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Abstract

Bioactive peptides, including DNA-binding, endosomal release and cell targeting peptides, have been
integrated into synthetic gene carriers to improve delivery efficiencies by enabling the vectors to
overcome barriers to gene delivery. Our overall goal is to develop multifunctional, peptide-based
polymers that incorporate motifs to condense DNA and facilitate sequential trafficking steps. One
approach is to polymerize vinyl-terminated peptides by radical polymerization. In this work, cationic
oligolysine peptides were designed to contain vinyl termini with internal reducible linkers. These
peptides were copolymerized with HPMA to form biodegradable, DNA-condensing copolymers for
gene delivery. The polymerization conditions were optimized by varying the initiator to monomer
ratios, macromonomer to comonomer ratios, and reactant concentrations. The synthesized
copolymers were shown to possess several important properties required for in vivo gene delivery
applications, including (i) efficient DNA binding and condensation, (ii) the ability to stabilize
particles against salt-induced aggregation, (iii) the ability to resist extracellular polyplex
unpackaging, (iv) biocompatibility and the potential to be degraded into nontoxic components after

cellular uptake, and (v) efficient delivery of plasmid to cultured cells.

Introduction

Polymeric gene delivery vectors have been widely studied over the past two decades as
alternatives to viral vectors. Though there have been significant advances in the field of
polymer-based delivery during this time, the limited efficiency of these vectors remains a
weakness. Bioactive peptides can be incorporated into the delivery vehicles to aid in
overcoming different barriers to delivery, and the functionalities of the peptides that have been
used include DNA binding, targeting, and endosomal escape (1-3). Though many investigators
have generated peptide-functionalized polymers by conjugating peptides to polymers, several
groups have recently demonstrated polymerization of peptide monomers with an acrylamide
comonomer (4-8). In this work, we apply this polymerization technique to synthesize peptide-
based copolymers for use as gene delivery agents. These unique polymers possess integrated
properties of DNA packaging, stability, and biodegradability in a single material without the
need for further modification.

Cationic polymers used to deliver DNA can be highly toxic, so it is important to consider the
interplay between the potential toxicity and transfection efficiency of the polymer when

designing a new polycation. It has been shown that both the efficacy and toxicity of nonviral
gene delivery vehicles are directly correlated to their molecular weight, leading to a situation
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where it is difficult to develop a system with both high delivery efficiency and low toxicity
(9). Toengineerasolution to this problem, investigators have crosslinked low molecular weight
components using reducible crosslinkers to increase effective molecular weight for DNA
condensation while ensuring that the cationic components can degrade into less toxic low
molecular weight peptides or polymers (9-15). Reducible linkers are also attractive for gene
delivery applications because such linkers enable the design of copolymers that maintain
stability extracellularly, when a high molecular weight is needed to retain the DNA in a
packaged state, and degrade intracellularly, when a low molecular weight is desired to facilitate
unpackaging of the DNA for transcription.

The peptide-based polymers presented here contain a linker between the polymerizable vinyl
group and the peptide. A stable linker and a reducible linker were both used in order to evaluate
the effect of polymer degradation on transfection efficiency and cell toxicity. A cationic
oligolysine peptide was selected for polymerization due to its ability to package DNA through
electrostatic interactions. Wadhwa et al. first studied the dependence of DNA condensation
and transfection efficiency on the length of the oligolysine peptide used to condense the DNA
(16). The authors found that peptides with 13 or more lysine residues bound tightly to DNA,
condensed the DNA into small polyplexes around 100 nm in diameter, and mediated
transfection. However, peptides possessing 8 lysine residues or fewer were drastically
weakened in their ability to bind DNA and mediate effective transfection (16). The materials
presented here contain oligolysines with 11 lysine residues. This length was selected so that
the polymerized material would potentially mediate strong DNA binding, while the free
peptides could easily be displaced after cleavage from the HPMA backbone, thus facilitating
DNA unpackaging.

In summary, we report here the synthesis and evaluation of HPMA-peptide copolymers for
gene delivery applications. First, a series of copolymers was synthesized in order to determine
the effect of the polymerization conditions on the polymer properties. The copolymers were
characterized for their molecular weight, composition, and ability to condense DNA. The most
promising copolymers were studied further, and polyplexes of these copolymers and DNA
were assessed for their size, ability to resist unpackaging, salt stability, transfection efficiency,
and cellular toxicity in a series of in vitro experiments. Several copolymers were identified
with transfection efficiencies similar to that of PLL but with much lower cellular toxicities.
This copolymer system is modular, and this model system can be expanded to include other
peptide monomers that further increase the gene delivery efficiency of the copolymers.

Experimental Section

Materials

gWiz-Luciferase plasmid (gWiz-Luc, Endotoxin-free) was purchased from Aldevron. All other
materials were purchased from Sigma-Aldrich and used without further purification unless
otherwise stated.

Synthesis of Fmoc-AEDP

N-(9-fluorenylmethoxycarbonyl)-protected 3-[(2-aminoethyl)dithio] propionic acid (Fmoc-
AEDP) was synthesized by a modified protocol based on published methods of Fields and
coworkers (17). Briefly, 3 mmol of 9-fluorenylmethyl N-succinimidyl carbonate (Fmoc-OSu)
was dissolved in 15 mL of dimethoxyethane (DME). Two mmol of 3-[(2-Aminoethyl)dithio]
propionic acid (AEDP, from Pierce) and 4.4 mmol of sodium bicarbonate were dissolved in 5
mL of dH,0 and then added dropwise to the 15 mL of Fmoc-OSu in DME while stirring. The
reaction was allowed to proceed overnight at RT with stirring in the dark. Reaction completion
was checked by TLC using a running buffer of 97% chloroform/3% glacial acetic acid (v/v)
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with the following spots: AEDP (R =0), Fmoc (R¢= 1), Fmoc-AEDP (R =0.95). The reaction
was filtered through a 0.2 um pore size PVDF filter and the DME was removed by rotary
evaporation. Forty mL of 0.1 N HCI was added to the remaining solution and stirred for 1 h.
Forty mL of chloroform was added and the solution was stirred for 4 h. The reaction mixture
was extracted with two washes of 0.1 N HCI and two washes of dH,0. The organic phase was
isolated and filtered, the chloroform was removed by rotary evaporation, and a slightly yellow,
oily substance was recovered.

