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containing 10% FBS. Then the medium was changed and 5.5l of
polyplex was added to each well similarly as in the transfection described
above. After 4, 8, or 24h, the plates were centrifuged for Smin at 110g.
Then, 50pl of aliquots in each well were collected and subjected to the
LDH measurement. A CytoTox 96 Non-Radioactive Cytotoxicity Assay
kit (Promega) was used following the protocol provided by the
manufacturer, using a plate reader AD200 (Beckman Coulter, Inc.,
USA) for reading the OD at 490nm to determine the amount of the
produced diformazan. Freeze-chaw cells were used to calibrate 100%
LDH activity. To compare the cytotoxicity between P{Asp(DET)] and
LPEI, the parametrical analysis using the Student’s -test was performed.

2.8. Quantitative assay on the cellular uptake of pDNA by real-
time quantitative PCR

EGFP-C1 pDNA expressing EGFP was transfected to HuH-7. 8 x 10*
HuH-7 celis/well were plated in six-well plates and cultured overnight, and
then the transfection was done similarly as described before. At the
indicated time periods (4, 8 and 24 h), the DNA was collected and purified
from each well using a Wizard Genomic DNA purification Kit (Promega),
then subjected to the PCR for the quantification of pDNA copies
encoding EGFP. The copy number of f-actin (8A) was also determined by
the ABI 7500 Fast Real-Time PCR systems to normalize the cell number
(Applied Biosystems, Foster City, CA, USA). The sequences of the
primers and probe used for EGFP were as follows: forward primer
GGGCACAAGCTGGAGTACAAC and reverse primer TCTGCTT
GTCGGCCATGATA. The sequence of the probe was ACAGCCA
CAACGTCT with FAM as a fluorescent dye on the 5-end and MGB as a
fluorescence quencher dye labeled on the 3-end. For BA amplification and
quantitation, the forward and reverse primers and probe were purchased
as a standard TagMan gene expression assay kit from Applied Biosystems.
PCR was done for 20s at 95 °C, followed by 3 s at 95 °C and 60s at 60 °C
for 40 cycles. A linear relationship between the number of cells and
threshold cycle for the SA gene amplification was confirmed (data not
shown).

2.9. Evaluation of osteocalcin mRNA expression

Osteogenic differentiation of the mouse calvarial cells was evaluated by
the expression of osteocalcin mRNA, an osteoblast-differentiation
marker. Mouse calvarial cells were isolated from the calvariae of neonatal
littermates. The experimental procedures were handled in accordance with
the guidelines of the Animal Committee of the University of Tokyo.
Calvariae were digested for 10min at 37-8°C in an enzyme solution
containing 0.1% collagenase and 0.2% dispase for five cycles. Cells
isolated by the final four digestions were combined and cultured in
DMEM supplemented with 10% FBS and penicillin/streptomycin. For
induction of the differentiation assays, 3 x 10* primary mouse calvarial
cells were plated in six-well culture plates and cultured for 24 h. After
changing the medium to that containing 10% FBS and dexamethazone,
polyplexes containing pDNAs expressing caALK6 and Runx2 were
applied to each well by a similar transfection procedure as that previously
described. The culture medium was refreshed on Day 3 after transfection,
then changed every 3 days. On Days 5 and 11, the cells were washed with
PBS and the total RNA was collected using the RNeasy Mini Preparation
Kit (Qiagen) according to the manufacturer’s protocol. Gene expression
was analyzed by a quantitative PCR. 500 ng of total RNA was analyzed in
a final volume of 50 pl. Reverse transcription was performed for 30 min at
50°C followed by PCR: 50 °C for 2 min, 95°C for 10 min, followed by 40
cycles of 95°C for 155 and 60°C for 1 min using the Quantitect SYBR
Green PCR Kit (Qiagen). Each mRNA expression was normalized to
levels of mouse BA mRNA. The primers used were as follows: osteocalcin:
forward primer (AAGCAGGAGGGCAATAAGGT) and reverse primer
(TTTGTAGGCGGTCTTCAAGC); mouse pA: forward primer
(AGATGTGGATCAGCAAGCAG), reverse primer (GCGCAAGT-
TAGGTTTTGTCA). To compare the osteocalcin expressions using

P[Asp(DET)] or LPEI, the parametrical analysis using the Student’s
t-test was performed.

2.10. Housekeeping gene expression assay

After a similar transfection procedure as previously described was
performed, the total RNA was collected at 24 or 72h. To evaluate the
expressions of the housekeeping genes, a Taqgqman Human Endogenous
Control Plate (Applied Biosystems) was used according to the manu-
facturer’s protocol, including 18S rRNA, acidic ribosomal protein (PO),
PBA, cyclophilin (CYC), glyceraldehyde-3-phosphate dehydrogenase
(GAPDH), phosphoglycero-kinase (PGK), pf2-microglobulin (f2m),
B-glucronidase (GUS), hypoxanthine ribosyl transferase (HPRT), TATA
binding protein (TBP) and transferrin receptor (TfR). The control cells
serve as a baseline for the assays and are shown as zero on the graph. The
results are expressed in the comparative cycle threshold; ACr, greater than
or less than the control ACy.

3. Results and discussion
3.1. In vitro transfection toward bioluminescent cell line

The bioluminescent human hepatoma cell line (HuH-
7-Luc) stably expressing firefly luciferase (Luc) was used to
evaluate the pharmacogenomic influence as well as the
transfection efficiency of the polyplexes. After the transfec-
tion of RL using P[Asp(DET)} or LPEI, both the Luc
and RL expressions were estimated simultaneously. The
expressions were normalized by the number of cells, which
were directly counted after scraping the cells from the
culture plates.

The exogenous RL expressions per cell in Fig. 1(a)
showed that the P[Asp(DET)] polyplex had comparable
transfection efficiency to the LPEI polyplex giving the
highest expression at 48 h after transfection. In contrast,
the endogenous Luc expression showed a different profile
between the two polyplexes; the Luc expression of the cells
transfected by the P[Asp(DET)] polyplex was equivalent as
that of the control cells, while the cells transfected by the
LPEI polyplex showed a gradual decrease in Luc expres-
sion per cell (Fig. 1(b)). The cell numbers shown in Fig. 1(c)
revealed that the proliferation was significantly inhibited
by the transfection using LPEI after Day 2, compared to
that of the other two groups (the cells transfected by
P[{Asp(DET)] and the control). Note that in these experi-
ments, the polyplexes in the medium were removed at 24 h
after transfection by changing the culture medium. Thus,
these results suggest that although the exogenous RL gene
expression showed an increase until Day 2, the internalized
LPEI into the target cells by Day 1 had some continuous
inhibiting effects on the proliferation and endogenous gene
expression in the targeted cells. It is reasonable to assume
that the LPEI released from the polyplex may impair the
intracellular activities in a time-dependent manner.

