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Abstract

Degradable cationic polymers are desirable for in vivo nucleic acid delivery because they offer
significantly decreased toxicity over non-degradable counterparts. Peptide linkers provide
chemical stability and high specificity for particular endopeptidases but have not been extensively
studied for nucleic acid delivery applications. In this work, enzymatically degradable peptide-
HPMA copolymers were synthesized by RAFT polymerization of HPMA with methacrylated
peptide macromonomers, resulting in polymers with low polydispersity and near quantitative
incorporation of peptides. Three peptide-HPMA copolymers were evaluated: (i) pHCathKj,
containing peptides composed of the linker phe-lys-phe-leu (FKFL), a substrate of the endosomal/
lysosomal endopeptidase cathepsin B, connected to oligo-(.)-lysine for nucleic acid binding, (ii)
pHCath(o)K1g, containing the FKFL linker with oligo-(o)-lysine, and (iii) pH(o)Cath(o)K1,
containing all (o) amino acids. Cathepsin B degraded copolymers pHCathKyy and pHCath(c)K1g
within one hour while no degradation of pH(p)Cath(o)K1o Was observed. Polyplexes formed with
pHCathK 1o copolymers show DNA release by 4 hrs of treatment with cathepsin B; comparatively,
polyplexes formed with pHCath(p)K1g and pH(o)Cath(o)K1o show no DNA release within 8 hrs.
Transfection efficiency in HeLa and NIH/3T3 cells were comparable between the copolymers but
pHCathK1g was less toxic. This work demonstrates the successful application of peptide linkers
for degradable cationic polymers and DNA release.
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1. Introduction

Polycations are frequently used as nucleic acid delivery materials because of their ability to
package nucleic acids and promote cellular uptake [1]. However, polycation toxicity is
frequently a limiting factor for in vivo application, thus impeding clinical translation [2-4].
Both nucleic acid delivery efficiency and cytotoxicity have been correlated with increasing
molecular weight for several polycations [5, 6]. Higher molecular weight polycations
provide stronger binding to nucleic acids, resulting in improved stability in serum and
circulation time after systemic delivery [7-9]. Lower molecular weight polycations are more
readily displaced from their nucleic acid cargo; this release is necessary for biological
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activity [10]. Lower MW materials are also less toxic to cells when compared to their higher
molecular weight counterparts [11, 12]. Biodegradable polycations with controllable
degradation have been of great interest to the nucleic acid delivery field because these
materials can provide combine advantages of both high and low molecular weight
polycations.

The most extensively studied degradable cationic polymers have utilized either reducible or
hydrolysable bonds [13-16], but these approaches provide limited control over the in vivo
site of degradation. For example, poly(beta-amino esters) are degraded more quickly at
neutral pH than acidic pH so that delivery vehicles would be susceptible to degradation once
reconstituted in aqueous solution and administered in vivo [16]. Reducible linkers aim to
take advantage of the highly reducing cytosolic environment for controlled intracellular
degradation [17], but extracellular reduction has been implicated as the primary site of
degradation for some polymeric systems [18]. We recently synthesized reducible HPMA-co-
oligolysine copolymers by including disulfide linkers between the HPMA backbone and
oligolysine pendant peptides [19]. Although reduced cytotoxicity was observed with these
materials, transfection efficiency was also significantly decreased. This was partially
attributed to the instability of the disulfide bond by sulfhydryl exchange and metal-catalyzed
oxidation of the free sulfhydryl groups leading to crosslinking between polymer strands.

A controlled release material with polymer degradation triggered by specific intracellular
enzymatic activity is highly attractive for gene delivery applications. Enzyme-catalyzed
degradation combines chemical stability and high specificity. Peptide-based linkers act as
selective substrates for specific extra- or intracellular peptidases, with enzymatic specificity
determined by the amino acid sequence. In addition, linkers have varying rates of enzymatic
cleavage, adjustable by changing the recognition sequence or neighboring residues [20, 21],
further enabling the control of degradation. Peptide linkers have been used successfully for
other biological applications, such as antibody-drug conjugates for cancer therapy [22] and
degradable cross-linked scaffolds for tissue engineering [23], but have not been extensively
studied for nucleic acid delivery applications. Two groups recently reported enzymatically-
cleavable linkers for release of targeting ligands [24, 25], but, to our knowledge, no reports
using peptide linkers in main or side-chain architectures in gene delivery materials as an
approach for specific polymer degradation are available.

In nucleic acid delivery applications, endosomal degradation of carriers has several
advantages. Materials need to remain intact in the extracellular environment to protect
nucleic acids from nucleases present in serum. However, polycations such as
polyethylenimine (PEI) and poly-(.)-lysine (PLL) have been shown to trigger mitochondrial-
mediated apoptosis after polymer interaction with the outer mitochondrial membrane [26].
Polymers that degrade prior to cytosolic release are therefore hypothesized to be less
cytotoxic than non-degraded polymers. Cathepsin B is a papain-like cysteine protease with
both endopeptidase and exopeptidase activity that is involved in protein degradation and
turnover in cells [10]. Cathepsin B functions primarily in the endo/lysosomal compartments
[27-29] and has therefore been the target for enzyme-triggered, intracellular drug delivery
[30-32]. We therefore designed cationic, peptide-based polymers for nucleic acid delivery
with cathepsin B linker substrates for specific endosomal degradation as a means to reduce
cytotoxicity through enzyme-mediated degradation.