Synthesis of DNP-labeled K11 and Unlabeled K1, Peptides

One gram of Fmoc-Lys(Boc)-NovaSyn® TGT resin (0.2 mmol Lysine, from Novabiochem)
was swelled in dimethylformamide (DMF) and the N-terminal amine groups of the Lys
preloaded onto the resin were deprotected by two incubations for 10 min in 20% (v/v) piperidine
in DMF. Four equiv each of Lysine-dinitrophenyl (Lys-DNP, from Novabiochem) and O-(7-
Azabenzotriazole-1-yl)-N,N,N’,N’-tetramethyluronium hexafluorophosphate (HATU, from
GenScript Corp) were dissolved in 5 mL of 0.4 M N-methylmorpholine (NMM) in DMF. The
activator and amino acid solution was then added to the resin and the coupling reaction was
allowed to proceed for 1 h at RT. The resin was washed with DMF and the remainder of the
peptide was synthesized using standard Fmoc-based solid phase peptide synthesis (SPPS)
conditions with 4 equiv of lysine amino acid (Fmoc-Lys(Boc), from Protein Technologies) and
4 equiv of HATU on a PS3 peptide synthesizer (Protein Technologies). Ten additional Lys
residues were added for a total of eleven Lys residues with one Lys-DNP residue on the Kq1-
DNP peptide. The purity of the peptide was assessed by HPLC and the mass was measured
using an Esquire electrospray ion trap mass spectrometer (ESI-MS) from Bruker Daltonics
(Supporting Information). The unlabeled K14 peptide was synthesized in exactly the same way,
except without adding the Lys-DNP residue.

Synthesis of DNP-labeled K11-AEDP-MC and Kq1-Ahx-MC Modified Peptides (4)

Four equiv each of Fmoc-AEDP and HATU dissolved in 5 mL of 0.4 M NMM in DMF were
added to N-terminally deprotected K11-DNP-resin containing 0.1 mmol peptide. The coupling
reaction was allowed to proceed for 1 hr at RT. The resin was washed with DMF and then
deprotected by twice incubating the resin with 20% piperidine in DMF for 5 min at RT, yielding
K11-AEDP 1 (with the linker coming from AEDP). The peptide was then methacryloylated as
shown in Scheme 1, following a protocol similar to that of O’Brien-Simpson et al. (4). The
minimum amount of anhydrous DMF required to fluidize the resin was added and the resin
was transferred to a reaction flask kept on ice under nitrogen. Triethylamine (TEA, 20 equiv)
was injected into the flask, followed by dropwise addition of 10 equiv of methacryloyl chloride
2 (MC). The reaction was stirred for 1 h on ice and then 1 h at RT in O,-free conditions, yielding
compound 3. The resin was washed and the peptide cleaved by incubation with a cleavage
cocktail of 95% trifluoroacetic acid (TFA), 2.5% triisopropylsilane (TIPS), and 2.5% dH,0O
for 3 h at RT. The cleaved peptide K;1-AEDP-MC 4 was precipitated in diethyl ether three
times and the pellet was dried, yielding a chalky yellow solid, and stored at —20°C. The
synthesis of K11-Ahx-MC 4 was performed in the same way, except that four equiv of Fmoc-6-
aminohexanoic acid (Fmoc-Ahx, from Novabiochem) was used instead of Fmoc-AEDP to
generate a peptide monomer that does not contain a cleavable disulfide linkage. The purity of
the peptides was assessed by HPLC and found to be >90% (Supporting Information). Desired
products were confirmed by mass spectrometry using an Esquire ESI-MS from Bruker
Daltonics (Supporting Information).

Copolymerization of HPMA with Peptide Monomer

For each copolymer, 10 mg peptide monomer 4 was used in the feed at the mol% shown in
Table 1 with the required amount of HPMA monomer (Polysciences, Inc). The weight of the
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initiator 2,2'-azobis[2-(2-imidazolin-2-yl)propane]dihydrochloride (VA044, from Wako
Specialty Chemicals) used for each polymerization was calculated as a weight percent of
HPMA monomer, as indicated in Table 1. For a given copolymerization, the appropriate
amounts of peptide monomer, HPMA monomer, and VA044 initiator were dissolved in the
amount of degassed reaction buffer (6 M guanidine hydrochloride, 2 mM EDTA, 0.5 M Tris
base, buffered to pH 8.3 with HCI) to give the final total monomer concentration indicated in
Table 1. The reaction solutions were transferred to glass reaction vials, bubbled with N, gas
for 15 min, and then sealed and heated at 44°C for 48 h to generate copolymers 5. Four separate
copolymer series were investigated, as shown in Table 1, where series A, B, and C used the
non-cleavable K11-Ahx-MC 4 in the copolymers while series D used the disulfide-linked
K11-AEDP-MC 4. Series A varied the wt% of initiator while series B and C varied the mol%
of peptide monomer and total monomer concentration.

