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only clearly observed in the presence of the ODN with the
target cytidine, which suggests that the activation is depen-
dent on cytidine.

The biological stability of the ODNs was investigated in a
cell lysate and in the presence of DNase 1. 1t was shown that
the modified ODN 6 A (X = AP, R?= SMe) was slightly more
stable than the natural ODN 6A (X = G), and that the PEG
conjugate 8A (X =G) exhibits high stability in a cell lysate
(Figure 2 ). To rule out the possibility that the higher activity
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Figure 2. Comparison of the stability of the ODN derivatives in a cell
lysate (a) and in the presence of DNase I (b) at 30°C. Natural ODN:
6A (X=G), SMe-ODN: 6A (X—AP, R?—SMe), ODN-PEG: 8A
(X—G), ODN=biotin: biotin amide of 5A (X—G), PIC micelles: B-PEI
+ 8A (X—G) (N/P—1; B-PEI: M, —25000, DP — 580). B-PEI —
branched polyethyleneimine, DP— degree of polymerization.

of the modified ODNs is merely an effect of higher
biostability induced by the modification, we next investigated
the antisense effect of the PEG conjugates. The ODN-PEG
conjugates were incubated with mRNA of firefly luciferase
for 30 min in a buffer, and translation was performed by
treatment with an amino acid mixture in a cell lysate for
90 min at 30°C. It was clearly demonstrated that the PEG
conjugate with the modified ODN, 8A (X =2AP, R?=SMe),
exhibited a higher inhibitory effect than the conjugate with
the natural ODN, 8§ A (X =G), and that the biostability of the
modified ODN is not a major factor in the enhancement of
the antisense effect.!®’!

Hybridization of the ODN with the luciferase mRNA
following a cross-linking reaction was next investigated by
reverse-transcription polymerase chain reaction (RT-PCR).
When primers were used for the upstream and downstream
regions of the antisense target site, it was expected that the
PCR with cross-linked mRNA would produce shorter PCR
products than that with unmodified mRNA. First, ODN 6 A
(X =G or 2AP, R* = SPh) was mixed with mRNA in a buffer,
the mixture was subjected to RT-PCR, and the products were
analyzed by gel electrophoresis (Figure 3). The RT-PCR
products corresponding to a 223-mer nucleotide of the full
length were formed as the major product (Figure 3, lanes 2
and 3), thus indicating that neither covalent nor noncovalent
hybridized complexes were formed effectively in a buffer. We
next attempted to form complexes with mRNA in cell lysates,
so that we could isolate the complexes by using streptavidin
affinity beads. mRNA and biotin-conjugated ODN were
incubated in a cell lysate, and the hybridized complexes were
separated with streptavidin beads. (5 A-biotin is as biostable
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Figure 3. Analysis of RT-PCR products (denoted by arrows) of the
reaction of the ODN and luciferase mRNA. Lane 1: control; lane 2:
ODN 6A (X—G) and mRNA were subjected to RT-PCR; lane 3: ODN
6A (X—2AP, R?—SPh) was used in the same procedure as that for
lane 2; lane 4: ODN 5A-biotin (X~ G) and mRNA complexes were
separated with streptavidin beads then washed several times with a
buffer in the absence of the competitive ODN; lane 5: ODN 5 A~biotin
(X—2AP, R?—=SPh) was used in the same procedure as that for lane 4;
lane 6: washing was done in the presence of the competitive ODN in
otherwise the same procedure as that used for lane 4; lane 7: washing
was done in the presence of the competitive ODN in otherwise the
same procedure as that used for lane 5; lanes 8 and 9: markers. G is
guanosine and AP is 2-amino-6-(2-phenylthioethyl) purine (R?~ SPh;
see Scheme 2). Medium B is a buffer and medium L is lysate. The
ODN 5A-biotin has a biotin unit at its 3’ amino end. The sequence of
the washing ODN (21 mer) is the sense sequence 3 TACGGGTATGA-
C-AACTCGTTA-S": the target sequence of firefly-luciferase mRNA.

as the ODN-PEG conjugate, as shown in Figure 2a.) The
PCR in which separated streptavidin beads were used
afforded shorter RT-PCR products of approximately 50-mer
length (Figure 3, lanes 4 and 5), which showed that the RT
reaction was inhibited before the site of cross-linking with
both the natural ODN (X =G) and the cross-linking ODN
(X =2AP, R*=SPh). These results also clearly indicate that
tight ODN-mRNA complexes are formed in cell lysates, but
not in a buffer, in the case of both the natural and the
modified ODN. When the separated streptavidin beads were
washed in the presence of the competitive ODN, the short
RT-PCR products disappeared in lane 6 and were retained in
lane 7, thus demonstrating that covalently bound ODN-
mRNA complexes are formed with the cross-linking ODN
(X =2AP, R?= SPh). These results, together with the fact that
the sulfide derivative is transformed into a Z-amino-6-vinyl-
purine derivative in cell lysates,”™ strongly suggest that the
ODN with the reactive 2-aminopurine residue forms the
covalent bond with the target mRNA in the cell lysate to
enhance the antisense effect.

We next evaluated the intracellular antisense aclivity of
the reactive ODN-PEG conjugates by a dual-fuciferase-
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reporter assay. The PIC micelles of the reactive ODN-PEG
conjugates exhibit high stability toward enzymatic digestion

(Figure 2b) and were therefore used as the system for the

delivery of the ODN into the cellular interior. 2% HuH-7
cells were cotransfected with plasmids of firefly and renilla
luciferases in amounts at which both luciferases are expressed
to a similar extent. The cells were incubated for 24 h in the
presence of the reactive ODN-PEG as the PIC micelles and
then for 24 h in a fresh medium. The PEG-ODN conjugates
were mixed with PLL (poly-L-lysine, DP = 100, M, = 20900)
with a 1:1 molar ratio of the phosphate group in the PEG-
ODN conjugate and the amino group in PLL (N/P=1) to
form the PIC micelles. The luciferase expression was moni-
tored by measuring luminescence with the dual luciferase
assay kit. Antisense effects are summarized in Figure 4.
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Figure 4. Antisense effects with PEC-ODN/PLL PIC micelles against
gene expression of firefly luciferase in cultured HuH-7 cells. Normal-
ized ratios x of firefly-luciferase activity to that of renilla luciferase are
shown in the ordinate. G and 2AP represent guanosine and the 2-
amino 6-alkyl purine nucleoside; substituents R? are shown in
Scheme 2.

