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ABSTRACT

Biodegradability can be incorporated into cationic polymers via use of disulfide linkages that are degraded
in the reducing environment of the cell cytosol. In this work, N-(2-hydroxypropyl)methacrylamide
(HPMA) and methacrylamido-functionalized oligo-L-lysine peptide monomers with either a non-
reducible 6-aminohexanoic acid (AHX) linker or a reducible 3-[(2-aminoethyl)dithiol] propionic acid
(AEDP) linker were copolymerized via reversible addition-fragmentation chain transfer (RAFT) polymer-
ization. Both of the copolymers and a 1:1 (w/w) mixture of copolymers with reducible and non-reducible
peptides were complexed with DNA to form polyplexes. The polyplexes were tested for salt stability,
transfection efficiency, and cytotoxicity. The HPMA-oligolysine copolymer containing the reducible AEDP
linkers was less efficient at transfection than the non-reducible polymer and was prone to flocculation
in saline and serum-containing conditions, but was also not cytotoxic at charge ratios tested. Optimal
transfection efficiency and toxicity were attained with mixed formulation of copolymers. Flow cytometry
uptake studies indicated that blocking extracellular thiols did not restore transfection efficiency and that
the decreased transfection of the reducible polyplex is therefore not primarily caused by extracellular
polymer reduction by free thiols. The decrease in transfection efficiency of the reducible polymers could
be partially mitigated by the addition of low concentrations of EDTA to prevent metal-catalyzed oxidation

of reduced polymers.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Biodegradability is an important attribute of polycations used
in nucleic acid delivery formulations for in vivo applications. Poly-
plexes (polycation and nucleic acid complexes) formed from higher
molecular weight polycations are more stable in the extracellu-
lar environment (Tang et al., 2010) while intracellular nucleic acid
release typically occurs by competitive displacement and therefore
occurs more readily when shorter polycations are used (Schaffer
et al., 2000). In addition, polycation cytotoxicity has been shown to
be reduced with decreasing polymer molecular weight (de Wolf
et al.,, 2007; Fischer et al., 2003; Hwang and Davis, 2001). To
meet these two seemingly opposing material requirements, poly-
cations that undergo triggered intracellular degradation have been
employed. The two most commonly used strategies employed in
design of degradable polycations are acid-labile bonds, such as
hydrazones and esters, and reducible disulfide linkages (Bauhuber
et al., 2009; Ganta et al., 2008; Ouyang et al., 2009). The lat-
ter approach is particularly attractive because the disulfide bonds
are stable in the oxidizing extracellular environment while the
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reducing environment of the cell cytoplasm triggers intracellular
degradation.

Three major approaches have been used to incorporate
reducible bonds in polyplex formulations: (1) crosslinking poly-
plexes using reactive thiols or disulfide-containing crosslinkers,
(2) crosslinking low molecular weight polycations using the
same approach, or (3) synthesizing cationic polymers with inter-
nal disulfide linkages. Disulfide bonds were first introduced
to polyplex formulations by crosslinking preformed polyplexes
to increase the stability of polyplexes for in vivo applications
(McKenzie et al., 2000a,b; Trubetskoy et al., 1999). In these exam-
ples, crosslinked polyplexes were shown to be more resistant
to DNA release and colloidal aggregation. The second approach
has been primarily applied to polyethylenimine (PEI); crosslink-
ing of PEI has been shown to increase transfection efficiency of
low molecular weight PEI while providing reduced toxicity com-
pared with high molecular weight, non-degradable PEI in several
reports (Breunig et al.,, 2007; Choi and Lee, 2008; Deng et al.,
2009; Gosselin et al.,, 2001; Kloeckner et al., 2006; Liu et al.,
2010; Neu et al.,, 2006; Peng et al., 2008; Wang et al., 2006).
Finally, reducible polymers, such as reducible poly(amidoamines)
have been synthesized by using monomers containing an inter-
nal disulfide bond (Burke and Pun, 2010; Chen et al., 2009;
Dai et al., 2010; Lin et al., 2006; Ou et al.,, 2008). One major
advantage of this approach is better control over final polymer
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architecture that may improve the reproducibility of polyplex for-
mulations.

We previously synthesized HPMA-oligolysine copolymers that
contain a reducible disulfide linker, 3-[(2-aminoethyl)dithio]
propionic acid (AEDP), between the HPMA backbone and the
oligolysine peptide via free radical polymerization (Burke and
Pun, 2010). Additionally, we recently demonstrated that the
HPMA-oligolysine copolymers can be synthesized via reversible
addition-fragmentation chain transfer (RAFT) polymerization,
resulting in narrowly disperse and well-defined polymers, as well
as stoichiometric incorporation of peptide monomers. The oligoly-
sine length, oligolysine content and polymer molecular weight for
this class of polymers was optimized for polymer’s ability to trans-
fect cultured cells (Johnson et al., in press). Polymers composed of
oligolysines with ten lysines (K;q) incorporated at 20 mol% showed
comparable transfection efficiencies to that of polyethylenimine
(PEI), but with reduced toxicity.

The goal of this work is to synthesize reducible HPMA-
oligolysine polymers via controlled RAFT polymerization and to
evaluate transfection efficiency and toxicity of these materials
in several cultured cell lines. Because HPMA-oligolysine molecu-
lar weight and peptide loading can be well controlled using this
approach, the effect of a reducible versus stable architecture can
be studied directly by keeping these other factors, known to affect
transfection efficiency, constant. Although the backbone of these
HPMA-oligolysine polymers is not readily degradable, reduction
results in release of oligolysine peptides from the main chain.
Since the oligolysine component of the copolymers represents a
majority of the mass ratio of the copolymer, complete reduction
of disulfide linkers by releasing the oligolysine component from
the polymer would result in a significantly diminished polymer
molecular weight. Thus, polymers were designed to have molecu-
lar weights above the renal filtration threshold to promote polyplex
stability during circulation but to degrade into fragments that can
be easily excreted after disulfide reduction.

In this work we report the synthesis and evaluation of
HPMA-oligolysine copolymers for the delivery of plasmid DNA.
Copolymers of HPMA and oligolysine with either a nonreducible
or a reducible linker were synthesized via RAFT polymerization.
Polyplexes with these copolymers were evaluated for salt stabil-
ity, and transfection efficiency and cytotoxicity various cell lines.
Finally, flow cytometry and transfection studies with 5,5’-dithiobis-
(2-nitrobenzoic acid) (DTNB) assess the effect of free extracel-
lular thiols on uptake and transfection efficiency using these
copolymers.

