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Abstract
Polycations are one of the most frequently used classes of materials for non-viral gene transfer in
vivo. Several studies have demonstrated a sensitive relationship between polymer structure and
delivery activity. In this work, we used reverse addition-fragmentation chain transfer (RAFT)
polymerization to build a panel of N-(2-hydroxypropyl(methacrylamide) (HPMA)-oligolysine
copolymers with varying peptide length and polymer molecular weight. The panel was screened
for optimal DNA-binding, colloidal stability in salt, high transfection efficiency, and low
cytotoxicity. Increasing polyplex stability in PBS correlated with increasing polymer molecular
weight and decreasing peptide length. Copolymers containing K5 and K10 oligocations transfected
cultured cells with significantly higher efficiencies than copolymers of K15. Four HPMA-
oligolysine copolymers were identified that met desired criteria. Polyplexes formed with these
copolymers demonstrated both salt stability and transfection efficiencies on-par with
poly(ethylenimine) PEI in cultured cells.

1. Introduction
Synthetic gene transfer agents that are highly effective in vitro are often ineffective when
administered in vivo or need substantial modification to maintain activity [1–4]. Many
cationic lipid-based formulations, called lipoplexes, are not stable in serum and most
cationic polymer-based formulations, called polyplexes, require steric stabilization by
polymers such as poly(ethylene glycol) (PEG) to minimize salt-induced flocculation and
non-specific protein adsorption that leads to opsonization [5–8]. However, PEG-modified
polyplexes generally have reduced cellular uptake and transfection efficiency when
compared with unmodified polyplexes [9, 10].

We recently reported synthesis of an HPMA-oligolysine copolymer composed of peptide
monomers of oligo-L-lysine (K12) and N-(2-hydroxypropyl)methacrylamide (HPMA) [11].
These polymers were shown to efficiently deliver plasmid to cultured cells while forming
salt-stable polyplexes. The high critical flocculation concentration of polyplexes formed
with the HPMA-oligolysine copolymer was attributed to the HPMA backbone, as this
hydrophilic polymer has demonstrated steric stabilization when grafted to polycations [12,
13]. We further demonstrated that HPMA-oligolysine copolymers can be synthesized using
reversible addition-fragmentation transfer (RAFT) copolymerization [14].
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The efficient and statistical incorporation of peptides in copolymers by RAFT
polymerization raises the possibility of efficient and well-defined synthesis of
multifunctional peptide-based polymers that incorporate various monomers to facilitate
delivery [15–17]. However, the properties of the base material, HPMA-oligolysine
copolymer, should first be optimized before including peptides for cell targeting [18, 19] or
endosomal escape [20–23]. Therefore, the goal of this work was to determine the optimal
oligolysine peptide monomer length and molecular weight of the copolymers. In this work, a
series of 12 HPMA-oligolysine copolymers was synthesized and screened for salt stability,
toxicity, and transfection efficiency in two cell lines. Several polymers that efficiently
packaged DNA, maintained colloidal stability in physiological conditions, and transfected
HeLa and NIH/3T3 cells with low cytotoxicity were identified.

2. Materials and Methods
2.1 Materials

N-(2-hydroxypropyl)methacrylamide (HPMA) was purchased from Polysciences
(Warrington, PA). The initiator VA-044 was purchased from Wako Chemicals USA
(Richmond, VA). All reagents used in solid phase chemical synthesis were purchased from
Merck Chemicals Int. (Darmstadt, Germany) except N-succinimidyl methacrylate which
was purchased from TCI America (Portland, OR). 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-Luc (Photinus pyralis
luciferase under control of the cytomegalovirus (CMV) enhancer/promoter), described
previously [24], was produced with the Qiagen Plasmid Giga kit (Qiagen, Hilden, Germany)
according to the manufacturer’s recommendations.