In this work, peptide-HPMA copolymers were synthesized via reverse addition-
fragmentation chain transfer (RAFT) polymerization of HPMA with methacrylamido-
peptide monomers. The peptide monomers contained an oligolysine motif that was capped
with a short, four amino acid cathepsin B substrate, thereby enabling endosomal degradation
of the cationic copolymers. In total, three peptide-HPMA copolymers were evaluated: (i)
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pHCathK1g, containing peptides composed of the linker phe-lys-phe-leu (FKFL), a substrate
of cathepsin B, connected to oligo-(.)-lysine for nucleic acid binding; (ii) pHCath(c)K1g,
containing the FKFL linker with oligo-(o)-lysine; and (iii) pH(c)Cath(o)K1¢, containing all
(o) amino acids. These polymers were evaluated for sensitivity to cathepsin B degradation,
polyplex destabilization and DNA release, cytotoxicity and transfection efficiency.

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 (Richmond,
VA). Fmoc-protected amino acids and HBTU were purchased from AAPPTec (Louisville,
KY), N-succinimidyl methacrylate from TCI America (Portland, Oregon), and Rink Amide
Resin from EMD Biosciences (Darmstad, Germany). Human liver cathepsin B was
purchased from Enzo Life Sciences (Plymouth Meeting, PA). All other materials were
reagent grade or better and were purchased from Sigma-Aldrich (St. Louis, MO) unless
otherwise stated. Endotoxin-free plasmid pCMV-Luc2 was prepared using the Qiagen
Plasmid Giga kit (Qiagen, Hilden, Germany) according to manufacturer's recommendations.

2.2 Synthesis and Enzymatic Evaluation of Peptide Monomers

2.2.1 Synthesis of Peptide Monomers—Three peptides were synthesized using (o) and
(1) amino acids and 6-aminohexanoic acid (Ahx): AhxFKFLAhxK g (composed of only (1)
amino acids); AhxFKFLAhx(o)K1g (composed of (.) amino acid linker with oligo-(o)-
lysine); and Ahx(p)FKFLAhx(0)K1g (composed of only (o) amino acids). Peptides were
synthesized on a solid support with Rink amide linker following standard Fmoc chemistry
on an automated PS3 peptide synthesizer (Protein Technologies, Phoenix, AZ). Prior to
peptide cleavage from the resin, the amino termini of the peptides were deprotected and
coupled with N-succinimidyl methacrylate. These functionalized peptide monomers are
respectively called MaAhxFKFLAhxK 13, MaAhxFKFLAhx(0)K1g, and
MaAhx(o)FKFLAhx(0)K1g. Synthesized peptides were cleaved from resin by treatment of
solid support with a solution of TFA/triisopropylsilane (TIPS)/1,3-dimethoxybenzene
(92.5:2.5:5, viviv) for 2.5 hours under gentle mixing. Cleaved peptide monomers were
precipitated in cold ether, dissolved in methanol and re-precipitated twice in cold ether. Each
peptide monomer was analyzed by RP-HPLC and MALDI-TOF MS and shown to have
greater than 95% purity after cleavage. The expected molecular weight of the peptides was
2128.82 Da. Experimentally measured molecular weights determined by MALDI-TOF MS
were 2129.137 Da, 2128.526 Da, and 2128.689 Da for MaAhxFKFLAhxK 1,
MaAhxFKFLAhx(d)K1g, and MaAhx(o)FKFLAhx(0)K1q, respectively.

2.2.2 Cathepsin B Cleavage of Peptide Monomers—Specific cleavage at the FKFL
linker by cathepsin B was determined by adapting a method from Dubowchik et al [20]. For
this and subsequent cathepsin B cleavage studies, human liver cathepsin B (0.351 mg/mL
stock) was added to activation buffer (30 mM DTT, 15 mM EDTA) for a final concentration
of 0.117 mg/mL cathepsin B, 20 mM DTT, 10 mM EDTA and incubated at 37 °C for 15
min. Reaction buffer (25 mM acetate, 1 mM EDTA, pH 5, pre-warmed at 37 °C) and
peptide solution (10 mM stock) were added to the enzyme solution such that the final
concentration of the reaction solution was 1.28 ug/mL cathepsin B, 24.6 mM acetate, 1.1
mM EDTA, 0.33 mM DTT, 65 uM peptide, and the reaction solution was incubated at 37
°C. Aliquots were removed at various time points and enzymatic activity stopped by
addition of thioprotease inhibitor E-64 (Thermo Scientific, Waltham, MA) to a 26 pg/mL
final concentration. Aliquots were analyzed qualitatively via MALDI-TOF MS.
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2.2.3 Serum Stability of Peptide Macromonomers—L.inker susceptibility to serum
proteases was evaluated using freshly isolated mouse serum. For each peptide, peptide (5 uL
of 10 mM stock) was added to serum (120 pL, pre-incubated at 37 °C). At various time
points, 20 ul aliquots of the mixture were withdrawn and 5 pL of ice-cold 15%
trichloroacetic acid (w/v) was added to stop enzymatic degradation via protein precipitation.
Precipitated solutions were centrifuged at 13000 rpm for 15 min and supernatants were
analyzed by MALDI-TOF MS.