Neither the antisense ODN 6 A nor the PEG-ODN 8 A alone
showed antisense inhibition.?"*! Under conditions under
which the PIC micelles of the PEG-ODN 8C with the
random sequence did not show an antisense effect, the
micelles of the natural PEG-ODN 8 A clearly showed potent
antisense effects of about 50% inhibition at 10 pm. Although
higher concentrations of the PIC micelles were needed for
potent inhibition than those required in the antisense experi-
ments in cell lysates (compare Figures 1 and 4), the PIC
micelles formed with the ODN-PEG conjugates and PLL did
not cause cytotoxicity at concentrations of 10 unt.”™ Thus, the
inhibitory effects summarized in Figure 4 result from selective
antisense effects of 8 A. The sulfide derivatives of 2-amino-
purine (8A, X=AP, R"=SMe and SPh) showed greater
antisense effects than the PEG conjugate with the natural
antisense oligonucleotide (8 A, X = G). At a concentration of
10 pm in the suifide derivative, luciferase expression was
inhibited to 20% of that in the control. This degree of
expression corresponds to a background level. The ODN
containing the aniline derivative (8A, X = AP, R*=NHPh)
was used as an unreactive antisense control. In the presence of
this ODN, less effective antisense inhibition was observed,
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which again supports the hypothesis that the 2-aminopurine
derivative in the reactive ODN enhances antisense inhibition.

The consequences of one mismatched site on the antisense
effects are compared in Figure 5 for the natural antisense
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Figure 5. Comparison of the consequences of one mismatched site on
the antisense effects. Systems were assayed for their antisense effect
in a similar way to that described in the footnote of Figure 4. G and
2AP represent guanosine and the 2-amino 6-alkyl purine nucleoside;
substituents R? are shown in Scheme 2. x= normalized ratios of firefly-
luciferase activity to that of renilla luciferase. Target mRNA sequence:
-3 -TACGGGTATCA-C-AACTCGTTA-; antisense sequences: 8A: 5
ATGCCCATACT-X-TTGAGCAAT-PEG, 8B: 5-ATGCCCATACT-G-XTGAG-
CAAT-PEG. -

ODNs (8 A and 8B, X = G) and the reactive ODNs (8 A and
8B, X=2AP, R2=SPh). The natural ODN with one mis-
matched site (8 B, X = G) exhibited similar inhibition 1o that
of the fully matched ODN (8 A, X = G), which demonstrates
a disadvantage to the use of natural ODNs in terms of
antisense inhibition. In marked contrast, the reactive ODN
(8B, X = AP, R*=SPh), in which the 2-aminopurine deriva-
tive is at the position adjacent to the target cytidine, was much
less efficient than the fully matched ODN (8A, X = AP.R’=
SPh), thus demonstrating the superiority of the reactive ODN
over the natural antisense ODN in discriminating a single
nucleoside difference in cells. As the 2-amino-6-(2-phenyl-
thioethyl)purine nucleoside is highly selective to cytidine at
the complementary position,'”™™ the high sensitivity 10 a
single mismatch site can also be reasonably interpreted as a
result of selective cross-linking with the Z-amino-6-vinyl-
purine derivative.

In this study, we have applied the inducible alkylating
system that has been developed by our rescarch group to
intracellular antisense oligonucleotides. It was found that the
sulfide derivative of the 2-amino-6-vinylpurine nucleoside
exhibited high reactivity in a cell lysate, in striking contrast to
the chemical reactivity investigated in simple model systems.
Detailed investigations of the reaction product of the reactive
ODN with mRNA in a cell lysate strongly suggest that the
reactive ODN that incorporates the 2-aminopurine nucleo-
side analogue forms a covalent bond with the target mRNA.
The reactive ODN was subsequently applied in intracellular
antisense inhibition of luciferase by using polyion-complex
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(P1C) micelles of the PEG-ODN conjugate. In conclusion, we
have successfully shown that the inducible alkylation system
functions in an intracellular environment to promote efficient
and selective antisense activity against luciferase production.
A unique benefit of this alkylating agent is reflected in its high
selectivity, which may permit the discrimination of a single
nucleotide difference in cells. As the sulfide precursors to the
2-amino-6-vinylpurine derivative, unlike psoralen, do not
need UV irradiation for activation, they are expected to be
useful for further in vivo applications. This type of inducible
alkylation system combined with the delivery system of P1C
micelles for PEG conjugates opens new opportunities for the
use of reactive oligonucleotides in vivo.
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pH-Responsive Three-Layered PEGylated Polyplex Micelle Based on a
Lactosylated ABC Triblock Copolymer as a Targetable and Endosome-Disruptive

Nonviral Gene Vector
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Nonviral vectors for gene therapy have recently received an increased impetus because of the inherent safety
problems of the viral vectors, while their transfection cfficicncy is gencrally low compared to the viral vectors.
The lack of the ability to cscape from the endosomal compartments is belicved to be one of the critical barriers
to the intraccllular delivery of noviral gene vectors. This study was devoted to the design and preparation of a
novel ABC triblock copolymer for constructing a pH-responsive and targetable nonviral gene vector. The copolymer,
lactosylated poly(cthylenc glycol)-block-poly(silaminc)-block-poly|2-(N,N-dimethylamino)ethyl methacrylate] (Lac-
PEG-PSAO-PAMA), consists of lactosylated poly(cthylene glycol) (A-scgment), a pH-responsive polyaminc
segment (B-scgment), and a DNA-condensing polyamine segment (C-scgment). The Lac-PEG-PSAO-PAMA
spontancously associated with plasmid DNA (pDNA) to form threc-layered polyplex micelles with a PAMA/
pDNA polyion complex (PIC) core, an uncomplexed PSAQ inner shell, and a lactosylated PEG outer shell, as

confirmed by 'H NMR spectroscopy. Under physiological conditions, the Lac-PEG-PSAO-PAMA/pDNA polyplex .

micelles prepared at an N/P (number of amino groups in the copolymer/number of phosphate groups in pDNA)
ratio above 3 were found to be able to condense pDNA, thus adopting a rclatively small size (< 150 nm) and an
almost neutral surface charge (§ ~ -5 mV). The micelle underwent a pH-induced size variation (pH = 7.4,
132.6 nm — pH = 4.0, 181.8 nm) presumably duc to the conformational changes (globule-rod transition) of the
uncomplexed PSAQO chain in responsc to pH, leading to swelling of the free PSAO inner shell at lowered pH
while retaining the condensed pDNA in the PAMA/pDNA PIC core. Furthermore, the micelles exhibited a spécific
cellular uptake into HuH-7 cells (hepatocytes) through asialoglycoprotcin (ASGP) receptor-mediated endocytosis
and achicved a far more efficient transfection ability of a reporter gene compared to the Lac-PEG-PSAO/pDNA
and Lac-PEG-PAMA/pDNA polyplex micelles composced of the diblock copolymers and pDNA. The cffcct of
hydroxychloroquinc as an cndosomolytic agent on the transfection efficicncy was not observed for the Lac-PEG-
PSAO-PAMA/pDNA polyplex micelles, whereas the nigericin treatment of the cell as an inhibitor for the endosomal
acidification induccd a substantial decrease in the transfection cfficicncy, suggesting that the protonation of the
frec PSAO inner shell in response to a pH decrease in the endosome might lead to the disruption of the endosomce
through buffering of the cndosomal cavity. Thercfore, the polyplex micelle composed of ABC (ligand-PEG/pH-
responsive scgment/DNA-condensing segment) triblock copolymer would be a promising approach to a targetable

and endosome disruptive nonviral gene vector.