2.2 Synthesis of HPMA-Oligolysine Copolymer Panel
2.2.1 Synthesis of Peptide Monomers—Peptides of repeating L-lysine, KKKKK (K5),
KKKKKKKKKK (K10), and KKKKKKKKKKKKKKK (K15), were synthesized on a solid
support with Rink amide linker following the standard Fmoc/tBu chemistry on an automated
PS3 peptide synthesizer (Protein Technologies, Phoenix, AZ). Prior to peptide cleavage
from resin, the amino terminus of the peptides was deprotected and modified with Fmoc-
protected 1-aminohexanoic acid (Ahx). Subsequent Fmoc deprotection and amine coupling
to N-succimidyl methacrylate provided a methacrylamido-functionality on each peptide.
These functionalized peptide monomers are respectively referred to as MaAhxK5,
MaAhxK10, and MaAhxK15. Synthesized peptides were cleaved from the resin by treating
the solid support with a solution of TFA/TIPS/1,3-dimethoxybenzene (92.5:2.5:5, v/v/v) for
2 hours while gently mixing. Cleaved peptide monomers were then precipitated in cold
ether, dissolved in methanol and reprecipitated in cold ether. Each peptide monomer was
analyzed by RP-HPLC and MALDI-TOF MS and was shown to have greater than 95%
purity after cleavage. MALDI-TOF MS calculated for MaAhxK5 (MH+) 839.12, found
839.38. MALDI-TOF MS calculated for MaAhxK10 (MH+) 1479.98, found 1479.85.
MALDI-TOF MS calculated for MaAhxK15 (MH+) 2120.85, found 2120.19.

2.2.2 RAFT copolymerization of HPMA and oligo-L-lysine peptide monomers—
Three sets of HPMA-co-oligolysine copolymers were synthesized: HPMA-co-MaAhxK5,
HPMA-co-MaAhxK10, and HPMA-co-MaAhxK15. Each set consisted of 4 copolymers with
degree of polymerization (DP), or Mo/CTAo, of 50, 100, 150, and 190 to yield polymers
with targeted molecular weights of approximately 20 kDa, 40 kDa, 60 kDa, and 80 kDa. The
weight fraction of lysine in all copolymers was kept constant at 0.63 mg Lys/mg polymer.
Thus, 40 mole % of MaAhxK5, 20 mole % of MaAhxK10, and 13.33 mole % of MaAhxK15
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were used in the respective copolymerization reaction cocktails. This translated to 0.4254
mmol (357.1 mg) of MaAhxK5 peptide monomer and 0.638 mmol (91.37 mg) of HPMA for
HPMA-co-MaAhxK5 copolymers; 0.204 mmol (302.6 mg) of MaAhxK10 peptide
monomers and 0.818 mmol (117.1 mg) of HPMA for HPMA-co-MaAhxK10 copolymers;
0.405 mmol (858.3 mg) of MaAhxK15 peptide monomers and 2.63 mmol (376.97 mg) of
HPMA for HPMA-co-MaAhxK15 copolymers. Monomers were dissolved in acetate buffer
(1 M, pH 5.2) and 10% ethanol such that the final monomer concentration of the solution
was 0.7 M. The solutions were divided equally among 4 round bottom flasks for each set of
copolymers, after which the chain transfer agent and initiator were added to each individual
flask. The RAFT chain transfer reagent (CTA) used was ethyl cyanovaleric trithiocarbonate
(ECT, molecular weight 263.4 g/mol) [25] and the initiator (I) used was VA-044. The molar
ratios of total monomero:CTAo:Io at the start of polymerization were 50:1:0.1 (DP 50);
100:1:0.1 (DP100); 150:1:0.1 (DP 150); 190:1:0.1 (DP190). The flasks were immediately
capped with a rubber septum, purged with N2 for 10 minutes and then submerged in an oil
bath, equilibrated at 44 °C, to initiate copolymerization. The copolymerization reactions
were allowed to proceed for 24 hours. The round bottom flasks were then removed from the
oil bath and the polymers were extensively dialyzed against distilled H2O to remove
unreacted monomers and buffer salts. The dialyzed polymers were then lyophilized
producing a white, fluffy solid. The final yields after dialysis were between 72% and 84% of
the theoretical yield.

The HPMA-oligolysine copolymers are referred to using the following convention:
pHKxxDPyy, where the prefix “pH” indicates an HPMA copolymer; “Kxx” indicates oligo-
L-lysine peptide monomer with xx number of lysine residues, and the suffix “DPyy”
indicates the Mo/CTAo (DP) in the RAFT copolymerization of the HPMA-oligolysine
copolymer. Also, pHKxx is used to refer to a set of HPMA-oligolysine copolymers with the
same oligolysine peptide monomer and DP of 50, 100, 150, and 190.

