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against that of naked pDNA.

transcription might also be explained simply by the increased DNA
binding affinity of the longer cationic PLys segment in 12-70
compared to 12—20 and 12—38, preventing binding and movement
of transcription machinery along DNA strands.

Demonstration of improved gene expression in living cells due
to the folded packaging of pDNA within polyplex micelles could
have significant impacts on therapeutic applications. To examine
this possibility, pDNA encoding for EGFP was injected directly into
the cytosol of Huh-7-cells either in the naked form or contained in

polyplex micelles. As seen in Fig. 3d, enhanced gene expression for
12—-20 and 12--38 polyplex micelles compared to naked pDNA was
observed, whereas 12—70 polyplex micelles resulted in the lowest
expression. This trend correlates well with results obtained in the
cell lysate study as shown in Fig. 3a, confirming improved gene
expression in the living cell system due to the folded packaging of
pDNA. The substantial decrease in gene expression for naked pDNA
may be due to nuclease attack and degradation in the cytosol.
[22] It is therefore noteworthy to address that enhanced gene



K. Osada et al. / Biomaterials 33 (2012) 325—332 331

b 1x108

|""Color Bar
: 10000
Max = 1e+086]

Image

1 Min=-7093.4
ax = 1.7687e+05

| . pfsecicm®2isr * *

1x107 |

1x105 }

1x10?

naked PEG-PLys

12-34

PEG-PLys
12-38

Fig. 4. In vivo gene transfer in skeletal muscle following IV injection of naked pDNA or corresponding polyplex micelles during tourniquet application. (a) IVIS images and (b)

quantified results (n = 6, Mean + SD. P* < 0.05).

expression demonstrated by folded pDNA packaging may be
attributed to its nuclease-tolerability and transcription-active
nature.

3.4. Effect of pDNA packaging on in vivo gene expression

Enhanced gene expression due to the folded packaging of pDNA
demonstrated in these in vitro evaluations motivated us to extend
this system to an in vivo application. Recently, efficient and safe
gene transfer of naked pDNA targeted to skeletal muscle tissue via
IV injection in conjunction with a tourniquet was reported. [23,24]
Using this method, naked pDNA encoding for luciferase and cor-
responding polyplex micelles of 12-34 and 12—88, representing
folded and collapsed pDNA packaging respectively, were injected
into the great saphenous vein of the distal hind limb during
temporal tourniquet application. Luciferase expression within
skeletal muscle was evaluated by measuring luminescence with an
in vivo imaging system (IVIS) (Fig. 4). Naked pDNA exhibited
significant luciferase expression, which is consistent with the
previous report. [23] Gene expression for 12—34 polyplex micelles
was much higher than that of naked pDNA, suggesting that
enhanced gene expression due to folded packaging occurs even
in vivo. Significantly lower gene expression was observed for 12—88
polyplex micelles, indicating that controlled packaging of pDNA is
critically important for effective gene expression. Targeted gene
expression within skeletal muscle is attractive in a practical sense,
not only for direct treatment of the diseases in the muscle such as
muscular dystrophy, but also as a “protein factory” expressing
transgenes continuously and distributing the protein products to
the whole body [24—-26].

We have previously reported safe and sustained transgene
expression in skeletal muscle using the same administration
technique used here, and obtained significant tumor growth
suppression through the anti-angiogenic effect of the soluble
vascular endothelial growth factor (VEGF) receptor-1 (sFlt-1) gene.

[24] In that study, 12—16 and 12—38 polyplex micelles exhibited
higher gene expression than that of 12—88 polyplex micelles and
naked pDNA. This result can now be reasonably understood as the
effect of folded pDNA packaging, and concurrently highlights the
potential of this packaging formulation for practical therapeutic
applications.

4. Conclusions

pDNA packaging within the polyplex micelles was significantly
affected by PLys segment length in PEG-PLys block catiomers and
two distinct packaging modes were demonstrated, namely, folded
packaging through quantized folding and collapsed packaging
accompanied by substantial disruption of the double-stranded DNA
structure. Higher gene expression resulting from folded pDNA
packaging compared to collapsed packaging and naked pDNA was
shown not only in a cell-free system and in living cells by cyto-
plasmic microinjection, but also in vivo within skeletal muscle
following IV injection. Enhanced gene expression demonstrated by
folded pDNA packaging may be attributed to its nuclease-
tolerability and transcription-active nature. Results obtained for
regularly folded pDNA polyplex micelles were in stark contrast
with collapsed pDNA polyplex micelles, probably due to limited
transcription efficiency, clearly showing that controlled packaging
of pDNA is crucial for achieving effective gene transfer. Promotion
of gene transfer through controlled folded packaging of pDNA
demonstrates the potential for application of this pelyplex micelle
system for practical use.
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Nonviral polycation-based gene carriers (polyplexes) have attracted attention as safe and efficient gene
delivery systems. Polyplex micelles comprised of poly(ethyleneglycol)-block-poly{N'-[N-(2-aminoethyl)-2-
aminoethyl]aspartamide} (PEG-PAsp(DET)) and plasmid DNA (pDNA) have shown high transfection
efficiency with low toxicity due to the pH-sensitive protonation behavior of PAsp(DET), which enhances
endosomal escape, and their self-catalytic degradability under physiological conditions, which reduces
cumulative toxicity during transfection. In this study, we improved the safety and transfection efficiency of
this polyplex micelle system by adding an anionic polycarbohydrate, chondroitin sulfate (CS). A quantitative
assay for cell membrane integrity using image analysis software showed that the addition of CS markedly
reduced membrane damage caused by free polycations in the micelle solution. It also reduced tissue damage
and subsequent inflammatory responses in the skeletal muscle and lungs of mice following in vivo gene
delivery with the polyplex micelles. Subsequently, this led to prolonged transgene expression in the target
organs. This combination of polyplex micelles and CS holds great promise for safe and efficient gene
introduction in clinical settings.
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1. Introduction A promising strategy to resolve these issues is to incorporate a

hydrophilic protective layer of poly(ethylene glycol) (PEG) on the
surfaces of polyplexes. A polyplex micelle system originally developed
by our group is a good example of PEGylated polyplexes. In this
system, PEG-polycation block copolymers are complexed with
plasmid DNA (pDNA) to form a micellar structure that has a surface
with hydrophilic and electrically neutral PEG and an inner core
containing pDNA in a condensed state [4-8]. This structure increases
the steric stability of the polyplexes under physiological conditions
and exhibits less nonspecific interactions with biological components,
such as serum proteins. In addition, a new polycation, poly{N’-[N-(2-
aminoethyl)-2-aminoethyl]aspartamide} (PAsp(DET)), used as a
core-forming segment of polyplex micelles, was developed to increase

Gene therapy has been explored for treating numerous diseases,
including genetic disorders and cancers. Cationic polymers are often
used for constructing nonviral gene carriers termed polyplexes, due to
their advantages, such as large DNA loading capacity, ease of large-scale
production, and reduced immunogenicity that has been an issue
associated with viral vectors [1-3]. However, an inherent problem
with using cationic polymers for gene transfection is their toxicity that
causes tissue damage. The positively charged nature of polyplexes can
induce nonspecific interactions with anionic biological molecules, such
as blood cells, serum proteins, and extracellular matrices, which hinder
the efficient delivery of genes, especially for in vivo applications.
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transfection efficiency [6].

Comprehensive analyses revealed that the high gene transfection
capability of PAsp(DET) was mainly attributed to two distinct
properties: (1) pH-responsive change in the degree of protonation,
which enhanced endosomal escape [9] and (2) self-catalytic degrad-
ability under physiological conditions, which reduced the cumulative
toxicity during transfection [10]. Using PEG-PAsp(DET) block co-
polymers, we achieved effective and sustained transgene expressions
for in vivo local administration [11] and succeeded in bone



S. Uchida et al. / Journal of Controlled Release 155 (2011) 296-302 297

regeneration by introducing osteogenic factor-expressing genes for
bone defects in the mouse skull [8].

These PEG-PAsp(DET)/pDNA polyplex micelles (PMs) were ap-
plied to bone defect areas after their incorporation into a scaffold.
Among several scaffolds tested, a commercial calcium phosphate
paste (BIOPEX-R; Mitsubishi Pharma, Osaka, japan) yielded the
highest transgene expression. BIOPEX-R contains a considerable
amount of chondroitin sulfate (CS), an anionic polycarbohydrate.
This result led us to hypothesize that CS might play a critical role in
gene introduction using PMs.