2.3 RAFT Polymerization and Characterization of HPMA-peptide Copolymers

2.3.1. Polymer Synthesis—Three polymers were synthesized: HPMA-co-
MaAhxFKFLAhxK 1o (pHCathK 1), HPMA-co-MaAhxFKFLAhx(0)K1g (pHCath(o) K1),
and HPMA-co-MaAhx(p)FKFLAhx(0)K1g (pH(p)Cath()K1g). Each polymer was
synthesized with target degree of polymerization (DP) of 190 with 20% mole feed peptide to
yield polymers with target molecular weight of approximately 103 kDa. Monomers were
dissolved in acetate buffer (1 M, pH 5.1) such that the final monomer concentration of the
solution was 0.7 M. The RAFT chain transfer agent (CTA) used was ethyl cyanovaleric
trithiocarbonate (ECT, molecular weight 263.4 g/mol) and the initiator (I) used was VA-044.
The molar ratios of total monomer:CTA:I at the start of polymerization were 190:1:0.1. The
reaction solutions were transferred to round bottom flasks, capped with a rubber septum,
purged with argon for 10 min, and the submerged in a 44 °C oil bath to initiate
polymerization. The polymerization was allowed to proceed for 48 hrs. The flasks were
removed from the oil bath and polymers dialyzed against distilled H,O to removed
unreacted monomers and buffer salts. The dialyzed polymers were lyophilized dry.

2.3.2. Size Exclusion Chromatography—Molecular weight analysis was carried out
by size exclusion chromatography. The copolymers were dissolved at 10 mg/mL in running
buffer (150 mM acetate buffer, pH 4.4) for analysis by size exclusion chromatography-
multiangle light scattering (SEC-MALS). Analysis was carried out on an OHpak SB-804
HQ column (Shodex) in line with a miniDAWN TREOS multiangle light scattering detector
(Wyatt, Santa Barbara, CA) and an OptiLab rEX refractive index detector (Wyatt). Absolute
molecular weight averages (M;, M,,) were calculated using ASTRA software (Wyatt).

2.3.3 Amino Acid Analysis—The actual incorporated amount of peptide and HPMA in
the final copolymers was determined through modified amino acid analysis following the
method of Bidlingmeyer and coworkers [33]. Briefly, hydrolyzed lysine and HPMA (which
results in 1-amino-2-propanol) were derivatized with o-phthalaldehyde/p-mercaptopropionic
acid and run on a Poroshell 120 EC-C18 (Agilent Technologies, Santa Clara, CA) HPLC
column with pre-column derivatization to label hydrolyzed lysine and 1-amino-2-propanol.
Calibration curves were generated using serial dilutions of (.)-lysine and reagent grade 1-
amino-2-propanol.

2.4 Cathepsin B-mediated Polymer Degradation

Linker recognition and subsequent release of oligolysine side-chains from the polymer were
assessed by enzymatic treatment with cathepsin B. For each polymer, cathepsin B reactions
were set up as described previously with a final polymer concentration of 44 pg/mL. At
various time points, aliquots were removed and E-64 was added to stop the enzymatic
reaction. Solutions were analyzed by SEC and the relative differential refractive index
profiles were compared. MALDI-TOF MS was also performed.
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2.5 Polyplex Characterization and Enzymatic Susceptibility

2.5.1 Polyplex Formation—pCMV-Luc2 plasmid was diluted in ddH,0 to a
concentration of 0.1 mg/mL and mixed with an equal volume of polymer (in ddH,O water)
at the desired amine to phosphate (N:P) ratio. After mixing, polyplexes were allowed for
form for 10 minutes at room temperature. The charge densities of the oligolysine-co-HPMA
copolymers, PEI, and PLL are approximately 290 mg/mmol amine, 43 mg/mmol amine, and
208 mg/mmol amine, respectively.

2.5.2 Sizing of Polyplexes by Dynamic Light Scattering (DLS)—Polyplexes (0.5
ng DNA, 10 pL) were formed with pHCathK4g, pHCath(p)K1g, pH(o)Cath(c)K1g, branched
polyethylenimine (PEI, 25 kDa, PDI ~2.5) or poly-(.)-lysine (PLL, 15-30 kDa, PDI 1.2) at
3, 4, and 5 N:P ratios and were mixed with either 90 uL of ddH,O or PBS such that the final
salt concentration was 150 mM. Particle size was determined by dynamic light scattering
(ZetaPLUS, Brookhaven Instruments Corp, Holtsville, NY).

2.5.3 Polyplex Destabilization by DLS—Polyplexes were formulated at 4 N:P with
pHCathK1g, pHCath(p)K1g, or pH(o)Cath(o)K1g. The DLS instrument and cuvette with cap
were pre-equilibrated at 37 °C. For each polyplex solution, cathepsin B reactions were set up
as described previously with a final concentration of DNA of 5.33 pg/mL. Reaction
solutions were transferred to the cuvette and capped to prevent evaporation. Enzymatic
reaction was allowed to proceed for 8 hrs at 37 °C with particle size measured every 15 min.