2.3 Characterization of HPMA-Oligolysine Copolymers
2.3.1 Size Exclusion Chromatography—Molecular weight analysis was carried out by
size exclusion chromatography. The copolymers were dissolved at 10 mg/mL in running
buffer (0.15 M sodium acetate buffer, pH 4.4) for analysis by size exclusion
chromatography (SEC) as described by Hennink and coworkers [14]. Analysis was carried
out on an OHpak SB-804 HQ column (Shodex) in line with a miniDAWN TREOS light
scattering detector (Wyatt) and a Optilab rEX refractive index detector (Wyatt). Absolute
molecular weight averages (Mn and Mw), and dn/dc were calculated using ASTRA software
(Wyatt). The dn/dc for each copolymer was 0.133 mL/g.

2.3.2 Amino Acid Analysis—The relative amount of lysine to HPMA content in the final
copolymers was determined through a modified amino acid analysis following the method
of Bidlingmeyer and coworkers [26]. In this procedure, hydrolyzed lysine and HPMA
(which results in 1-amino-2-propanol) were derivatized with o-phthalaldehyde/β-
mercaptopropionic acid and run on a poroshell 120 EC-C18 (Agilent Technologies, Santa
Clara, CA) HPLC column with precolumn derivatization to label hydrolyzed lysine and 1-
amino-2-propanol. Calibration curves were generated using serial dilutions of L-lysine and
reagent grade 1-amino-2-propanol.

2.4 Characterization of HPMA-Oligolysine polyplexes
2.4.1 Polyplex formulation—The pCMV-Luc plasmid (endotoxin free) was diluted in
double distilled H2O (ddH2O) to a concentration of 0.1 mg/mL and mixed with an equal
volume of polymer (in ddH2O) by adding polymer solution to DNA solution at the desired
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lysine to phosphate (N/P) ratio. After mixing, the polyplexes were allowed to form for 5
minutes at room temperature.

2.4.2 Sizing of polyplexes by dynamic light scattering (DLS)—Polyplexes (1 μg
DNA, 20 μL solution, N/P=5) were mixed with either 80 μL of double distilled H2O, PBS,
OptiMEM (Invitrogen), or serum-containing media (DMEM with 10% FBS) and then used
to determine the particle size of the polyplexes by dynamic light scattering (DLS,
Brookhaven Instruments Corp ZetaPLUS). Particle sizing measurements were performed at
a wavelength of 659.0 nm with a detection angle of 90 ° at RT.

2.4.3 Determination of DNA condensation using YOYO-1 fluorescence
quenching—The pCMV-Luc plasmid was mixed with the bis-intercalating dye YOYO-1
iodide (Invitrogen) at a dye/base pair ratio of 1:50 and incubated at room temperature for 1
hour. Polyplexes were formed at N/P ratios of 0, 0.5, 1, 2, 3, 4, 5, 7, and 10 by complexing
YOYO-1-labeled DNA with pHK05DP150, pHK10DP150, pHK15DP150, PEI, or PLL.
Ten microliters (containing 0.5 μg DNA) of polyplex was added to each well of a 96-wall
plate, followed by 90 μL of either ddH2O or PBS such that final salt concentration was 150
mM. The fluorescence from each well was measured on a Tecan Safire2 plate reader
(Männerdorf, Switzerland) with excitation at 491 nm and emission at 509 nm. The
fluorescence signal for each N/P ratio was normalized to the N/P ratio = 0 (DNA only)
signal.