INTRODUCTION

Nonviral vectors for gene therapy have recently received
increased attention because of the concerns over the safety issoes
of viral vectors, including immunogenicity, oncogenicity, and
potential virus recombination (/—3). Most of the nonviral
vectors developed so far, however, show low transfection
cfficiency compared to the viral vectors, because the latter have
evolved multi-functionality to overcome the critical barrier to
cfficient genc delivery by directing the specific cellular uptake
and enhancing transport to the cytoplasm from the endosomal
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+81-29-853-5749. Fax: +81-29-853-5749. E-mail: nagasaki@
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E-mail: kataoka@bmw.t.u-tokyo.ac.jp.

t Tsukuba Research Center for Interdisciplinary Materials Science
(TIMS), University of Tsukuba.

* Department of Materials Engineering, The University of Tokyo.

* Division of Clinical Biotechnology, The University of Tokyo.

compartment. Recently, a new class of nonviral gene veetors
has been developed based on the supramolccular asscinbly
between plasmid DNA (pDNA) and poly(ethylene glycol)
(PEG)-block-polyamine copolymers (polyplex micelles) (4—10).
Because of the highly dense PEG shell surrounding the polyion
complex (PIC) core, the polyplex micelles exhibited excellent
solubility In aqucous media, high tolerability toward nuclease
degradation, and minimal interaction with biological compo-
nents, including proteins and cells, compared to the other
conventional polyplex and lipoplex systems. Furthermore,
ligand-installed polyplex micelles prepared from lactosylated
PEG-block-poly| 2-(N,N-dimethylamino)ethyl methacrylae| co-
polymer and pDNA showed an increase in the cellular uptake
through a rcceptor-mediated endocytosis process compared (©
those without lactose (ligand) moieties (/7). To obscrve an
appreciable cffect of the ligand molecules on genc cxpression,
however, the presence of hydroxychloroquine (100 #M) as an
cndosomolytic agent (72, 13) has so far been required. This
indicates that cndosomal cscape should be the most critical

10.1021/bc050364m CCC: $33.50 © 2006 American Chemical Society
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Figure 1. Change in the protonation degree of poly(silamine) (PSAO) with pH accompanying the conformation ransition (globule-coil-rad).
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Figure 2. Schematic illustration of the formation of the three-layered polyplex micelle composed of the ABC triblock copolymer and pDNA.

barrier to intracellular gene delivery by polyplex micelles (/14—
16). Therefore, approaches arc nceded to devise polyplex
micelles with a function to escape from the endosome where
the pH is 1.4—2.4 units lower than the physiological pH of 7.4
(17-20). In this rcgard, poly(cthylenimine) (PEI) derivatives
arc of interest as a pH-responsive polyamine component to
accomplish endosomal cscape by taking advantage of their
substantially lowered valuc of apparent pK, (~5.5) (“buffer or
proton-sponge cffect”) (21). However, the buffer effect of the
PEI segment occurs only when an cxcess of amino groups with
respect to DNA phosphate groups (high N/P ratio) is present in
the system, where a considerable amount of the amino groups
in PEI is in the free-basc form. This fact strongly suggests that
free PEL which is not complexed with pDNA, is likely to play
a crucial role in the buffer cffect, because amino groups in the
PEI/pDNA polyplex generally undergo facilitated protonation
duc to the zipper effect or the neighboring group effect during
the polyion complexation (over-protonation) to decrease the
buffering capacity (22). Thercfore, a strategy is needed to satisfy
the prcvcnuon of overprotonation of the pH-responsive polyamine
segment in the polyplex, as well as the achievement of efficient
condcnsation of pDNA into the PIC corc to exert efficient
stability. Worth noting in this rcgard is a concomitant incorpora-
tion of the polyamine scgment with a high pK, and onc with a
low pK, into a single PEG-based strand, as an ABC triblock
copolymer (23). A polyaminc scgment with a high pK as the
C block preferentially forms a polyion complex with phosphate
eroups in pDNA (DNA-condensation scgment), whereas the pH-
responsive polyamine segment (B block) with a comparatively
low pKa, located between the PEG scgment (A block) and the
pDNA-condensation segment (C block), is expected to retain a
substantial fraction of unprotonatcd amino groups (free-basc)
cven in the polyplex due to the low protonation ability. As a
consequence, the polyion complexation between such an ABC
triblock copolymer and pDNA may lcad to the formation of a
threc-layered polyplex micelle possessing an unprotonated pH-
responsive polyamine segment a$ an intermediate layer to
function as a buffering moicty for facilitated endosomal escape.

We herein synthesized a novel ABC triblock copolymer
composed of a targetable and biocompatible polymer segment,
a pH-responsive polyamine scgment, and a DNA-condensing
polyamine segment to form a three-layered polyplex micelle:
lactosylated PEG-block-poly(silamince) (PSAO) -block-poly|2-

(N, N-dimethylamino)ethyl methacrylate] (PAMA) |Lac-PEG-
PSAO-PAMA]. Here, PSAO was sclected as the pH-responsive
polyamine segment showing two-step protonation (Figuee 1,

pKa = 8.6 and pKiz = 5.8) along with a unique conformational
transition at the critical pH (24—29). The unprotonated PSAO
is insoluble in water, assuming a globular conformation with
high flexibility, whercas fully protonated PSAQO is soluble in
water, assuming a rodlike conformation with rigid and cxpanded
polymer strands. Such a unique conformational transition (rod-
globule transition) can be explained by the rotational hindrance
around the polymer chain due to the protonation of the amino
groups along with the counteranion binding to the Si atoms
(Figure 1). On the other hand, PAMA (pK, = 7.2) is known to
condense pDNA to form a compact structure, the size of which
is Tess than 200 nm under physiological conditions (8, 30. 31).
This fact suggests that polyion complexation between the Lac-
PEG-PSAO-PAMA and pDNA may form a targctable and
cndosome disruptive polyplex micelle with a well-defined three-
layered structure (Figure 2).

EXPERIMENTAL SECTION

Materials. 2.2’- Azobisisobutyronitrile (AIBN). dicyclohexyl-
carbodiimide (DCC), N-hydroxysuccinimide (NHS), and ni-
gericin (NR) were purchased from Wako and used without
further purification. Asialofetuine (ASF) and hydroxychloro-
quine sulfatc (HCQ) were purchased from Sigma and Acros
Organics, respectively. Potassium naphthalenc was used as a
THF solution, whose concentration was detcrmined by titration.
Water was purified using a Milli-Q instrument (Milliporc).
2-Propanol and diethyl cther (EtO) werc used as received
without further purification. Lysotraker Red DND-99 was
purchased from Molecular Probes. Plasmid DNA (pDNA)
encoding firefly luciferase (pGL3-Luc, Promega; 5256 bpa) was
amplified using EndoFree Plasmid Maxi or Mega kits (QIAGEN).
The DNA concentration was determined by reading the absor-
bance at 260 nm.