3.2. Investigation of the cytotoxicity induced by LPEI

To investigate the detailed mechanisms of the time-
dependent cytotoxicity possibly induced by LPEI, we
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Fig. 1. In vitro transfection toward HuH-7-Luc cells. (a) Exogenous
renilla luciferase expression. (b) Endogenous firefly luciferase expression.
() Cell proliferation assay. Transfection was performed by P{Asp(DET)]
(closed circle) or LPEI (closed square) polyplexes formed at N/P = 10.
Gene expression was evaluated for 3 days after transfection and
normalized by the cell number. Each data of gene expression represents
mean1SD (n = 8). The data of cell number are means (n = 2).

further assessed each step involved in the transfection
process. The first step is apparently the cellular association
and internalization of the gene carriers. It is assumed that
these events may evoke membrane destabilization, possibly
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Fig. 2. Evaluation of LDH activity after transfecton using P[Asp(DET)]
(closed circle) or LPEI (closed square) polyplexes. Each data represents
mean+SD (n = 8). Freezechaw cells were used to calibrate 100% LDH
activity. **P<0.01.

causing cytotoxic effects [15]. The change in membrane
permeability due to the interaction with the polyplexes was
examined by an LDH assay under the same condition as
used in the transfection experiments above. As presented in
Fig. 2, the cells transfected by the LPEI polyplex revealed a
time-dependent increase in the leakage of LDH until 24 h
after transfection. In contrast, the P[Asp(DET)] polyplex
induced a minimal LDH leakage compared to the control.
Considering the similar cationic nature of LPEI and
P[Asp(DET)], the membrane destabilization after their
association onto the plasma membrane is expected to be
similar, which is apparently not the case observed here. The
discrepancy between the two polymers on the time-
dependent LDH leakage suggests that factors other than
simple electrostatic interaction play a substantial role in the
process of membrane destabilization.

The uptake amount of reporter gene into the HuH-7
cells by the P[Asp(DET)] or LPEI polyplex was determined
by a real-time PCR in terms of gene copies per cell from
the total DNA samples [16-18]. As seen in Fig. 3(a), the
uptake amount of reporter gene showed a continuous
increase until 24h after the transfection in the case of
the P[Asp(DET)] polyplex. The amount of reporter
genes internalized with the LPEI polyplex was similar to
that with the P[Asp(DET)] polyplex at 8h, yet was
significantly reduced by extending the transfection time to
24 h. One possible reason for this phenomenon might be
the rapid dissociation of pDNA from LPEI in the
cytoplasm as reported in the literature {19}, resulting in
its fast degradation by cytoplasmic enzymes [20,21].
However, when the culture medium was changed to
remove the polyplexes at 4h after the transfection,
both systems showed a similar profile of a gradual
decrease in the copy number after the medium change
(Fig. 3(b)), suggesting the similar stability of the inter-
nalized pDNAs for both systems. These results suggest that
the decrease in the internalized amount of the reporter gene
with the LPEI polyplex shown in Fig. 3(a) may be due to
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Fig. 3. Evaluation of pDNA uptake after transfecton using P[Asp(DET)]
(closed circle), LPEI (closed square), or by the form of naked pDNA
(open triangle). The cellular uptake of pDNA was quantified by a PCR,
(a) without changing medium during the procedure, or (b) with medium
change after 4 h of transfection. Each data represents mean+SD (n = 3).

the time-dependent decrease in the cellular activity to take
up the polyplexes caused by the toxicity of LPEL

To clarify this possible time-dependent influence on the
cellular function from the viewpoint of the genomics, we
assessed the change in the gene expressions of 11 frequently
used housekeeping genes in the presence of the polyplex.
These genes usually revealed a uniform expression, but the
expression profile may vary in response to various external
factors such as stress on the cells [22,23]. Thus, the
variation in their expression profile is a good indicator
for assessing the cellular function, a possible perturbation
in the cellular homeostasis. The quantitative evaluation of
the expression of these housekeeping genes by a real-time
PCR revealed that the cells transfected by LPEI apparently
showed downregulation in the expression of the house-
keeping genes at 72h after the transfection (Fig. 4(b)).
Although the measurement at 24h showed minimal
fluctuation in the housekeeping gene expression, GAPDH
and CYC were significantly downregulated by more than
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Fig. 4. Housekeeping genes expression after transfection. The mRNA
expressions of various housekeeping genes were evaluated by a
quantitative PCR at (a) 24h and (b) 72h after transfection using
P[Asp(DET)] (open bar) or LPEI (filled bar).

two cycles of ACt values compared to those of the control
cells at 72h, indicating a four-fold decrease in gene
expression. In these assays, the culture medium was
changed at 24 h. Thus, it is likely that LPEI associated
with the cells may induce the perturbed gene expression
through the continuous interaction with intracellular
components even after the medium change at 24h to
remove excess polyplexes in the medium. In contrast, the
expression of these genes in the cells transfected by
P[Asp(DET)] retained constant even after 72h, all of
which were within 0.5 cycles compared to those of the
control cells. These results of the housekeeping gene
expressions suggest the sustained homeostasis through
the transfection process using P[Asp(DET)], leading to
constant cellular activity such as the polyplex uptake
(Fig. 3(a)), proliferation (Fig. 1(c)), and continuous gene
expression (Fig. 1(b)).

As was occasionally reported, polyplexes induce critical
cytotoxicity especially at higher N/P ratios, presumably
due to the presence of free polymers [24-26). Although the
mechanisms are likely to involve various cellular responses
such as immunostimulation [27] and apoptosis [15,28], the
plasma membrane perturbation associated with the catio-
nic polymers may be an initial event that induces the
toxicity [28,29). From our present results on LDH release
(Fig. 2), the disorder on the plasma membrane seems to
occur within 24h after the transfection with the LPEI
polyplex. In addition, the intracellular events that were
noticed as the change in the endogenous gene expressions
emerged after 72 h of transfection. It should be noted that
these events of the perturbed expression of endogenous
genes were inevitable even after further supply of the
polyplexes was halted by the medium change at 24h,
strongly suggesting that the free PEI remaining inside the
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cells after the polyplex dissociation may cause an unfavor-
able interaction with the intracellular components in a
time-dependent manner.