This study was designed to verify this hypothesis. We sought to
identify the mechanisms involved with improved transfection after
the addition of CS to PMs using physicochemical analyses, in vitro
transfection, and in vivo local gene transfer.

2. Materials and methods
2.1. Materials

Plasmid DNA (pDNA) encoding luciferase (pGL4.13: Promega,
Madison, WI) was amplified in competent DH5« Escherichia coli and
purified using NucleoBond Xtra EF (Nippon Genetics, Tokyo, Japan).
The pDNA concentration was determined from the absorbance at
260 nm. Dulbecco’s modified Eagle's medium was from Sigma-Aldrich
(St. Louis, MO, USA) and fetal bovine serum was from Dainippon
Sumitomo Pharma Co., Ltd. (Osaka, Japan). Chondroitin sulfate A (CS)
was from Sigma-Aldrich. Linear polyethyleneimine (LPEI) (Exgen
500; MW =22 kDa) was from MBI Fermentas (Burlington, ON,
Canada).

2.2. Animals

ICR mice (female, 7 weeks old) were purchased from Charles River
Laboratories. All animal protocols were conducted with the approval
of the Animal Care and Use Committee of the University of Tokyo.

2.3. Preparation of polyplex micelle solutions

PEG-PAsp(DET) block copolymer was synthesized as previously
reported {6}. The PEG used had a molecular weight of 12,000 and the
polymerization degree of the PAsp(DET) portion was determined to
be 69 by *H-NMR. PEG-PAsp(DET) block copolymers and pDNA were
separately dissolved in 10 mM Tris-HCl buffer (pH 7.4). PEG-PAsp
(DET)/pDNA polyplex micelles (PMs) were obtained by simply mixing
both solutions. After mixing for 10 min, PEG-PAsp(DET)/pDNA/CS
polyplex micelles (CS-PMs) were prepared by adding CS at varying
concentrations. In this study, the residual molar ratio of amino groups
in PEG-PAsp(DET), phosphate groups in pDNA, and the total carboxyl
and sulfate groups in CS was defined as N:P:CS. The final pDNA
concentration was adjusted to 30 pg/ml for in vitro experiments and
133 pg/ml for in vivo experiments.

2.4. Luciferase expression and cell viability after transfection of PMs and
CS-PMs

Cells were seeded at a density of 5000 cells/well in a 96-multiwell
plate and cultured for 24 h. After the culture medium was replaced
with fresh medium containing 10% fetal bovine serum, PMs or CS-PMs
containing 0.18 pg pDNA was added to each well. Firefly luciferase
expression was determined using a Luciferase assay system (Promega,
Madison, WI, USA) and a GloMaxTM 96 microplate luminometer
(Promega) following the manufacturer's protocol. Cell viability was
determined using a Cell Counting Kit-8 (Dojindo, Kumamoto, Japan)
following the manufacturer's protocol.

2.5. Quantitative assay for the cellular uptake of pDNA

Cells were seeded at a density of 80,000 cells/well in a 6-multiwell
plate and transfection was performed as in the previous section using
4 pg pDNA/well. Plasmid DNA was collected and purified from each
well using a Wizard Genomic DNA purification kit (Promega). Purified
DNA was then subjected to real time polymerase chain reaction (PCR)
for the quantification of pDNA copies encoding Luc2 using an ABI
Prism 7500 Sequence Detector (Applied Biosystems, Foster City, CA)
and the following primers: forward primer GGACTTGGACACCGG-
TAAGA and reverse primer GTCGAAGATGTTGGGGTGTT. The copy
number of B-actin was also determined by TagMan Gene Expression
Assays (Applied Biosystems) to normalize the cell number.

2.6. Evaluation of cell membrane integrity

Cells were seeded at a density of 10,000 cells/well in a 48-
multiwell plate and cultured for 24 h. After the culture medium was
replaced with PBS, PMs or CS-PMs containing 0.5 pg pDNA was added
to each well. The cells were treated with 1 M YO-PRO1 and 2.5 pg/ml
Hoechst 33342 in phosphate buffered saline (PBS) 30 min later. Ten
minutes later, the fluorescent intensity of each nucleus was
quantitatively evaluated using a fluorescence microscope equipped
with image-analysis software (IN Cell Analyzer 1000: GE Healthcare
UK Ltd., Buckinghamshire, England).

2.7. Fluorescent labeling of PEG-PAsp(DET)

Alexa680-NHS (Invitrogen, Carlsbad, CA) was conjugated to the
amino groups of PEG-PAsp(DET). PEG-PAsp(DET) was dissolved in
0.1 M NaHCO; at 4°C, and an equimolar amount of Alexa680 in
dimethylformamide (DMF) solution was added. After reacting for 3 h
at 4 °C, the mixture was first dialyzed against an aqueous solution of
0.001 N HCl, and then against de-ionized water in dialysis tubing
(MWCO: 12-14 kDa). The number of Alexa680 molecules conjugated
to each PEG-PAsp(DET) molecule was determined to be 0.79 from the
absorbance at 680 nm.

2.8. Fluorescence correlation spectroscopic (FCS) measurements of PEG-
PAsp(DET)/CS mixtures

Alexa680-labeled PEG-PAsp(DET) solution at a concentration of
1 mg/ml and an equal volume of CS solution at varying concentrations
was mixed and then diluted 30 times with PBS (pH 7.4) and MES
buffer (pH 5.5) containing 20 mM MES and 150 mM Nadl, respec-
tively. FCS measurements used a ConfoCor3 module (Carl Zeiss, Jena,
Germany) equipped with a Zeiss C-Apochromat 40x water objective,
A He-Ne laser (633 nm) was used for Alexa680-labeled pDNA
excitation. For each sample, measurements were performed at room
temperature with a sampling time of 20 s and repeated 10 times.

For the quantification of free PEG-PAsp(DET), a two-component
model was applied to autocorrelation curves, where one component
was free PEG-PAsp(DET) and the other was CS/PEG-PAsp(DET)
complexes. When using this model, the diffusion times for free PEG-
PAsp(DET) and CS/PEG-PAsp(DET) complexes were fixed. The
diffusion time for CS/PEG-PAsp(DET) complexes was measured at
CS:N=1:1, because the diffusion time reached a plateau at a CS:N
ratio of 0.5 at pH 7.4 and at a ratio of 1 at pH 5.5.

2.9. Forster resonance energy transfer (FRET) measurements

Double labeling of pDNA using fluorescein (ex/em= 492/518 nm)
and Cy3 (550/570 nm) was done using Label IT Tracker Intracellular
Nucleic Acid Localization Kits (Mirus) with a slightly modified
protocol. The spectral properties of the pDNA were evaluated using
a NanoDrop ND-3300 fluorospectrometer (NanoDrop Technologies,




Wilmington, DE) at an excitation of 470 nm with a blue LED. FRET
efficiency was calculated from the relative emission ratio of Cy-3
(567 nm) to fluorescein (523 nm).

2.10. Size measurements of PMs by FCS

Plasmid DNA was labeled using Label IT Tracker Intracellular
Nucleic Acid Localization Kits (Mirus, WI) following the manufac-
turer's protocol. The final DNA concentration was adjusted to
1.5 pyg/ml. FCS measurements were performed as described previ-
ously. A He-Ne laser (633 nm) was used for Cy-5-labeled pDNA
excitation.

2.11. Z-potential

Zeta potential was determined using a Zetasizer (Malvern In-
struments, Worcestershire, U.K.) with a He-Ne Laser (A =633 nm) for
the incident beam at a detection angle of 173° and at a temperature
of 25 °C.

2.12. Intratracheal gene introduction into the lung

Mice were anesthetized by intraperitoneal administration of
pentobarbital (60 mg/kg) (Kyoritsu Seiyaku, Tokyo, Japan). A micro-
sprayer Model IA-1C-R (Penn Century, Philadelphia, PA) was placed
into the trachea through the mouth, and then 50 pl of PM or CS-PM
solution containing 6.7 pg pDNA was administered. Bronchoalveolar
lavage (BAL) was performed with 500 pl PBS (instilled and recovered 4
times). LDH in BAL fluid was determined using a QuantiChrom Lactate
Dehydrogenase Kit (BioAssay Systems, Hayward, CA) following the
manufacturer's protocol. For mRNA measurements, lung tissue was
extracted and total RNA was isolated using an RNeasy Mini Preparation
Kit (Qiagen, Hilden, Germany) following the manufacturer's protocol.
Gene expression was analyzed by real-time quantitative PCR using
TagMan Gene Expression Assays and an ABI Prism 7500 Sequence
Detector. An IVIS™ Imaging System (Xenogen, Alameda, CA) was used
to evaluate luciferase expression in the lung after intravenous injection
of D-luciferin following the manufacturer's protocol.