2.5 Plasmid delivery to cultured cells
2.5.1. In vitro transfection efficiency—Human cervical epithelial adenocarcinoma
cells (HeLa, passage 25, ATCC # CCL-2) or murine embryonic fibroblasts (NIH/3T3,
Passage 16, ATCC # CRL-1658) were seeded in the appropriate complete cell culture
medium supplemented with 10% FBS and 1% antibiotic/antimicrobial at a density of 3 ×
104 cells/well in a 24-well plate. The cells were allowed to attach for 24 hours at 37 °C, 5%
CO2. Polyplexes were formed at N/P ratios that ranged from 3 to 10 using 1 μg of pCMV-
Luc plasmid DNA in 20 μL total volume. Each sample was diluted to 200 μL with
OptiMEM medium. For serum transfection studies, samples were diluted to 200 μL with
complete media. The cells were washed twice with PBS and the transfection solutions were
added. The cells were incubated at 37 °C, 5% CO2 for 4 h. The cells were then washed once
with PBS and the polyplex solution was replaced with complete cell culture media. After an
additional 44 hours at 37 °C, 5% CO2, luciferase expression was quantified with a luciferase
assay kit (Promega Corp.) according to the manufacturer’s instructions, except that a freeze-
thaw cycle at −20 °C was included after the addition of the lysis buffer to ensure complete
cell lysis. Luminescence intensity was measured on the plate reader with integration for 1 s.
The total protein content in each well was measured by a BCA Protein Assay Kit (Thermo
Scientific, Rockford, IL) according to the manufacturer’s instructions so that the luciferase
activity could be normalized by the total protein content in each well. Each sample was
tested with a sample size (n) = 4.

2.6.2 Cytotoxicity of polymers—MTS Assay. The cytotoxicity of the polymers was
evaluated in vitro using the MTS assay. HeLa and NIH/3T3 cells were plated overnight in
96-well plates at a density of 3000 cells per well per 0.1 mL. Polymers were prepared in
serial dilutions in water and then diluted 10-fold in Opti-MEM medium (Invitrogen). The
cells were rinsed once with PBS and incubated with 40 μL of the polymer solution for 4
hours at 37 °C, 5% CO2. Cells were rinsed with PBS and the medium was replaced with 100
μL complete growth medium. At 48 hours, 20 μL of 3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) (Promega) were added to
each well. Cells were then incubated at 37 °C, 5% CO2 for 4 hours. The absorbance of each
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well was measured at 490 nm using a plate reader. IC50 values were computed using a
nonlinear fit (four-parameter variable slope) in GraphPad Prism v.5 (San Diego, CA).

3. Results
3.1 Synthesis of HPMA-co-oligolysine copolymers panel

A series of 12 HPMA-co-oligolysine copolymers were synthesized by RAFT polymerization
of peptide monomers with HPMA to investigate the effect of oligo-L-lysine length and
polymer molecular weight on gene transfer activities (Scheme 1). Statistics of the
copolymers molecular weight and composition are reported in Table 1.

The resulting polymers displayed properties that were close to targeted values. Because the
extent of actual lysine protonation is difficult to estimate, two theoretical Mn values were
calculated that represent the potential range of expected Mn: 0% of lysines in salt form and
100% of lysines in acetate salt form. The actual Mn values determined by SEC with laser
light scattering generally fall within this expected range. Polydispersity of all of the
copolymers was below 1.3 and typically below 1.2. Amino acid analysis of the HPMA-
oligolysine copolymers revealed quantitative yields of oligo-L-lysine peptide monomers in
resulting copolymers from the feed mole percentages. The calculated mole % of oligo-L-
lysine from amino acid analysis for all polymers was within 10% of the theoretical mole %
of oligo-L-lysine monomer used in the polymerization reaction. As a result, the
concentrations of lysine in the final copolymers were all within the targeted range of 4.8 to
5.0 mmol of lysine per gram of polymer, a necessary attribute for screening this panel of
copolymers for the optimal nucleic acid delivery vehicle.

3.2 DNA condensation and polyplex stability
DNA condensation due to polymer complexation in both water and 150 mM PBS was
determined using a YOYO-1 quenching assay. The cationic HPMA-oligolysine copolymers
synthesized with DP150 were added to plasmid DNA labeled with the DNA-intercalating
fluorophore YOYO-1 to explore the effect of peptide length on plasmid complexation and
condensation. PLL condensation was also monitored as a control. Plasmid condensation
results in self-quenching of the YOYO-1 fluorescence due to electronic interactions between
YOYO-1 molecules [27]. The YOYO-1 fluorescence, normalized to that of uncomplexed
plasmid, is shown in Figure 1 as a function of polymer to DNA N/P ratio. Complexation of
plasmid DNA with HPMA-oligolysine copolymers or PLL resulted in significant quenching
at an N/P ratio of at least 2, followed by continued quenching with less change in
fluorescence intensity as a function of additional polymer. Among the HPMA-oligolysine
copolymers, the degree of quenching was most significant for pHK15 (15% remaining
fluorescence at N/P=5), followed by pHK10 (35% at N/P=5), and then pHK05 (50% at N/
P=5). PLL showed the highest YOYO-1 quenching (4% at N/P=5), indicating very efficient
and complete DNA condensation.