3.3. Transfection toward mouse calvarial cells and induction
of osteogenic differentiation

The data so far indicates the minimal cytotoxicity of
P[Asp(DET)], suggesting a feasible capacity in gene
delivery for therapeutic purposes. To assess this feasibility,
we evaluated the induction of cell differentiation by
exogenous gene introduction. pDNAs encoding bioactive
factors, caALK6 and Runx2, both of which were revealed
to induce the effective osteogenic differentiation [30], were
introduced in this way to mouse calvarial cells derived from
neonatal calvariae. The osteogenic differentiation was
evaluated by the expression of osteocalcin mRNA, a
specific osteoblast-differentiation marker. As shown in
Fig. 5, the time-dependent increase in osteocalcin expres-
sion was confirmed after the transfection of caALK6+
Runx2 using P[Asp(DET)]. In contrast, no sign of the
osteocalcin expression was observed by the LPEI polyplex
until Day 11. Notably, the GFP-encoding pDNA, a
negative control of differentiation, achieved almost iden-
tical GFP expression by the P[Asp(DET)] and LPEI
polyplexes, without apparent morphologic changes in the
targeted cells as observed under the microscope (data not
shown). It can be reasonably assumed that, with the same
transfection procedure, the osteogenic factors of caALK6
and Runx2 were also expressed similarly inside the targeted
cells by the P[Asp(DET)] and LPEI polyplexes. Therefore,
the lack of osteocalcin induction by the LPEI polyplex is
considered to be due to the adverse effect on cell bioactivity
by LPEL In contrast, P[Asp(DET)] was revealed to be

caALK6+Runx2

] erp

relative osteocalcin expression
w
1

(Day) 5 1

P[Asp(DET))] LPEI

Fig. 5. Evaluation of osteocalcin mRNA expression by a quantitative
PCR. Osteogenic differentiation was induced on the mouse calvarial cells
by transfection of caALK6 and Runx2 (hatched bar) using P{Asp(DET)]
or LPEL As a negative control, a GFP (open bar) gene was used. After 5
or 11 days of transfection, the total RNA was collected and the osteocalcin
expression was estimated. Each data represents mean+SD (n=3).
*P<0.05 and **P<0.01.

available for practical use in the induction of cell
differentiation.

4. Conclusions

In conclusion, although LPEI has been widely used for
gene introduction to various cell lines, the time-dependent
cytotoxicity, which perturbs cellular homeostasis, should
be carefully considered even though an appreciable
expression of the reporter gene was achieved. As exempli-
fied here in the osteogenic differentiation, impaired cellular
function gave a negative effect in the intracellular signal
transduction directing cell differentiation. This aspect of
toxicity should be carefully counted especially when gene
therapy is proposed to promote such cell functions as
differentiation. Worth noting in this regard is the excellent
capacity of the gene introduction of P[Asp(DET)] with
minimal toxic effects, indicating that this system holds
much promise for the therapeutic applications of gene
therapy requiring safe and regulated gene expressions.
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Abstract

For the development of polyplex systems showing a high transfection efficacy without a large excess of polycations, a lysine (Lys) unit as a
DNA anchoring moiety was introduced into the amino acid sequence in poly(ethylene glycol)-b-cationic poly(N-substituted asparagine) with a
flanking N-(2-aminocthyl)-2-aminoethyl group (PEG-h-Asp(DET)) resulting in PEG-b-P[Lys/Asp(DET)}, in which the Asp(DET) unit acts as a
buffering moiety inducing endosomal escape with minimal cytotoxicity. PEG--P{Lys/Asp(DET))/DNA polyplexes exhibited a narrow size
distribution of ~90 nm without secondary aggregates at the stoichiometric N/P 1, suggesting the formation of PEG-shielded polyplex micelles.
The introduction of Lys units into the catiomer sequence facilitated cellular uptake and a 100-fold higher level of gene expression with PEG-5-P
[Lys/Asp(DET))/DNA polyplex micelles prepared even at a lowered N/P 2, possibly due to the enhanced association power of the anchoring Lys

units.
© 2007 Elsevier B.V. All rights reserved.

Keywords: Gene delivery; PEG; Polyplex micclle; Block copolymer; Nonviral

1. Introduction

In recent years, enormous efforts have been devoted to the
development of polycation-based gene delivery systems (poly-
plexes) due to their safety for clinical use, simplicity of
preparation, and adaptability to large-scale production [1,2]. In
particular, poly(ethylene glycol)-modified (PEGylated) poly-
plexes (polyplex micelles) formed through the eclectrostatic
interaction between plasmid DNA (pDNA) and PEG-b-
polycation copolymers (PEG-based block catiomers) are

* Corrcsponding author. Department of Matcrials Engincering, School of
Engineering, The University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-
8656, Japan. Fax: +81 3 5841 7139.

E-mail address: kataoka@bmw.t.u-tokyo.ac.jp (K. Kataoka).

0168-3659/$ - scc front matter © 2007 Elscvicr B.V. All rights reserved.
doi:10.1016/j jconrcl.2007.06.020

promising for in vivo gene therapy applications. The unique
core-shell architecture of PEG-based block catiomers when
combined with pDNA shows particle size data <100 nm under
physiological conditions [3]. Indeed, polyplex micelles from
PEG-b-poly(L-lysine) copolymers showed a high colloidal
stability in biological media, excellent biocompatibility, and
prolonged circulation periods in the blood stream {4-6]. How-
ever, further improvement in the transfection efficacy of these
polyplex systems is needed for translation into the clinic.
Previous studies have revealed that a high transfection
efficacy was obtained from polycations with a relatively low
pKa value, such as polyethylenimine (PEI), which is explained
by their buffering effect in endosomal compartments, as
described by the proton sponge hypothesis [7,8]. In this regard,
we have developed PEG-b-poly(N-substituted asparagine)
copolymers having the N-(2-aminoethyl)-2-aminoethyl group
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in the side chain (PEG-b-PAsp(DET)). Consequently, these
polyplex micelles exhibited a remarkably high transfection
activity possibly due to the high buffering capacity based on
the distinctive two-step protonation behavior of the flanking
ethylenediamine moiety [9]. Also, we found that PEG-b-PAsp
(DET) copolymers showed minimal cytotoxicity, allowing the
successful transfection to primary cells [9-12]. However, an
excess of PEG-b-PAsp(DET) copolymers with high N/P ratios
were required for successful polyplex transfection; consequent-
ly, we concluded that micelle solutions prepared under such
conditions are likely to contain a mixed population of: (i) block
catiomers firmly condensing DNA, (ii) block catiomers loosely
associated with DNA, and (ii1) free or non-DNA condensing
block catiomers. Hence, in vivo use of such PEG-b-PAsp(DET)
polyplex micelles, particularly for systemic administration, may
be limited, because loosely associated block catiomers easily
desorb from the polyplex micelles during blood circulation,
leading to the decreased transfection efficacy at the target site.
Therefore, the micelle systems showing efficient transfection at
lower N/P ratios without such non-associated or loosely asso-
ciated catiomers should be next developed for in vivo gene
delivery.