2.13. Hydrodynamic gene introduction into skeletal muscle

Hydrodynamic gene introduction into skeletal muscle was
performed as previously reported {12]. Briefly, after anesthetizing
mice with 3% isoflurane (Abbott Japan Co., Ltd., Tokyo, Japan), a
tourniquet was placed on the proximal thigh to transiently restrict
blood flow. Then, from a distal site of the great saphenous vein, naked
pDNA, PM, or CS-PM solution (375 pl) containing 50 g pDNA was
injected in 5 s. At 5 min after injection, the tourniquet was released.
Blood samples were collected from the vena cava and allowed to stand
overnight at 4 °C, followed by centrifugation to obtain serum. Serum
CPK was determined using an Enzychrom Creatine Kinase Assay kit
(BioAssay Systems) following the manufacturer's protocol. An IVIS™
Imaging System was used to evaluate luciferase expression in muscle
after intravenous injection of D-luciferin.

3. Results and discussion
3.1. In vitro transfection with chondroitin sulfate

Cultured cell lines were transfected by PEG-PAsp(DET)/pDNA
polyplex micelles (PMs) in the presence of chondroitin sulfate (CS). As
the optimized charge ratio of PEG-PAsp(DET): pDNA is N:P=280:1
[6,8], PEG-PAsp(DET)/pDNA/CS polyplex micelle systems (CS-PMs)
were constructed by adding CS to PM solutions at the charge ratios of
PEG-PAsp(DET): pDNA: CS (N:P:CS)=80:1:10 and 80:1:100, in
which the CS charge was calculated as the total number of carboxylate
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and sulfate residues. As shown in Fig. 1A, CS-PMs induced higher
transgene expression in NIH3T3 cells than PMs alone. Other cell lines
also showed similar enhancements in transgene expressions by the
addition of CS, although the optimal amount of CS differed depending
on the cell line (Supplementary Fig. 1). Interestingly, although the
final transgene expressions improved with CS, an evaluation of the
time-dependent change revealed that CS addition induced a delay in
the time to achieve maximal transgene expression, which was in good
agreement with the delayed profile in cellular uptake of CS-PMs
(Fig. 1B, C).
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Fig. 1. Transfection efficiency in vitro. PM (N:P=280:1), CS-PM (N:P:CS=80:1:10 and
80:1:100), LPEI (N:P=10:1) and naked DNA were transfected into NIH3T3 cells.
A. Luciferase expressions after 48 h. B. Time-dependent profiles of luciferase
expressions. C. Time-dependent profiles of pDNA uptake measured by quantitative
PCR. Results are means &= SEMs (n=5).
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The PMs examined here, as well as most other polycation-based
gene delivery systems, require an excess ratio of cationic polymers to
PDNA for efficient transfection [6,8]. It is reasonable to assume that, at
such a high N:P ratio, a considerable amount of PEG-PAsp(DET) exists
in the free state without binding to PMs. Several reports have argued
that free cationic polymers may be involved in endosomal escape and
intracellular trafficking [13,14]. However, a critical issue is that these
free polymers may induce toxic effects by interacting with cell
membranes and other anionic biocomponents. It is possible that the
anionic polycarbohydrate CS might abrogate such toxicity by
associating with free polycations. Indeed, several recent studies that
focused on the addition of polyanions, including CS, to polyplex
systems showed enhanced transfection efficiency and reduced
toxicity [15-20].

Accordingly, we “analyzed the effect of CS on cell membrane
integrity during in vitro transfection of PMs or CS-PMs. To assess cell
membrane mtevrlty, ‘we used a DNA intercalator, YO-PRO1, which is
impermeable to tt ' normal cell membrane, but will permeate a
membrane with pertulbed 1ntegr1ty anc ‘»emlt a strong ﬂuorescent

an mckr" se in fluc rescent signals of YO RO] suggesting enhanced
cell membrane pér eability (Fig. 2). In contrast, the PMs prepared at
N:P=3:1 showed almost no increase compared to the control. As
reported previously, there was a substantial increase in the amount of
free PEG-PAsp(DET) in the PM solution at an increased N:P [22]. Thus,
it was reasonable to assume that the free PEG-PAsp(DET) in medium
may have been involved in this significant increase in membrane
permeability observed for the PM system at high N:P.

Indeed, addition of a corresponding amount of free PEG-PAsp
(DET) into the medium induced as great an increase in fluorescence as
the PMs prepared at N:P=80:1, which was consistent with the
previous assumption. Although polyplex from linear polyethylenei-
mine (LPEI) (N:P=10), a commonly used transfectant, showed
higher transfection efficiency than PMs or CS-PMs (Fig. 1A), the
membrane damage and the cytotoxicity were notably observed for
this system (Fig. 2 and Supplementary Fig. 2). In contrast, the
membrane damage was substantially lowered in PEG-PAsp(DET)
compared to PE], indicating that the damage was sufficiently modest
to have been effectively abrogated by the addition of CS. It should be
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Fig. 2. Evaluation of membrane destabilization in vitro. PMs (N:P=3:1 and 80:1), CS-
PMs (N:P:C5=280:1:10 and 80:1:100), and free PEG-PAsp(DET) and linear polyethy-
leneimine (LPEI)) with the same amine concentration as PMs (N:P==80:1) were added
to NIH3T3 cells, followed by treatment with YO-PRO1. The mean fluorescence intensity
in cell nuclei was quantified for each well, About 3000 cells were analyzed in each well.
Results are means of 3 wells & SEMs.

noted that the enhanced cell membrane permeability was a transient,
reversible phenomenon only at the initial phase of transfection, as it
was not observed at 24 h after transfection (data not shown). Cell
viabilities evaluated by an MTT assay at 48 h after transfection
remained at nearly 100%, regardless of the presence or absence of CS
(Supplementary Fig. 2).

3.2. Physicochemical characterization of CS-modulated polyplex systems

Next, we analyzed the effect of CS addition on the behaviors of free
polycations as well as PMs. The reduced membrane damage after CS
addition suggested that the amount of free polycations may have been
substantially decreased in CS-PM solution due to the formation of
polyion complexes between CS and excess PEG-PAsp(DET) in the
medium.

Thus, to analyze the state of PEG-PAsp(DET) after mixing with
varying ratios of CS, we measured the diffusion properties of
Alexa680-labeled PEG-PAsp(DET) using FCS.

The diffusion time for PEG-PAsp(DET) reached a plateau at a CS:N
ratio of 0.5:1, where the number of CS anionic charges was nearly
equal to that of the PEG-PAsp(DET) cationic charges; approximately
half of the amino groups in the 1,2-diaminoethane units in the side
chain are protonated at pH 7.4 [9], suggesting the formation of a
stoichiometric complex of CS and PEG-PAsp(DET) (Fig. 3). This result
also suggested that there would be no free PEG-PAsp(DET) in the
solution at CS:N ratios >0.5.

The formation of a stoichiometric complex around CS:N=0.5:1 was
also confirmed by measuring the z-potential (Supplementary Fig. 3).
While the complex prepared at CS:N=0.5:1 had a single fraction at
around a neutral charge, the complex at CS:N=1:1 had another
fraction around —30mV corresponding to free CS. Further, DLS
measurements revealed that the CS/PEG-PAsp(DET) complex that
was formed had a size of 43 nm with a narrow distribution of
polydispersity index (PDI) =0.13, indicating the formation of polyion
complex micelles with a CS/PAsp(DET) core surrounded by a PEG shell.
Ofnote is that the CS-PM system, even without free polycations, yielded
a higher transfection efficiency than PM alone, as shown in Fig. 1A. We
will return to this matter in a subsequent section of this paper.