Polymer Analysis. 'H NMR (400 MHz) spectra were
obtained in CDCls, DMSO-dg, or D0 (pD = 7.4 and 4.0) with
0.15 M NaCl using a JEOL EX400 spectrometer. Chemical
shifts were reported in ppm relative to CDCls (87.26, 'H),
DMSO-ds (0 2.50, 'H), or D20 buffer (0 4.76. 'H). Size
exclusion chromatography (SEC) was performed using a TOSO
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Figure 3. SEC chromatograms of the (2) Lac-PEG-COOH, (b) bis-
(amino)-PSAO, (¢) Lac-PEG-PSAO block copolymer, (d) HOOC-
PAMA, and (e) Lac-PEG-PSAO-PAMA triblock copolymer.

HLC-8020 cquipped with an internal refractive index (RI)
detector (RID-6A) with the combination of TSK G4000gy and
G3000yr columns using THF as the cluent.

Synthesis of Lactose-PEG-block-PSAOQO. Bis(amino)-PSAO
was synthesized according to our previous report (24—29). The
Lac-PEG-COOH (0.100 g, 16 umol) and an cxcess amount of
bis(amino)-PSAQ (1.244 g 800 umol, M, = 1550, DP = 6)
were dissolved in CHCl3 (5.0 mL) together with DCC (6.3 mg.
32 umol) and NHS (2.3 mg, 20 xmol). The reaction mixture
was stirred at room temperature for 72 h. To remove the
unreacted bis(amino)-PSAQO and other chemicals, the rcaction
mixture was pourcd into Et;0 (200 mL). The obtained polymer
was further purified by reprecipitation into Et;O (200 mL) and
then freeze-dricd with benzene to obtain the lactose-PEG-b-
PSAO (0.102 g, 83% yiceld). Figures 3c and 4a, respectively,
show the SEC chromatogram and 'H NMR spectrum of Lac-
PEG-PSAO with assignment. SEC M,, = 7170, M /M, = 1.15
(caled. M, = 7850); 'H NMR (CDCls, in Figurc 4a) 6 0.10 (5,
36H, Hy), 0.63—0.79 (m. 24H, Hp. 1.02 (t. J = 7.3 Hz, 36H.
Hp. 1.10 (t, /= 7.1 Hz, 3H, H{"), 1.16 (t, / = 7.1 Hz, 3H, H),
1.77-2.02 (m, 4H, Hy+Hy), 2.42 (1, J = 7.1 Hz, 2H, Hy), 2.47—
2.62 (m, 80H, Hp). 2.62—2.73 (m. 2H, Hy). 3.61 (s. 617H,
Hy+Hy+He)

Synthesis of Lactose-PEG-block-PSAQ-block-PAMA. A
PAMA homopolymer bearing a carboxylic acid group at the
a-end (HOOC-PAMA) was synthesized via anionic polymer-
ization of 2-(N,N-dimcthylamino)cthyl methacrylate (32) using
the allyl alcohol/potassium-naphthalene initiator system, fol-
lowed by the radical addition of 3-mercaptopropionic acid in
the presence of AIBN. The Lac-PEG-PSAQ (0.051 g, 7.8 gmol)
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and an cxcess amount of HOOC-PAMA bearing a carboxylic
acid group at the o-end (0.5017 g, 88.5 umol, M, = 5670, DP
= 35) were dissolved in CHCl; (5.0 mL) together with DCC
(3.2 mg, 16 umol) and NHS (1.6 mg. 10 gmol). The rcaction
mixture was Stirred at room temperature for 72 h. To remove
the unreacted HOOC-PAMA and other chemicals. the polymer
was recovercd by precipitation into cold 2-propanol (—15 °C,
200 ml) and centrifuged for 45 min at 6000 rpm. Further
purification was carried out by dialyzing against distilled,
dcionized water (cutoff MW 3500) and then frecze-dricd to
obtain Lac-PEG-PSAO-PAMA (0.0383 g, 37% yield). Figures
3¢ and 4b, respectively, show the SEC chromatogram and ‘M
NMR spectrum of Lac-PEG-PSAO-PAMA with assignment.
SEC M, = 10850, M /M, = 1.29 (caled. M, = 13450); 'H NMR
(CDCls, in Figure 4b) 6 0.10 (s, 36H, Hy), 0.63—0.79 (m, 24H,
He). 0.80—1.16 (m, 94H, Hy), 1.02 (. J = 7.3 Hz, 42H, Hy).
1.16—2.17 (m, 64H, Hy), 2.23 (s, 185H, H;), 2.37—2.84 (m,
143H, Hy + Hy), 3.61 (s, 617H, H,), 4.08 (s. 62H. Hy).

Light Scattering Measurements of Polyplex Micelles. To
prepare stock solutions, specific amounts of cach of the block
copolymers (Lac-PEG-PSAO-PAMA, Lac-PEG-PSAO, and
Lac-PEG-PAMA) were dissolved in 10 mM Tris-HCI buffer
(pH 7.4) or distilled, deionized water, followed by adjustment
of the pH to 7.4. Both solutions were filtered through a 0.1-gm
filter to remove dust prior to the measurement. For the dynamic
light scattering (DLS) measurements as a function of pH, the
Lac-PEG-PSAO-PAMA copolymer in distilled water at pH 7.4
including 0.15 M NaCl was mixed with pDNA at an N/P ratio
of 3 [N/P = (amino group in the block copolymer)/(phosphate
groups in pDNA)] at pH 7.4 to obtain the final concentration
of 33.3 ug/mL of pDNA in the solution. The sample solutions
were adjusted to the desired pH using small aliquots of 0.1 of
0.01 M HCI, and the DLS was measured at cach pH point (pH
= 7.0, 6.5, 6.0, 5.5, 5.0, 4.5, and 4.0).

For the DLS measurements of the samples prepared at various
N/P ratios, the block copolymer in 10 mM Tris-HCI buffor (pH
7.4) was mixcd with pDNA at various N/P ratios (N/P = 1, 2,
3,4, 5,7, and 10), followed by the addition of 10 mM Tris-
HCI buffer (pH 7.4) including 0.3 M NaCl to adjust the pDNA
concentration (33.3 ug/mL) and the ionic strength of the solution
to physiological conditions (0.15 M NaCl).

A light-scattering spectrometer (DLS-7000. Photal, Otsuka
Electronics) cquipped with a 75 mW Ar-laser that produccs a
vertically polarized incident beam at Ao = 488 nm was used in
the present study for the DL.S measurements.

During the DLS measurements, the autocorrclation function
was analyzed using the cumulant method in which

g“) (1) = exp[—f‘r + (u/ 2)12- (';43/3!)13 + el (1)
yiclding an average characteristic line width of . The z-

averaged diffusion coefficient was obtained from the I' based
on the following equations:

T'=bp4 2

g = (dstn/A) sin(6/2) (3)

where ¢ is the magnitude of the scattering vector, n is the
refractive index of the solvent, and # is the detection angle.