The average hydrodynamic diameters of polyplexes in both water and 150 mM PBS were
determined by dynamic light scattering. All of the HPMA-oligolysine copolymers were able
to form small polyplexes (<200 nm) in water (Fig 2A). In PBS, the size of the polyplexes
varied among copolymer sets; however, there was a clear trend that copolymers with greater
DP in the same HPMA-oligolysine copolymer sets were less prone to salt-induced
aggregation. The kinetics of salt-induced aggregation was monitored for all pHK10
polymers, PLL and PEI and shown in Supplementary Fig S1. Furthermore, increases of N/P
within the polyplex formulations also increased salt stability (Supplementary Fig S2). A
significant difference in salt stability was observed from polyplexes formed using each set of
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polymers, such that pHK05 copolymers formed polyplexes with the highest salt stability,
followed by pHK10, and then finally pHK15.

The pHK10 series was selected for additional stability testing in transfection media because
polyplexes formed with these polymers demonstrated a range of stability in PBS (stable
particles at higher DP and aggregation in salt at lower DP). Particles were incubated in
serum-free OptiMEM and complete media and aggregation monitored by DLS (Fig 2B).
pHK10 polymers with DP ≥ 100 were stable in OptiMEM and none of the formulations
were stable in serum-containing media.

3.3 Delivery of plasmid DNA to cultured cells
A full transfection screen was completed by transfecting both HeLa and NIH/3T3 cells with
polyplexes formed at N/P ratios of 3, 5, 7, and 10 for all 12 HPMA-oligolysine copolymers.
The results are shown in Supplementary Figures S3 and S4. In general, transfection
efficiency increased with N/P until significant toxicity was observed at higher N/P for some
polymers, resulting in reduced transfection efficiency. Based on this initial screen, N/P of 5
was identified as an optimal N/P. Another transfection study was then conducted to compare
the transfection efficiency of the HPMA-oligolysine copolymers at N/P of 5 with the control
copolymers PEI and PLL shown in Figure 3. In both cell lines tested, pHK15 copolymers
transfected with similar efficiency as PLL. Polyplexes formed with pHK05 and pHK10
copolymers resulted in 1–2 orders of magnitude higher activity of the luciferase reporter,
with select polymers (pHK05DP190, pHK10DP100, pHK10DP150, and pHK10DP190)
demonstrating similar transfection efficiencies as PEI.

Transfection efficiency of PEI, pHK10DP50 and pHK10DP190 polyplexes were tested in
serum-free and serum conditions. The two copolymers were selected because pHK10DP50
polyplexes showed poor stability in OptiMEM while pHK10DP190 polyplexes were stable
in OptiMEM. Transfection efficiency in serum-containing media was about one order of
magnitude lower for all three polyplexes (Fig 4).

3.4 Polymer toxicity
Cytotoxicity of the polyplexes and polymers was determined by BCA and MTS assay,
respectively, 48 hours after transfection. Cell viability was estimated by comparing protein
levels of transfected cells with control cells. Generally, a N/P of 3 was nontoxic in all
polymers screened including PLL and PEI. Toxicity increased in a dose-dependent manner
as N/P increased (Supplementary Fig S5 and S6) and with little correlation to peptide length
(K5, K10, or K15) or length of HPMA-co-oligolysine copolymer (DP 50, 100, 150, or 190).
pHK05DP150 and pHK10DP150 copolymers appeared to have relatively low toxicity, with
no significant effect on cell viability at both N/P of 3 and 5 in HeLa and NIH/3T3 cells. The
cell viability data for all polymers at N/P of 5 is shown in Figure 5.

