein knockdown).
In the case of the 21 kDa-P library, only 21-P1 and 21-P2 at a
polymer:siRINA (w:w) = 15:1 showed protein knockdown that
was statistically significant as compared to non-specific siRINA
transfection carried out under the same conditions ($<0.05).
Under these conditions, protein knockdown of ~56% was
achieved with a relative cell viability >70%.

Polymer conjugates that exhibited negligible cytotoxicity,
though modest transfection efficiencies at siRINA concentra-
tion of 0.33 pg/ml, were further evaluated for protein
knockdown at higher siRNA concentrations up to 3.0
pg/ml (Fig. 9a—d). These polymer conjugates include P3
polymers at a polymer:siRNA (w:w) = 10:1 and polymer:
siRNA (w:w) = 20:1, and P5 polymers at polymer:siRNA
(w:w) = 60:1. For all conditions, increasing the siRNA con-
centration led to a significant increase in protein knock-
down. P3 polymers at a polymer:siRNA (w:w) = 20:1 were
shown to be the most effective transfection reagents as
revealed by the marked decrease in relative luciferase ex-
pression. Particularly, 5-P3 polymers at polymer:siRNA
(wiw) = 20:1 achieved up to 84% protein knockdown
with >70% cell viability.

Transfection of siRNA with 25 kDa PEIb and two
commercially-available transfection reagents (RNAIFECT
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Fig. 8 Relative cell viability and a
relative luciferase expression of
MDA-MB-23 | -luc+ cells 48 h
post-transfection for all polymer
conjugates at [sIRNA]=0.33
pg/ml (50 ng siRNAMvell). N=3.
Error bars represent standard de-
viation. Conditions showing
statistically significant protein
knockdown (p <0.05) as
compared to nonspecific SIRNA
transfection carried out under the
same conditions are indicated by
an asterisks (*). (@) 3 kDa-P; (b)
5 kDa-P; (€) 10 kDa-P; and (d)
2| kDa-P
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and TransIT-siQuest) were included for comparison
(Fig. 10). Some of the conditions evaluated for our polymer
conjugates achieved better outcomes than PEIb which could
generate up to ~55% protein knockdown at [siRNA] =
0.33 pg/ml (PEIb:siRNA (w:w) = 5:1) or [siRNA] =
0.66 pg/ml (PEIb:siRNA (w:w) = 2.5:1). Higher siRNA
concentrations or PEIb:siRNA (w:w) ratios to enhance pro-
tein knockdown is not viable due to the high cytotoxicity
caused by PEIb. For the commercially-available transfection
reagents, at analogous conditions, protein knockdown
of ~60% and ~80% was achieved for RNAIFECT and
TransI'T-siQuest, respectively. As controls, relative lucifer-
ase expression of MDA-MB-231-luct cells 48 h post-
transfection with non-specific siRNNA and with polymer con-
jugates only (no siRNA) for polymer conjugates were eval-
uated and a selection are shown in Supplementary Figure
S3 and Figure S4.
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DISCUSSION

The favorable transfection of siRNA into cultured cells is
reliant on multiple factors including the structural compo-
nents of the vector and the vector:siRNA ratio. These fea-
tures alter both the biophysical and biochemical properties
of the vector and can influence siRNA delivery efficiency.
Herein we have analyzed a library of pAA-based polymer
conjugates with a variety of structural elements including
varying polymer M,,, side chain composition and side chain
density. One of the major advantages of pAA scaffolds is the
availability of multiple sites that can easily undergo chemical
modification by following an aqueous-based, easy to purify,
one-step condensation reaction. Although we only show the
conjugation of two ligands, this class of material offers the
potential for multiple combinations of different functional
groups following a similar chemistry.
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One of the side chain functional groups incorporated into
the design is agmatine (Agm), which imparts a cationic density
essential for electrostatic interactions between the polymer
chains and siRNA, as well as the cellular membrane. The
guanidium groups from the Agm moieties are protonated
under physiological conditions providing a strong electrostatic
interaction with negatively charged phosphate groups along
the siRNNA backbone. Moreover, Agm has been shown to
promote cellular internalization due to interactions between
the guanidium groups and the sulfate groups of the cell
surface glycosaminoglycan (21). The number of guanidium
groups in argiine-rich peptides has been found to signif-
icantly influence translocation (22,23). Thus controlling the
Agm content is critical for efficient interactions with the
cell membrane. The second component incorporated into
the design is D-(+)-galactosamine (Gal). Carbohydrates can
enhance transfection efficiencies and, in this case, the hydroxyl
groups in Gal help stabilize the cationic charge from the Agm

@ Springer

siRNA Concentration (pg/ml)

groups and therefore increase the polymer solubility. In addi-
tion, although not evaluated in this study, carbohydrates could
potentially promote cell-specific targeting through lectins (sug-
ar-binding proteins) localized on the membranes of specific
cells, such as hepatocytes (24—29). However, the degree of
substitution of Gal into polymer vectors can have an impact
on the polyplex size and transfection efficiency (25). There-
fore, careful identification of optimal number of Gal residues
in the polymer is crucial for effective siRNA delivery.