The present study was devoted to improving the transfection -

efficacy of the PEG-b-PAsp(DET)-based polyplex micelles at N/
P ratios near unity by enhancing their association power through
the introduction of Lys residues into the amino acid sequence
of the block catiomer. Note that Lys residues are expected to
anchor the associated block catiomers to the polyplex micelles.
In this way, a significantly improved efficacy of transfection was
achieved with the polyplex micelles with a subtle excess of block
catiomers even after preincubation in the medium containing
serum. This result seems to be associated with the facilitated
cellular internalization of the polyplex micelles with stably
incorporated block catiomers showing a high buffering capacity
for endosomal escape. :

2. Materials and methods
2.1. Materials

a-Methoxy-m-amino-poly(ethylene glycol) (Mw 12,000)
and [-benzyl-L-aspartate N-carboxyanhydride (BLA-NCA)
were obtained from Nippon Oil and Fats Co., Ltd. (Tokyo,
Japan). e-(Benzyloxycarbonyl)-L-lysine N-carboxyanhydride
(Lys(Z)-NCA) was synthesized from ¢-(benzyloxycarbonyl)-L-
lysine (Wako Pure Chemical Industries, Ltd., Osaka, Japan) by
the Fuchs~Farthing method using bis(trichloromethyl) carbon-
ate (triphosgene) (Tokyo Kasei Kogyo Co., Ltd., Tokyo, Japan)
[13]. Diethylenetriamine (DET), N,N-dimethylformamide
(DMF), dichloromethane, benzene, and trifluoroacetic acid
were purchased from Wako Pure Chemical Industries, Ltd.
Hydrogen bromide (HBr) (30% in acetic acid) was purchased
from Tokyo Kasei Kogyo Co., Ltd. Branched polyethylenimine
(25 kDa) (BPEI) was purchased from Sigma-Aldrich Co. (St.
Louis, MO). The pDNA coding for luciferase with a CAG
promoter (RIKEN, Japan) was amplified in competent DHSx E.
coli and purified with a QIAGEN HiSpeed Plasmid MaxiKit

(Germantown, MD). Luciferase Assay System Kit was pur-
chased from Promega (Madison WI); Label IT Fluorescein
Labeling Kit from Mirus Co. (Milwaukee, WI); and Micro
BCA™ Protein Assay Reagent Kit from Pierce Co., Inc.
(Rockford, IL). |

2.2. Synthesis of PEG-b-P{Lys/Asp(DET)]

Block copolymers of PEG and L-lysine(Z)/B-benzyl-L-
aspartate copolymer (P[Lys(Z)/BLA]), further referenced as
PEG-b-P[Lys(Z)/BLA], were synthesized by ring-opening
polymerization of a mixture of Lys(Z)-NCA and BLA-NCA
initiated by the terminal primary amino group of a-methoxy-w-
amino-PEG (Scheme 1). The typical synthetic procedure is
described as follows for the PEG-b-P[Lys(Z)/BLA] with 47 units
of Lys(Z) and 52 units of BLA. Lys(Z)-NCA (1.29 g) and BLA-
NCA (1.25 g) were dissolved in a mixture of DMF and
dichloromethane (6.8 mL and 31.7 mL, respectively). This NCA
solution was added to the PEG (1.0 g) in dichloromethane
(15 mL) in a stream of dry argon and stirred at 35 °C for 48 h for
copolymerization. The polymer in the reaction medium was
precipitated in a mixture of hexane and ethyl acetate (600 mL
and 400 mL, respectively), and purified by filtration. The
acetylation of the N-terminal amino group of the obtained
polymer (1.5 g) was subsequently performed at 35 °C for | h
using acetic anhydride (500 uL) in a dichloromethane solution
(22 mL). The polymer solution was precipitated into a mixture of
hexane and ethyl acetate (300 mL and 200 mL, respectively),
purified by filtration, and lyophilized from a benzene solution.
The resulting copolymers had molecular weight distributions
(Mw/Mn) of 1.1 to 1.3 as determined by GPC (data not shown).
The degree of polymerization (DP) of the P[Lys(Z)/BLA]
segment in the PEG-b-P[Lys(Z)/BLA] was determined from the
peak intensity ratio of the methylene protons of PEG (OCH,.
CH,, 6=3.5 ppm) to the aryl protons of the benzyl groups in the

CHa-(OCH2CHz2)arCHzNH2
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Scheme 1. Synthetic procedurc of PEG-b-P[Lys/Asp(DET)).
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Lys(Z) and BLA units (C¢Hg, =7.2-7.3 ppm) in the 'H NMR
spectra taken in dimethylsulfoxide at 80 °C. The compositions of
the P[Lys(Z)/BLA] segments were determined from the peak
intensity ratio of the protons of the 3 to & methylene groups
(CH-CH,CH,;, 6=1.2-2.0 ppm) in the side chain of the Lys(Z)
units to the protons of the benzyl groups in the Lys(Z) and BLA
units in the "H NMR spectra under the same conditions.

The PEG-b5-P[Lys(Z)/BLA] copolymers (300 mg) were
dissolved in DMF (6 mL), after which DET (2.5 mL; 50 eq to
the benzyl group of PBLA) was added to the polymer solution,
and stirred for 24 h at 40 °C under a dry argon atmosphere. After
24 h, the mixture was dropped into diethylether (120 mL) with
stirring, and then the white precipitate was filtered and re-
dissolved in trifluoroacetic acid (4 mL). To deprotect the Z
group, HBr (30% in acetic acid) was then added and stirred for
1 h, after which the solution was dropped into diethylether
(100 mL) with stirring, and the resulting precipitate was purified
by filtered and dried in vacuo. The crude product was dissolved
in distilled water, dialyzed against 0.01 N HCI and distilled
water, and lyophilized to obtain the final product, PEG-b-P[Lys/
Asp(DET)] as the hydrochloride salt form. The PEG-b-P[Lys/
Asp(DET)] copolymers with varying ratios of Lys units to Asp
(DET) units were obtained by changing the initial feeding ratio
of Lys(Z)-NCA to BLA-NCA upon polymerization. The intro-
duction of a DET moiety was confirmed from the peak intensity
ratio of the methylene protons of PEG (OCH,CH-, 4=3.5 ppm)
to the methylene protons of the introduced DET moieties
(CH,CH,NHCH,CH,, 5=2.6-3.6 ppm) in the 'H NMR spectra
taken in D,0 at 25 °C.