Because pHK05DP150 and pHK10DP150 polymers showed good transfection efficiency
with relatively low toxicity, MTS assay was used to determine the mitochondrial activity in
HeLa and NIH/3T3 cells that had been treated with pHK05DP150, pHK10DP150, and
pHK15DP150. A range of polymer concentrations was evaluated in order to determine the
IC50 value (concentration of polymer for 50% cell survival) for each polymer in lysine
equivalent. pHK10DP150 had the highest IC50 value in both HeLa (7.33 μg lys/mL) and
NIH/3T3 (10.98 μg lys/mL) cells. pHK05DP150 was the most toxic of the HPMA-
oligolysine copolymers (see Table 1). Based on the results of the MTS assay, each of the
HPMA-oligolysine copolymers compared well with both PEI (4.60 μg/mL in HeLa cells;
7.10 μg/m in NIH/3T3 cells) and PLL (7.18 μg/ml in HeLa; 7.10 μg/ml in NIH/3T3 cells).

Johnson et al. Page 6

J Control Release. Author manuscript; available in PMC 2012 October 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



4. Discussion
In this work, we prepared a series of 12 HPMA-oligolysine copolymers with a range of
oligo-L-lysine lengths (K5, K10, and K15) and molecular weights (23–108 kDa) by
copolymerization of oligo-L-lysine macromonomers with HPMA. The minimal number of
cationic amino acids in a peptide necessary to bind and condense DNA has been shown to
be ~6 [28, 29]. However, polymerization of short peptides can confer significantly improved
transfection capability to otherwise poor delivery materials [11, 30, 31]. K5 was selected
because transfection efficiency using this short peptide alone is nearly negligible [30]. In
contrast, K15 was selected because K16 peptides have been used effectively for non-viral
gene delivery in conjugation with endosomal release aids [32]. Several investigators have
reported an increase in transfection efficiency with increasing polymer molecular weight,
e.g. with PEI and poly(dimethylaminoethyl methacrylate) (pDMAEMA) [33, 34]. However,
polymer toxicity generally increases with increasing molecular weight; at very high
molecular weights, plasmid DNA release can be limited, reducing transfection efficiency
[35]. Therefore, we hypothesized that delivery efficiency using HPMA-oligolysine
copolymers may be optimized by evaluating various peptide lengths and polymer molecular
weights.

Synthesis by RAFT polymerization allowed for high control over copolymer structure,
content and length, thereby facilitating investigation of the relationship between polymer
structure and gene delivery efficiency. The weight fraction of lysine was held constant for
all copolymers at ~0.63 mg lysine per mg polymer. This value corresponds to 20 mol% of
the K10 peptide and was selected based on our previous work that investigated 1, 5, 10, and
20 mol% of K12 peptide and found 20 mol% oligolysine to have the highest transfection
efficiency [14]. Therefore, copolymers synthesized with K5 monomers contained ~40 mole
% peptide while copolymers synthesized with K15 monomers contained ~13.3 mole%
peptide to achieve weight fractions of 0.63 mg lysine per mg of polymer. Because we
previously demonstrated that HPMA-peptide polymers synthesized using this approach
result in statistical incorporation of peptides,[14] density of cationic monomers in the
polymer therefore decreased with increasing monomer length. The polymer series presented
here had low polydispersity (Mw/Mn < 1.3) with nearly quantitative yields of oligo-L-lysine
peptide incorporation (Table 1). A broad range of molecular weights was achieved by
varying the degree of polymerization (DPs of 50, 100, 150 and 190). Polymer molecular
weights were within the range of the targeted molecular weights with or without acetate salts
(Table 1).

Electrostatic plasmid binding and subsequent DNA condensation facilitated by the HPMA-
oligolysine copolymers was investigated using a YOYO-1 quenching assay. Condensation
of DNA labeled with the YOYO-1 DNA intercalator results in electronic interaction
between YOYO-1 molecules and a resulting decrease in fluorescence quantum yield [27].
The level of remaining fluorescence therefore provides an indication of “compactness” of
the polyplex. PLL more efficiently compacted plasmid DNA in water compared to the
HPMA-oligolysine copolymers. In addition, “compactness” was higher for polymers with
longer oligo-L-lysines, such that the remaining YOYO-1 fluorescence level of polyplexes
formed in water was comparatively pHK05 > pHK10 > pHK15 (Fig 1). Nonetheless, all
polymers effectively condensed DNA in water to nanoparticles with average hydrodynamic
diameter ~100–150 nm (Fig 2A).