Next, we examined the physicochemical properties of PMs with or
without CS. For this purpose, we used a charge ratio of N:P=20:1,
because too great an excess of cationic polymers may interfere with
precise analyses of the PMs characteristics. Because CS has an anionic
nature, there may be a possibility of loosening the condensed
structure of PMs [23]. The condensed state of DNA was analyzed by
FRET measurements using DNA labeled with a pair of donor-acceptor
fluorescent dyes on a single DNA molecule [24,25]. Of interest is that
even with the addition of CS, there was no significant change in the
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Fig. 3. Diffusion time measurements for Alexa680-labeled PEG-PAsp(DET) by FCS in the
presence of varying amounts of CS in the solution. Results are means & SDs.
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condensation state of pDNA, suggesting that the disintegration of PM
may not occur even in the presence of an appreciable amount of CS
(Fig. 4). FCS using Cy5-labeled pDNA revealed that the diffusion time,
which is proportional to particle diameter, showed a slight increase of
approximately 1.3-fold after the addition of CS, suggesting some
portion of CS may undergo the interaction with PMs (Fig. 5). The PMs
z-potential became slightly nega"tiv[é) after the addition of CS
(+1.5mV- —5.5mV). These results suggested that the interaction
of CS caused slight changes in the diameter and z-potential of PMs,
although the PM structure with condensed pDNA in the core
remained stable.

3.3. In vivo gene delivery into lung and skeletal muscle

To confirm the effect of CS for in vivo conditions, we performed
transfection into mouse lung via intratracheal administration. To
evaluate tissue damage, we quantified LDH released into bronchoal-
veolar lavage fluid (BALF) at 30 min after the administration. As
shown in Fig. 6, CS significantly reduced LDH release to a level
comparable to that of untreated mice. We also assessed the
consequent tissue damage by quantifying the mRNA levels of pro-
inflammatory cytokines in lung tissue at 24 h after administration.
Although PMs induced a low, but detectable upregulation of TNF-o
and Cox-2, CS addition significantly reduced the production of these
cytokines (Fig. 7). Interestingly, the luciferase expressions evaluated
by an IVIS Imaging System were comparable for these two systems
with or without CS (Fig. 8).

Another in vivo approach is by using a hydrodynamic injection that
targets skeletal muscle [12]. To assess toxicity, serum creatine
phosphokinase (CPK) was determined at 4 h after injection. Using
CS-PMs, the CPK level was significantly reduced compared to PMs,
suggesting that CS also reduced the tissue damage in muscles (Fig. 9).
In addition, CS-PMs yielded a higher and more prolonged transgene
expression compared to PMs and naked pDNA, although there was no
statistically significant difference among these 3 groups (Fig. 10).
These in vivo results indicated that CS exhibited the favorable effects
of ameliorating tissue damage and reducing the inflammatory
response at the injection site without affecting the transfection
competency of PMs.
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Fig. 4. Evaluation of pDNA condensation in the polyplexes by Forster resonance energy
transfer (FRET). FRET efficiency between a pair of donor-acceptor fluorescent dyes
(fluorescein and Cy3) tagged onto pDNA was determined for naked pDNA, PMs (N:P=
20:1), and CS-PMs (N:P:CS = 20:1:10 and 20:1:100). FRET efficiency is expressed as the
emission intensity ratio of 567 nm (Cy3 emission) to 523 nm (fluorescein emission),
where a higher value indicates a more condensed state of pDNA in the polyplexes.
Results are means =+ SDs (n=3).
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Fig. 5. Diffusion times for PMs (N:P=20:1) and CS-PMs (N:P:CS=20:1:10 and
20:1:100) measured by FCS. Results are means & SDs.

3.4. Possible mechanisms for CS that improve the gene transfection
efficacy of PM systems

The PM systems examined here consisted of a PEG-based block
catiomer, PEG-PAsp(DET), which significantly reduced the cellular
toxicity compared to polyplexes using non-PEGylated polycations
[10,11]. Indeed, PM addition into the culture medium resulted in no
decreases in cell viability as assessed by MTT assays (Supplementary
Fig. 2). Nevertheless, a more sensitive assay to evaluate cell
membrane integrity revealed that there was putative damage that
increased membrane permeability, even though this was transient,
and resulted in YO-PROT1 intercalated into chromosomal DNA to emit
a fluorescent signal (Fig. 2). Worth noting is that this membrane
damage was successfully abrogated by the addition of CS.

This was apparently due to neutralizing free polycations, the main
component considered to cause membrane damage, in the medium
via polyion complex formation. It is also worth noting that this
propensity of CS to reduce membrane damage of the cultured cells
caused by polycations is in line with the reduced adverse effects
observed in vivo, including inflammatory cytokine production and
tissue damage that induces LDH release. Thus, the use of CS in clinical
settings is appealing for increasing the compliance of these PM
systems. Although previous studies focused on the effects of anionic
polycarbohydrates, such as hyaluronic acid (HA) and CS, on the
behavior of cationic polylpexes [15-20], few of them addressed their
roles in scavenging toxic free polycations.
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Fig. 6. LDH activity in bronchoalveolar lavage fluid (BALF). BALF was collected 30 min
after the intratracheal administration of PMs (N:P=20:1) and CS-PMs (N:P:CS=
20:1:100). Control indicates an untreated group. Results are means+ SEMs
(n=3).
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Fig. 7. Evaluation of pro-inflammatory cytokine (TNF-« and Cox-2) expression in lung
tissue. PMs (N:P=20:1) and CS-PMs (N:P:CS=20:1:100) were administered intra-
tracheally. Messenger RNA expression in lung was measured by quantitative
polymerase chain reaction (PCR) at 24 h after administration. A. TNF-ex, B. Cox-2.
Results indicate relative values to untreated controls (means 4= SEMs; n=4).

The primary reason for requiring excess polycations in their free
form in the polyplex system is that these free polycations are assumed
to be internalized into endosomes along with the polyplexes, thus
facilitating their escape from endosomes to the cytoplasm by a proton
sponge effect and/or direct perturbation of endosomal membranes. In
any case, masking free polycations with CS via complexation is
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Fig. 8. Luciferase expressions in lung after intratracheal administration. PMs (N:P=
20:1;0pen circles) and CS-PMs (N:P:CS=20:1:100; closed circles) loaded with a
luciferase-expressing gene were administered intratracheally. The time-dependent
profiles of luciferase gene expression were measured with an IVIS Imaging System.
Results are means+ SEMs (n=4).
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Fig. 9. Quantification of serum creatine phosphokinase {CPK). Serum was collected
at 4 h after hydrodynamic injection of naked pDNA, PMs (N:P=20:1), and CS-PMs
(N:P:CS=20:1:100). Control indicates an untreated group. Results are means-
SEMs (n=5).

unfavorable for promoting endosomal escape, and is inconsistent with
the observed preservation, or even improvement, in transfection
efficacy of CS-PMs both in vitro and in vivo.

A plausible explanation for this controversial phenomenon is to
assume a rearrangement of CS/PEG-PAsp(DET) complex micelles
within endosomes that is synchronized with a pH drop to release free
PEG-PAsp(DET). Note that, as shown in Fig. 3, CS/PEG-PAsp(DET)
complex micelles have a charge stoichiometric composition of CS:N=
0.5:1 at pH 7.4. Thus, to maintain the charge stoichiometric regime,
evenatalowered pH, there should be a liberation of a certain fraction
of PEG-PAsp(DET) from the micelles. The pKa for the second
protonation of the 1,2-diaminoethane unit of PAsp(DET) is 6.3 [9]. The
endosomal pH, in turn, is reported to be ~5.0-5.5, so that eventually
PAsp(DET) in this pH range undergoes an additional protonation in
the 1,2-diaminoethane unit, resulting in a shift in the charge
stoichiometric ratio from CS:N=0.5:1 to 1:1 and drives the liberation
of PEG-PAsp(DET) from the micelles for charge compensation.

To estimate the pH responsive release of free PEG-PAsp(DET), we
used FCS measurements for mixed solutions of CS and Alexa680-
labeled PEG-PAsp(DET). As expected, a substantial amount of free
PEG-PAsp(DET) was found at a CS:N=0.5:1 at pH 5.5, which was
consistent with the assumed liberation of PEG-PAsp(DET) from the
complex micelles at the lowered pH conditions of the endosome
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Fig. 10. Transfection efficacy in muscle after hydrodynamic injection. Naked pDNA
(open triangles), PMs (N:P=20:1; open circles), and CS-PMs (N:P:CS=20:1:100;
closed circles) were hydrodynamically injected into a hind limb muscle. The time-
dependent profiles of luciferase gene expression were measured with an IVIS Imaging
System. Results are means -+ SEMs (n=:5).
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(Supplementary Fig, 4). Worth noting is that the amount of free
polymers became negligible at CS:N=1:1 and pH 5.5, which supports
the formation of a charge stoichiometric complex of CS with fully
protonated PEG-PAsp(DET).