2.5.4 Polyplex Unpackaging by YOYO-1 Fluorescence Quenching Assay—
pCMV-Luc2 plasmid was mixed with the bis-intercalating dye YOYO-1 iodide (Invitrogen,
Carlsbad, CA) at a dye/base pair ratio of 1:50 and incubated at room temperature for 1 hour.
Polyplexes were formed at 4 N:P by complexing YOYO-1-labeled DNA with pHCathKq,
pHCath(o)K1g, and pH(s)Cath(s)K1o. For each polyplex solution, cathepsin B reactions were
set up as described previously with a final concentration of DNA at 5.33 pg/mL. At various
time points, aliquots were removed and reaction stopped with addition of E-64, diluted to
100 pL total volume with ddH,0, and transferred to a 96-well plate. After the final time
point, the fluorescence from each well of all the plates was measured on a Tecan Safire?
plate reader (Mannerdorf, Switzerland) with excitation at 491 nm and emission at 509 nm.
The fluorescence signal for each time point was normalized against a plasmid-only signal.

2.6 In vitro Transfection Efficiency

HeLa and NIH/3T3 cells were transfected as previously described [34]. Briefly, polyplexes
(1 ug DNA) were formed at 3, 4, and 5 N:P, diluted to 200 uL in MEM Reduced Serum
Medium (Hyclone), and added to cells for 4 hrs. After an additional 44 hrs, luciferase
expression was quantified using a luciferase assay kit (Promega, Fitchburg, WI) according
to the manufacturer's instructions, except with an additional freeze-thaw cycle at —20 °C to
ensure complete cell lysis. Luminescence intensity was measured on the plate reader with 1
sec integration; total protein content was measured using a BCA Protein Assay Kit (Thermo
Scientific, Rockford, IL) according to the manufacturer's instructions so luciferase activity
could be normalized to the total protein content. Each sample was tested in quadruplicate.

2.7 Cytotoxicity of Polymers and Polyplexes

The cytotoxicity of the polymers and polyplexes was evaluated in vitro using the MTS assay
as described previously [34]. Polymers of various concentrations or polyplexes at 3, 4, and 5
N:P (0.2 ug DNA) were prepared in ddH,O water and then diluted 10-fold in MEM
Reduced Serum Medium. The cells were rinsed once with PBS and incubated with 40 pL of
the polymer or polyplex solution for 4 hrs. At 48 hrs, 20 uL of 3-(4,5-dimethylthiazol-2-
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yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) (Promega) was

added to each well. Cells were then incubated for 3 hrs and absorbance measured at 490 nm
using a plate reader. For polymers, 1Csq values were determined using a nonlinear fit (four-
parameter variable slope) in GraphPad Prism v.5 (San Diego, CA). For polyplexes, cellular
viability was normalized against untreated cells.

3.1 Enzymatic Degradation of Peptides by Cathepsin B and Mouse Serum

Methacrylated oligolysine (K1g) peptides containing the FKFL cathepsin B substrate
sequence flanked on each side by a six-carbon spacer were synthesized by solid phase
peptide synthesis. Three peptides were synthesized, differing only in the use of o- versus -
amino acids to impart peptidase resistance; thus, all full length peptides have MW 2128 Da.
Cathepsin B-mediated peptide cleavage at the FKFL linker was monitored over 30 min
enzyme incubation (Figure 1). Rapid recognition and specific cleavage of the
MaAhxFKFLAhxK o and MaAhxFKFLAhx(0)K1q peptides at the FKFL linker results in
disappearance of the 2128 Da peak and simultaneous emergence of a 1673 Da peak
corresponding to the FLAhxK 1o/ FLAhx(0)K1g fragment, respectively. Fragmentation of the
original peptide is complete within 15 min of enzymatic exposure. The FLAhxK1q peptide
fragment is susceptible to exopeptidase degradation as well, with the systematic removal of
C-terminal lysines over time; however, this process is considerably slower than the
endopeptidase cleavage at the linker. The FLAhx(o)K1 fragment shows resistance to
exopeptidase activity. The MaAhx(c)FKFLAhx(o)K1q peptide has no observable degradation
within the 30 min of cathepsin B treatment.

Extracellular enzymatic stability of the peptide and specificity of the FKFL linker for
intracellular peptidases was tested by exposing peptides to freshly isolated mouse serum and
monitoring degradation over 4 hrs. No endopeptidase cleavage of the FKFL linker was
detected but degradation of the MaAhxFKFLAhxK g peptide by non-specific exopeptidase
hydrolysis was observed by 1 hr post-incubation (Figure 2a), yielding the shortened
fragment MaAhxFKFLAhxK (976 Da). In contrast, intact MaAhxFKFLAhx(D)K1q peptide
is observed even after serum incubation for 4 hours. Some endopeptidase degraded product
(1672 Da = FLAhx(D)K1p) is observed at the 2 and 4 hr time points (Figure 2b). No
FLAhxK10 fragments are observed in 2a, likely due to rapid exopeptidase degradation by
the first 30 min time point. Peaks at 656 and 1796 Da correspond to matrix and a peptide
found in serum, respectively.