Purification and Characterization of Copolymers

The copolymers were dialyzed against dH,O using a 7 kDa MWCO membrane and purified
by HPLC to remove any unreacted monomers. After organic solvent removal in vacuo and
lyophilization to recover a fluffy yellow solid, the copolymers were dissolved at 5 mg/mL in
running buffer (0.3 M sodium acetate buffered to pH 4.4 with acetic acid) for analysis by gel
permeation chromatography (GPC) as described by Hennink and coworkers (18). A Viscotek
GPCmax, which was controlled by Viscotek OmniSEC software, was used with an OHpak
SB-G guard column (Shodex) in line with an OHpak SB-804 HQ column (Shodex) and a
refractive index (RI) detector (Viscotek). The molecular weights of the copolymers were
determined by using the OmniSEC software to compare the elution time of the copolymer to
a standard curve generated from the elution times of narrow-polydispersity poly(ethylene
oxide) TSK standards (Tosoh) of different molecular weights. The percent incorporation of
peptide into the copolymer was determined by comparing to a standard curve of DNP
absorbance at 360 nm (Asgp)-

Polymer Degradation Studies

Copolymers A4 and D1 were diluted to 5 mg/mL in HEPES Buffered Glucose (HBG; 20 mM
HEPES and 5% glucose (w/v) buffered to pH 7.4 with NaOH) and analyzed by HPLC. HPLC
was performed using a Jupiter 4 um Proteo 90 A (250 x 4.6 mm) reversed phase analytical
column (Phenomenex) and a gradient from 98% Buffer A (H,O + 0.01% TFA) to 30% Buffer
B (Acetonitrile + 0.01% TFA) developed over 25 minutes. The same copolymers were then
diluted to 5 mg/mL in HBG containing the reducing agent dithiothreitol (DTT, final
concentration of 10 mM) and incubated for 5, 30, or 60 min before being analyzed by HPLC
with detection at 215 nm.

Polyplex Formulation and Characterization

The gWiz-Luc plasmid was diluted in HBG to a concentration of 0.1 mg/mL and mixed with
an equal volume of polymer (also diluted in HBG) at the desired lysine to DNA phosphate (N/
P) ratio. For particle sizing measurements, all polyplexes were formed at N/P = 5. After mixing,
the polyplexes were allowed to form for 5 minutes at room temperature. 20 uL of each polyplex
sample (containing 1 ug DNA) was mixed with either 80 uL HBG or PBS and the 100 puL
sample was assayed for particle size by dynamic light scattering (DLS) measured on a
Brookhaven Instruments Corp ZetaPALS instrument. Particle sizing measurements were
performed at a wavelength of 659.0 nm with a detection angle of 90° at RT.

DNA Condensation

The gWiz-Luc plasmid was mixed with the bis-intercalating dye YOYO-1 iodide (Invitrogen/
Molecular Probes) at a dye:base pair (D:BP) ratio of 1:25 and incubated at 50°C for 2 hours
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to equilibrate the dye complexes with DNA (19). Polyplexes were formed at various N/P ratios
from 0 to 5 by complexing YOYO-labeled DNA with the polymers or peptides in HBG as
described above. 20 uL of the polyplex solution and 80 uL of HBG were added to each well
of a 96-well plate and the fluorescence from each well was measured on a Tecan Safire? plate
reader with excitation at 491 nm and emission at 513 nm. Fluorescence signal from polyplexes
with N/P > 0 was normalized to N/P = 0 (DNA only) signal.

Polyplex Unpackaging Studies

The gWiz-Luc plasmid was labeled with YOYO and poly-L-lysine (PLL, 12-24 kDa, from
Sigma), K11-DNP peptide, and copolymers B1, C1, and D1 were used to form polyplexes at
N/P =5 in HBG as described above. 20 uL of polyplex solution were mixed with 80 pL of
HBG, HBG containing 0.1 mg/mL heparan sulfate (HS, from Sigma), or HBG containing 0.5
mg/mL HS in each well of a 96-well plate. Additionally, 20 uL of polyplexes formed with
copolymer B1 or D1 were mixed with 80 pL of HBG containing DTT and/or HS at specific
concentrations in each well of a 96-well plate. The polyplexes mixed with 10 mM DTT were
allowed to incubate for 30 min at RT and the polyplexes mixed with 25 mM DTT were allowed
to incubate for 1 h at RT. The fluorescence from each well was measured on a Tecan Safire?
plate reader with excitation at 491 nm and emission at 513 nm. Fluorescence signal from
polyplexes with N/P > 0 was normalized to N/P = 0 (DNA only) signal.

IN VITRO Transfection Efficiency

Human cervix epithelial adenocarcinoma cells (HeLa, passage 25, ATCC # CCL-2) were
seeded in complete cell culture medium (MEM + 10% FBS + 1% antibiotic/antimicrobial) at
a density of 5 x 104 cells/well in each well of a 24-well plate. The 24-well plates were placed
in a 37°C incubator with 5% CO», for 24 hours to allow the HeLa cells to attach. Polyplexes
were formed at N/P = 5 using 1 pg of gWiz-Luc plasmid DNA in 20 pL total volume. Each
sample was brought up to 200 pL with OptiMEM 1 (Invitrogen). The cells were washed twice
with PBS and the transfection solutions were added. The 24-well plates were returned to the
incubator for four hours, at which time the polyplex solution was replaced with complete cell
culture media after washing the cells with PBS. The cells were returned to the incubator for a
further 44 hours. After a total incubation of 48 hours, the 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 a Tecan Safire? plate reader with
integration for 1 s. The total protein content in each well was measured by a BCA Protein Assay
Kit (Pierce) according to the manufacturer’s instructions so that the luciferase activity
measured in each well could be normalized by the total protein content in each well. Each
sample was tested in replicates with n = 8, but one outlier was identified in the copolymer D1
data set (using the interquartile method of identifying outliers). The statistical significance of
differences in the samples was determined using Student’s t-test, where a p-value of less than
0.05 was considered significant.

Cellular Toxicity

HeLa cells were seeded in complete cell culture medium at a density of 1 x 10* cells/well in
each well of a 96-well plate. The 96-well plates were placed in a 37°C incubator with 5%
CO», for 24 hours to allow the HeL a cells to attach. The cells were washed with PBS, the
polymer and peptide samples were diluted to the indicated concentrations with OptiMEM, and
100 uL of polymer or peptide sample was added to the cells. The 96-well plates were returned
to the incubator for four hours, at which time the polymer or peptide solution was replaced
with complete cell culture media after washing the cells with PBS. The cells were returned to
the incubator for a further 40 hours. Finally, 3-(4,5-dimethylthiazol-2-yI)-5-(3-
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carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS reagent, from Promega
Corp.) was added to the cells, the cells were returned to the incubator for four hours (for a total
incubation of 48 h), and the number of viable cells in each well was quantified by measuring
the absorbance at 490 nm on a Tecan Safire? plate reader.