The hydrodynamic radius, d, can then be calculated using the
Stokes—Einstein cquation:

d = kgTH6Tn D) 4)
where kg 1s the Boltzmann constant, 7 is the absolute temper-

ature, and 7 i the viscosity of the solvent. Also, the polydis-
persity index (PDI = u,/T'%) was derived from eq 1.
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Figure 4. 'H NMR spectra of (a) Lac-PEG-PSAOQ diblock copolymer

Zeta-Potential Measurements. Lascer-Doppler electrophore-
sis measurements of the polyplex micelles were carried out in
10 mM Tris-HCl buffer (pH 7.4) without NaCl (ELS-600,
Photal, Otsuka Elcctronics). From the determined electrophoretic
mobility, the zeta-potential () was calculated according to the
Smoluchouski cquation as follows:

¢ = dannuule 5
where 7 is the viscosity of the solution, 1 is the electrophoretic
mobility, and ¢ is the diclectric constant of the solvent.

Ethidium Bromide Exclusion Assay. The polyplex miccllc
solutions at various N/P ratios werc mixed with ethidium
bromide (EtBr) solution, and the final concentration was adjusted
to [pDNA] = 20 ug/mL and |EtBr] = 04 ug/ml. The
fluorescence of the intercalated EtBr was measured on a
spectrofluorometer (F-2500, Hitachi) by exciting at 510 nm
while monitoring emission at 590 nm.

Agarose Gel Retardation Studies. Aliquots (10 gL} of the
above polyplex micelle solutions with various N/P ratios werc
mixed with 13 gL of running buffer of 3.3 mM Tris-AcOH
with 1.0 mM EDTA2Na (pH 7.4) and loaded onto a 0.9 wt %
agarose gel (50 V, 2 h). The amount of pDNA was adjusted to

and (b) Lac-PEG-PSAO-PAMA triblock copolymer.

0.3 ug of pDNA/lane. After EtBr (0.5 ug/mL) staining for 1 h,
retardation of pDNA was visualized under UV irradiation.

Cell Culture. HuH-7 human cancer cells, derived from a
hepatocarcinoma cell line, were obtained from the Cell Resource
Center for Biomedical Research, Institute of Development,
Aging and Cancer, Tohoku University. The cclls were grown
in Dulbecco’s modified Eagle’s medium (DMEM) supplemented
with 10% FBS, 100 units/mL penicillin, and 100 ug/mL
streptomycin at 37 °C in a humidificd 5% CO» atmosphere.

Fluorescent Microscopy. Fluorcscein isothiocyanate (FITC)-
labcled pDNA was prepared using a Label 1T nucleic acid
labeling kit (Panvera). HuH-7 cells were seeded at a density of
5 x 10° cells/dish in a 35-mm glass bottom dish (Iwaki, Japan)
and kept overnight at 37 °C in 5% CO, atmospherc. The Lac-
PEG-PSAO-PAMA/pDNA polyplex micelles (N/P = 3) were
added at a pDNA concentration of 30 ug/mL and incubated at
37 °C in 5% CO, atmosphere in the prescnce or abscnee of
ASF (10 mg/mL) for 60 min. The cells were washed with
phosphatc buffcred saline (PBS) three times and imaged dircetly
in the cell culture medium using an Olympus 1X70 with an
appropriate filter.

Confocal Fluorescent Microscopy. HuH-7 cells were sceded
at a density of 5 x 10° cells/dish in a 35-mm glass bottom dish
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(Iwaki, Japan) and kept overnight at 37 °C in 5% CO,
atmosphere. The Lac-PEG-PSAO-PAMA/pDNA and the Lac-
PEG-PAMA/pDNA polyplex micelles (N/P = 3) containing
FITC-labeled pDNA were added at a pDNA concentration of
30 ug/mL and incubated at 37 °C in 5% CO; atmosphere in
the presence of Lysotraker Red DND-99 (50 nM) for 30 and
120 min. The cclls were washed with PBS three times and
imaged directly in the cell culture medium using an Olympus
IX81 equipped with a confocal IX2-DSU system and an
appropriate filter.

Transfection to HuH-7 Cells. HuH-7 cells were plated in a
24-well plate (5 x 10* cells/well) to reach about 50% conflucnce
after 24 h at transfection, and the medium was then changed to
fresh DMEM with 10% FBS (225 uL/well). For each well, the
polyplex miccllcs or B-PEI/pDNA polyplexcs at various N/P
ratios (25 uL/well) were added with a pPDNA concentration of
30 pug/mL. After 24 h incubation, the transfection medium was
changed to fresh DMEM with 10% FBS, and the cells were
further incubated for 24 h. For the preincubation study with
serum, a medium containing 20% FBS was added to the solution
of the polyplex micclles or B-PEI/pDNA polyplexes and
incubated at 37 °C for 6 h prior to the transfection study. The
cclls were lysed, and the luciferase activity of the lysatc was
monitored with the a Luciferasc Assay kit (Promega) and
ARVOSX-1 (PerkinElmer). The results were expressed as light
units per milligram of cell protcin determined by a micro BCA
assay kit (Pierce).

RESULTS AND DISCUSSION

Synthesis of Lactosylated Poly(ethylene glycol)-block-poly-
(sitamine)-block-poly[2-(N,N-dimethlyamino)ethyl methacryl-
ate] Triblock Copolymer. A synthetic route to lactosylated
poly(ethylenc glycol)-block-poly(silamine)-block-poy[2-(N,N-
dimethlyamino)cthyl methacrylate] (Lac-PEG-PSAO-PAMA)
triblock copolymer is shown in Scheme 1. A heterobifunctional
PEG bearing an allyl group at the a-end and an ortho ester group
at the w-end (allyl-PEG-ortho cster) was synthesized via the
anionic ring-opening polymcrization of ethylene oxide using

tactose-lactone (10 eq )
h EtN “EaN Me0H 6050 (2] MeOH 60:C (12h)

y NV\S/V\O(/\/M/VN{A;‘% ﬁ\/\)}r«

Q&WMSWMNNHMw
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Y.37% S
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the allyl alcohol /potassium-naphthalene initiator system, fol-
lowed by termination with trimethyl 4-bromoorthobutyrate in
the presence of 18-Crown-6. The radical addition of 2-amino-
cthancthiol hydrochloride to the allyl-PEG-ortho ester quanti-
tatively afforded an amine-PEG-methoxycarbonyl (HaN-PEG-
COOMg). Conversion of the ortho ester group into a methoxy-
carbonyl group (COOMe) occurred due to the hydrolysis of the
ortho ester group during the purification (dialysis) process. The
HaN-PEG-COOMe was then converted into an amine-PEG-
carboxylic acid (HoN-PEG-COOH) by hydrolysis with 10%
NaOHagq. The SEC (data not shown), 'H NMR, and MALDI-
TOF MS analyscs (sec Supporting Information) revealed that
the determined molecular weight of the HoN-PEG-COOH (SEC:
My = 6200, My/M, = 1.04, TOF-MS: M, = 6190, M./JM, =
1.03) agrees well with the calculated value (caled. My, = 6130),
and an amino group and carboxylic acid group wére quantita-
tively introduced into the a-cnd and w-end of PEG, respectively,
to confirm the successful synthesis of allyl-PEG-ortho ester and
HaN-PEG-COOMe. The introduction of a lactosc group to the
amine end of HoN-PEG-COOH was performed by reaction with
an cxcess amount of lactose-lactone (33). In the 'H NMR
spectrum of Lac-PEG-COOH, the degree of lactose functionality
was determined to be 72% (sce Supporting Information).