3.2 Enzymatic Degradation of HPMA-co-oligolysine Copolymers by Cathepsin B

Three HPMA-oligolysine copolymers were synthesized by RAFT polymerization of peptide
monomers with HPMA as described previously [34, 35]. The synthesized polymers
displayed properties close to targeted values as summarized by Table 1. In general, the
copolymers had M, ~ 5-15% lower than expected. Polydispersity of all the copolymers was
below 1.2. Amino acid analysis of the copolymers revealed peptide mole incorporation
around 25-27%.

Cathepsin-B mediated degradation of HPMA-oligolysine copolymers was evaluated by
treating polymers with cathepsin B and analyzing polymers at various time points by size
exclusion chromatography (Figure 3). Un-degraded polymers elute from the column ~13
min. Degradation of pHCathK1g and pHCath(D)K1q occurs within 10 min and continues up
to 1 hr, as evidenced by the increased elution time of lower molecular weight polymers
(Figures 3a and 3b). A secondary peak simultaneously emerges, eluting around 20 min for
both copolymers. This secondary peak is attributed to released peptide after endopeptidase

J Control Release. Author manuscript; available in PMC 2013 February 10.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Chuetal.

Page 7

cleavage of the FKFL linker (FLAhxKo/FLAhx(D)K1g and respective C-terminally
shortened fragments). This is supported by the shifting profile of the secondary peak in the
pHCathK 1o due to exopeptidase activity on the FLAhxK;q fragment compared to a stable
profile in exopeptidase-resistant pHCath(D)K1q. This is also confirmed by MALDI-TOF
MS on the reaction mixture (Supplementary Information, Figure 1). pH(D)Cath(D)K1q
shows no degradation over the two hours of enzymatic treatment due to its resistance to
peptidases (Figure 3c).

3.3 Polyplex Sizing and Colloidal Stability

The HPMA-oligolysine copolymers were complexed with plasmid DNA at 3, 4, and 5 N:P
ratios to form nanoparticles called “polyplexes.” The average hydrodynamic diameters of
polyplexes in both water and 150 mM PBS were determined by dynamic light scattering. All
the HPMA-oligolysine copolymers formed polyplexes with average hydrodynamic diameter
of 120 nm water (Figure 4a). PEI and PLL also formed slightly smaller particles around 100
nm in diameter. In PBS, HPMA-oligolysine polyplexes remain relatively stable. The
average diameter of polyplexes formed at 5 N:P increased only by 25% to 150 nm. In
general, increases in size are seen with decreasing N:P ratios for all materials. In contrast,
PEI and PLL particles aggregate in PBS, as indicated by the increased average diameter
ranging from 500 nm to over 1 micron.

3.4 Cathepsin B-mediated Polyplex Destabilization and Unpackaging

The effects of cathepsin B exposure to pHCathK;q, pHCath(D)K1, and pH(D)Cath(D)K1g
polyplexes were determined by monitoring particle size by DLS and DNA condensation by
dye quenching assay. Polyplexes were formulated at 4 N:P and particle size measured every
15 min for 8 hrs of cathepsin B treatment (Figure 5a). Polyplexes formed with pHCathK1g
show particle size increases from ~150 nm to about 500 nm over 4hrs before plateauing.
pHCath(D)K1g shows size increases over 8 hrs up to ~600 nm in diameter. In contrast,
pH(D)Cath(D)K1g maintain particles ~150 nm in diameter with no observable size change
over 8 hrs.

To monitor DNA condensation, plasmid DNA was labeled with the DNA-intercalating
fluorophore YOYO-1 before complexation with polymer at 4 N:P. Plasmid condensation
results in self-quenching of the YOYO-1 fluorescence due to electronic interactions between
nearby YOYO-1 molecules [13]. The YOYO-1 fluorescence, normalized to that of
uncomplexed plasmid, is shown in Figure 5b as a function of time of cathepsin B exposure.
For the first 3 hrs, all polyplex solutions have fluorescence around 10% of free plasmid
indicating efficient condensation; starting around 4 hrs, the pHCathK polyplexes begin to
show a trend of increasing fluorescence, up to 70% by 8 hrs. In contrast, pHCath(D)K;g and
pH(D)Cath(D)K1g did not show any significant increase in fluorescence (unpackaging) over
8 hrs.

3.5 Plasmid DNA Delivery

Transfection efficiency of the polyplexes formed at 3, 4, and 5 N:P was tested using both
HeLa and NIH/3T3 cells. The luciferase reporter transgene was used to assess gene delivery
efficiency with cytotoxicity evaluated by BCA protein assay (Figure 6). In general, the
HPMA-oligolysine copolymers transfected with higher efficiency than PLL over all N:P
ratios. Efficiencies and trends were cell-line dependent. HeLa cells showed no significant
difference in normalized transfection between the 3, 4, and 5 N:P ratios for the copolymers
while PEI shows trends of increasing efficiency with increasing N:P ratio; however,
copolymer materials are still within an order of magnitude less effective than PEI in
transfection efficiency for N:P ratios of 4 and 5. For NIH/3T3 cells, transfection efficiencies
of HPMA-aligolysine copolymers were higher with increasing N:P ratios. pHCath(D)K1q
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showed the best transfection of the three copolymers, with normalized luciferase expression
comparable to PEI.