2. Materials and methods
2.1. Materials

N-(2-Hydroxypropyl)methacrylate (HPMA) was purchased
from Polysciences (Warrington, PA). The initiator VA-044 was pur-
chased from Wako Chemicals USA (Richmond, VA). Chain transfer
agent ethyl cyanovaleric trithiocarbonate (ECT) was a generous
gift from Dr. Anthony Convertine (University of Washington). Rink
amide resin was purchased from Merck Chemical Int. (Darmstadt,
Germany). HBTU and Fmoc-protected lysine were purchased from
Aapptec (Louisville, KY). N-Succinimidyl methacrylate was pur-
chased from TCI America (Portland, OR). Maleimide-functionalized
Alexa Fluor 488 was purchased from Invitrogen (Carlsbad, CA).
All cell culture reagents were purchased from Cellgro/Mediatech
(Fisher Scientific, Pittsburgh, PA). All other materials, including
poly(ethylenimine) (PEI, 25,000 g/mol, branched) and poly(L-
lysine) (PLL, 12,000-24,000 g/mol), were reagent grade or better
and were purchased from Sigma-Aldrich (St. Louis, MO) unless

otherwise stated. Endotoxin-free plasmid pCMV-Luc2 was pre-
pared by using the pGL4.10 vector (Promega, Madison, WI) and
inserting the CMV promoter/intron region from the gWiz Luciferase
(Aldevron, Madison, WI). The plasmid was isolated and produced
with the Qiagen Plasmid Giga Kit (Qiagen, Germany) according to
the manufacturer’s instructions.

2.2. Synthesis of peptide monomers

N-(9-Fluorenylmethoxycarbonyl)-protected 3-[(2-aminoethyl)
dithio] propionic acid (Fmoc-Aedp) was synthesized as previ-
ously described, but with some improvements (Burke and Pun,
2010). Briefly, 616 mg (1.83 mmol, 2eq.) of 9-fluorenylmethyl
N-succinimidyl carbonate (Fmoc-OSu) was dissolved in 6 mL of
dimethoxyethane (DME). An AEDP solution (2eq. at 90g/L in
aqueous sodium bicarbonate) was then added dropwise to the
Fmoc-OSu solution while stirring. The reaction mixture was
allowed to proceed for 3 h at room temperature with vigorous stir-
ring in the dark after which the solution was filtered through a
0.2 wm pore size PVDF filter and solvent removed in vacuo. The
desired product was then extracted in chloroform as described pre-
viously. Crude material was then dissolved in minimum amount
of dichloromethane and reprecipitated in cold hexane to give an
off-white solid in quantitative yield.

Oligo-L-lysine (K;g) was synthesized on a solid support contain-
ing the Rink amide linker (100-200 mesh) using standard Fmoc/tBu
chemistry on an automated PS3 peptide synthesizer (Protein Tech-
nologies, Phoenix, AZ). Prior to peptide cleavage from the resin,
the N-terminus of the peptide was deprotected and modified with
either Fmoc-protected 6-aminohexanoic acid (AHX) or Fmoc-AEDP.
The N-terminus was then subsequently deprotected and reacted
with N-succinimidyl methacrylate to provide a methacrylamido
functionality on the peptide. The functionalized peptide monomers
are referred to as MaAhxK;o and MaAedpK;q. Synthesized pep-
tides were cleaved from the resin by treating the solid support
with a solution of trifluoroacetic acid (TFA)/dimethoxybenzene
(DMB)/triisopropylsilane (TIS) (92.5:5:2.5, v/v/v)for 1.5 h with gen-
tle mixing. Cleaved peptide monomers were then precipitated in
cold ether, dissolved in methanol, and re-precipitated in cold ether.
The peptide monomers were then frozen, lyophilized, and stored
at —20°C until polymer synthesis. If needed, peptide monomers
were purified via reversed-phase high-performance liquid chro-
matography (RP-HPLC) using acetonitrile as the mobile phase
and dH,0 (0.1 pm filtered) as the stationary phase. The peptide
monomers were analyzed by RP-HPLC and MALDI-TOF mass spec-
trometry (MS) and were shown to have greater than 95% purity.
The products were confirmed by MALDI-TOF MS. MALDI-TOF
MS calculated for MaAhxK;q (MH"), [1479.98]; found, [1480.02].
MALDI-TOF MS calculated for MaAedpK;o (MH"), [1530.09]; found,
[1530.09].

2.3. Synthesis of HPMA-co-AhxKj¢ via free radical polymerization

A copolymer of HPMA-co-AhxK;y was synthesized via free
radical polymerization as previously described (Burke and Pun,
2010), with some modifications. Briefly, 20 mol% of MaAhxKjq
(0.027 mmol, or 40mg) and 80mol% of HPMA (0.108 mmol,
or 15.5mg) were dissolved in reaction buffer (6 M guanidine
hydrochloride, 2mM EDTA, 0.5M Tris-base, buffered to pH 8.3
with HCl) to give a final monomer concentration of 85 mg/mL.
The weight of the initiator (I) 2,2’-azobis[2-(2-imidazolin-2-
yl)propane]dihydrochloride (VA-044) used for the polymerization
was calculated as 5% of the total mmole of the monomer (to
give a theoretical degree of polymerization, or DP, of 190). The
reaction mixture was added to an oven-dried 5 mL pear-shaped
reaction vessel, purged with N, gas for 15min, and then sealed
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and heated to 44 °C for 48 h to generate 27 mg of copolymer after
dialysis.

2.4. Synthesis of HPMA-co-AhxK;y and HPMA-co-AedpK;g via
RAFT polymerization

Copolymers of HPMA-co-AhxK ¢ and HPMA-co-AedpK;, were
synthesized via reversible-addition fragmentation chain trans-
fer (RAFT) polymerization as previously described (Johnson
et al., 2010), using ethyl cyanovaleric trithiocarbonate (ECT, MW
263.4 g/mol) (Convertine et al., 2009) as the chain transfer agent
(CTA) and VA-044 as the initiator (I). Briefly, 20 mol% of either
MaAhxK; or MaAedpKjo (0.176 mmol, or 270.0 mg) and 80 mol%
of HPMA (0.705 mmol, or 100.98 mg) were dissolved and son-
icated in acetate buffer (1M in dH,O, pH 5.1) such that the
final monomer concentration was 0.7 M. The molar ratio of CTA/I
was 10, and the DP used was 190. The reaction mixture was
added to a 5mL reaction vessel in the following order: ECT
(100 mg/mLin ethanol), 100% ethanol (10% of the final reaction vol-
ume), peptide monomer/HPMA mixture, and VA-044 (10 mg/mL
in acetate buffer). The reaction vessels were then sealed with a
rubber septum and purged with Ny gas for 10 min prior to incu-
bation in an oil bath (44°C) for 24h. The copolymer solution
was then dissolved in water, dialyzed against dH,O to remove
unreacted monomers and buffer salts, lyophilized, and stored at
—20°C. The final yield after dialysis was 58% of the theoretical
yield.