To obtain the lactosylated PEG-PSAO block copolymer, bis-
(amino)-PSAQ (M, = 1550, the degree of polymarization (DP)
= 6) was propared as rcported previously by the anionic
polyaddition of dimethyldivinylsilanc with N,N'-dicthylcthyl-
cnediaminge in the presence of a catalytic amount of #-Bul.i in
THF at 60 °C (24—29). The conjugation of the Lac-PEG-COOH
with bis(amino)-PSAO was performed by activating the terminal
carboxylic acid of Lac-PEG-COOH using dicyclohexylearbo-
diimide (DCC) and N-hydroxysuccinimide (NHS). A large
excess (50 equiv) of the bis(amino)-PSAO was used to suppress
the formation of triblock coplymer viz., Lac-PEG-PSAO-PEG-
Lac. After thc conjugation reaction, unconjugated bis(amino)-
PSAQ and other chemicals were removed by procipitation into
Et,O. Figurcs 3¢ and 4a, respectively, show the SEC chromato-
gram and 'H NMR spectrum of the Lac-PEG-PSAQ block
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Table 1. Diameter (d), PDI (u2/12), and Zeta-Potential (§) of the Lac-PEG-PSAO-PAMA/pDNA, Lac-PEG-PAMA/pDNA, and Lac-PEG-PSAQ/

pDNA. Polyplex Micelles Prepared at Various N/P Ratios

Lac-PEG-PSAO—-PAM
A polyplex miccHes

Lac-PEG-PAMA
polyplex micelles

Lac-PEG-PSAO
polyplex micelles

N/P DLS? d (nm) seta-potential® DLS?d (nm)/ zeta-potential® DLS? d (am)/ 7ota-potential®
ratio /PDI (12/1%) (mV) PDI (12/12) (mV) PDI (12/T?) (mV)

1 2(00.3/0.23 —4.3 196.5/0.24 —38 178.9/0.24 =58

2 175.4/0.23 +3.6 180.9/0.22 +3.8 166.6/0.20 —1.2

3 149.1/0.14 +4.7 147.0/0.14 +4.6 157.0/0.17 +(.6

4 147.2/0.17 +53 141.5/0.17 +4.8 163.4/0.22 +1.7

5 147.4/0.13 +5.1 140.0/0.19 +4.7 140.1/0.12 +2.3

7 146.8/0.18 +5.5 141.6/0.14 +5.0 144.7/0.19 +2.5

10 145.5/0.18 +54 136.1/0.12 +4.8 145.2/0.17 +2.4

@ Conditions for DLS measurcments: detection angle, 90°; solvent, 10 mM Tris-HCL, pH 7.4, including 0.15 M NaCl; emperature, 37 °C. » Conditions
for zeta-potential measurements: solvent, 10 mM Tris-HCI, pH 7.4; temperature, 25 °C.

copolymer with assignments. As seen in the SEC chromato-
grams (Figure 3), Lac-PEG-PSAQ (Figure 3c) gave a unimodal
pcak at a high molecular weight position (i.c., shorter elution
time) compared to the Lac-PEG-COOH (M, = 6300, M/M,
= 1.05, Figure 3a) and bis(amino)-PSAO (M, = 1550, My/M,
= 2.01, Figure 3b). Note that the unrcacted Lac-PEG-COOH
and bis(amino)-PSAQ were not obscrved in the SEC chromato-
gram (Figure 3c) of the Lac-PEG-PSAO (obsd. M, = 7150,
Mo/M, = 1.15, caled. M, = 7850). In the 'H NMR spectrum
(Figure 4a), the peaks corresponding to both of the PEG and
PSAQO segments were clearly obscerved, consistent with the
formation of a diblock copolymer. Note that the peaks corre-
sponding to the tcrminal lactose moicty were also observed at
& 4.0—5.3 ppm in the 'H NMR spectrum in DMSO-ds. From
the integral ratio between the PEG-backbone protons (3.7 ppm
-OCH,CH>-) and the methyl protons of PSAO segment (0.1
ppm, SiMey), the DP of the PSAO segment in the block
copolymer was calculated to be 5.67, which is in good
accordance with that of the starting bis(amino)-PSAO (DP =
6).

To obtain the Lac-PEG-PSAO-PAMA triblock copolymer,
the conjugation of the Lac-PEG-PSAO diblock copolymer and
HOOC-PAMA was performed in a manner similar to the
conjugation of Lac-PEG-COOH and bis(amino)-PSAO. After
the conjugation rcaction, unconjugatced HOOC-PAMA and other
chemicals were removed by precipitation into cold 2-propanol,
followed by centrifugation. Figurcs 3¢ and 4b, respectively,
show the SEC chromatogram and 'H NMR spectrum of the Lac-
PEG-PSAO-PAMA triblock copolymer with assignments. The
Lac-PEG-PSAO-PAMA (Figurc 3¢, M, = 10850, Mu/M, =
1.29, caled. M, = 13450) had a shorter clution time comparcd
to the Lac-PEG-PSAO (M, = 7170, M/M, = 1.15, Figure 3¢)
and HOOC-PAMA (M, = 5670, M/M, = 1.50, DP = 35,
Figure 3d), indicating an increasced molecular weight due to the
formation of the triblock polymer. Nevertheless, a slight portion
of unreacted Lac-PEG-PSAO and/or HOOC-PAMA scems to
still remain (about 10%) in the samplc as indicated by the small
accompanying pcak appearing after the main fraction (Figure
3¢). In thethe 'H NMR spectrum (Figurc 4b), the peaks
corresponding to the PEG, PSAO, and PAMA segments werc
clearly observed, suggesting the formation of a triblock copoly-
mer. From the integral ratio between the PEG-backbone protons
(3.7 ppm -OCHyCH»-) and mcthylenc protons of the PAMA
segment (4.08 ppm, ~-COOCH,CH:N(CH3)z), the DP of the
PAMA segment was calculated to be 31.3 (DP of starting
PAMA = 35). This result indicates that the purity of the triblock
copolymer was 89%.

Furthermore, Lac-PEG-PSAQ (M prc = 6300, DPpgay = 6.
number of amino groups = 12) and Lac-PEG-PAMA (Myprg
= 6300, DPpama = 55, number of amino groups = 55) diblock
copolymers were prepared in 4 similar manner as the controls
for the Lac-PEG-PSAO-PAMA (Myprg = 6300, DPpsap = 6,
DPpama = 35, total number of amino groups = 47).