3.6 Polymer Toxicity

Cytotoxicity of polymers and polyplexes was determined by MTS and BCA assay,
respectively. MTS was used to determine the mitochondrial activity in HeLa and NIH/3T3
cells that had been treated with the different polymers. A range of polymer concentrations
was evaluated in order to determine the ICgq value (concentration of polymer for 50% cell
survival) for each polymer in amine equivalents. The three synthesized polymers had
essentially indistinguishable I1Csq values with overlapping confidence intervals. Determined
ICsq values were higher in general for NIH/3T3 cells than HeLa cells and HPMA.-
oligolysine copolymers were less toxic than both PEI and PLL (Table 2).

The BCA assay was conducted to determine the total amount of cellular protein in lysates of
transfected cells 48 hrs after transfection. Cell viability was estimated by comparing the
protein levels of transfected cells with control untreated cells. Generally, a N:P of 3 was
nontoxic in all polymers screened, including PLL and PEI. Toxicity increased at higher N:P
ratios for the HPMA-oligolysine polymers and PLL. A trend of decreased toxicity in the
pHCathK 1 polyplexes compared to pHCath(D)K4g and pH(D)Cath(D)K1q polyplexes for
all N:P ratios in both cell types was observed (p < 0.01). This trend is confirmed in HeLa
cells treated with polyplexes via the MTS assay (Figure 7).

4. Discussion

In previous work, we reported the synthesis of pendant peptide copolymers with HPMA
synthesized by living polymerization and their application for nucleic acid delivery [34, 35].
RAFT polymerization of this class of materials resulted in better controlled peptide
incorporation, lower polydispersity and decreased cytotoxicity compared to similar
polymers prepared by free radical polymerization [19, 36]. In previous work, we found
optimal polymers contained 20 mole percent Ky with transfection efficiency of these
polymers in cultured cells similar to that of branched PEI [34]. The goal of this work is to
develop peptide-HPMA materials that undergo triggered endosomal-degradation and cargo
release in response to specific enzymatic activity. Our strategy is to include an
enzymatically cleavable linker between the peptide and the polymer HPMA backbone.
Because peptide content in these polymers is high, complete cleavage would result in a 60%
reduction in polymer molecular weight and the release of short oligolysine peptides from an
HPMA-based polymer backbone.

Cathepsin B was selected as the targeted enzyme for its endo-lysosomal activity. With a
papain-like structure, cathepsin B has two domains with the active site cleft along the
interface [37]. The peptidyl substrate amino acids are conventionally named ... P2-P1-P1'-
P2'..., where the peptide bond is cleaved between P1 and P1' [38]. In this study, the
sequence FKFL, where F=P2, K=P1, F=P1' and L=P2', was used as the cathepsin B
substrate linkage. Several studies have systematically evaluated various amino acids to
optimize the substrate sequence for cathepsin B. These studies show that a phenylalanine in
P2 gives the highest cathepsin B hydrolysis rate (Keat/Kim) [39-41]. Arginine is the most
preferred amino acid for the P1 position, although a lysine in this position is also accepted
with about 50% relative activity compared to arginine [39, 40]. Dubowchik and Firestone
utilized a lysine at P1 in their immunoconjugate BR96-Dox because of potential improved
systemic stability compared to arginine [20, 42]. Based on this rationale, a lysine at P1 was
also used for this work. Initially a peptide was designed with lysines in the P1' and P2'
positions (peptide MaAhxFK 1) but no specific endopeptidase cleavage was observed with
this substrate (data not shown). Because of reports showing that hydrophobic amino acids
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are preferred in both the P1' and P2' positions, the amino acids F and L were used,
respectively. Phenylalanine was used at the P1' position due to reports showing optimal
cathepsin B cleavage in sequences with this amino acid at P1' [40, 43]. Finally, a six carbon
linker (6-aminohexanoic acid) was included flanking both sides of the FKFL to provide
spacers for the cathepsin substrate sequence both from the polymer backbone and the
cationic Kyg nucleic acid binding domain in attempt to provide better access to cathepsin B.
The resulting peptide, MaAhxFKFLAhxK 1, was shown to be recognized by cathepsin B
and cleaved within 15 min (Figure 1).

Cathepsin B exhibits both specific endopeptidase and exopeptidase activity, with the former
dominating at pH 6-7 and the latter optimal at pH < 5.0 [44]. Three peptides were therefore
synthesized: MaAhxFKFLAhxK g, which is susceptible to both endopeptidase and
exopeptidase activity; MaAhxFKFLAhx(D)K1q, which is susceptible only to endopeptidase
activity; and MaAhx(D)FKFLAhx(D)K1g, which is protease resistant. Sensitivity of these
peptides to cathepsin B-mediated proteolysis was evaluated at pH 5.0. This pH was selected
because it is representative of the late endosome milieu where both endopeptidase and
exopeptidase activity would be expected [45]. At this pH, the endopeptidase activity is about
15% of optimum activity at pH ~6.2 while exopeptidase activity is about 80% of optimal
activity. Degradation of the three peptides by cathepsin B followed expected patt erns with
faster kinetics for endopeptidase activity compared to exopeptidase activity (Figure 1).