Results and Discussion

Synthesis of Fmoc-AEDP and Peptide Monomers

Oligolysine peptides containing 11 Lysine residues and a Lysine-DNP residue (K11-DNP) were
synthesized by SPPS. DNP was included as a label for the peptide; antibodies to DNP can be
used in future studies to track the polymer. An Fmoc-protected, nonreducible or reducible
linker (Ahx or AEDP, respectively) was then conjugated to the N-terminus of the peptides
using the same SPPS chemistry. Finally, the deprotected N-termini of the linker-modified
peptides 1 were reacted with MC 2 in order to introduce a reactive vinyl group for radical
polymerization (Scheme 1). The masses of K1;-DNP, linker-modified and MC-modified
peptides agreed very well with the calculated masses, as shown in Table 2, and the purity of
each peptide was found to be greater than 90% by HPLC (Supporting Information).

Copolymerization of HPMA with Peptide Monomer

The vinyl-functionalized peptides 4 were copolymerized with HPMA by radical
polymerization to generate copolymers 5 (Scheme 1). Poly(N-(2-hydroxypropyl)
methacrylamide) (HPMA), originally synthesized by Kopecek and coworkers (20-21), has
been incorporated in polymer-drug conjugates that have entered phase I/11 clinical trials (22—
26). In a landmark clinical study, it was found that cumulative doses of HPMA copolymer in
excess of 20 g/m? could be administered to patients without any polymer-related toxicity or
immunogenicity (22). In addition, HPMA has been grafted onto quaternary amine-containing
polymers and used to sterically stabilize polyplexes formed with these graft copolymers (27—
29). HPMA was therefore chosen for copolymerization with peptide monomers due to its ease
of incorporation into copolymers, ability to sterically stabilize colloids, and lack of toxicity
when injected into human patients.

Three series of nonreducible poly(HPMA-stat-K11) copolymers were synthesized in order to
determine the effect of polymerization conditions on polymer properties and composition
(Table 1). In series A, the amount of VA044 initiator used during polymerization was varied
while keeping the total monomer concentration and ratios of comonomers (5 mol% peptide,
95 mol% HPMA) fixed. For uncontrolled radical polymerizations, increasing the radical to
monomer ratio increases the number of chains initiated, thereby reducing the molecular weight
of the resulting polymers. As expected, the copolymers synthesized in series A follow the trend
of decreasing molecular weight with increasing amount of initiator (Table 1). HPLC analysis
revealed that increasing the amount of initiator increased the incorporation of peptide into the
copolymer but also increased the amount of HPMA homopolymer without any peptide. Thus,
5 wt% VA044 initiator was used for the subsequent polymerizations.

In series B and C, the amount of peptide monomer added in the feed was changed to 1 and 10
mol%, respectively. Between copolymers A3, B1, and C1, the wt% initiator and total monomer
concentration are constant and the only difference is the mol% of peptide monomer in the feed.
A comparison of these copolymers shows that increasing the amount of peptide monomer in
the feed leads to increased wt% of peptide in the final copolymer, but also a reduced overall
molecular weight (Table 1). It is very likely that this reduction in overall molecular weight is
caused by a lower reactivity of the peptide macromonomer, as it has been shown that
macromonomers often have lower reactivities than smaller monomers (30-31). Radke and
Mauller investigated copolymerization of macromonomers with methyl methacrylate and
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showed that increasing the macromonomer concentration leads to an increase in viscosity of
the polymerization solution and a lower reactivity of the macromonomer due to decreased
mobility of the larger macromonomer compared to the smaller comonomer (30). The authors
also demonstrated that the average segment densities surrounding the propagating radical site
decrease with increasing distance between the reactive center and the nearest macromonomer
(30). The macromonomer is therefore most reactive when it is at its lowest mol% in the feed,
resulting in long stretches of comonomer that extend the distance between macromonomers
and reduce the steric hindrance of high segment densities that prevents the addition of the next
macromonomer.

The incorporation efficiency of the peptide macromonomer decreases with increasing mol%
of peptide macromonomer in the feed (63% of feed for B1, 60% of feed for A3, and 44% of
feed for C1), which is consistent with lower reactivity of the peptide monomer at higher mol
percents in the feed. Furthermore, as the mol% of peptide macromonomer is increased, the
formation of long polymers becomes more dependent on the incorporation of the
macromonomer to continue the polymerization. Thus, the decreased reactivity of the peptide
macromonomer most likely plays a significant role in the reduction in total copolymer size
seen with increasing mol% of peptide monomer in the feed. Similar behavior was reported in
another system where increasing the feed mol% of a comonomer with lower reactivity
decreased the overall molecular weight of the resulting copolymer (32). The decrease in
molecular weight with increasing mol% of peptide may also be attributed to the DNP label on
the peptide, because it is known that DNP can act as a chain transfer agent during radical
polymerization (33-34). The ability of DNP to accept radicals retards the polymerization,
extending the time required for polymerization in the presence of DNP compared to a
polymerization in the same conditions except without DNP (33). Thus, the copolymers
synthesized at the higher mol% of peptide will be retarded the most due to the presence of the
highest concentration of DNP and 48 hr may not be long enough to extend the chains fully,
resulting in lower molecular weights.