Consequently, from the above estimations, it is reasonable to
conclude that the cellular uptake of CS/PEG-PAsp(DET) complex
micelles along with CS-PMs enhances the endosomal escape of CS-
PMs by releasing free PEG-PAsp(DET) in endosomes, leading to a high 0
transfection efficiency.
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B INTRODUCTION

Gene therapy has received considerable attention because of
its significant potential to treat intractable diseases; however, the
development of safe and eﬁiaent carriers of phsrmd DNA
(pDNA) remains a critical issue." Among pDNA carriers, polymn
complexes (PICs) formed between negatively charged DNA and
polycations, Wthh are termed “polyplexes”, have been exten-
sively studied>”® Such polyplexes are required to stably deliver
pDNA to the nuclei in the target cells. However, the most critical
issue affecting the trafficking of polyplexes is the inefficient
translocation from the endosomes to the cytoplasm after inter-
nalization through the endocytosis.” Hence, considerable efforts
have been devoted to the development of polycations with
potent endosomal escape ability.'""'* However, such polyca-
tions often cause severe cytotoxicity.'® Therefore, the fine-tuning
the chemical structures of polycations to enhance their endoso-
mal escape ability while cytotoxicity is reduced is a major key in
designing polyplexes; this proves to be a challenge with respect to
various fields of chemistry.

Linear polyethylenimine (linear PEI) is one of the most widely
used polycations possessing potent endosomal escape ability.'”~>°

V ACS Publications « 2011 American chemical Society

Indeed, linear PEI polyplexes have been examined in several
disease models to evaluate their clinical applications.> Linear
PEI consists of regeatin‘g aminoethylene units and features a
relatively low pK,.™ Hence, the protonation degree of linear PEI
increases when pH decreases from the extracellular pH (~7.4) to
the endosomal pH (~5.5). This facilitates the endosomal escape
of linear PEI polyplexes because of endosomal disruption caused
by increased osmotic pressure in the endosome (the so-called
proton sponge effect'*!”) and/or perturbation of the endosomal
membrane caused by a direct interaction with polycations.”*~ 2
Thus; linear PEI exhibits a relatively high transfection efficiency
but consequently induces considerable cytotoxicity because of
interactions with biomolecules including the plasma membrane.'%”
In order to solve this cytotoxicity problem, we have truncated a
defined number of repeating aminoethylene units and intro-
duced them into the side chain of the N-substituted polyasparta-
mides to obtain fine-tuned polycations achieving efficient gene
transfection but reduced cytotoxicity. In our previous study,
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Scheme 1. Synthesis of PAsp(EDA), PAsp(DET), PAsp(TET), and PAsp(TEP) by Aminolysis of PBLA

Hac/\/\NPl\Ef NHQ
an
NMP

0°C
PBLA

HscMNf‘K[F/@”*H

R = -‘(-CHZCHZR-);nH

m = 1: PAsp(EDA), m = 2: PAsp(DET), m = 3: PAsp(TET), m = 4: PAsp(TEP)

poly{N-[N'-(2-aminoethyl)-2-aminoethyl Jaspartamide} posses-
sing two repeating aminoethylene units [ —(CH,—CH,—NH),—
H] was synthesized by the introduction of diethylenetriamine
(DET) (bis(2-aminoethyl)amine) [PAsp(DET)] into the side
chain of the N-substituted polyaspartamide.”® PAsp(DET)

showed minimal membrane destabilizing ability with a mono-

protonated side chain at pH 7.4 but a potent membrane destabiliz-

ing effect with a diprotonated side chain at pH 5.5. Thus,

PAsp(DET) is assumed to selectively damage the endosomal

membrane, thus enabhng less toxic gene transfer in various cells

including fragile pnmary culture cells.”
f

S Purthermore, the in vivo

ammoethylene units in the side chain. We expect such stuches
to provide useful knowledge for designing polycations that are
safe and efficient nonviral gene carriers. Therefore, in this study,
we examined various N-substituted polyaspartamides possessing
different numbers of repeating aminoethylene units in the side
chain and evaluated the relationship between their protonated
states at pH 7.4 and 5.5 and their biological properties such as the
hemolytic activity, cytotoxicity, endosomal escape ability, and
transfection efficiency. Interestingly, a distinctive odd—even effect
associated with the number of aminoethylene units was observed
on the efficiencies of endosomal escape and in vitro transfection.
The polyplexes from the N-substituted polyaspartamides posses-
sing even-numbered repeating aminoethylene units (PA-Es)
achieved transfection efficiencies, without marked cytotoxicity,
that were an order of magnitude higher than those from the
N-substituted polyaspartamides possessing odd-numbered re-
peating aminoethylene units (PA-Os). The mechanism for endo-
somal escape of these N-substituted polyaspartamide polyplexes was
examined in detail to explain this interesting odd—even effect.

B RESULTS

Synthesis and Characterization of N-Substituted Poly-
aspartamides. Introduction of repeating aminoethylene units
into the poly(S-benzyl-L-aspartate) (PBLA) side chain was
performed by the aminolysis reaction of PBLA with ethylene-
diamine (EDA), diethylenetriamine (DET), triethylenetetra-
mine (TET), or tetraethylenepentamine (TEP), as previously
reported,® and we synthesized poly[ N-(2-aminoethyl)aspartamide]
[PAsp(EDA)], PAsp(DET), poly(N-{N'-[N"-(2-aminoethyl)-2-
aminoethyl]-2-aminoethyl}aspartamide) [PAsp(TET)], and poly-
[N-(N'-{N"-[N"'-(2-aminoethyl)-2-aminoethyl]-2-aminoethyl }-
2-aminoethyl)aspartamide] [PAsp(TEP)] (Scheme 1). It is
noteworthy that in this way a series of N-substituted cationic

polyaspartamides, with the same polymerization degree and
molecular weight distribution, was readily obtained.” Each
N-substituted cationic polyaspartamide is abbreviated as PAsp-
(R), in which R denotes the abbreviation of the amines sub-
stituted in the side chain. The quantitative aminolysis of the side
chain was confirmed from the peak intensity ratio of the protons
from the methyl group at the a-chain end of the polymer
(CH3CH,CH,CH,—, 0 = 0.9 ppm) to all the methylene protons
in the side chains (6 = 2.7—3.6 ppm) in the "H NMR spectra
(Figure 1).

pH-Dependent Change in the Degree of Protonation («)
of Amino Groups in the Side Chain of N-Substituted Poly-
aspartamides. In order to estimate the protonation states of the
amino groups in the side chain of the N-substituted polyasparta-
mide (hereafter, the polymer), potentiometric titration was
performed in the pH range 1.2—11.5 in a 150 mM NaCl solution
at 37 °C. The resultant titration curves were converted to
differential curves to determine each neutralization point (data
not shown). The total molar amount of consumed NaOH in the
titration of PAsp(EDA) and PAsp(DET) corresponded well to
the residual molar amount of amino groups of each polymer
(5 mmol) in the solution, indicating that all the amino groups of
the polymer were protonated at the beginning (pH 1.2) and
deprotonated at the end (pH 11.5). Accordingly, the degree of
protonation (¢t) and pK (=pH +log[a/(1 — a)]) werte calculated
and plotted against pH and @, respectively (Figure 2). On the
other hand, the molar amount of consumed NaOH for the
titration of PAsp(TET) and PAsp(TEP) was substantially lower
than the residual molar amount of amino groups in the solution,
suggesting that the amino groups in PAsp(TET) and PAsp-
(TEP) should not be fully protonated, even at pH 1.2. Thus, the
a./pH and pK/a curves of these polymers were calculated from
the neutralization point in the differential curve and also shown
in Figure 2. The change in the degree of protonation between pH
7.4 and 5.5 (A«), indicating the buffering capacity, was calcu-
lated for each polymer from the values of  at pH 7.4 and 5.5 and
is summarized in Table 1. Obviously, PAsp(DET) showed the
largest Aq, followed by PAsp(TEP), PAsp(TET), and PAsp-
(EDA). The number of protonated amines in each polymer
(NA) at the corresponding pH was also calculated from o and
the number of residual amino groups in the polymer by the
following equation: NA = an X 102, where n is the repeating
number of aminoethylene units in the polymer side chain and
102 is the averaged polymerization degree. Furthermore, the
averaged cationic charge density (CD) of éach polymer was
defined as the ratio of the NA to the number-averaged molecular
weight (M,) of the polymers (Table 1). The pK,, values for each
protonation step were determined from the pK/« curves and are
sumimarized in Table 1. Note that the pK,, gp value was not
determined because the fourth protonation of the residual amino
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Figure 1. "H NMR spectra of (a) PAsp(EDA), (b) PAsp(DET), (c) PAsp(TET), and (d) PAsp(TEP). Solvent, D,0; temperature, 70 °C; polymer
concentration, 10 mg/mL.
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Figure 2. (a) a/pH curves and (b) pK,/c curves of each N-substituted polyaspartamide in 150 mM NaCl solution at 37 °C.
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Table 1. Physicochemical Parameters of the N-Substituted Polyaspartamides at pH 7.4 and 5.5