Ideally, the peptide-based polymers would remain stable during circulation to protect
nucleic acids from serum nucleases. In addition to nucleases, serum contains many
peptidases, such as dipeptidyl peptidases and endopeptidases [46-49]. To assess serum
stability, peptides were incubated with freshly isolated mouse serum (Figure 2). Degradation
of MaAhxFKFLAhxK 1o was complete by 1 hr, resulting in the shortened
MaAhxFKFLAhxK fragment. In contrast, full length MaAhxFKFLAhx(D)K1q is detected
even after a 4 hr serum incubation, although some endopeptidase degraded product (1672
Da = FLAhx(D)K1p) is observed after 1 hr. It should be noted that in the presence of
cathepsin B, endopeptidase degradation of this peptide is observed within 5 min. The
analogous FLAhxK 1 fragment from MaAhxFKFLAhxK 1 likely is rapidly degraded by
carboxypeptidases and thus is not detected on MALDI. The MaAhxFKFLAhx(D)K1g
peptide is a promising building block for polymers used in in vivo applications requiring
specific intracellular degradation. While stability in murine serum may not correlate to
human serum, high homology in the degradomes (> 80% strict orthologues) between mice
and humans suggests information regarding enzymatic substrate specificity may be gained
from these serum studies [50].

Copolymerization of the methacrylated peptides with HPMA by RAFT polymerization
yielded polymers with narrow polydispersity, expected composition, and near-target
molecular weights (Table 1). Cathepsin B-mediated degradation of polymers was evaluated
at pH 5.0 by size exclusion chromatography (Figure 3). Accessibility of cathepsin B to
linker sites incorporated in dendrimers has been shown to be restricted due to steric
hindrance for some systems [51]. However, synthesized pHCathKy and pHCath(D)K1g
polymers susceptible to cathepsin B cleavage show rapid reduction in size within 10 min
and complete cleavage of oligolysine side chains from the polymer backbone within one
hour, leading to a theoretical reduction of ~60% in molecular weight. The kinetics of
proteolysis for the peptide and polymers are similar as seen by comparing peptide monomer
(Figure 1) and copolymer (Supplementary Figure 1) fragmentation. In comparison,
pH(D)Cath(D)K1q shows complete enzymatic resistance. HPMA-co-MaAhxK ;o copolymers
were also treated with cathepsin B and the observed MW shift over 4hrs is comparable to 10
min with pHCathK; (data not shown). In addition to rapid copolymer size reduction, labile
side-chains can potentially increase accessibility of peptide side-chains for other peptidases;
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this is observed in the peptide peak (~20 min) released by degradation of pHCathK g but not
pHCath(D)Kq (Figures 3a and 3b).

All polymers efficiently complexed DNA and formed polyplexes with diameters ~100-200
nm that are stable in physiological salt concentrations (Figure 4). While poly-(.)-lysine-
based polyplexes are not stable in 150 mM PBS, inclusion of HPMA in the backbone of the
cationic polymer prevents salt-induced aggregation [34, 36, 52]. Controlled polyplex
unpackaging and DNA release after cellular internalization is integral to efficient gene
delivery and expression [10]. Effective delivery requires extracellular and endosomal
stability with cytosolic unpackaging for eventual expression. Cathepsin B-mediated
unpackaging of polyplexes formed from pHCathK 4o, pHCath(D)K 1 and pH(D)Cath(D)K1q
was studied by dynamic light scattering and YOYO-1 fluorescence quenching assay.
pHCathK 1o and pHCath(D)K g polyplexes both show increasing particle size over time
while pH(D)Cath(D)K 1 particles remain unchanged, suggesting enzymatically-driven
polyplex destabilization. DNA packaging was also assessed through YOYO-1 fluorescence
quenching assay, which monitors DNA decondensation as YOYO-1 fluorescence is restored
when these molecules are not in close proximity to each other. Decondensation of DNA
from polyplexes is only observed with pHCathK and not pHCath(D)K ;o or pHK10 (data
not shown). Oligolysines as short as 8-mers are able to condense DNA [24, 53], so despite
cleavage of oligolysine side chains from the HPMA backbone, oligolysine fragments may
remain able to form relatively large and unstable, but intact, polyplexes. Since oligo-(D)-
lysine is resistant to further degradation, it will remain bound to DNA thereby keeping it
packaged; in contrast, oligo-(.)-lysine, subject to exopeptidase degradation, will eventually
release DNA upon further degradation. This is supported by the observation that YOYO-1
fluorescence from polyplexes formed by oligo-(.)-lysine increases with time when incubated
with cathepsin B but polyplexes formed by oligo-(D)-lysine do not (data not shown).