2.3. Preparation of polyplex micelles from PEG-b-P[Lys/Asp
(DET)]

The synthesized PEG-b-P[Lys/Asp(DET)] copolymer was
dissolved in 10 mM Tris—HCI (pH 7.4) buffer at 5 mg/mL. This
polymer solution was then mixed with pDNA in 10 mM Tris—
HCI (pH 7.4) (50 pg/mL) at varying N/P ratios (residual molar
ratio of amino groups in Lys and Asp(DET) units to pDNA
phosphate groups), followed by a 24 h incubation at ambient
temperature. The final concentration of pDNA in all the samples
was adjusted to 33 pg/mL. The complexation of pDNA with the
polycations was confirmed by agarose gel retardation analysis
and ethidium bromide (EtBr) dye exclusion assay. In the gel
retardation analysis, each sample was prepared by the dilution
of the micelle solutions to the concentration of 8.3 ug pDNA/
mL. 20 uL of each sample (166 ng pDNA) with a loading buffer
was then electrophoresed at 100 V for 1 h on a 0.9 wt% agarose
gel in 3.3 mM Tris—acetic acid buffer containing 1.7 mM
sodium acetate. The migrated pDNA was visualized by soaking
the gel in distilled water containing EtBr (0.5 pg/mL). In the
EtBr dye exclusion assay, each sample (33 pg pDNA/mL) with
varying N/P ratios was adjusted to 10 pg pDNA/mL with 2.5 ug
EtBr/mL and 150 mM NaCl by adding 10 mM Tris—HCI (pH
7.4) buffer containing EtBr and NaCl. The solutions were
incubated at ambient temperature overnight. The fluorescence
intensity of the samples excited at 510 nm was measured at
590 nm and a temperature of 25 °C using a spectrofluorometer

(Jasco, FP-777). The relative fluorescence intensity was calc-
ulated as follows:

Frz(Fsample_FO)/(FIOO-FO)

where Fynpe is the fluorescence intensity of the micelle
samples, F)go is the free pDNA, and F, is the background
without pDNA.

2.4. Zeta-potential and dynamic light scattering (DLS)
measurements

The zeta-potential of the polyplex micelles was determined
from the laser-Doppler electrophoresis using the Zetasizer
nanoseries (Malvern Instruments Ltd., UK) at a detection angle
of 173° and a temperature of 25 °C. Each sample was prepared by
simply mixing the polymer solutions with the pDNA solution at
varying N*/P ratios (33 pg pDNA/mL). The N*/P ratio was
defined as the residual molar ratio of protonated amino groups in
PEG-b-P[Lys/Asp(DET)] to phosphate groups in DNA. The
fraction of protonated amino groups in P[Lys/Asp(DET)]
segment was calculated assuming that 100% and 50% of the
amino groups in the Lys and Asp(DET) units, respectively, were
protonated at pH 7.4 and a temperature of 25 °C based on the
potentiometric titration results [9]. The samples were adjusted to
14 ug pDNA/mL by adding 10 mM Tris—HCI (pH 7.4) buffer,
and then, injected into folded capillary cells (Malvemn Instru-
ments, Ltd.), followed by the measurement. From the obtained
electrophoretic mobility, the zeta-potentials of each micelle were
calculated by the Smoluchowski equation: { =47nv/e in which n
is the viscosity of the solvent, v is the electrophoretic mobility,
and e is the dielectric constant of the solvent. The results are
represented as the average of three experiments.

The sizes of each polyplex micelle were also measured by
the DLS using the same apparatus. Micelle samples were
prepared by mixing each polymer solution with pDNA solution
at varying N*/P ratios (33 ng pDNA/mL). After an overnight
incubation at ambient temperature, the samples were adjusted to
14 ug pDNA/mL by adding 10 mM Tris—HCl (pH 7.4) buffer,
and then injected into low volume glass cuvettes, ZEN2112
(Malvern Instruments, Ltd.), followed by the measurement. The
data obtained from the rate of decay in the photon correlation
function were analyzed by the cumulant method, and the
corresponding hydrodynamic diameter of micelles was then
calculated by the Stokes—Einstein equation [14].

2.5. Stability of polyplex micelles against counter polyanion
exchange reaction

The stability of the polyplex micelle was estimated from the
release of pDNA from the micelle caused by the exchange
reaction with poly(aspartic acid) (PAsp, DP 66) as a polyanion.
Ten mM Tris—HCI buffer (pH 7.4) solutions with varying
concentrations of PAsp were added to the micelle solution with
the pDNA concentration of 33 pg/mL. After ovemight incubation
at ambient temperature, each sample solution containing 167 ng
of pDN A was electrophoresed through a 0.9 wt% agarose gel with
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a running buffer of (3.3 mM Tris—acetic acid (pH 7.4)+ 1.7 mM
sodium acetate+ 1 mM EDTA2Na). The pDNAs in the gel were
visualized by soaking the gel into distilled water containing EtBr

(0.5 mg/L).

2.6. Radiolabeling of pDNA for the cellular uptake study of
polyplex micelles

pDNA was radioactively labeled with >*P-dCTP using the
Nick Translation System (Invitrogen, San Diego, CA).
Unincorporated nucleotides were removed using High Pure
PCR Product Purification Kit (Roche Laboratories, Nutley, NJ).
After the purification, the 2 ug of labeled pDNA was mixed with
400 pg of non-labeled pDNA. The polyplex micelle samples
were prepared by mixing the radioactive pDNA solution with
each polymer solution (33 ug pDNA/mL). For cellular uptake
experiments, Hela cells were seeded on 24-well cultured plates
24 h before the experiments in Dulbecco’s modified Eagle
medium (DMEM) containing 10% fetal bovine serum (FBS).
The cells were incubated with 30 uL of the radioactive micelle
solution (1 ng pDNA/well) in 400 uL of DMEM containing
10% FBS. Afier 24 h incubation, the cells were washed three
times with Dulbecco’s PBS and lysed with 400 pL of the cell
culture Promega lysis buffer. The lysates were mixed with S mL
of scintillation cocktail, Ultima Gold (PerkinElmer, MA), and
then, the radioactivity of the lysate solution was measured by a
scintillation counter. The results are presented as a mean and
standard error of mean obtained from four samples.