The library contains a total of 22 polymers; four polymer
precursors of distinct M, (3 kDa, 5 kDa, 10 kDa to 21 kDa),
cach with varying combinations of Agm and Gal content. The
higher the Agm content in the polymer, the stronger electro-
static binding with siRNA and the higher polyplex stability in
the presence of other anionic species, in addition to smaller
effective particle diameters and higher net zeta potentials.
However, polymer conjugates with high Agm content generate
higher cytotoxicity as identified by their low IC5q (~5 pg/ml).
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Fig. 10 Relative cell viability and relative luciferase expression of MDA-MB-
231-luc+ cells 48 h post-transfection. Commercially-available transfection
reagents: 25 kDa PElb (horizontal lines), RNAIFECT (light gray), TransIT-
siQuest (vertical lines), siRNA (3.0 ug/ml), non-specific (NS) siRNA (3.0
ug/ml) and cells only (dark gray). N=3. Error bars represent standard deviations.
Conditions showing statistically significant protein knockdown (p<0.05) as
compared to nonspecific SIRNA transfection carried out under the same
conditions are indicated by an asterisks (¥).

In contrast, polymers with the lowest amount of Agm (45%—
46%) exhibited minimal cytotoxicity (IC50> 150 pg/ml); how-
ever these have a lower binding affinity with siRNA. This
phenomenon may be due to the low amount of guanidium
groups and the presence of both positive and negative charges
in the polymer chain, which may hinder the siRNA to effec-
tively interact with available positive charges. The polymer
M, influences the biophysical properties of these vectors,
particularly the stability in the presence of anionic species.
Polymers with lower M, are more stable in the presence of
heparin than their higher M, counterparts, likely due to their
more comparable chain length with siRNA. Polycations and
polyanions with charged segments of matched chain length
have been found to undergo molecular recognition in solution
forming assemblies of higher stability (30). In addition, for P2
polymers, effective diameters of less than 100 nm and high
binding affinity with siRNA correlated to higher protein
knockdown. However, comparing polymer conjugates with
the same polymer:siRNA (w:w) ratio of 10:1, no apparent
structure-function correlation was perceived as these have
difference Agm/Gal contents, which can influence their bio-
logical activity. (Supplementary Figure S5).

The internalization of polyplexes was evaluated via confo-
cal microscopy as this is an effective technique to analyze

siRNA delivery in cell culture (31). Two polymer conjugates
from the 10-P library that achieved relative high protein
knockdown at low siRNA concentrations ([siRNA] =
0.33 ug/ml), 10-P2 and 10-P3, were selected as representative
examples for this analysis. For 10-P2-FA and 10-P3-FA, con-
focal images showed both punctuated and diffused fluores-
cence 1in the interior of the cell 4 h post-transfection. The
punctuated fluorescence corresponds to polyplexes localized
in cytoplasmic vesicles, while the diffused fluorescence corre-
sponds to polyplexes in the cytosol. These results suggest that
the polyplexes were able to successfully escape the cytoplasmic
vesicles after cellular internalization, one of the major intra-
cellular barriers to siRNA delivery.

Although polymers of lower A, (3 kDa-P) are inclined to be
less cytotoxic to cells and more stable in the presence of anionic
species, these polymers are less efficient at mediating siRNA
transfection. On the other hand, although able to achieve high
transfection efficiencies under some conditions, polymers of
higher M, (21 kDa-P) exhibited more prominent cytotoxicity.
Therefore, polymers in the 5 kDa-P and 10 kDa-P libraries are
the more promising candidates for siRNA delivery, particularly
the P2 and P3 polymers. Our most favorable condition was 5-
P3 at a polymer:siRNA (w:w) = 20:1 which showed a good
balance between high transfection efficiency and low cytotox-
icity. The results obtained for this polymer were superior to
PEIb and RNAIFECT, and comparable to TransIT-siQuest;
however, a direct comparison with PEIb is more relevant since
it is a polymer-based vector.

CONCLUSIONS

In this work, we developed polymer libraries to help define the
structure-function relationships associated with this class of
vector. Polymer conjugates were synthesized by the side chain
substitution of Agm and Gal to pAA of various M,. The
biophysical and cellular characterization of these polymeric
vectors revealed interesting correlations pertaining to their
efficacy as siRINA delivery systems. In general, for this class of
polymer conjugates, the higher the Agm content, the more
compact and stable the polyplexes and the higher transfection
efficiency, but also the higher the cytotoxicity. For polymer
conjugates with high Agm content (i.e. P2), higher protein
knockdown was correlated to small-sized polyplexes
(<100 nm) and strong binding affinity with siRNA. As for the
effect of molecular weight, the lower the polymer AM,,, the more
compact and stable the polyplexes and the lower the cytotox-
icity, but also the lower the transfection efficiency. Therefore, a
critical balance between the polymer M, and ligand substitu-
tions, while maintaining a small size (100 nm) and strong
binding affinity with siRNA, should be attained to optimize the
transfection efliciency and maintain high cell viability in cul-
ture. Based on these criteria, the most favorable M, identified
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were 5 kDa and 10 kDa. From these libraries, P2 and P3
polymers were the most effective, particularly 5-P3 which
corresponds to a 5 kDa pAA with a side chain composition
of 55% Agm and 17% Gal. Characterization of these poly-
meric vectors allowed the identification of optimal chemical
and structural properties, and contributed toward the devel-
opment of safer and more eflicient siRNA delivery systems.
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