PR number of protonated amines (NA") ty (CDb)
polymer pH 74 pH 55 Aa . pH74 pHS.S pH74 “pHSS PK, PK,, PK.,
PAsp(EDA) 0.93 0.99 0.06 94 100 0.00538 0.00621 9.0
PAsp(DET) 0.51 0.82 031 104 167 0.00505 0.00811 8.9 6.2
PAsp(TET) 0.56 0.66 0.10 171 205 0.00682 0.00817 9.1 7.8 4.3
PAsp(TEP) 0.49 0.68 017 199 277 0.00673 0.00936 9.0 82 63

“NA = a x (the repeating number of aminoethylene units in the polymer side chain) x (the polymerization degree). ¥ The ratio of the NA to the
number-averaged molecular weight (M,,) of polymers.

HG "N N\/T(I hu
H 00¢g
RN

Rm= -(CHZCH;:J)FHH

m = 1. PAsp(EDA), m = 2: PAsp(DET)
m = 3: PAsSp(TET), m =4: PAsp(TEP)
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Figure 3. Major protonated structures of amino groups in the side chain of each polyaspartamide at pH 7.4 and 5.5.

groups in PAsp(TEP) was substantially limited, even at pH 1.2.
Eventually, the major protonated structures of these polymers
under physiological (pH = 7.4) and endosomal (pH = 5.5)
conditions were estimated as shown in Figure 3.

Membrane Destabilizing Activity of N-Substituted Poly-
aspartamides. Our previous study revealed that PAsp(DET)
disturbs the integrity of cellular membranes selectively at en-
dosomal acidic pH presumably because of the transition of the
side chain diamine unit from a monoprotonated to diprotonated
state, which enhances the local charge density and facilitates the
interaction with cellular membranes.*® To determine the mem-
brane-destabilizing activities of the N-substituted polyasparta-
mides as well as linear PEI (ExGen 500), the hemolysis assay was
performed by mixing these polymers with murine erythrocytes

15527

at pH 7.4 and 5.5, at which extracellular neutral and endosomal
acidic conditions, respectively, were simulated. As shown in
Figure 4, ExGen 500 showed a considerably high hemolysis ratio
(approximately 30%) at pH 7.4, which may be correlated with its
high cytotoxicity. In contrast, all polymers induced substantially
low hemolysis (less than 5%) at pH 7.4. Alternatively, at pH §.5,
the polymers possessing even-numbered repeating aminoethy-
lene units [PAsp(DET) and PAsp(TEP)] and ExGen 500
significantly enhanced the hemolytic activity, whereas those
possessing odd-numbered repeating units [PAsp(EDA) and
PAsp(TET)] showed no significant increase. Thus, a unique
odd—even effect of the repeating number of aminoethylene units
was clearly observed for the pH-dependent hemolytic activity of a
series of N-substituted polyaspartamides. Furthermore, the hemolytic
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Figure S. In vitro transfection efficiency of PAsp(EDA), PAsp(DET),
PAsp(TET), PAsp(TEP), and ExGen 500 polyplexes at varying N/P
ratios with Huh-7 cells determined by luciferase assay. Results are
expressed as mean & SEM (N = 4). * indicates that polyplexes show a
significantly higher transfection efficiency than the PA-Os polyplexes at
the same N/P ratio (P < 0.01), ** indicates that polyplexes show a
significantly higher transfection efficiency than the PA-Os polyplexes at
the same N/P ratio (P < 0.01) and the ExGen 500 polyplexes at N/P=§
(P < 0.08).

activities of the polyplexes from the N-substituted polyasparta-
mides and ExGen 500 were determined at N/P = 10, which
corresponds to the residual molar ratio of the amino groups in
polycations to the phosphate groups in pDNA (Figure 1,
Supporting Information). The hemolytic activity of polyplexes
showed a similar odd—even effect, indicating that the membrane-
destabilizing activity of the polycations was maintained even after
the formation of polyplexes.

Size and -Potential of Polyplexes Prepared from pDNA
and N-Substituted Polyaspartamides. The polyplexes from
the N-substituted polyaspartamides were characterized by mea-
suring the {-potential and hydrodynamic diameter at pH 7.4 and
37 °C (Figure 2, Supporting Information). At N/P ratios above
4, all polyplexes had a similar size of approximately 100 nm witha
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Figure 6. Cell viability assay of Huh-7 cells incubated with PAsp(EDA),
PAsp(DET), PAsp(TET), PAsp(TEP), and ExGen S00 polyplexes
under the same experimental conditions as in Figure S. Results are
expressed as mean &= SEM (N = 4). ¥P < 0.01.

constant {-potential of approximately 30 mV. Note that the
formation of large aggregates around 1 f4m was observed in each
polyplex at a specific N/P ratio. Because each polyplex exhibited
a G-potential close to neutral at this N/P ratio, large aggregate
formation is expected to be due to decreased colloidal stability
induced by charge neutralization. In the following experiments,
the polyplexes prepared at N/P ratios above 4 were used because
they apparently have similar physicochemical characteristics.

In Vitro Transfection and Cytotoxicity. The transfection
efficiency of the luciferase gene in human hepatoma cells (Huh-
7) was compared among the polyplexes prepared from PAsp-
(EDA), PAsp(DET), PAsp(TET), and PAsp(TEP) at N/P = §,
10, and 15 (Figure S). The polyplex from 4 linear PEI-based
commercial transfection reagent (ExGen S00) was used as a
control. Remarkable transfection efficiencies, which were higher
than the maximum value obtained by ExGen 500 at N/P = §,
were achieved by polyplexes from PAsp(DET) (over N/P = §)
and PAsp(TEP) (over N/P = 10) possessing the even-numbered
repeating aminoethylene units (PA-Es) (P < 0.05). Furthermore,
polyplexes from PA-Es [PAsp(DET) and PAsp(TEP)] revealed
significantly higher transfection efficiencies than those from PA-
Os [PAsp(EDA) and PAsp(TET)] at all of the examined N/P
ratios (P < 0.01). This remarkable odd—even effect on transfec-
tion efficiencies was not only limited to Huh-7 cells but was also
observed for a human lung adenocarcinoma epithelial cells (AS49)
and a human umbilical vein endothelial cells (HUVEC) (Figure 3,
Supporting Information). Note that a drastic reduction in the
transfection efficiency was observed for the ExGen 500 poly-
plexes at higher N/P ratios, whereas it was not observed for any
polyplexes from the N-substituted polyaspartamides. The sub-
stantially decreased transfection efficiency in the ExGen S00 poly-
plexes at higher N/P ratios is believed to be a direct result of
severe cytotoxicity, as shown in Figure 6. In contrast, all poly-
plexes from the N-substituted polyaspartamides maintained a cell
viability over 85% at N/P = § and over 75% even at N/P = 15,
except for the polyplex from PAsp(TEP) at N/P = 15 (60%). Indeed,
significant differences between the polyplexes from ExGen 500 at
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N-substituted polyaspartamides at various N/P ratios after 24 h incuba-
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N/P = § and other N-substituted polyaspartamides except
PAsp(TEP) at N/P = 15 were observed (P < 0.01). Polyplexes
from PAsp(TEP) showed significantly lower cell viability than
those from PAsp(DET) and PAsp(TET) at N/P = 15 (P< 0.01),
indicating higher cytotoxicity with an increase in the N/P ratio.
Cellular Uptake of Polyplexes Determined by Flow Cyto-
metry. The transfection efficiency of the polyplexes is often
correlated with their cellular uptake. Thus, we compared the
cellular uptake of each polyplex containing CyS-labeled pDNA
using flow cytometry. The histogram of flow cytometry revealed
that almost 100% of the cells underwent polyplex uptake (data
not shown). Figure 7 shows the relative mean fluorescence for
the cellular uptake of CyS-labeled pDNA, which apparently does
not correlate with the transfection efficiency (Figure 5). Indeed,
despite the significantly lower transfection efficiency, the poly-
plexes from PAsp(EDA) and PAsp(TET) showed levels of cellular
uptake similar to those from PAsp(DET) and PAsp(TEP).
Intracellular Trafficking of Polyplexes Observed by Con-
focal Laser Scanning Microscopy (CLSM). Intracellular traf-
ficking of each polyplex (N/P = 10) containing CyS-labeled
pDNA (red) was monitored particularly for endosomal localiza-
tion by CLSM after staining the late endosome and lysosome
with LysoTracker Green (green) and the nucleus with Hoechst
33342 (blue) (Figure 8ab). In the overlay images, the yellow
pixels represent the colocalization of Cy3-labeled pDNA with the
late endosome/lysosome. Note that in our previous CLSM study
Cys5-labeled pDNA in the poly(r-lysine) polyplex, which was
used as the negative control and lacks endosomal escape ability,
was found to maintain colocalization with the late endosome/
Iysosome throughout the observation period. This result pro-
vided the basis for estimating the endosomal escape ability of
examined polyplexes from the decrease in the colocalization ratio
estimated from the CLSM data.*® Eventually, PAsp(DET) and
PAsp(TEP) polyplexes appeared to disperse more efficiently in
the entire cytoplasmic region than other polyplexes from the
polymers with the odd-numbered repeating aminoethylene units
in the side chains. As shown in Figure 8c, PAsp(EDA) and
PAsp(TET) polyplexes showed an increase in the colocalization
ratio until 12 and 24 h, respectively, indicating that the major
fraction of PA-O polyplexes might be trapped in the lysosome. In
contrast, PAsp(DET) and PAsp(TEP) polyplexes showed colo-
calization ratios lower than those of PAsp(EDA) and PAsp(TET)
polyplexes at all time points. Also, PAsp(DET) and PAsp(TEP)