Haley and coworkers have investigated the effect of peptide clustering on DNA
condensation using oligolysines (K2 or K4) grafted to the backbone of an amphiphilic block
copolymer scaffold at different grafting densities. DNA condensation into toroidal structures
is hypothesized to form in two steps: initial nucleation of loop stage and growth stage [36].
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Haley and colleagues report that the structure of DNA condensates may be controlled by the
density of peptides and that higher density materials can alter morphology from toroid
aggregates to discrete toroid or rod condensates [37]. Although no difference in average
particle size was observed when polyplexes from the HPMA-oligolysine series were formed
in water, it is possible that different polyplex structures are formed and these structural
differences can affect salt stability. Future transmission electron microscopy studies will
help to elucidate possible differences in polyplex structures formed by the HPMA-
oligolysine series.

The stability of compacted polymer/DNA structures in salt solution is important for eventual
in vivo administration, as colloidal aggregation causes toxicity after systemic administration
[38]. Sharma and Klibanov demonstrated that hydrophobic interactions drive the
aggregation of PEI polyplexes [39]. The hydrophilic polymer HPMA has previously been
grafted to polymers and polyplexes, resulting in stabilization against salt-induced
aggregation [12, 13, 40]. Additionally, the incorporation of hydrophilic segments in the
backbone of a cationic polymer has been shown to inhibit nanoparticle aggregation [41]. We
previously showed that pHK12 copolymers prepared with 1, 5, 10 and 20 mole% of lysine
peptide remained stable in physiological salt concentrations, although stability decreased at
high peptide content [11, 14]. Two interesting trends were noted in investigating salt
stability of polyplexes formed from the HPMA-oligolysine copolymer series. First, particle
stability in salt solutions increased with polymer molecular weight within each copolymer
series (Fig 2). It has been reported that, with trehelose click polymers, longer polymers
inhibit flocculation better than shorter polymers [42]. Second, salt stabilization improved
with decreasing peptide length so that the pHK05 polymers were mostly salt stable (with the
exception of pHK05DP50) while none of the pHK15 polymers showed complete salt
stabilization. This result was somewhat unexpected because the pHK15 polymers have
longer segments of hydrophilic HPMA in the backbone due to decreased peptide density.

Particle stability of polyplexes formed from the pHK10 series was also investigated in both
serum-free and serum-containing transfection media (Fig 2B). While particles of polyplexes
formed from polymers with DP ≥ 100 were stable in OptiMEM, none of the particles were
stable in DMEM + 10% FBS. This is likely due to adsorption of serum proteins such as
anionic albumin on polyplexes, that trigger attraction of adjacent proteins, eventually
resulting in particle aggregation [43]. Rausch and co-workers have reported that
poly(L)lysines interact and form aggregates when placed in serum; high levels of
PEGylation (greater than 20%) was required to prevent aggregation [44]. The specific
proteins that adsorb to nanoparticles depend on nanoparticle composition, size and surface
properties [45]. Serum adsorption and subsequent aggregation is undesirable especially for
in vivo applications because the adsorbed proteins trigger opsonization, adversely affecting
biodistribution and plasma clearance rates [46].

The transfection efficiency of the HPMA-oligolysine copolymers was evaluated by delivery
of the luciferase plasmid to HeLa and NIH/3T3 cells (Fig 3). Transfection and toxicity
trends were similar in both cell lines. The pHK15 copolymers performed ineffectively and
similarly to PLL but with reduced toxicity while the pHK05 and pHK10 copolymers
transfected with similar efficiencies as PEI in both cell lines. The effect of molecular weight
on transfection efficiency within polymer series was not very significant for pHK10 and
pHK15 samples, while transfection efficiency trended higher with larger molecular weight
for pHK05. The highest transfection efficiencies were observed with copolymers
pHK05DP190, pHK10DP100, pHK10DP150, and pHK10DP190. The high efficiency of
transfection was surprising because no specific endosomal release strategy was incorporated
in the design of these materials. However, Brietenkamp and Emrick also recently reported
that a graft oligolysine (K5) polymer showed high transfection efficiency in cultured cells
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and attributed this ability to the amphiphilic and branched architecture of the material [30].
Like those authors, we hypothesize that the higher peptide monomer density in the pHK05
and pHK10 polymers may broaden the titration curve of these materials, offering a “proton-
sponge”-like mechanism for endosomal release [47, 48].