Copolymers B2 and C2 were synthesized to determine the effect of changing the total monomer
concentration in the polymerization solution. First, it should be noted that changing total
monomer concentration had only a minor effect on the wt% of peptide in the final copolymers.
Also, the inverse relationship between peptide mol% in the feed and resulting copolymer MW
still held. A comparison of B1 vs. B2 and C1 vs. C2 shows that polymerizations at lower
monomer concentrations led to copolymers with lower total molecular weights. It has been
shown that the degree of polymerization (DP) of a polymer generated from macromonomers
during uncontrolled radical polymerization increases with increasing macromonomer
concentration, mainly due to the increase in viscosity at higher macromonomer concentrations
(35). Higher viscosity reduces the rate of termination, thus extending the lifetime of the
polymerization and increasing the DP, due to a diffusion controlled limit on bimolecular
termination (35). Thus, the viscosity of the reaction solution is an important factor for
optimization: not only does a high viscosity decrease the reactivity of the macromonomers,
which tends to lead to smaller copolymers, but a higher viscosity also decreases the rate of
termination, which tends to allow for larger copolymers. Comparison within series B or series
C in Table 1 shows that, for a given composition, increasing the monomer concentration leads
to higher percent incorporation of the peptide in the final copolymer (44% for C1 compared
to 39% for C2 and 63% for B1 compared to 40% for B2). Furthermore, when comparing
between series, these studies demonstrate that the peptide monomer concentration has less of
an effect on the percent peptide incorporation than does the mol% of peptide monomer in the
feed. Thus, the maximum concentration of 85 mg/mL (above which gelation of the reaction
mixture would occur during polymerization) was employed for all further polymerizations.
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Copolymer D1 was synthesized to investigate the effect of a reducible AEDP linker
incorporated in the peptide monomer. The polymerization conditions for D1 were the same as
for A3. Copolymer D1 has a lower MW and a slightly higher peptide mol% incorporation in
the final copolymer compared with A3. The difference in polymer properties might be due to
the change in the hydrophobicity of the Ahx versus AEDP linkers in the peptide monomers
especially since the linker group is close to the propagating radical site. It is known that radical
attack on an alkene can lead to radical transfer to a nearby sulfur atom and the opening of a
ring during polymerization (36). However, the increased distance of the disulfide bond in the
AEDP to the alkene group in the MC, compared to the single carbon spacer in the ring opening
polymerization (36), will greatly reduce the ability of the sulfur atom to accept radicals. Thus,
only very minimal reversible chain transfer or chain extension through the sulfur atom is
expected to occur in this system.

Insummary, a library of p(HPMA-stat-K 1) copolymers was synthesized so that materials with
a range of properties could be tested to determine the optimal formulation for gene delivery.
The successful synthesis of copolymers with different amounts of peptide, different molecular
weights, and reducible versus non-reducible linkages between the peptides and the copolymer
backbone has been demonstrated.

Demonstration of degradability of copolymer D1

To test the degradation of copolymers synthesized with reducible (D1, with AEDP linker) and
non-reducible (A4, with Ahx linker) peptides, D1 and A4 were incubated with the reducing
agent DTT and polymer degradation was monitored by HPLC (Figure 1). D1 copolymer elutes
between 15-17 minutes. Treatment with 10 mM DTT results in free peptide release by 5 min
(~14.7 min elution time). The resulting HPMA homopolymer elutes at 17.4 min. Taken
together, these results show that under reducing conditions, copolymer D1 is efficiently
degraded into free peptide and the HPMA polymer backbone. Conversely, the DTT had no
effect on the HPLC traces when incubated with non-reducible copolymer A4, indicating that
the reducing agent was not able to cleave the peptide attached with a non-reducible linker (data
not shown).

Polyplex Formulation and Characterization

Polyplexes were first formed by mixing copolymers with plasmid DNA in HBG. HBG was
selected because it has previously been shown to be an ideal buffer to improve polyplex
formulation and reduce aggregation (37). The cationic polymers poly-L-lysine (PLL) and
polyethylenimine (PEI) formed small polyplexes with sizes on the order of 200 nm when
complexed with DNA at N/P =5 in HBG (Figure 2). Similarly, all of the copolymers tested
(A4,B1, C1, and D1) also formed small polyplexes with sizes around 200 nm when complexed
with DNA at N/P =5 in HBG. The size of polyplexes formed with unlabeled K, peptide was
very large (over a micron at N/P =5 in HBG), consistent with the decreased ability of short
cationic peptides to bind and condense DNA. Unexpectedly, the size of polyplexes formed
with DNP-labeled K1, peptide at N/P =5 in HBG was similar to the sizes of the polyplexes
formed with the copolymers, PEI, and PLL. We hypothesize that the hydrophobic DNP label
may increase the peptide’s affinity for DNA, thus increasing its ability to condense DNA into
small particles.

The salt stability of the polyplexes formed with the copolymers is an important characteristic
because polyplexes prepared for in vivo use will need to be salt stable when administered
intravenously in order to avoid aggregation that can lead to embolism. The polyplexes are able
to maintain small sizes in the low-salt HBG buffer because of intermolecular repulsion due
their positive surface charge at N/P = 5. However, when PBS is added, the higher amount of
salt reduces the electrical double-layer thickness, rendering the particles susceptible to
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aggregation. As seen in Figure 2, PLL- and PEI-based polyplexes aggregate to sizes over one
micron when diluted in PBS. Similar aggregation behavior is observed for the polyplexes
formed with either unlabeled or DNP-labeled peptide. In contrast, polyplexes formed with all
of the copolymers remain stable with a small size, even when diluted into PBS. It has been
shown that cationic polymers modified with HPMA can be used to condense DNA and remain
stable at high salt concentrations (27), where the HPMA is believed to take on a brush-like
conformation on the surface and prevent aggregation by acting as a steric barrier. In a similar
manner, a portion of the hydrophilic HPMA segments of the copolymer will be present on the
surface of the polyplexes, and we hypothesize that they also adopt a brushlike conformation
on the polyplex surface to resist aggregation. In support of this theory is the fact that copolymer
C1, which has the lowest percentage of HPMA, almost doubles in size upon addition of PBS,
indicating that it may be just outside the threshold level of HPMA required for complete salt
stability in PBS.