2.7. In vitro transfection

Hela cells were seeded on 24-well culture plates and
incubated ovemight in 400 uL of DMEM containing 10%
FBS. The medium was changed to 400 puL of fresh DMEM
containing 10% FBS, and then 30 pL of each micelle solution
was applied to each well (1 pg of pDNA/well). In the estimation
of the effect of serum incubation on the transfection capacity of
the micelle samples, the micelle solutions were preincubated
with DMEM containing 10% FBS for 4 h and then added to the
wells. Afier 24 h incubation, the medium was changed to
400 pL of fresh DMEM without micelle samples, followed by
an additional 24 h incubation. The cells were washed with
400 pL of Dulbecco’s PBS, and lysed by 100 pL of the cell
culture Promega lysis buffer. The luciferase activity of the
lysates was evaluated from the photoluminescence intensity
using Mithras LB 940 (Berthold Technologies). The obtained
luciferase activity was normalized with the amount of proteins

Table 1

A scrics of synthesized block catiomers

Code Feeding unit DP of poly  Unit number of Lys % of Lys
radio (Lys: Asp) (amino acid) in poly(amino acid) units

L0/101 0:120 101 0 0

L24/102 25:90 102 24 24

LA7/99 50:60 99 47 47

L70/98 75:30 98 70 71

L109/109 120:0 109 109 100

255
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Fig. 1. 'H-NMR spectrum of the PEG-b-P[Lys/Asp(DET)] (L47/99) (D,0;
25 °C; concentration, 10 mg/mL).

in the lysates determined by the Micro BCA™ Protein Assay
Reagent Kit (Pierce).

2.8. Tolerability of polyplex micelles in serum-containing
medium

The tolerability of polyplex micelles in serum-containing
medium was estimated from the change in the fluorescence
intensity of the fluorescein-labeled pDNA (F-pDNA) contained in
the micelles. A pDNA was labeled using a Label IT Fluorescein
Labeling Kit. This system promotes the covalent attachment of
specific fluorescent molecules to guanine residues in nucleic
acids. Each polyplex micelle sample was prepared by simply
adding the polymer solution to the F-pDNA solution. After an
overnight incubation at ambient temperature under dark condi-
tions, the micelle solutions were mixed with 9 times volume of
FBS solution, and then incubated at 37 °C for 4 h. The fluo-
rescence emission of each sample excited at 492 nm was measured
at 520 nm and a temperature of 37 °C using a spectrofluorometer
(Jasco, FP-777). The obtained fluorescence intensities were
expressed as the relative value to the fluorescence intensity of
naked F-pDNA.

3. Results and discussion
3.1. Synthesis of PEG-b-P[Lys/Asp(DET)]

Block copolymers of PEG and P[Lys(Z)/BLA] (PEG-b-P
[Lys(Z)/BLAY) were prepared by the ring-opening copolymer-
ization of Lys(Z)- and BLA-NCAs as shown in Scheme 1. The
poly(amino acid) segments with similar DP and varying Lys(Z)/
BLA unit ratios were synthesized by changing the feeding ratio
of Lys(Z)-NCA to BLA-NCA in the reaction mixture. The DPs
and the unit ratios of Lys(Z)/BLA in the obtained copolymers
were calculated from the peak intensity ratio in the "H NMR
spectra (data not shown). As summarized in Table 1, five types
of copolymers were prepared. The DP of the poly(amino acid)
segments in a series of copolymers was confirmed to be approx-
imately 100, regardless of the composition. These copolymers
were then subjected to aminolysis reaction with DET, followed
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by deprotection of the Z groups. The 'H NMR spectra of the
obtained catiomers, as typically seen in Fig. I, reveal the
quantitative aminolysis of BLA units as well as the complete
deprotection of Lys(Z) units in the poly(amino acid) segment,
because the methylene protons in the DET moiety and the 3-
methylene protons in the asparagine unit had a 4:1 peak intensity
ratio and the peaks of the Z group disappeared in the "H NMR
spectrum. These catiomers were abbreviated as Lx/y, where x
and y represent the unit number of Lys and the total DP of the
poly(amino acid) segment, respectively.

3.2. Formation of polyplex micelles from PEG-b-P[Lys/Asp
(DET)] catiomers

The polyplex micelles were prepared by simply mixing each
catiomer solution with pDNA solution at varying N/P ratios.
The complex formation of pPDNA was confirmed by the agarose
gel electrophoresis of each sample. With an increase in the N/P
ratio, the amount of migrating free pDNA decreased, indicating
the complex formation of pDNA with the PEG-b-P[Lys/Asp
(DET)] catiomers (Supplementary Fig. 1). The critical N/P ratio
where the migration of pDNA was completely retarded differed
depending on the composition of the catiomers; i.e., the micelle
of the block catiomers with a lower ratio of Lys units required
the higher N/P ratio for the complete retardation of pDNA. To
quantitatively evaluate the relationship between the N/P ratio

—_—
[\
L4
-

Relative fluorescence intensity
(=]
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-
o

Relative fluorescence intensity

N*/P ratio

Fig. 2. EtBr dyc exclusion assay on a scrics of polyplex miccllcs. Micelles
included arc: X: L0/101; ©: L24/102; A: L47/99; [: L70/98; O: L109/109. (a)
Relative fluorescence intensity vs. N/P ratio. (b) Relative fluorescence intensity
vs. N'/P ratio.
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and the condensation behavior of pDNA, the EtBr dye ex-
clusion assay by fluorometry was completed. Fig. 2 (a) shows
that the fluorescence intensity of EtBr decreased with an in-
crease in the N/P ratio, and leveled off at a critical N/P ratio for
each micelle system. These fluorescence data were then re-
plotted against N*/P ratio, the molar ratio of protonated amino
groups at pH 7.4 in the block catiomers to phosphate groups in
pDNA, as seen in Fig. 2 (b). Note that the ratios of the proto-
nated amino groups in the block catiomer were calculated as
100% for Lys units and 50% for Asp(DET) units at pH 7.4,
respectively, from the potentiometric titration results of PEG-b-
PLys and PEG-b-PAsp(DET) block catiomers [9,15]. Interest-
ingly, Fig. 2 (b) reveals that the fluorescence intensity of all the
micelles leveled off at the N*/P ratio of approximately 1
regardless of the composition of the catiomers, indicating that
the condensation behavior of pDNA might be closely correlated
with the ratio of charged groups (N*/P). Also, this result
strongly suggests that the PAsp(DET) segment in the micelles is
likely to maintain the same protonation degree (x=0.5 at
pH 7.4) as that in the free catiomer without the facilitated
protonation by the complexation. As previously reported [9],
this limited protonation for the proton sponge potential of the
Asp(DET) units in the micelles is assumed to contribute to
endosomal escape of PEG-b-P[Lys/Asp(DET)] polyplex
micelles.