While reducible HPMA-oligolysine copolymers have significantly lower transfection
efficiency compared to their non-degradable counterparts [19], the enzymatically-cleavable
polymers described here (pHCathK1g and pHCath(D)K 1) have similar transfection
efficiencies to non-degradable pH(D)Cath(D)K1q in cultured cells (Figures 6a and 6b).
Endosomal/lysosomal unpackaging may not increase transfection without compartmental
escape for cytosolic release. Transfection was also evaluated in serum conditions (data not
shown). Reduced transfection efficiency compared to serum-free transfections was
observed, as reported previously for similar polymers [19]. No significant difference in
transfection efficiency was noted between the three polymers even in serum conditions (data
not shown), possibly because of altered protease activities in heat-inactivated serum.
Cationic polymers have been implicated in toxicity through both necrotic and apoptotic
routes [12, 26, 54, 55]. Electrostatic interactions with the plasma membrane cause
permeabilization and pore formation, triggering cellular efflux of cytosolic contents and
necrosis [54]. Compromised mitochondrial and lysosomal membranes lead to release of pro-
apoptotic factors cytochrome c and cathepsins, respectively, initiating apoptotic cascades
[56, 57]. Degradation of cationic polymers prior to cytosolic release or endo-lysosomal
fusion can potentially decrease induction of apoptosis and reduce cytotoxicity. The relative
toxicity pHCathK;p, pHCath(D)K 1o and pH(D)Cath(D)K 1 was evaluated in HeLa and NIH/
3T3 cells using the MTS assay (Table 2). Results suggest similar toxicity between the three
synthesized polymers regardless of enzymatic susceptibility. One possible explanation is
that for free polymer the primary route of toxicity might be through plasma membrane
disruption and permeabilization as implicated for PEI [12]. Therefore, intracellularly-
controlled degradation will not significantly affect toxicity. This hypothesis is supported by
the observation that polyplexes formed with pHCathK are less toxic than pHCath(D)K1g
and pH(D)Cath(D)K1q polyplexes at all tested charge ratios and in both HeLa and NIH/3T3
cells (Figures 6¢ and 6d, Figure 7). This result was confirmed both by protein content
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analysis and MTS assay of cells exposed to polyplexes. In the polyplex form, a reduced
amount of free polymer is available to disrupt the cellular membrane and the effect of
intracellular degradation on cytotoxicity may be more pronounced. pHCathK; can be
degraded additionally by exopeptidases, allowing for accelerated degradation and reduced
toxicity compared to pHCath(D)K . Still, substantial toxicity is still observed with the
pHCathK1g polyplexes formed at higher N:P ratios. One potential approach that may further
reduce toxicity of future generations of these polymers is to decrease the cationic charge
density by including non-charged amino acids in the nucleic acid binding sequence. High
charge density has been correlated with cytotoxicity for several cationic polymers [12, 58,
59].

Conclusions

In summary, peptide-based polycations that are susceptible to cathepsin B-catalyzed
degradation were synthesized. The polymers were shown to undergo rapid degradation in
the presence of cathepsin B. When packaged into nanoparticles by complexation with
nucleic acids, linkers remain sufficiently available to fit into catalytic pockets of
endopeptidases and be specifically degraded. Thus, we have demonstrated triggered
nanoparticle degradation by a selective enzymatic mechanism.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
MALDI-TOF MS time-point study of cathepsin B-mediated fragmentation of (a)
MaAhxFKFLAhxK1q, (b) MaAhxFKFLAx(0)K)10, and (c) MaAhx(o)FKFLAhX(oK 1
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Overlaid size exclusion chromatography of cathepsin B degradation of (a) pHCathK1, (b)

pHCath(o)K1g, and (c) pH(o)Cath(o)K1g.
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Figure 4.
DLS sizing of polyplexes in (a) ddH,0 and (b) 150mM PBS
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Polyplex destabilization and unpackaging of pHCathK;o/DNA, pHCath(r)K1o/DNA, and

pH(o)Cath(o)K10/DNA polyplexes as measured by (a) dynamic light scattering and (b)
YOYO-1 fluorescence quenching assay.
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Normalized luminescence per mg protein as a measure for transfection efficiency in (a)
HeLa and (b) NIH/3T3 cells. Protein expression normalized to untreated cells for (¢) HelLa

and (d) NIH/3T3 cells.

J Control Release. Author manuscript; available in PMC 2013 February 10.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnuei\ Joyiny Vd-HIN

Chuetal.

140

120 'Jf- ':£

100

% Viable Cells
(=7}
o

mNFP5
EN:P4
oN:P3

Figure 7.

Cellular viability of HeLa cells treated with polyplexes measured via MTS assay.
pHCathK1q are significantly less toxic than pHCath(o)K19, pH(o)Cath(n)K 1o, and PLL at

*N:P 5 and **N:P 4 (p < 0.01).
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Scheme 1.
Synthetic scheme of HPMA-co-oligolysine copolymers
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Table 2
Polymer Toxicity
HelLa NIH/3T3
Polymer ICso (ng/mL)  1C50 (0M 1°N)  ICs (ng/mL)  1Cso (0M 1° N)
pHCathKjo 16.2 53 29.7 97.3
pHCath(p)K1o 16.3 53.5 28.7 94
pH(p)Cath(p)K1o 14.3 46.7 30.3 99.3
PEI 45 26.4 8.3 48.3
PLL 7.2 34.4 17.9 86.1
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