Determination of Plasmid Packaging Efficiency

The efficiency of plasmid condensation by polycations can be monitored by a YOYO-1
quenching assay (19). The fluorescence of the YOYO-1 DNA intercalator is quenched when
YOYO-labeled plasmid is packaged into a condensed state. Addition of PLL or PEI to YOYO-
labeled plasmid results in decreasing fluorescence with increasing N/P ratio, with full
condensation occurring at N/P = 3 for PLL and N/P =5 for PEI (Figure 3). The unlabeled
K11 peptide is unable to efficiently condense plasmid at the N/P ratios investigated. These
results are consistent with the particle sizing results, where at N/P = 5 the unlabeled peptide
was not able to form small particles. In contrast, the DNP-labeled K1 peptide fully condensed
DNA at N/P = 2. Again, these results are fully consistent with the particle sizing results, which
indicated that the K11-DNP peptide was able to condense DNA into small particles. The
copolymers condensed DNA more efficiently than K;1-DNP likely due to the higher cationic
valency of the copolymers. However, this effect is minor compared to the benefit derived from
having HPMA in the copolymer. As can be seen in Figure 3, the copolymer able to most
effectively condense DNA is B1, which has the lowest mol% of peptide, and the copolymer
to least effectively condense DNA is C1, which has the highest mol% of peptide. Copolymers
A4 and D1, which contain an intermediate amount of peptide between that of B1 and C1,
possess an intermediate ability to condense DNA. This data suggests that the presence of
HPMA drastically increases the affinity of the copolymer for the DNA. A YOYO condensation
assay was performed with HPMA homopolymer, and YOYO fluorescence was partially
quenched, lending support to the hypothesis that HPMA itself is able to interact with the DNA.

Determination of Plasmid Unpackaging

For systemic delivery applications, vector stability in the bloodstream and tissue is an important
consideration. We and others have previously demonstrated that extracellular polyanions cause
premature PEI polyplex unpackaging in vivo likely due to a polyelectrolyte exchange reaction
(19,38-39). Polyplex stability in the presence of destabilizing agents can also be evaluated
using a YOYO-based fluorescence assay. As can be seen in Figure 4, polyplexes formed at N/
P =5 and diluted with HBG containing no HS are fully packaged, indicated by low YOYO
fluorescence. Polyplexes formed with PLL or PEI are fully unpackaged after dilution into HBG
containing HS at a concentration of 0.1 mg/mL (PEI data not shown). In contrast, polyplexes
formed with copolymer B1 maintained DNA in a fully condensed state after incubation with
0.1 mg/mL HS. Polyplexes formed with copolymer C1 or D1 and polyplexes formed with
K11-DNP were found to unpackage only slightly when incubated with 0.1 mg/mL HS. When
the concentration of HS was increased to 0.5 mg/mL, polyplexes formed with K11-DNP peptide
fully unpackaged, while polyplexes formed with copolymers B1, C1 and D1 remained partially
packaged. These results are consistent with the affinities of the copolymers for DNA
determined in the DNA-YOYO condensation assay. We hypothesize that both the DNP label
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and the HPMA can interact with the DNA, thus increasing the affinity of the binding of the
copolymers and peptides to DNA and decreasing the susceptibility of the polyplexes to
unpackaging.

The optimal design of the polymeric in vivo gene delivery vehicle will need to allow for
intracellular unpackaging, which is required for transcription (40). If the vectors are simply
designed for maximum extracellular stability, they will be unable to unpackage intracellularly
and the delivered cargo will be rendered useless. To overcome this challenge, copolymers were
synthesized containing the DNA-condensing peptides linked to the polymer backbone through
a reducible disulfide linkage. When the peptides are cleaved from the copolymer backbone,
the affinity for DNA should be decreased and unpackaging should be more likely. The
extracellular milieu is known to be an oxidizing environment; in contrast, the cytosol is a highly
reducing environment due to the excess of reduced glutathione (GSH), thioredoxin,
glutaredoxin, peroxiredoxins, and nicotinamide adenine dinucleotides (NADH and NADPH)
over the oxidized analogues of these molecules (41-43).

The extent of polyplex unpackaging due to competitive displacement of the polycation by HS
was evaluated under reducing and non-reducing conditions for polyplexes formed with
copolymer D1 (Figure 5). The polyplexes were first formed and then diluted in a buffer
containing DTT, HS, or both. Reducing the linkage on copolymer D1 between peptide and
polymer backbone without adding HS did not lead to any destabilization. Adding HS without
DTT decreased the condensation state of the DNA-YOYO from 5% of uncomplexed DNA
fluorescence to 19% of uncomplexed DNA fluorescence. Including 10 mM DTT or 25 mM
DTT in the incubation with HS decreased the condensation state of the DNA-YOYO further,
to 31% and 35% of uncomplexed DNA fluorescence, respectively. Reducing agents are present
intracellularly at low millimolar concentrations (41), so these conditions were chosen to mimic
the intracellular environment most closely. As can be seen from Figure 4, the maximum
fluorescence recovery achieved with even 0.5 mg/mL HS was 60% of uncomplexed DNA
fluorescence. There is a slight further increase in unpackaging when the DTT concentration
and incubation time are increased. Thus, the polyplexes formed from copolymer D1 are more
easily unpackaged under the reducing conditions of the cell cytosol. Polymers synthesized with
peptides that do not contain the DNP label are expected to exhibit even more efficient DNA
release under reducing conditions. In contrast, polyplexes formed from the non-reducible
copolymer B1 were unaffected by any of the treatments.

IN VITRO Transfection Efficiency

gWiz-Luc plasmid was delivered to HeLa cells using various delivery vehicles, and the
efficiency of delivery was determined by the quantitative luciferase reporter system (Figure
6). Unlabeled K11 peptide did not mediate increased gene delivery over plasmid DNA only
(data not shown) most likely due to its inability to form stable polyplexes; however, the DNP-
labeled K11 peptide, which was able to form stable polyplexes, did mediate an increased gene
delivery efficiency compared to DNA only, though this difference was not statistically
significant due to high variability. All of the copolymers were found to mediate statistically
significant (p < 0.01) increases in transgene expression compared to plasmid only. In addition,
copolymers A3, C1 and D1 mediated statistically significantly (p < 0.01) increased transfection
efficiency compared to unpolymerized K;1-DNP peptide.