2.5. Polymer characterization and degradation studies

Molecular weight analysis of the copolymers was carried out
by gel permeation chromatography (GPC) as previously described,
using a miniDAWN TREOS light scattering detector (Wyatt, Santa
Barbara, CA) and an Optilab rEX refractive index detector (Wyatt).
Absolute molecular weight averages (M; and My, ) and dn/dc values
were calculated using ASTRA software (Wyatt). The dn/dc value for
each copolymer was 0.133 mL/g. The content of Ko peptide within
the HPMA copolymers were determined by amino acid analysis, as
previously described (Johnson et al., in press).

Reduction of HPMA-MaAedpK;y copolymers was carried out
by dissolving the copolymers at a concentration of 10 mg/mL
in acetate buffer (150mM, pH 4.4) with 1mM EDTA. Tris(2-
carboxyethyl)phosphine (TCEP) was added to the solution to a final
concentration of 25 mM. The progress of the reaction was followed
by GPC using methods described above.

2.6. Polyplex formulation and characterization

Stock solutions of polymers were prepared at 10 mg/mL in 0.1 x
phosphate buffered saline (PBS), and the pH was adjusted to 6.5
by adding 0.1 N HCl. Polymer solutions were used within 2 weeks
of preparation. To formulate polyplexes, pCMV-Luc2 plasmid DNA
was diluted to 0.1 mg/mL in DNase/RNase-free H,O and mixed
with an equal volume of polymer at desired lysine to DNA phos-
phate (N/P) ratios. Polyplexes were then allowed to incubate for
10 min at room temperature. For in vitro transfections, 20 L of the
polyplex solution (containing 1 g DNA) was mixed with 180 L
of Opti-MEM medium (Invitrogen). The particle size of the poly-
plexes was determined by mixing 20 L of the polyplex solution
with either 20 wL 0.2 wm-filtered dH,0, 2X PBS, or DMEM + 10%
FBS. The polyplex solutions were incubated for 15 min at room tem-
perature prior to particle sizing by dynamic light scattering (DLS)
(ZetaPALS, Brookhaven Instruments Corp.).

For serum degradation studies, pCMV-Luc2 plasmid DNA
was pre-stained with YOYO-1 iodide (Invitrogen), a known bis-
intercalating dye, to yield a DNA concentration of 0.1 mg/mL at

a ratio of 5:1, DNA base pairs to dye molecules. The DNA-dye
solution was allowed to incubate for 1 h at room temperature. Poly-
plexes were prepared by adding 10 p.L of polymer solution to 10 L
of pDNA-dye solution (containing 1 g DNA) at N/P of 5. Equal
volumes (20 L) of various fetal bovine serum (FBS) concentrations
were added to the polyplex solution to give serum final concen-
trations of 50%, 25%, and 10%, and the polyplexes were allowed to
incubate for 30 min. 20 pLaliquot samples, mixed with 1 pL ofload-
ing buffer, were then loaded onto a 0.8% agarose gel containing TAE
buffer (40 mM Tris-acetate, 1 mM EDTA) and electrophoresed in
the dark at 100 V. pDNA was then visualized using an UV transillu-
minator (laser-excited fluorescence gel scanner, Kodak, Rochester,
NY).

2.7. Cell culture

Hela (human cervical carcinoma), NIH/3T3 (mouse embry-
onic fibroblast), and CHO-K1 (Chinese hamster ovary) cells were
grown in minimum essential medium (MEM), Dulbecco’s mod-
ified eagle medium (DMEM), and F-12K medium, respectively,
supplemented with 10% FBS and 100 IU penicillin, 100 p.g/mL strep-
tomycin, and 0.25 pug/mL amphotericin B. Cells were passaged
when they reached ~80% confluency.

2.8. Invitro transfection

HeLa, NIH/3T3, and CHO-K1 cells were seeded overnight in 24-
well plates at a density of 3 x 10% cells per well (1 mL/well) at 37 °C,
5% CO,. Polyplexes were formed as described above. After the poly-
plexes were formed, 20 L (containing 1 wg DNA) was mixed with
180 L of Opti-MEM medium (Invitrogen) or complete cell medium
(containing 10% FBS) for serum transfections. Seeded cells were
washed once with PBS and then treated with 200 L of polyplexes
in Opti-MEM or complete medium, which was added dropwise on
top of the cells. Aftera4 hincubationat 37 °C, 5% CO, in a humidified
environment, the cells were washed once again with PBS and incu-
bated in 1 mL of fresh complete medium for an additional 44 h. For
studies with DTNB, the cells were pre-incubated with 500 wL DTNB
(5mM in Opti-MEM) for 1 h, washed with PBS, and then incubated
with polyplexes in Opti-MEM containing 5 mM DTNB for 4 h. For
studies with EDTA, cells were treated with polyplexes in Opti-MEM
containing 1 mM EDTA for 4 h; cells were collected, washed with
PBS, pelleted, resuspended in complete media, and added back into
the well for an additional 44 h. In all experiments cells were har-
vested and assayed for luciferase expression at 48 h. This was done
by washing cells once with PBS, adding of 200 pL reporter lysis
buffer (Promega, Madison, WI), and then performing one freeze-
thaw cycle to complete the lysis of cells. Lysates were collected and
centrifuged at 14,000 x g for 15 min. Luminescence was carried out
following the manufacturer’s instructions (Promega, Madison, WI).
Luciferase activity is reported in relative light units (RLU) normal-
ized by mg protein (RLU/mg), as measured by a microBCA Protein
Assay Kit (Pierce).