Fig. 3 (a) and (b) show the results obtained from DLS and zeta-
potential measurements. The cumulant diameters of the polyplex
micelles from the PEG-b-P[Lys/Asp(DET)]s were determined to
be 70— 100 nm throughout the range of the examined N*/P> 1. As
seen in the Fig. 3 (b) inset, the zeta-potentials of each polyplex
micelle appear nearly neutral at an N*/P 1, indicating the form-
ation of the charge stoichiometric micelle from pDNA and the
block catiomers. It should be emphasized that the polyplex
micelles from PEG-b-P{Lys/Asp(DET)] had a narrowly distrib-
uted size of approximately 90 nm without secondary aggregates
even at the charge neutralized condition (N*/P 1) as previously
demonstrated for those from PEG-b-PLys and PEG-b-PAsp(DET)
catiomers [9,16]. It should also be noted that all polyplex micelles
from the block catiomers had a much lower absolute value in zeta-
potentials than polyplexes prepared from PAsp(DET) homopol-
ymer (DP 98) (Fig. 3 (b)), possibly due to the shielding effect of
the PEG layer surrounding the polyplex core. Nevertheless, there
was a slight increase in the zeta-potentials of the polyplex micelles
from neutral to positive values in the region of N*/P> 1. This zeta-
potential increase is likely to be ascribed to the loose association
of excess catiomers with the polyplex micelles as previously
reported for the PEG-poly(2-dimethylamino)ethyl methacrylate)
catiomer/pDNA micelle [17]. Interestingly, the tendency of such
increasing zeta-potentials with N /P ratios varied according to the
composition of the block catiomers. The zeta-potential value of
the polyplex micelles from PEG-b-PLys leveled off at an NP4
(+10 mV), while that from PEG-b-PAsp(DET) seemed to reach a
plateau at a higher N*/P 16 (+10 mV), suggesting that the
association profile of the block catiomers with the polyplex
micelles varied between PEG-b-PLys and PEG-b-PAsp(DET)
micelles at N*/P ratios ranging from 1 to 16. Presumably, PEG-b-
PLys may reach the saturated association with pDNA at the lower
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Fig. 3. (a) Size and (b) {-potential of a scries of polyplex miccllcs and a PAsp
(DET) polyplex. X: L0/101 micellc, ©: £24/102 micelle, AA: L47/99 micellc,
03: L70/98 micclle, O: L109/109 miccllc, ®: PAsp(DET) (DP 98) polyplex.

concentration (lower N*/P) than PEG-b-PAsp(DET) due to the
effective anchoring effect of the Lys units. Although PEG-b-P[Lys/
Asp(DET)] micelles displayed the similar profiles of the zeta-
potential to PEG-b-PLys micelles at lower N*/P ratios, the micelles
showed further increase in the surface charge in the range of N*/
P>4 without leveling off. This result suggests that the association
of PEG-b-P[Lys/Asp(DET)] with pDNA may not be saturated even
in the range of N*/P>4, despite introduction of Lys units as a DNA
anchoring moiety. This phenomenon may be ascribed to the unique
structure of PEG-b-P[Lys/Asp(DET)] possessing two types of
cationic units with different pDNA affinity. The presence of the Lys
units in the block catiomer is likely to facilitate the binding of Asp
(DET) units to pDNA, promoting the block catiomer association to
the polyplex micelles at N"/P 2 or lower; however, at high con-
centrations of the block catiomers (high N*/P), Lys units may
preferentially bind to the polyplex micelles to replace the Asp
(DET) units, resulting in the continuous binding of the block
catiomers until the Lys units saturate the available binding sites.

3.3. Stability of polyplex micelles

The result of the zeta-potential measurement suggested that
the affinity of PAsp(DET) to pDNA seems to be enhanced by the
incorporation of Lys units. The complexing stability of the
polyplex micelles prepared from PEG-b-P[Lys/Asp(DET)] was
evaluated directly from the standpoint of the counter polyion
exchange reaction. The solutions with varying concentrations of

PAsp were added to the solution of the PEG-b-PAsp(DET)
micelle (N*/P 2) in different A/P ratios (the molar ratio of
carboxyl groups of PAsp to phosphate groups of pDNA).
Consequently, the pDNA was released from the PEG-b-PAsp
(DET) micelles at A/P>3 due to the counter polyanion exchange
of pDNA by PAsp (Fig. 4 (a)). In contrast, the improved stability
of the polyplex micelles from PEG-b-P[Lys/Asp(DET)] was

LO/101
(@) i

pPONA O 05 1 15 2

25 3 35 4

L70/98
(d) AP
Naked
pONA 0 05 1 15 2

25 3 35 4

1109/109
(e) AP

Nal
Naked

PONA 0 05 1 15 2 25 3 35 4

Fig. 4. Elcctrophorctic cvaluation of polyplex micelle (N*/P 2) tolcrability
against an cxchange rcaction with polyaspartic acid (DP 66). Notc: A/P stands
for the molar ratio of carboxyl groups in polyaspartic acid to phosphate groups
in pDNA. Micclle samples prepared at N'/P 2 were mixed with polyaspartic acid
solution and clectrophoresed after overnight incubation.
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confirmed as shown in Fig. 4 (b)—(d): higher A/P ratios were
required for the pDNA release with the increment in the
percentage of Lys units in the amino acid sequence of the PEG-b-
P[Lys/Asp(DET)]. In the case of the micelles from PEG-5-PLys,
the pDNA release was not observed in the range of the examined
A/P ratios (0—4) (Fig. 4 (€)). The similar tendency was also
confirmed for the micelles prepared at N*/P 4 (Supplementary
Fig. 2). These results support our hypothesis that a Lys unit has a
higher association power with pDNA than the Asp(DET) unit,
and consequently, the PEG-b-P[Lys/Asp(DET)] micelles ac-
quired the tolerability against the dissociation by polyanions
through the anchoring effect of Lys units in the block catiomer.

3.4. Transfection with polyplex micelles from PEG-b-P{Lys/
Asp(DET)]

Preliminary experiments on the cellular uptake of complexed
pDNA revealed that the pDNA incorporated into PEG-b-PAsp
(DET) at N*/P <4 was marginally internalized by cultured cells as
is the case with naked pDNA (Supplementary Fig. 3). We
speculate that this may contribute to the significantly lower
transfection ability of PEG-b-PAsp(DET) micelles prepared at
low N*/P ratios. Herein, we hypothesize that the complexing
stability promoted by the Lys anchors may facilitate the cellular
uptake of polyplex micelles prepared even at low N /P ratios. To
confirm this hypothesis, we completed a cellular uptake study
using *?P-radiolabeled pDNA. Fig. 5 reveals that the cellular

-uptake of pDNA complexed with block catiomers at an N*/P ratio

of 2 increased by the introduction of the Lys unit into the amino
acid sequence. Especially, the polyplex micelles from the PEG-b-
P[Lys/Asp(DET)] with the percentage of Lys units >47 exhibited
more than a 10-fold uptake of pDNA compared to PEG-b-PAsp
(DET). This result strongly suggests that the increased association
power of the polyplex micelles may contribute to their facilitated
cellular uptake without a large excess of block catiomers, i¢., at
low N/P ratios. Interestingly, the cellular uptake of radioactive
pDNA was maximized at the L70/98, even through its stability
was deemed comparable to that of PEG-b-PLys (L109/109), as
evidenced from the counter polyanion exchange reaction (Fig. 4
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Fig. 5. Thc uptake of pDNA complexed with block catiomers at N'/P 2 into Hela
cells. >?P-labeled pDNA micelles were incubated with the cells in DMEM
containing 10% FBS at 37 °C for 24 h. The amount of internalized pDNA is
represented as a percentage for the dosed pDNA (1 pg/well).
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Fig. 6. In vitro transfection cfficacy of polyplex micclles (N*/P 2) against Hela
cclls. Open bars: Transfection cfficacy without scrum-preincubation. Closed bars:
Transfection efficacy after 4 h incubation in the DMEM containing 10% FBS.
Hatched bars: Transfection cfficacy of the control; L0/101 micclles (N*/P 16) and
BPEI (25 kDa) polyplexcs (N/P 8).