Polyplexes formed from PEI, pHK10DP50 and pHK10DP190 were used to transfect cells in
serum-containing media (Fig 4). Transfection efficiency was reduced for all three
formulations by approximately 10-fold compared with transfection in serum-free OptiMEM.
These results are not surprising because particle stability studies (Fig 2B) showed
aggregation, induced by the presence of serum proteins. Albumin has been reported to be
one of the primary proteins that interact with polyplexes [46]. Albumin adsorption is likely
to adversely affect transfection efficiency by altering the surface properties, such as by
decreasing zeta potential of polyplexes. Polyplex stability in transfection media has also
been correlated with higher transfection efficiency in some systems [49].

Toxicity is a primary concern with most cationic polymer and materials used in nucleic acid
delivery [50]. Several groups have undertaken studies to define how properties such as
charge density, molecular weight, molecular architecture, amphiphilicity, and degradability
affect toxicity associated with the materials. Männistö et al. reported that the addition of
PEG to block and dendritic copolymers of PEG and PLL had little effect on cytoxicity [51].
However, our report demonstrated a reduction in cytotoxicity in each set of HPMA-co-
oligolysine copolymers compared to PLL. The improved cytotoxicity is most apparent at
low N/P ratios in both HeLa and NIH/3T3 cells and could also be observed in mitochondrial
activity experiments (MTS assay) in NIH/3T3 cells. Decreased cytotoxicity may be a
product of improved distribution of the cationic charge along the HPMA backbone. Wolfert
et al. observed that increased toxicity corresponded with increases in the molecular weight
of both PLL polymers and sets of copolymers composed of HPMA with cationic
comonomers [52]. Surprisingly, our study did not correlate increased cytotoxicity with
increased polymer weight based on total protein content of cell lysates (Fig 5). Further
improvement in reducing toxicity may be attained by adding hydrophobic elements [53–55],
which may also enhance transfection efficiency by mediating endosomal release.

5. Conclusion
In summary, a panel of HPMA-oligolysine copolymers that varied both the peptide length
and the copolymer molecular weight, while maintaining weight fractions of lysine, was
synthesized by RAFT polymerization. From our studies that compared salt stability, toxicity
and transfection efficiency, pHK05DP150, pHK05DP190, pHK10DP150, and
pHK10DP190 show promise as transfection materials. These copolymers effectively
condensed DNA into salt-stable polyplexes and delivered the DNA to HeLa and NIH/3T3
cells with efficiencies similar to that of PEI. The mechanism of nucleic acid delivery to
cultured cells is currently under investigation. However, these materials may need to be
further modified to improve serum stability of polyplexes for optimal in vivo efficiency. In
this work, structure-function relationships were established, providing insight into future
materials that include tissue targeting moieties, endosomal escape motifs, and other elements
that could enhance nucleic acid delivery efficiency and specificity.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
DNA condensation by polycations in water monitored by the YOYO-1 fluorescence
quenching assay.
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Figure 2.
Average hydrodynamic diameter of polyplexes formed at a charge ratio (N/P) of 5. (A)
Effective diameters were determined by DLS in water and in phosphate buffered saline (150
mM). (B) Effective diameters were determined by DLS in OptiMEM and serum-containing
media for the pHK10 polyplexes.
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Figure 3.
Efficiency of pCMV-Luc plasmid delivery by HPMA-oligolysine copolymers, PLL or PEI
to Hela cells (a) or NIH/3T3 cells (b) at N/P=5. Relative luminescence was normalized
against the total amount of protein.
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Figure 4.
Efficiency of pCMV-Luc plasmid delivery by PEI, pHK10DP50, or pHK10DP190 in
OptiMEM (serum-free) media or complete serum-containing media. Relative luminescence
was normalized against the total amount of protein
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Figure 5.
Toxicity of plasmid DNA delivery vehicles. Protein content of HeLa cells (a) or (b) NIH/
3T3 cells following transfection with pCMV-Luc delivered in polyplexes with HPMA-
oligolysine copolymers, PLL or PEI at N/P=5. Data normalized to untreated controls.
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Scheme 1.
Synthetic scheme for HPMA-co-oligolysine copolymers
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