Physicochemical Characterization of Polyplex Micelles.
The obtained triblock (Lac-PEG-PSAQ-PAMA) and diblock
(Lac-PEG-PAMA and Lac-PEG-PSAO) copolymcrs form poly-
plex micelics through the mixing with pDNA based on
clectrostatic intcraction. The size and surface charge of the
polyplex micclles (Lac-PEG-PSAO-PAMA/pDNA, Lac-PEG-
PAMA/pDNA, and Lac-PEG-PSAO/pDNA) was respectively
evaluated by dynamic light scattering (DLS) and Lascr-Doppler
clectrophoresis measurements at various N/P ratio$, as sum-
marized in Table 1. In the DLS measurcments, the diamcter
(dy and polydipersity index (PDI; 42/ of all the polyplex
micelles decrcased with increasing N/P ratios and vcached
platcau valucs of ca. 150 nm and 0.2, respectively. at an N/P
ratio higher than 5. Concomitantly, as the N/P ratios increased,
the zeta-potential (&) of all the polyplex micelles gradually
shifted from a negative value (£ < 0) to a positive value (§ >
0). Nevertheless, the zeta-potential of all the polyplex micelles
retained only a slightly positive value (& = +5 mV) cven when
the N/P ratio was increased to 10, suggesting the formation of
a PEG corona surrounding the PIC core. These phenomena are
consistent with the DNA condensation (coil-globulc transition)
upon complexation with the polycation scgment in the block
copolymers (5, 9, 10). It should also be noted that the N/P ratio
to induce compleic DNA condensation substantially shified to
a higher valuc from a stoichiometric mixing ratio (N/P = 1). A
similar tendency was observed for the polyplex micelle from
the PEG-PAMA block copolymer and pDNA ().

To further clarify the behavior of DNA condensation, the
quenching of the fluorescence intensity of the DNA intercalating
dye, EtBr, was observed under physiological conditions for all
of the polyplex micelles. Note that cationic EtBr is excluded
from the DNA minor groove with the progress of the charge
ncutralization and the subscquent condensation of DNA duc to
the interaction with polycations, and therefore, this characteristic
of EtBr is frcquently utilized to estimate the degree of DNA
condensation through complexation with a polycation. The
profiles arc shown in Figure 5a. In line with a trend in the
hydrodynamic diameter and zeta-potential variations as shown
in Table 1, the fluorescence intensity of EtBr decrcased with
increasing N/P ratios for all of the polyplex micclies, and the
quenching of the fluorescence still continued cven in the region
of N/P > 1, suggesting that DNA condensation was not
completely finished at the stoichiometric mixing ratio (N/P =
1) and that a nonstoichiometric complex may form in the range
of N/P > 1. It should bc noted that the amino groups of both
PAMA and PSAQO segments are incompletely protonated at
physiological pH (= 7.4) because of their relatively lowered
pKa values (PAMA: pK, = 7.2, and PSAO: pK, = 8.6, pKy»
= 5.8). This may be a rcason for the shift of the DNA-
condensation point from a stoichiometric mixing fatio (N/P =
1. It should also be noted that a 35% decreasc in fluorcscence
intensity compared to the initial value was obscrved for Lac-
PEG-PSAOQ, whereas a decrease is more significant (50~55%)
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Figure 5. Ethidium bromide (EtBr) exclusion assay for the Lac-PEG-
PSAO-PAMA/PDNA (circle), Lac-PEG-PAMA/pDNA (triangle), and
Lac-PEG-PSAOQ/pDNA  (square) systems. (a) Change in relative
fluorescence intensity with the N/P ratio. (b) Change in relative
fluorescence intensity with the AMA/P unit ratio ([amino groups in
the PAMA segment [/ phosphate group in the pDNA) (solvent, 10 mM
Tris-HCI buffer including 0.15 M NaCl (pH 7.4); temperature, 37 °C).

a) Lac-PEG-PAMA/ pDNA polyplex micelies
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Figure 6. Agarose gel electrophoresis of the (a) Lac-PEG-PAMA/
pDNA, (b) Lac-PEG-PSAO/pDNA. and (¢) Lac-PEG-PSAO-PAMA/
pDNA polyplex micelles prepared at various N/P ratios.

for Lac-PEG-PAMA and Lac-PEG-PSAO-PAMA, and their
fluorcscence intensitics of Lac-PEG-PSAO-PAMA were almost
identical when the N/P ratio was converted to the AMA/P
(Jamino groups in the PAMA scgment|/[phosphate group in the
pDNA]) unit ratio (Figure 5b). suggesting that the PAMA
secgment may preferentially take part in the complexation with
DNA in the Lac-PEG-PSAO-PAMA/pDNA system, bearing the
PSAOQ segment in the frec form.

To evaluate the stability of the polyplex micelle, an agarosc
gel retardation assay at various N/P ratios was carried out. As
shown in Figure 6, two topologically different forms of pDNA,
i.c., supercoiled (scDNA) and open circular (ocDNA), were
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clearly obscrved in the absence of the block copolymer (at N/P
= (). In the cascs of Lac-PEG-PSAO-PAMA/pDNA and Lac-
PEG-PAMA/pDNA polyplex micelles, pDNA migration was
completely retarded at an N/P ratio = 1.5 (Figure 6ac).
Alrernatively, a higher N/P ratio (= 3) was required for the
compicte retardation of pDNA for Lac-PEG-PSAO/pDNA
polyplex micelics (Figure 6b). Presumably, cxcess cationic
component may be nceded for the Lac-PEG-PSAQ block
copolymer with a shorter cationic segment to induce cffective
DNA stabilization.

The polyplex micelle from Lac-PEG-PSAO-PAMA and
pDNA was characterized by 'H NMR spectroscopy in >0
containing 0.15 M NaCl at pD = 7.4. Figurc 7f shows the 'H
NMR spectrum of the polyplex micelle prepared at N/P = 3,
where the residual molar ratio of the protonated PAMA scgment
in the block copolymer, calculated from the pK), value, to the
phosphate groups in pDNA is estimated to be unity at physi-
ological pH (= 7.4). Note that the DNA condcnsation process
was almost completed at N/P = 3, as shown in Table I
Obviously, the peaks from the PAMA segment, which were
clearly observed in the spectrum of the free polymers (Figure
7¢), ncarly disappcared upon complexation with pDNA (Figure
7f), whereas the peaks from the PSAO segment were still clearly
obscrved in the spectrum. The selective disappearance of PAMA
pcaks upon complexation strongly suggests that the PAMA
scgment predominantly forms a PIC with pDNA to cause
significant peak broadening. On the other hand, observation of
the peaks from the PSAO scgment cven in the spectrum of the
polyplex micclle suggests the presence of the uncomplexed
PSAOQ fraction. Eventually, these results are consistent with the
formation of the three-layered structure of the polyplex micelle
with a PAMA/pDNA PIC core, a free PSAO inner shell, and a
lactosylated PEG outer shell, as illustrated in Figure 2. In sharp
contrast to the Lac-PEG PSAO-PAMA/pDNA system. pcaks
corresponding to polyamine scgments (PAMA and PSAQ)
completely disappeared in the NMR spectra of the polyplex
micclles from diblock copolymers (Lac-PEG-PAMA/PDNA
(Figure 7d) and Lac-PEG-PSAO/pDNA (Figure 7¢)) duc to the
limited molccular motion in the complex form.