2.9. Cytotoxicity assay

The cytotoxicity of the polymers was evaluated in vitro using
the MTS assay. HeLa, NIH/3T3, and CHO-K1 cells were plated
overnight in 96-well plates at a density of 3 x 103 cells per well
per 0.1 mL. Polymers were prepared in serial dilutions in dH,0 and
then diluted 10-fold in Opti-MEM medium (Invitrogen). The cells
were rinsed once with PBS and incubated with 40 L of the poly-
mer solution for 4h at 37°C, 5% CO,. Cells were rinsed once with
PBS and the medium was replaced with 100 p.L complete growth
medium. At 48h, 20pL of 3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS)
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Scheme 1. Synthesis of reducible HPMA-co-oligolysine copolymers via reversible-addition fragmentation chain transfer (RAFT) polymerization. Statistical polymers of HPMA
and oligolysine were synthesized via RAFT polymerization using ECT as the chain transfer agent and VA-044 as the initiator. A CTA to I ratio of 10 and a degree of polymerization
(DP) of 190 was used in all polymerizations. A non-reducible (Ahx) or a reducible (AEDP) linker was used in the synthesis of the oligolysine (Kyo) peptide in order to introduce
biodegradability into the polymer. Peptide monomers were functionalized with a methacrylamido group (Ma) for polymerization.

(Promega) was added to each well. Cells were then incubated at
37°C, 5% CO, for 4 h. The absorbance of each well was measured at
490 nm using a microplate reader (TECAN Safire?). ICsq values were
computed using a nonlinear fit (four-parameter variable slope) in
GraphPad Prism v.5 (San Diego, CA).

2.10. Flow cytometry and microscopy

HeLa and NIH/3T3 cells were seeded overnight in 6-well plates at
adensity of 2 x 10° cells per well (2 mL/well) at 37 °C, 5% CO,. Poly-
plexes were formulated with polymer and plasmid DNA labeled
with TOTO-3 (1 dye per 25 base pairs). The polyplexes were then
diluted 10-fold in Opti-MEM and the fluorescence of TOTO-3 were
measured on a microplate reader (Tecan Safire2). Seeded cells were
washed once with PBS and treated with 1 mL of DTNB (5mM in
Opti-MEM) or Opti-MEM (for non-treated samples) for 1 hat 37°C,
5% CO,. Polyplexes were formulated with polymer and plasmid
DNA labeled with TOTO-3 (1 dye per 25 base pairs). The cells
were then incubated with 800 L of Opti-MEM containing poly-
plexes (with 5 mM DTNB for treated samples) for 30 min at 37 °C, 5%
CO,. The cells were washed once again with PBS and treated with
CellScrub (Genlantis) for 15 min at room temperature to remove
extracellularly bound polyplexes. Cells were then trypsinized, pel-
leted at 1000 x g for 5 min. Cell were pelleted again, washed with
complete medium, and resuspended in 0.3 mL complete medium
for flow cytometry. Flow cytometry analysis was completed at the
Cell Analysis Facility (BD FACS Canto, University of Washington).
TOTO-3 was excited at 633 nm and the emission was detected using
a 660/20-nm band-pass filter. A total of 10,000 events were col-
lected per sample.

2.11. Statistical analysis

The data are represented as the mean and standard devia-
tions. Differences were analyzed using the two-tailed Student’s
t-test and a p-value of less than or equal to 0.05 was taken as
significant.

3. Results
3.1. Synthesis of HPMA-co-AhxK;9 and HPMA-co-AedpKig

Synthesis of HPMA-co-MaAhxK;9 and HPMA-co-MaAedpKjq
copolymers was carried out by RAFT copolymerization of HPMA
with oligolysine comonomers that contained either an AEDP or
AHX linker. The principle difference between the two linkers is that
AEDP contained an internal disulfide bond that can be degraded
in reducing environments such as the cell cytosol. Copolymer-
ization was carried out as illustrated in Scheme 1. The resulting
polymers displayed properties that were close to targeted values
(Table 1). The number molecular weight average, My, of HPMA-co-
MaAedpK;o was 80.2 kDa, which corresponded well to the targeted
molecular weight of 79.5 kDa. Polydispersity of the copolymer was
1.11. Amino acid analysis of the HPMA-oligolysine copolymers
demonstrated a near quantitative yield of the oligo-L-lysine peptide
monomer in resulting copolymers (final mole %: 18.4). As a result,
the concentration of lysine in each of the final copolymers. In both
copolymers the targeted degree of polymerization (DP) was 190;
as a consequence, the number of monomers per copolymer chain
was similar and the lysine weight ratio was identical despite some
difference in the final My of the two copolymers.
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Table 1
Properties of HPMA-oligolysine copolymers.
Polymer Targeted Determined My [Mp? mol% Kio mmol amine/g 1Cs0 (g ICs0 (g ICs0 (g
M, (kDa) M, (kDa)? monomer® polymer® lys/mL)° lys/mL)d lys/mL)®
Polymer synthesized by free radical polymerization
HPMA-AhxK;o 78.0 168.4 2.24 12.0 0.00713 0.114" 0.128" 0.0901"
Polymers synthesized by RAFT polymerization
HPMA-AhxKjo 78.0 77.6 1.18 19.6 4.83 9.67" 8.23 12.16°
HPMA-AedpKiq 79.5 80.2 1.11 19.4 4.79 13.03° 14.10° 20.18"
1:1 (w/w) mixture - - - - - 12.24° 10.54" 12.25
bPEI (25 kDa) - - - - 23.22 1.85" 1.57 145"
PLL (12-24kDa) - - - - 4.51 0.70" 0.72 0.75"

Values determined by GPC coupled with laser light scattering, and dRI detection.

ICsp values determined using NIH/3T3 cells.

ICs0 values determined using CHO-K1 cells.

ICs0 values determined using HeLa cells.

Values were adjusted to lysine equivalent.

™ Values were adjusted to amine equivalent and ICsq values are in g amine/mL.

a
b
c
d
e
N

To compare polymers synthesized via RAFT and free radical
polymerization, a copolymer of HPMA-co-MaAhxK;y was also syn-
thesized via free radical polymerization (Table 1). The parameters
used in the synthesis were kept as similarly as possible to the syn-
thesis of the RAFT polymers to generate a comparable material.
However, despite a targeted DP of 190, the polymer synthesized via
free radical polymerization had a very large M, and also resulted
in lower than expected incorporation of oligo-L-lysine peptide.

3.2. Polymer degradation with TCEP

The HPMA-co-MaAedpK;¢ copolymer was treated with tris(2-
carboxyethyl)phosphine (TCEP) to reduce the disulfide bond
contained in the MaAedpK;o component of the copolymers. Reduc-
tion was assessed by size exclusion chromatography. Degradation
was done in the presence of EDTA (Fig. 1a) or without EDTA (Fig. 1b),

Mol% of oligo-L-lysine and mmol amine/g polymer determined by amino acid analysis.

a chelator that sequesters trace metals capable of oxidizing free
sulfhydryls to disulfide bonds. The mass fraction of the degraded
products was calculated by determining the area under the corre-
sponding peaks. Fig. 1a indicated that reduction of the disulfide
bonds proceeded quickly. At 15min, the copolymer was 80.2%
degraded and by 2 h, the polymer was 99.3% degraded. When EDTA
was present, treatment with TCEP resulted in the generation of
degraded copolymer and free oligolysine. However, when EDTA
was not present, a high molecular weight fraction was also gener-
ated, the degraded copolymer appeared less uniform, and at least
a portion of oligolysine appeared to dimerize.