(d) and (¢)). These data indicate that the increased cellular uptake
of PEG-b-P[Lys/Asp(DET)] micelles compared to PEG-5-PLys
micelles was not simply correlated to the enhanced stability. In
this regard, a slightly positive zeta-potential of PEG-b-P[Lys/Asp
(DET)] micelles compared to PEG-b-PAsp(DET) and PEG-b-
PLys micelles is noteworthy, suggesting the surface charge may
indeed affect the cellular uptake of the micelles with varying
stabilities.

The effect of the introduction of the Lys unit as an anchoring
moiety on the transfection ability of the polyplex micelles was
then evaluated from the expression of a luciferase gene in the
transfected cells. Although the PEG-b-PAsp(DET) micelles pre-
pared at the high N*/P 16 (ca. N/P 32) showed appreciably high
transfection efficacy, which was one order of magnitude higher
than that of BPEI polyplexes (25 kDa, N/P 8), reduction in the
N*/P ratio resulted in a sharp decline of the transfection ability of
the PEG-b-PAsp(DET) micelles probably due to the lowered
cellular uptake (Fig. 6). In contrast, the transfection efficacy
could be maintained to be a high value even in the range of
lowered N¥/P ratios by introducing Lys units into the block
catiomer (Supplementary Fig. 4). Eventually, the PEG-b-P[Lys/
Asp(DET)] micelles revealed an appreciably improved trans-
fection efficacy at N*/P 2 compared to the polyplex micelles of
PEG-b-PLys and PEG-b-PAsp(DET) (Fig. 6, open bars). These
results suggest that PEG-b-P[Lys/Asp(DET)] micelles may
provide high stability and promote endosomal escape, presum-
ably due to the synergistic effect of Lys and Asp(DET) units. The
improved stability through the anchoring effect of Lys units was
also confirmed from the transfection results after the preincuba-
tion of micelles in the serum-containing medium (Fig. 6, closed
bars). The micelles from PEG-b-P[Lys/Asp(DET)], with the
higher percentage of Lys units (147/99 and L70/98), maintained
the initial transfection capacity even after the serum-preincuba-
tion, whereas transfection efficacies of PEG-b-PAsp(DET) and
L.24/102 micelles, with a low percentage of Lys residues, were
significantly impaired by serum-preincubation. These results
strongly suggest that the associated block catiomers in the
micelles from L47/99, L70/98, and L109/109 might be tolerable
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Fig. 7. Tolcrability of polyplex miccllcs against scrum incubation evaluated
from the fluorcscence recovery of the entrapped fluorescein-labeled pDNA duc
to scrum-induced decondensation. Open bars: Fluorescence intensity in 10 mM
Tris-HCl (pH 7.4) buffer solution without FBS. Closcd bars: Fluorescence
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in the transfection medium containing serum due to the strong
anchoring of Lys units. This added strength of the Lys anchors is
further supported by the sustained fluorescence quenching of
fluorescein-labeled pDNA in micelles incubated in 90% FBS for
4 h as seen in Fig. 7. Apparently, fluorescence recovery due to
the serum-inducing decondensation of pDNA was progressively
inhibited with the increment in the percentage of Lys units in the
PEG-b-P[Lys/Asp(DET)].

Although the transfection efficacy (Fig. 6) seems to be
roughly correlated with the cellular uptake of the micelles
(Fig. 5), careful examination reveals the tendency that the PEG-
b-P[Lys/Asp(DET)] micelles with the lower percentage of Lys
units, [.24/102, achieved comparable transfection to those with
the higher percentage of Lys units, 47/L98 and L70/98, even
though the efficacy of pDNA uptake was fairly limited. This
tendency becomes more apparent by normalizing the luciferase
activity with pDNA uptake (Supplementary Fig. 5). This appar-
ent increase in the transfection efficacy may be explained by the
timely release of the loosely associated block catiomers from
the micelles in the endosomal compartment to exert a high
buffering capacity [9] and their possible interaction with the
endosomal membrane component, facilitating the endosomal
escape of the complexed pDNA, followed by a smooth release
of pDNA directing efficient transcription. The loosely associ-
ated nature of L24/102 in the micelle may be supported from a
decreased transfection efficacy after serum-preincubation as
shown in Fig. 6.

4. Conclusion

Polyplex micelles from PEG-b-PAsp(DET) revealed a high
transfection efficacy to various cell types including primary cells
[9—12] presumably due to a low cytotoxicity and a strong pH-
buffering capacity. Nevertheless, the weak association power of
PAsp(DET) with DNA may be problematic for in vivo systemic
administration, where the tolerability of polyplexes in proteina-
ceous media should be a crucial factor. Alternatively, a polylysine
has an appreciably high affinity to DNA, however, the trans-

fection efficacy of polylysine polyplexes remains low, possibly
due to poor endosomal escaping functions and an impaired release
of pDNA from the polyplex with an over-stabilized nature. In this
novel study, we sought to alter these discrepancies by placing both
Asp(DET) as a buffering unit with low cytotoxicity and Lys as a
strong anchoring moiety to DNA in a single polymer strand
resulting in PEG-b-P[Lys/Asp(DET)]. Polyplexes prepared from
pDNA and PEG-b-P[Lys/Asp(DET)] have a micellar structure
with a PEG palisade, exhibiting a remarkably improved stability
compared to PEG-5-PAsp(DET)/pDNA polyplex micelles. PEG-
b-P[Lys/Asp(DET)] polyplex micelles were further revealed to
promote cellular internalization, leading to enhanced transfection
efficacy even with a subtle excess of block catiomers. This
enhanced transfection efficacy could be explained by the syner-
gistic effect of Lys as an anchoring unit and Asp(DET) as a lower
toxic endosomal escaping unit. This approach of placing cationic
units with discriminating functions, e.g., DNA anchoring and
endosomal escaping functions, into a single block catiomer strand
is highly promising for future construct designs for effective in
vivo systemic applications.
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