polyplexes showed a decrease in the colocalization ratio after 12
and 6 h incubation, respectively, suggesting that the major
fraction of PA-E polyplexes might escape from the endosome.
At 12 b, the colocalization ratio of PAsp(DET) polyplexes was
significantly lower than those of PAsp(EDA) and PAsp(TET)
polyplexes (P < 0.05). At 24 and 48 h, the colocalization ratio of
PAsp(TEP) polyplexes was significantly lower than that of PAsp-
(DET) polyplexes (P < 0.05 at 24 h, P < 0.01 at 48 h), indicating
that the most efficient endosomal escape was for PAsp(TEP)
polyplexes Furthermore, the Manders coefficients were calcu-
lated usmg Image ] software (http:// tsbweb.nih. gov/ij/) to evalu-
ate the colocalization of CyS-labeled pDNA and LysoTracker
after 48 h incubation. Note that the coefficients range between
0 and 1, which indicates no overlap and full overlap, respectwely,
and a higher value indicates that a larger fraction of polyplexes is
trapped in the endosome/lysosome. The coefficients were
calculated to be 0.549 for PAsp(EDA), 0.381 for PAsp(DET),
0.498 for PAsp(TET), and 0.345 for PAsp(TEP), consistent with
the endosome colocalization ratios in Figure 8c. From these
results, we conclude that the polyplexes from the polymer posses-
sing the even-numbered repeating aminoethylene units enable
the efficient endosomal escape of complexed pDNA into the
cytoplasm, which agrees well with the transfection results shown
in Figure S.

B DISCUSSION

In this study, to elucidate the precise structure—function
relationship of the polyplexes, we synthesized a series of N-sub-
stituted polyaspartamides with increasing numbers of repeating
aminoethylene units in the side chain: PAsp(EDA), PAsp(DET),
PAsp(TET), and PAsp(TEP) (one to four repeating aminoethy-
lene unit(s), respectively). The polyplexes from these N-sub-
stituted polyaspartamides were confirmed to have a similar size
(~100 nm) and {-potential (~30 mV) at N/P ratios >4 (Figure
2, Supporting Information), suggesting similar fundamental
physicochemical properties. The in vitro transfection experiment
with Huh-7 cells exhibited a distinctive odd—even effect with
respect to the number of repeating aminoethylene units: the
polyplexes from the polymer with the even-numbered repeating
aminoethylene units (PA-E) showed appreciably higher transfec-
tion efficiencies without marked cytotoxicity compared to poly-
mers with odd-numbered repeating aminoethylene units (PA-O)
(Figures S and 6).

To elucidate the reasons for this unique odd—even effect, we
examined the cytotoxicity, cellular uptake, and endosomal escape
behaviors of each polyplex. While the cell viability (Figure 6) and
cellular uptake (Figure 7) profiles were similar between the
polyplexes from both PA-E and PA-O, a significant difference in
the endosomal escape behavior as determined from CLSM
imagery was observed between the two variants. PA-E [PAsp-
(DET) and PAsp(TEP)] polyplexes revealed lower endosomal
colocalization and higher dispersion into the cytoplasm than PA-
O [PAsp(EDA) and PAsp(TET)] polyplexes (Figure 8), indicat-
ing that the higher transfection efficiency of the PA-E polyplexes is
strongly correlated with their capability of endosomal escape.

Several previous studies revealed that the endosomal escape of
the polyplexes may be facilitated by an increased osmotic
pressure in the endosome because of a buffering effect associated
with the amino grou??s in the constituent polycations (proton
sponge hypothesis).""” Accordingly, we examined the relation-
ship between the buffering capacity of amino groups in the
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Figure 8. (a) Intracellular distribution of CyS-labeled pDNA (red) complexed with PAsp(TEP) at N/P = 10 for Huh-7 cells after 48 h incubation.
Acidic late endosomes and lysosomes were stained with LysoTracker Green (green). The nuclei were stained with Hoechst 33342 (blue). The scale bar
represents 20 #m. (b) Overlay images of CyS-labeled pDNA, LysoTracker Green, and Hoechst 33342 in Huh-7 transfected with the polyplexes from
PAsp(EDA), PAsp(DET), and PAsp(TET) observed under the same conditions as those of part a. {¢) Time-dependent changes in colocalization ratios
of the PAsp(EDA) (square), PAsp(DET) (circle), PAsp(TET) (triarigle), and PAsp(TEP) (diamond) polyplexes containing CyS-labeled pDNA with
late endosomes and lysosomes. Results are expressed as mean & SEM (N = 10). *P < 0.05, **P < 0.01.

N-substituted polyaspartamides and the endosomal escape effi-
ciency of their polyplexes. The buffering capacity was estimated
from the change in the degree of protonation between pH 7.4
and 5.5 (Aa) (Table 1) and was consistent with the observed
odd—even effect. PA-Es [Ac = 0.31 and 0.19 for PAsp(DET)
and PAsp(TEP), respectively] possess higher buffering capacities
than PA-Os [Aa = 0.06 and 0.11 for PAsp(EDA) and PAsp-
(TET), respectively]. The assumed protonated structures of the
side chains for each polymer (Figure 3) are rather interesting.
Almost all the amino groups in the PAsp(EDA) side chains are
protonated, regardless of pH (7.4 or 5.5). On the other hand,
most of the PAsp(DET) side chains are in the monoprotonated
state at pH 7.4 (¢ = 0.51) and diprotonated state at pH 5.5 (a =
0.82) owing to the appreciable difference in pK, (8.9) and pK,,
(6.2), as reported in our previous 1:~aper.2‘5 Low pK,, values in
PAsp(DET) are due to the thermodynamic disadvantages of the
diprotonated structure in 1,2-diaminoethane caused by electro-
static repulsion between the two protonated amines, locking the
conformation in the anti form with less rotational freedom
(butane effect). The absence of a significant change in « for
PAsp(TET) with pH (A« = 0.11) may be explained in a similar

way: the fully protonated (triprotonated) structure of an N-(2-
aminoethyl)-1,2-diaminoethane unit has a substantial thermo-
dynamic penalty because of the strong repulsive force from the
two neighboring protonated amines. Consequently, the side chain
prefers to exist as a diprotonated structure with diethyleneamine
spacing (—NH,"—CH,—CH,~NH—CH,—CH,~NH;") con-
taining a nonprotonated amino group in the center even at lower
pH. Alternatively, for PAsp(TEP), ¢ increases from 049 to 0.68
with a decrease in pH from 7.4 to 5.5 because the pK,_value (6.3)
exists between these two pH values. As shown in Figure 3, the
dominant structure changes from a diprotonated state at pH 7.4
to a triprotonated state at pH 5.5. The latter form, with its
integrated positive charge, is still allowed under acidic conditions
possibly because the increase in electrostatic repulsion accom-
panying the third protonation may be alleviated by sufficient
length and rotational flexibility of the diethyeleneamine spacing
(—CH,CH,NHCH,CH,—). Note that pK, of PAsp(TEP) is
much lower than the titration range (pH < 1.2) because of the
highly repulsive nature of the fully protonated structure.
Although the buffering capacity may explain the odd—even
effect observed in the transfection efficiency of the examined
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endosomal escape efficiency, PAsp( ET) possessed relatwely
larger Ao than PAsp(TEP);
latter achieved significantly h
(lower endosomal colocalizati
(Pigure 8), suggesting the ;
affectincr the endosomal esca

of the hemo]ym assay sho
was clearly observed in th:

PAsp(DET) (8.0%), PAsp(TET
The order of hemolytic activi
endosomal escape efficiency
gesting that disturbing the me
for the endosomal escape of these
weak hemolytic activity for each pol
their low cytotoxicity (Fxgure 6); d
action with plasma membranes of mammalian cells under
physiological conditions. Note that ExGen S00 also showed
the membrane destabilizing activity in response to the acidic
pH in the endosome (Figure 4). Nevertheless, it is assumed that
the considerably high hemolytic activity (approximately 30%) of
ExGen 500 at pH 7.4 may be correlated with its high cytotoxicity
(Figure 6), suggesting that the augmentation of repeating ami-
noethylene units might increase cytotoxicity regardless of pH.

To further discuss the mechanism for cellular membrane
destabilization induced by the N-substituted polyaspartamides,
we focus here on the number of protonated amines (NA) and the
overall cationic charge density (CD) in each polymer strand
(Table 1). A previous study revealed that polycations with larger
NA and higher CD tend to induce stronger disturbances in the
membrane integrity, presumably resulting from a higher afﬁmty
of the plasma membrane for positively charged components.”
Yet the calculated NA and CD were apparently not correlated
with the hemolytic activity and simply increased with the number
of aminoethylene units without any odd—even effects.

Next, we investigated whether the protonation state of the
N-substituted polyaspartamides (Figure 3) would contribute to
the odd—even effect from the viewpoint of specific interactions
that may lead to a disturbance in the membrane integrity. It is
interesting to consider that PA-Es [PAsp(DET) and PAsp-
(TEP), Figure 3] at pH 5.5 contain a diprotonated state of
the diaminoethane unit (—NH,"—CH,—CH,—NH,"—), corre-
sponding to their strong hemolytic activity in acidic conditions.
In contrast, no such structure is determined for PA-Os
[PAsp(EDA) and PAsp(TET)] at either pH 7.4 nor 5.5 nor
for PA-Es at pH 7.4, and eventually they have very limited hemolytic
activity. In particular, for PAsp(TET) at pH 7.4/5.5 and PAsp-
(TEP) at pH 7.4, two protonated amines are spatially separated by
diethyleneamine (—CH,—~CH,~NH—CH,—CH,~) or N,N'-
ethylene-1,2-diaminoethane
(—CH,—CH,~NH-CH,~CH,~NH~CH,—CH,—) spacers,
It is likely that a critical spacing length between the two protonated
amino groups may exist in order to induce an effective membrane
interaction. Note that an N-substituted polyaspartamide possessing
a 1,3-diaminopropane unit (—NHCH,CH,CH,NH—) in the side
chain [PAsp(DPT)] assumed a fully protonated structure at pH
7.4/5.5 and induced substantial membrane destabilization of mam-
malian cells, as previously reported.” It can be assumed that two

positively charged units may need to be close to each other via a

3+- CHZ_ CHz"NH2+“ > by a
—CH,— spacer, may contribute

inding sites, This multiple binding
EP) polyplex’s higher hemolysis
dosomal escape capability com-
T) po}yplex, even though the former has a

Asp(
: }ower buffenng capacity. tban the latter.

severe cytotoxicity was achieved
substituted polyaspartamides
epeating aminoethylene units
and PAsp(TEP)]. This agrees
flering capacity as well as their

ty .t mbrane integrity selectively at
endosomal pH thereby facﬂltatmg the endosomal escape of
the polyplexes. Results of the hemolysis assay and the CLSM
observations tracking subcellular distribution of the polyplexes
suggest that two protonated amino groups may need to be
tethered with critical spacing equivalent to approximately two
or three methylene units to induce the strong interaction of
polycations in the polyplexes with the endosomal membrane,
leading to their effective transport into the cytoplasm. Impor-
tantly, fine-tuning of the number, spacing, and protonation status
of repetitive amine units in the polycation side chain, as reported
in this study, resolves the conflict between endosomal escape and
cytotoxicity of the polyplexes, thus providing a new design
concept for nonviral gene delivery systems directed toward
clinical applications.
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ARTICLE INFO ABSTRACT

Article history:

Surface modification using poly(ethylene glycol) (PEG) is a w1dely used strategy to improve the
biocompatibility of cationic polymer-based nonv1ra] gene vectors (po]yplexes) A novel method based on
intravital real-time confocal laser scanning microscopy (IVRTCLSM) was applied to quantify the dynamic
states of polyplexes in the bloodstream, thereby demonstrating the efficacy of PEGylation to prevent their
agglomexanon, Blood flow in the earlobe blood vessels of experimental animals was monitored in a
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hftyr‘;i/oi;a? confocal microscopy noninvasive manner to directly observe polyplexes in the circulation. Polyplexes formed distinct aggregates
Polyplex immediately after intravenous injection, followed by interaction with platelets. To quantify aggregate

formation and platelet interaction, the coefficient of variation and Pearson's correlation coefficient were
adopted. In contrast, polyplex micelles prepared through self-assembly of plasmid DNA with PEG-based block
catiomers had dense PEG palisades, revealing no formation of aggregates without visible interaction with
platelets during circulation. This is the first report of in situ monitoring and quantification of the availability of
PEGylation to prevent polyplexes from agglomeration over time in the blood circulation. This shows the high
utility of IVRTCLSM in drug and gene delivery research.

Polyethylene glycol
Block copolymer
Polymer micelle

© 2011 Elsevier B.V. All rights reserved.

1. Concept of new methodologies

Gene therapy offers a unique potential for the treatment of genetic
and intractable diseases and for tissue engineering. Its success is
dependent upon the development of useful gene vectors as well as
application of a drug delivery system (DDS). Nonviral gene vectors are
attractive alternatives to viral gene vectors because they are much
simpler to produce, transport and store, and induce fewer immune
responses. Cationic polymers that electrostatically interact with

Abbreviations: PEG, poly(ethylene glycol); DDS, drug delivery system; PDNA, plasmid
DNA; BPE!, branched polyethylenimine; PLys, poly(L-lysine); PEG-PLys, poly(ethylene
glycol)-b-poly(L-lysine); PAsp(DET), poly{N-[N-(2-aminoethyl)-2-amirnoethyl]asparta-
mide}; PEG-PAsp(DET), poly(ethylene glycol)-b-poly{N-[N-(2-aminoethyl)-2-aminoethyl]
aspartamide}; IVRTCLSM, intravital real-time confocal laser scanning microscopy; CV,
coefficient of variation; PCC, Pearson'’s correlation coefficient.
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plasmid DNA (pDNA) have been widely studied as materials to
construct nonviral gene vectors [1-5]. The cationic polymers most
commonly used as gene vectors include branched polyethylenimine
(BPEI) linear polyethylemmme poly(L- lysme) (PLys), chitosan, and
dendrimers [6]. These polymers form polyion complexes (polyplexes)
with pDNA to successfully transfer it into cultured cells to induce
appreciable level of gene expression. However, these polyplexes have
biocompatibility problems for systemic application. Polyplexes usu-
ally require excess polycations to generate electrostatic repulsion for
their increased solubility and colloidal stability. This eventually results
in a shift of their surface charge to a positive value. This positive
charge causes nonspecific interaction with anionic components in the
body such as plasma proteins and blood cells, which might lead to
severe adverse effects [7,8]. Attachment of hydrophlhc polymeu; such
as poly(ethylene glycol) (PEG) is called “PEGylation” and has often
been used to shield nonviral gene vectors from undesired interaction
in the blood. PEGylatxon also contributes to diminished uptake by the
reticuloendothelial system or macrophages, and hence the half-life in
blood circulation can be extended.

it is well documented that a PEG palisade prevents nonspecific
interaction with biological components. However, in situ evaluation of