3.3. Polyplex stability

Dynamic light scattering was used to measure the effective
hydrodynamic diameter of HPMA-AhxK;y and HPMA-AedpKjq
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Fig. 1. Degradation of HPMA-AedpK;o with TCEP. HPMA-AedpK;o, was degraded over time in the presence of 25 mM TCEP. Reduced copolymers were applied to a GPC
column to track changes in molecular weight at degradation of the copolymer occurred. (a) Reduction was done in the presence of EDTA. The insert indicates the mass
fraction of degraded copolymer and free oligolysine. Degraded copolymer eluted between 14 and 17 min, while free oligolysine eluted from 18 to 20 min. The insert shows
the mass fraction of peptide and copolymer. Reduction done without EDTA (b) produced three eluted peaks in SEC. The first is a high molecular weight fraction (9-12 min),

the second peak is degraded copolymer (14-17 min), and the third is oligolysine (18-

20 min).
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Fig. 2. Particle sizing of polyplexes by dynamic light scattering (DLS). The effec-
tive diameter of polyplexes formulated with HPMA-AhxK;o, HPMA-AedpKjo, or a
1:1 (w/w) mixture was determined by DLS in water, PBS with an ionic strength of
150 mM, and DMEM medium supplemented with 10% FBS. Data are presented as
mean=+S.D., n=3.

polyplexes at N/P ratios of 3, 5, and 10 in water, 150 mM
PBS, and complete cell medium (DMEM +10% FBS). Polyplexes
of HPMA-AhxK;y formed small particles in water (150-186 nm),
and particle size at N/P of 5 and 10 remained stable against
salt-induced aggregation in 150 mM PBS (Fig. 2). Polyplexes of
HPMA-AedpK;o formed smaller particles in water (90-100 nm)
compared to HPMA-AhxK;q, but were not salt stable even in the
presence of 1 mM EDTA (data not shown). Polyplexes ofa 1:1 (w/w)
mixture of the non-reducible and reducible polymer formed small
particles in water, similar to that of HPMA-AedpKj(, and were rel-
atively salt stable like HPMA-AhxK;q. All polyplex formulations
increased in size to an average hydrodynamic diameter > 500 nm in
10% serum. These data suggest that although the reducible polymer
does not form salt stable polyplexes, a mixture with non-reducible
polymer increases polyplex salt stability. However, in the presence
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Fig. 3. Polyplex stability in serum via gel retardation assay. Polyplexes complexed
with YOYO-1-labeled plasmid DNA and either HPMA-AedpK;9, HPMA-AhxKjq, or
HPMA-Ahx(d)K;o were incubated with various concentrations of serum (50%, 25%,
10%). Free DNA (plasmid DNA not complexed with polymer) was used as a control.
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Fig. 4. (a) Transfection efficiency of HPMA copolymers in HeLa, NIH/3T3, and CHO-
K1. Polyplexes (N/P 5) of copolymer and luciferase-encoding plasmid DNA were
incubated with cells for 4 h in serum-free conditions. Luciferase activity was mea-
sured 48 h after transfection and normalized to total protein content in each sample.
Cells: untreated controls; bPEI: branched polyethylenimine (25kDa); PLL: poly-
L-lysine (12-24 kDa); mixed copolymers: 1:1 (v/v) mixture of HPMA-AhxK;o and
HPMA-AedpKjo. (b) Polyplex cytotoxicity in HeLa, NIH/3T3, and CHO-K1. Toxicity
of the polyplexes was determined by measuring total protein content and designat-
ing untreated cells as 100% viable. Data are presented as mean +S.D.,n=4, *p<0.05,
as determined by two-tailed Student’s t-test.

of 10% serum particles do not maintain their small size regardless
of polymer composition.

The stability of HPMA-AhxK;9 and HPMA-AedpK;, polyplexes
in the presence of serum was also assessed by an agarose gel retar-
dation assay. Because serum shows an intrinsic band similar to
free DNA in an agarose gel containing ethidium bromide (data
not shown), a YOYO-1 pre-labeled DNA was used instead. Free
DNA incubated with various concentrations of serum (lanes 1, 5,
9 and 13) show streaking as a result of DNA degradation (Fig. 3).
HPMA-AedpK;9, HPMA-AhxK;¢ and a known protease-resistant
copolymer, HPMA-Ahx(d)K;,in which all lysines are D-lysines,
were able to fully complex plasmid DNA in the presence of various
serum concentrations as shown by the absence of bands corre-
sponding to free DNA.

3.4. Delivery of plasmid DNA to cultured cells

Polyplex transfection efficiency was determined by delivery
of a luciferase plasmid, pCMV-Luc2, to cells in serum-free and
serum-containing (10% FBS) conditions. For comparison against
commonly used polymeric reagents, branched PEI (bPEI, 25 kDa)
and poly-L-lysine (PLL, 12-24 kDa) polyplexes were also evaluated.
Transfection was also conducted with HPMA-AhxK;¢ synthesized
by free radical polymerization (Supplemental Fig. 1). Polyplexes
were formed at N/P (nitrogen to phosphate) ratios of 3, 5, and 10,
and evaluated for transfection efficiency under serum-free condi-
tions in NIH/3T3, CHO-K1, and HeLa cells (Supplemental Fig. 2).
N/P 5 was determined to be optimal for high transfection effi-
ciency and low cytotoxicity; therefore, the rest of the studies were
completed with polyplexes formulated at N/P 5. HPMA-AhxKjq
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transfected more efficiently than poly-L-lysine (PLL, 12-24 kDa) in
all cell lines (Fig. 4a). The luciferase activity of cells transfected
with HPMA-AedpK;o was decreased by at least one order of mag-
nitude compared to its non-reducible analog in all cell types and
showed very similar activity to PLL. When the two polymers were
mixed prior to polyplex formation and applied to cells, the result-
ing transfection efficiencies were intermediate between those of
the individual polymers in all tested cell types. These results
suggest that while HPMA-AedpKq is poor at transfection, a 1:1
(w/w) mixture of HPMA-AhxK;y and HPMA-AedpK;o can improve
transfection efficiency. The HPMA copolymers were also eval-
uated for transfection efficiency in the presence of 10% serum
(Supplemental Fig. 3). Transfection efficiency of all polymer for-
mulations was decreased under serum conditions. In addition,
transfection of HPMA-AhxK;q synthesized via RAFT had very sim-
ilar transfection efficiency to HPMA-AhxK;y synthesized by free
radical polymerization.