Since the delivery efficiency of oligolysine and PLL is known to depend on the molecular
weight of the cationic delivery agent, it was expected that the copolymers that have more than
one peptide incorporated and thus a higher effective molecular weight of lysine segments,
would have higher delivery efficiency than peptide alone. Due to the same effect, it was also
expected that the copolymers based on the non-reducible Ahx linker would show increasing
efficiency with increasing amounts of peptide in the copolymer. This trend was observed, with
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C1 having 37.8 wt% peptide and the highest delivery efficiency, A3 having 30 wt% peptide
and an intermediate delivery efficiency, and B1 having 7.7 wt% peptide and the lowest delivery
efficiency. However, the average number of peptides per copolymer was inversely proportional
to the copolymer transfection efficiency. This data indicates that the wt% of peptide in the
copolymer but not the absolute number of peptide monomers in the copolymer is correlated
with transfection efficiency.

One possible explanation is that the density of peptides in the copolymer could determine the
cooperativity of the increase in effective polycation molecular weight. For example, copolymer
B1 has an average of approximately 158 HPMA monomers per peptide monomer. In contrast,
copolymer A3 has ~32 HPMA monomers per peptide monomer on average, and copolymer
C1 has ~22 HPMA monomers per peptide monomer. Assuming even distribution of peptides
in the polymer chain, copolymers with peptides that are more closely spaced could possess a
higher effective polycation molecular weight and mediate more effective gene delivery, while
the copolymers with peptides spaced further apart could have a lower effective polycation
molecular weight and lower transfection efficiency.

Another possible explanation is that vector unpackaging affects transfection efficiency.
Schaffer et al. have shown that the vectors with high intracellular stability mediated the lowest
amounts of gene expression, while expression was greatly enhanced by using vehicles that
easily dissociated from the DNA because the DNA could more easily be transcribed (40). From
Figure 3, it can be seen that copolymer B1 condenses DNA most efficiently, while copolymer
C1 condenses DNA least efficiently (among the Ahx-based copolymers). Analogously, from
Figure 4, it can be seen that copolymer B1 is more resistant to unpackaging than copolymer
Cl.

A third possible explanation for the differences in transfection efficiencies is that polyplexes
formed with the different copolymers may have unequal abilities to mediate cellular
internalization. Polyplexes generated from covalently linked PLL-HPMA were found to have
reduced cellular association and internalization compared to polyplexes formed with
unmodified PLL (29). Conjugation of poly(ethylene glycol), another polar nonionic polymer,
to PEI polyplexes causes a reduction in the amount of polyplex internalization that leads to a
decreased transfection efficiency (44-45). It has been noted that increasing the amount of
shielding polymer PEG in PEI-based polyplexes reduces transfection efficiency (45), which is
similar to the observed trends of decreasing transfection efficiency for poly(HPMA-stat-K1,)
copolymers with increasing amounts of HPMA.

The AEDP-based, reducible copolymer D1 has a similar wt% of peptide and resistance to
unpackaging under non-reducing conditions when compared to copolymer C1 (Figure 4).
However, from Figure 6, it can be seen that the transfection efficiency of copolymer D1 is
statistically significantly lower (p < 0.01) than that of copolymer C1. If copolymer D1
degradation and plasmid release occurs much faster than nuclear delivery of plasmid, the DNA
may be degraded by nucleases before transcription can occur. Thus, the data suggests that there
is an optimal intracellular stability of polyplexes for efficient gene expression.

It should be noted that copolymer C1 was found to mediate a higher transfection efficiency
than PLL (p < 0.05). Copolymer C1 was able to more efficiently deliver DNA even though it
only has about 8 kDa of mass from oligolysine in each copolymer. Copolymer C1 may have
nearly optimal oligolysine content for DNA packaging without limiting intracellular DNA
release. In this study, the copolymers were compared to PLL because, like PLL, they contain
only primary amines on the lysine side chains to serve as cationic groups for DNA
condensation. PEI, in contrast, has secondary and tertiary (in the case of branched PEI) amines
that have lower pK, values. Itis currently believed that PEI mediates endosomal escape through
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a proton sponge effect due to this buffering capacity (46-48), which leads to typically higher
transfection efficiencies than those achieved by PLL. This modular copolymer system has the
ability to incorporate other peptides that may include endosomal escape functionality to further
increase the transfection efficiency to rival that of PEI.

Cellular Toxicity

Both the efficacy and the toxicity of cationic polymer gene delivery vehicles are directly related
to their molecular weight (9). The toxicity of the synthesized polymers, PLL and PEI were
tested in HeLa cells. Cheng et al. recently demonstrated that the toxicity profiles of polycations
against HEK293, HelLa and HepG2 are very similar (49); therefore HeLa cell lines were used
as a representative cell line. All of the synthesized copolymers were found to be much less
toxic than PLL (Figure 7). One factor very likely contributing to the lower toxicity is that the
copolymers contain HPMA, and HPMA has been shown to be non-toxic up to very high
concentrations (22). Even still, copolymer A3 has on average 15.7 kDa of oligolysine for each
polymer strand, which is comparable to the 12-24 kDa PLL that was used. Copolymer A3 is
found to have good biocompatibility, with greater than 70% cell viability at the highest
concentration tested. The lower toxicity may be due to the spacing of HPMA between peptides
that reduces the toxicity associated with the cationic lysines. Copolymer C1 contains on average
8 kDa of oligolysine per polymer strand, but has a high peptide wt% (and thus the fewest
HPMA monomers spaced between its peptides) and was the most toxic of all the copolymers
tested. It has been suggested that one mechanism for cationic polymer-induced cellular toxicity
is for the polymers to form channels in the outer mitochondrial membrane, which allows the
caspase-3 translocation and cytochrome c release that are hallmarks of apoptosis (50). We
speculate that the HPMA between the peptides hinders the formation of these channels in the
outer mitochondrial membrane, thus reducing the toxicity of the copolymers with large
amounts of HPMA spaced between the peptides. The high toxicity of copolymer C1 may be
due to it having an amount of HPMA between the peptides that is below the threshold that
would be required to hinder the formation of the membrane channels.