3.5. Polymer toxicity

Cytotoxicity of polyplexes and polymers was determined by the
BCA and MTS assay, respectively. The BCA assay was conducted
48 h after transfection to determine the amount of total cellular
protein in lysates of transfected cells. Untreated cells were used to
determine 100% cell viability. Again, cytotoxicity of HPMA-AhxKjq
synthesized by free radical polymerization was also determined as
a comparison. Polyplexes of HPMA-AhxK;y and HPMA-AedpKj,
formulated at N/P 5, were nontoxic to NIH/3T3 cells. HPMA-AhxK; ¢
decreased cell viability to 74.6% in CHO-K1 cells and 52.1% in HeLa
cells (Fig. 4b). A mixture of HPMA-AhxK;y and HPMA-AedpKjq
reduced the toxicity of HPMA-AhxK;q alone. In comparison, PLL
was very toxic to all cell types, decreasing cell viability to 43.8% in
NIH/3T3 cells, 29.6% in CHO-K1 cells, and 48.8% in HeLa cells. PEI
was relatively non-toxic for all cell types.

To determine the ICsy values of the polymers (concentration
of polymers for 50% cell survival), cells were treated with a range
of polymer concentrations in serum-free conditions to simulate
transfection conditions. The MTS assay was used to assess the
mitochondrial activity, an indicator of cell viability. Untreated
cells were used to determine 100% cell viability. The IC5y val-
ues of both HPMA-AhxK;o and HPMA-AedpK;o copolymers were
higher than both bPEI (IC59=1.45-1.85ug amine/mL) and PLL
(~0.7 g amine/mL) for all cell types tested (NIH/3T3, CHO-K1,
Hela) (Table 1). HPMA-AedpK;o (13.0-20.2 g lysine/mL) was
slightly less toxic than HPMA-AhxKjg (8.2-12.2 pg lysine/mL) for
all cell types, and a mixture of the two copolymers ina 1:1 (w/w)
ratio resulted in decreased toxicity in NIH/3T3 (12.2 g lysine/mL)
and CHO-K1 (10.5 g lysine/mL) cells, but not in HeLa cells (12.3 g
lysine/mL). HPMA-AhxK;o synthesized by free radical polymer-
ization was more toxic than HPMA-AhxK;o synthesized by RAFT
polymerization in all cell types.

3.6. Cellular uptake and transfection of polyplexes incubated with
DTNB

Redox proteins such as thioredoxin reductase and protein disul-
fide isomerase (PDI) can reduce thiols at the cell surface (Mandel
et al., 1993; Rubartelli et al., 1992); additionally, some cell types
such as HeLa cells have been found to secrete thiols into the extra-
cellular space (Sun and Davis, 2010). To determine if the decrease
in transfection efficiency in HeLa cells was due to the presence of
extracellular thiols that may prematurely destabilize polyplexes,
cells were pretreated with 5mM 5,5'-dithiobis-(2-nitrobenzoic
acid) (DTNB), a cell-impermeable chemical that reacts with free
thiols. Polyplexes of plasmid DNA labeled with TOTO-3 were then
incubated with HeLa cells for 30 min with or without DTNB and
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Fig. 5. Uptake of polyplexes in HeLa cells. Luciferase plasmid DNA was labeled
with TOTO-3 prior to complexation with HPMA copolymers (HPMA-AhxKjq,
HPMA-AedpKjo, or a 1:1 (w/w) mixture). HeLa cells pretreated with or without
5mM DTNB in serum-free media for 1h prior to transfection and then incubated
with polyplexes for 30 min in serum-free media with or without 5mM DTNB.
Polyplex uptake was assessed by flow cytometry. DTNB stands for 5,5'-dithiobis-
(2-nitrobenzoic acid). Data are presented as mean+S.D., n=3.

cellular uptake was assessed by flow cytometry. Because the quan-
tumyield of TOTO-3 in polyplexes is sensitive to the packaging state
of the plasmid, the fluorescence of TOTO-3-labeled plasmid com-
plexed with HPMA-AhxK;y and HPMA-AedpK;, was measured
and confirmed to be similar in both formulations (Supplemental Fig.
4). Plasmid uptake was significantly lower from transfection with
HPMA-AedpK;o polyplexes and mixed polyplexes compared to
HPMA-AhxKj polyplexes (Fig.5) although nearly all cells (97-99%)
were positive for fluorescence (data not shown). When cells were
treated with polyplexes in the presence of 5mM DTNB, uptake of
HPMA-AedpK;( polyplexes was still significantly less than uptake
of its non-reducible analog; however, the decreased uptake was
less drastic. Polyplexes of a 1:1 (w/w) mixture of the two polymers
were taken up by cells more efficiently than reducible polymer
alone. To confirm these results, transfection efficiency PLL, PEI,
HPMA-AhxK;y and HPMA-AedpK;q to NIH/3T3, CHO-K1 and Hela
cells was also evaluated in the presence of DTNB. With DTNB
treatment, transfection with the reducible material remained less
efficient than with the non-reducible material in all cell types tested
(Supplemental Fig. 5), demonstrating that blocking extracellular
thiols does not restore transfection efficiency of the reducible mate-
rial.

3.7. Delivery of plasmid DNA to cultured cells with EDTA
treatment

Since reduced HPMA-AedpK;y, was shown to crosslink in
the absence of EDTA (Fig. 1b), we investigated the possibil-
ity that polymer oxidation by trace metals adversely affected
transfection efficiency of these materials. To minimize metal-
catalyzed redox/oxidation processes, cells were transfected with
polyplexes in the presence of 1 mM EDTA. Again, HPMA-AedpKjg
showed diminished ability to transfect NIH/3T3 and HeLa cells
(Fig. 6). However, the difference in transfection efficiency between
HPMA-AhxK;o and HPMA-AedpK;o, was much less when trans-
fections were conducted with 1mM EDTA. In the absence of
EDTA, luciferase expression in HPMA-AedpK;q-transfected cells
was 193-fold, 14-fold, and 17-fold lower than HPMA-AhxKjgo-
transfected cells in HeLa, NIH/3T3, and CHO-K1 cells, respectively.
However, with only 1mM EDTA, luciferase expression in
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Fig. 6. Transfection efficiency of HPMA copolymers in HeLa, CHO-K1, and NIH/3T3
in the presence of 1 mM EDTA. Polyplexes (N/P 5) of copolymer and luciferase-
encoding plasmid DNA were incubated with cells for 4h with 1mM EDTA in
serum-free conditions. Luciferase activity was measured 48 h after transfection and
normalized to total protein content in each sample. Untreated: untreated controls;
mixed copolymers: 1:1 (w/w) mixture of HPMA-AhxK;o and HPMA-AedpKjo. Data
are presented as mean +S.D., n=3, *p <0.05, as determined by two-tailed Student’s
t-test.

HPMA-AedpKjo-transfected cells was 9-fold, 4.8-fold, and 0.6-fold
lower than HPMA-AhxK;o-transfected cells in HeLa, NIH/3T3, and
CHO-K1 cells, respectively. In addition, the mixed copolymer for-
mulation restored transfection efficiency to the efficiency levels of
HPMA-AhxKj.

4. Discussion

The incorporation of reducible moieties into cationic polymers
for nucleic acid delivery has been shown as a viable method for
introducing environmentally responsive degradability. In partic-
ular, use of disulfide bonds is attractive because of their relative
stability in the extracellular environment; however, disulfide
bonds can be destabilized in the presence of high concentrations
of reductive intracellular agents, e.g. glutathione, which is 50-1000
times (in human liver, up to 10 mM) more concentrated in the cyto-
sol than in the extracellular space (Meister and Anderson, 1983).
We hypothesized that incorporating a disulfide linkage between
the pendant oligolysine peptides and the HPMA backbone would
facilitate the release of DNA from polyplexes while also limiting
toxicity of the cationic polymer. We have previously demonstrated
that monomers of HPMA and oligolysine bearing an AEDP linker
can be copolymerized via free radical polymerization, and that
these copolymers were less toxic than their non-reducible coun-
terpart (Burke and Pun, 2010). Here, reducible and non-reducible
analogs of HPMA-oligolysine copolymers were synthesized by
RAFT polymerization. The resulting two polymers had similar
molecular weights and peptide compositions. Surprisingly, aside
from reduced cytotoxicity, the reducible HPMA-AedpK;o polymer
showed less attractive plasmid delivery properties compared to
the non-reducible HPMA-AhxK;( polymer. Specifically, polyplexes
formed from HPMA-AedpK;o were less salt stable, facilitated less
plasmid uptake, and provided lower transfection efficiencies to
three cultured cell lines.

First, HPMA-AhxK;¢ polymers synthesized by both free radical
and RAFT polymerization were directly compared. RAFT polymer-
ized polymers had controlled composition and molecular weight
(19.6% Kip monomer incorporation, 77.6kDa) and were more
homogenous, with polydispersities of 1.1-1.2 (Table 1). In con-
trast, HPMA-AhxK;y synthesized via free radical polymerization
had low incorporation of Ki¢ monomer (12%), high molecular
weight (168.4 kDa), and high polydispersity (2.2). Previous reports

of polymers synthesized by free radical polymerization show sim-
ilarly polydisperse materials (Burke and Pun, 2010; Layman et al.,
2009). The transfection efficiency of these polymers were evalu-
ated at N/P 3, 5, and 10 in HeLa cells using the target mass to charge
ratios to calculate N/P ratios (Supplemental Fig. 1). Both polymers
had similar transfection efficiencies; however, the ICsy values for
the free radical polymer were much lower than those for the RAFT
polymer. We have previously shown that cytotoxicity of HPMA-co-
oligolysine polymers increases with increasing molecular weight
(Johnson et al., in press). The high molecular weight fraction of the
polydisperse HPMA-AhxK;q synthesized via free radical polymer-
ization is likely responsible for the observed toxicity. Therefore,
HPMA-AhxK;q synthesized by RAFT polymerization results in more
controlled and well-defined polymers with reduced cytotoxicity.

The ability for polyplexes to remain stable in physiological salt
conditions is an important attribute for systemic delivery. We
showed both previously and in this manuscript that polyplexes for-
mulated with HPMA-AhxK;q are salt stable (Fig. 2). Salt-induced
increases in the particle size of polyplexes results from a disrup-
tion of the electrical double layer caused by the addition of counter
ions. Several studies have demonstrated that incorporation of a
hydrophilic but uncharged polymer, such as PEG, prevents floc-
culation through steric repulsion even after the electrical double
layer has been disrupted by salts (Oupicky et al., 2002). In this
context, HPMA monomers were included as the backbone of both
HPMA-AedpK;¢o and HPMA-AhxK;o copolymers to stabilize poly-
plexes in physiological conditions. However, polyplexes formed in
the presence of 10% serum increased in size to >500 nm regardless
of polymer type and composition. Despite this increase in size, poly-
plexes in the presence of serum remain intact. Gel electrophoresis
of polyplexes confirmed that polyplexes were retained in the well,
unlike free DNA that migrated and was degraded in the presence of
serum (Fig. 3). However, the fluorescence intensity of polplexes in
the wellincreased with increasing serum content. Since the YOYO-1
intercalating dye is quenched by inter-molecular electronic inter-
actions when plasmid DNA is condensed, this indicates that the
polyplexes are loosened in the presence of serum. Interestingly,
increasing N/P ratios resulted in the largest effective diameters,
possibly due to interaction between excess polymer and serum pro-
teins (Fig. 2). Reduced transfection efficiency of these polymers in
serum (Supplemental Fig. 3a-c) may be due to the inability of the
excess polymer to mediate transfection, which has been shown to
be important for efficient transfection (Thibault et al.,2011; Boeckle
et al., 2004). Polyplex toxicity was also reduced under serum con-
ditions (Supplemental Fig. 3d-f), which further suggests that free
polymer may be neutralized by serum proteins.