Several investigators have crosslinked low molecular weight polycations using reducible
disulfide bonds to generate high molecular weight conjugates that efficiently condense and
deliver DNA, but which become less cytotoxic fragments upon intracellular reduction (9—
15). Copolymer D1 was synthesized to allow reduction of the peptide linkers, and release of
peptides from the polymer backbone. In composition, reducible copolymer D1 is very
comparable to the non-reducible copolymer C1, with 10 kDa and 8 kDa from oligolysine in
the copolymer, 35.5 and 37.8 wt% peptide, and 25 and 22 HPMA monomers between each
peptide, respectively. Despite the similarities in composition, copolymer D1 is much less toxic
than copolymer C1 (Figure 7).

Conclusions

We have demonstrated the synthesis of novel copolymers for gene delivery by radical
copolymerization of a modified peptide monomer with an HPMA comonomer. These
copolymers can condense DNA into small polyplexes that are stable at physiological salt
concentrations and also resistant to unpackaging. The copolymers were also shown to deliver
DNA into HeLa cells with an efficiency comparable to PLL while mediating much less
cytotoxicity than PLL. This modular system has the capacity to incorporate other types of
peptides into the polymer backbone, and these peptides may perform functions that increase
transfection efficiency (such as endosomal escape) or specificity (such as targeting).
Furthermore, the polymerization conditions could be further optimized to produce better
copolymers. In contrast to traditional free radical polymerization that leads to sub-optimal
incorporation of macromonomers, it has been shown that controlled polymerization schemes
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greatly improve the incorporation of macromonomers into copolymers by reducing the
disparity in reactivities between macromonomers and the smaller comonomers (31). Moving
to a controlled radical polymerization technique also has the added benefit of producing more
well-defined copolymers of more consistent composition and with lower PDIs. The
development of nearly monodisperse, targeted copolymers that mediate high levels of gene
delivery can be possible in the near future using this system as a basis for further improvements.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Evaluation of copolymer D1 degradation under reducing conditions. HPLC elution traces of
copolymer D1 with no DTT and after being treated with DTT for various times. DTT treatment
results in liberation of K11-DNP peptide (14.5 min) and HPMA homopolymer (17-18 min).
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Figure 2.

Polyplex size in HBG (20 mM salt) and 150 mM PBS. All peptides and polymers efficiently
condensed plasmid in HBG to nanoparticles < 200 nm in diameter except unlabeled Ky;.
HPMA copolymers formed stabilized nanoparticles even in PBS.
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DNA-YOYO Condensation

——-K11 Unlabeled

—4—K11-DNP

—i—Copolymer C1
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Copolymer B1

4
N/P Ratio

Extent of DNA condensation versus N/P ratio for HPMA copolymers, control polymers, and
unpolymerized peptides. The fluorescence signal from DNA-YOYO was normalized to the
fluorescence signal of DNA only (N/P = 0). Fluorescence signal decreases with increasing N/
P ratio due to quenching of YOYO fluorescence resulting from DNA condensation.
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Figure 4.

HS-mediated unpackaging of YOYO-labeled polyplexes. HS was diluted in HBG at various
concentrations, and 80 puL of the indicated solution was added to 20 uL of polyplex (N/P = 5)
containing 1 pg of DNA. Fluorescence signal increases with incubation with HS due to
polyplex unpackaging and dequenching of YOY O fluorescence.
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zZ HS-mediated unpackaging of YOY O-labeled polyplexes formed with reducible (D1) and non-
T reducible (B1) copolymers before and after incubation with the reducing agent DTT. HS and
o DTT were diluted in HBG at various concentrations, and 80 pL of the indicated solution was
> added to 20 pL of polyplex (N/P = 5) containing 1 ng of DNA. The samples containing 10 mM
:g DTT were incubated for 30 min and the samples containing 25 mM DTT were incubated for
5 1 h to ensure complete reduction of the disulfide linker.
o
<
Q
S
c
%)
Q
=
<
o
0
>
>
=
>
Q
<
<)
S
c
%)
Q
-

Bioconjug Chem. Author manuscript; available in PMC 2011 January 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Burke and Pun

107

* %k

106 _L

10°

Luciferase Activity (RLU/mg protein)

104

Transfection Efficiency

%

Page 21

L

Copolymer Copolymer Copolymer Copolymer K11-DNP

A3

Figure 6.
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Gene delivery efficiency of selected carriers (formulated at N/P = 5) to HeLa cells as measured
by luciferase activity 48 h after transfection. Results are reported as the mean RLU/mg protein
+ SD for replicate samples, with all samples having n > 7. The * denotes that copolymer B1
was statistically significantly different from DNA only (p < 0.01). The ** denotes that
copolymer A3 and copolymer D1 were both statistically significantly different from copolymer
B1 (p <0.01), K;1-DNP peptide (p < 0.01), and DNA only (p < 0.01). The *** denotes that
copolymer C1 was statistically significantly different from copolymer A3 (p < 0.01),
copolymer B1 (p < 0.01), copolymer D1 (p < 0.01), K{1-DNP peptide (p <0.01), PLL (p <
0.05), and DNA only (p < 0.01).
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Figure 7.

Cell viability of HeLa cells after incubation with free polymers, copolymers, and peptides at
the indicated concentrations, as measured by an MTS assay.
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Scheme 1.
Methacryloylation of linker-conjugated peptides 1 and synthesis of copolymers 5 by radical
polymerization of peptide monomers 4 and HPMA
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Table 2

Calculated weights of the various peptide monomers and peptide monomer precursors compared to the weights
determined by ESI-MS

Peptide Calculated (g/mol) Found (g/mol)2
Ky 1722.3 17226
Kyi-Ahx 1835.3 1835.7
Ki3-Ahx-MC 1903.3 1903.8
K1,-AEDP 1885.3 1885.7
K1;-AEDP-MC 1953.3 1953.7

aAII weights found by mass spectrometry correlate within 0.03% of the actual mass.
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