Multiple groups have reported that the incorporation of disul-
fide linkages does not affect polyplex stability in salt (Ouyang
et al., 2009). However, unlike HPMA-AhxK;o polyplexes, poly-
plexes formed with HPMA-AedpK;¢ were not salt stable. Particle
size of the polyplexes increased from relatively small particles that
were below 100 nm in water to particles with much larger effective
diameters (Fig. 2). Differences in stability between HPMA-AedpKq
and HPMA-AhxK;o polyplexes may be attributed to the increased
concentration of disulfide bonds (Miyata et al., 2004). The more
hydrophobic HPMA-AedpK;o polymers may render the resulting
polyplex more prone to flocculation from van der Waals attrac-
tion forces. Salt-induced flocculation of polyplexes formulated with
HPMA-AedpK;( copolymers may also indicate premature degrada-
tion of disulfide bonds in the AEDP linkers leading to intermolecular
crosslinking or even loss of HPMA from the polyplex surface. Degra-
dation of disulfide bonds can spontaneously occur through direct
attack of the disulfide bond by hydroxyl anions or by a- and [3-
elimination reactions at neutral and basic conditions (Trivedi et al.,
2009). Also, it has been shown that spontaneous reduction of a
single disulfide bond in proteins with several disulfide bonds can
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trigger other intermolecular reducing reactions, disrupting protein
stability (Kelly and Zydney, 1994; Tous et al., 2005). In a similar
manner, degradation of a disulfide bond in a polyplex formu-
lated with HPMA-AedpK;o copolymers could potentially lead to
a chain-reduction of proximal disulfide bonds, which would have
high local concentrations within a polyplex. Pichon and coworkers
showed by TEM using their disulfide bond-containing poly[Lys-
AEDTP] materials that particle fusion, hypothesized to result from
intermolecular crosslinking, occurs quickly after polymer reduc-
tion followed by polyplex decomplexation. However, it should be
noted that with our materials, particle flocculation in salt was not
mitigated by addition of EDTA to prevent metal-catalyzed oxida-
tion.

Polyplexes of the reducible polymer HPMA-AedpK; did not
transfect cells as well as its non-reducible analog, HPMA-AhxKj,
but transfected similarly to PLL (Fig. 4a). However, the reducible
polymer was relatively non-toxic compared to the non-reducible
polymer in Hela and CHO-K1 cells, and PLL in all cell types
tested (Fig. 4b). These results show that the toxicity profile of the
HPMA-oligolysine is improved by incorporating a disulfide linkage.
At higher N/P ratios transfection efficiency with HPMA-AedpKjq
materials can approach that of HPMA-AhxK;o (Supplemental Fig.
2). Increases of transfection at elevated charge ratios have been
attributed to increased concentrations of free cationic polymer by
promoting release of polyplexes from the endosomes and lyso-
somes (Thibault et al., 2011).

Previous reports have identified that extracellular reduction
can affect the uptake of disulfide-containing cationic peptides
(Aubry et al., 2009) or polymers (Sun and Davis, 2010). To
investigate if decreased transfection efficiency of HPMA-AedpKjq
was due to premature extracellular reduction, cellular uptake of
HPMA-AhxK;¢ and HPMA-AedpK;q polyplexes in HeLa cells in the
presence of the cell-impermeable reagent DTNB was assessed by
flow cytometry. DTNB has been used previously to block reduc-
tive effects of free extracellular thiols (Bauhuber et al., 2009).
Cellular uptake of polyplexes formulated with HPMA-AhxKj,
HPMA-AedpKjg, or a 1:1 (w/w) mixture of both copolymers
reflected similar trends to those observed in transfection stud-
ies (Fig. 5). DTNB treatment reduced uptake of all polyplexes, but
showed similar trends as the uptake study completed without
DTNB. Similarly, transfection with HPMA-AedpK;g polyplexes did
not improve with DTNB (Supplemental Fig. 5). These results sug-
gest that extracellular reduction of HPMA-AedpK;¢ by free thiols
is not the major cause of decreased cellular uptake of the reducible
polyplexes, and decreased cellular uptake may be caused by an
alternative mechanism.

In instances where HPMA-AedpK;o was dissolved as a stock
solution and then stored at 4°C for longer than 2 weeks, a higher
molecular weight fraction was observed by GPC analysis (data not
shown). A similar observation was also made when degradation
studies using 25 mM TCEP to reduce HPMA-AedpK;¢ copolymer
was done without EDTA. These observations indicate that metal-
catalyzed oxidation of free sulfhydryls influences the material
properties through nonspecific crosslinking of HPMA-AedpKjq
copolymers. To control the effects of metal-catalyzed oxidation of
free sulfhydryl groups, transfections were done with fresh stock
solutions of HMPA-AedpK;y and transfections were also done in
the presence of EDTA. Treatment of cells with EDTA increased trans-
fections in some instances (Fig. 6). One possible explanation is that
the oxidation of degraded HPMA-AedpK;o copolymers could effec-
tively cage proximal DNA, preventing its release from the polyplex
and thereby limit the transfection efficiency of the materials. A
study by Christensen et al. (2006) also demonstrated that dimin-
ished transfection efficiency of poly(amido ethyleneamine) that
correlated with increased branching and disulfide content. Fur-
thermore, Miyata et al. (2004) also demonstrated that diminished

transfection efficiency was observed at elevated disulfide crosslink-
ers in reducible PLL-PEI materials. It may also be possible to
achieve higher transfection efficiencies at higher N/P ratios. Wang
et al. (2011) show that reducible linear cationic polymers prepared
by click chemistry transfected better than their non-reducible
counterparts, but at N/P ratios of 15 and higher. Similar trends
were observed for other polymer systems (Ou et al., 2008; Son
et al,, 2010). For most practical applications in nucleic acid deliv-
ery, use of reducible materials requires greater stability that
presented by HPMA-AedpK;¢. Improvements in polyplex stabil-
ity were observed when mixtures of reducing and non-reducing
HPMA-oligolysine copolymers were used. The polyplexes demon-
strated improved salt stability, increased transfection efficiency,
and were non-toxic at charge ratios tested. This formulation
may prevent premature reduction of disulfide bonds and limit
unwanted oxidation from occurring by spatial separation and/or
steric hindrance. Alternatively, disulfide linkages have been stabi-
lized by adding methyl groups (Kellogg et al.,2011) and/or benzene
rings (Sun and Davis, 2010) around the disulfide bond in order to
sterically hinder premature reduction before reaching the cytosol.

In summary, we describe the controlled synthesis of a reducible
HPMA-oligolysine copolymer and evaluate the transfection effi-
ciency of this polymer and its non-reducible counterpart in
multiple cell lines. The reducible polymer was tolerated better than
the non-reducible polymer but also showed lower transfection effi-
ciency in cultured cells. Elimination of extracellular thiols did not
restore transfection efficiency, indicating that premature extracel-
lular reduction is not the primary cause of decreased transfection.
However, stability of the reducible polymer was improved with the
addition of EDTA. In addition, a mixed formulation of reducible and
non-reducible copolymers was able to partially restore transfection
efficiency over that of the reducible polymer alone and maintain
low toxicity. Chemical modifications to stabilize the disulfide bond
may be explored to apply this polymer system in vivo.
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