pH Response of the Polyplex Micelles. To cstimate the cffect
of the environmental pH on the hydrodynamic diameter of the
polyplex micelles, the Lac-PEG-PSAO-PAMA/pDNA., Lac-
PEG-PSAO/pDNA, and Lac-PEG-PAMA/pDNA polyplex mi-
celles were prepared in 0.15 M NaClaq (pH 7.4) at N/P = 3.
By decreasing the pH from 7.4 to 4.0, the diameter (d) of the
Lac-PEG-PSAO-PAMA/pDNA and Lac-PEG-PSAQ/pDNA poly-
plex micelles proportionally increases with a unimodal distribu-
tion (uy/I'? < 0.25), rcaching a 2.7-times larger hydrodynamic
volume at pH 4.0 compared to that at pH 7.4, as shown in Figurc
8. On the contrary, there was negligible change in the
hydrodynamic diameter of the Lac-PEG-PAMA/pDNA polyplex
micelle with decreasing pH from 7.4 to 4.0. This pH-induced
size variation observed for the system containing the PSAO
scgment is most likely to be related to the conformational
changes in the PSAO chain due to progressive protonation with
decreasing pH. In the 'H NMR spectrum of the Lac-PEG-
PAMA/pDNA polyplex micelle (N/P = 3) at p = 4.0, the
peaks from the PAMA segment almost disappeared, indicating
that pDNA was still condensed even at pD = 4.0 by the PAMA
segment (sce Supporting Information). Furthermere. the 'H
NMR spectrum of the Lac-PEG-PSAO-PAMA/PDNA polyplex
micelle at pD = 4.0 shows only the peaks assigned to the PSAC
segment along with the PEG segment, suggesting the three-
Tayered structurc cven at pD = 4.0 (sec Supporting Information).
This result supports the plausible scheme that the globule-to-
rod conformational changes in the uncomplexed PSAO segment
in the three-layered Lac-PEG-PSAO-PAMA/pDNA polyplex
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Figure 7. 'H NMR spectra of (a) the Lac-PEG-PAMA block copolymer at pD = 7.4, (b) the Lac-PEG-PSAO block copolymer at pD = 7.4, (¢}
Lac-PEG-PSAO-PAMA wiblock copolymer at pD = 7.4, (d) the Lac-PEG-PAMA/pDNA polyplex micelle at pD = 7.4, (e) the Lac-PEG-PSAQ/
pDNA polyplex micelle at pD = 7.4, and (f) the Luc-PEG-PSAO-PAMA/pDNA polyplex micelle at pD = 7.4 in D0 containing (.15 M NaCl at
37 °C. The solid and dotted arrows indicate the peaks corresponding to the PAMA segment und PSAO segment, respectively.
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Figure 8. pH vs diameter (¢) and PDI (/") of the Lac-PEG-PSAO-
PAMA/pDNA (circle), Lac-PEG-PAMA/pDNA (triangle), and Lac-
PEG-PSAO/pDNA (square) polyplex micelles at N/P = 3 (angle, 90°:
solvent, distilled water including 0.15 M NaCl: temperature, 37 °C).

micelle may induce the selective expansion of the PSAQ inner
shell while retaining the condensed pDNA in the PAMA/pDNA
PIC core, leading to the remarkable pH-induced size variation.
However, the obscrved size variation is clearly too large
compared with the calculated PSAO length as the folly stretched
chains for coil-state (pH 7.4) and rod-state (pH 4.0), indicating
that the expansion of the PSAQO inner shell is not sufficient to
account for the size variation of the micelles. Although other
possible factors probably exist, we believe that the expansion
of the PSAQO inner shell is onc of the factor for the size variation
of the micelles. On the other hand, the peaks from the PSAQ
scgment clearly appeared in the 'H NMR spectrum of the Lac-
PEG-PSAO/pDNA polyplex micelle at pD = 4.0, suggesting
that the conformational changes (globule-rod transition) of the
complexed PSAQO scgment in the Lac-PEG-PSAO/pDNA poly-
plex micelle presumably leads to the formation of a loose PIC
core (see Supporting Information). Apparently, the high rigidity

of the protonated PSAO chain in the lower pH region should
be unfavorable for triggering the DNA condensation upon
complexation. As a conscquence, a loose complex may form
between pDNA and the PSAO segment without condensation
in the lower pH region, showing an appreciable size increasc.

Evaluation of the Biological Efficacy of the Polyplex
Micelles. The cytotoxicity of the Lac-PEG-PSAO-PAMA. lac-
PEG-PAMA, and Lac-PEG-PSAO block copolymers against
HuH-7 cells (hepatocytes) was studied using an MTT assay
(scc: Supporting Information). The viability of cells treated with
the Lac-PEG-PSAO block copolymer was less thian 20% at a
polymer concentration of 100 ug/mL (ICsy < 30 ug/mL). In
contrast, cells incubated with Lac-PEG-PSAO-PAMA or Lac-
PEG-PAMA rctained 65~70% viability relative to controls cven
at concentrations up to 100 ug/mL. This result indicates that
the inclusion of PSAO segment into the Lac-PEG-PSAO-PAMA
triblock copolymer seems to substantially reduce its inherent
cytotoxicity.

To examinc whether the Tactose moiety (galactose terminal)
on the surface of Lac-PEG-PSAO-PAMA/pDNA polyplex
micelle is recognized by the asialoglycoprotein (ASGP) recep-
tors existing on the HuH-7 cells (34, 35). the cellular association
and internalization of the polyplex micelle (N/P = 3) with
fluorescein isothiocyanate (FITC)-labcled pDNA were visualized
under a fluorescence microscope at 60 min of incubation in the
presence and absence of asialofetuine (ASF). Note that the ASF
15 known to function as a competitive inhibitor for the ASGP
receptor-mediated endocytosis (36). The cellular association and
internalization of the Lac-PEG-PSAO-PAMA/pDNA polyplex
micclle to HoH-7 cells in the absence of ASF were clearly
observed as shown in Figure 9b,d. On the contrivy. substantially
reduced cellular association and internalization of the micelles
were observed in the presence of ASF as shown in Figure 9a.c.
This result indicates that the cellular association and internaliza-
tion of the Lac-PEG-PSAO-PAMA/pDNA polyplex micelle
occur mainly through the ASGP receptor-mediated process.
which 1§ inhibited in the presence of ASF (37).

To estimatc the transfection ability of the Lac-PEG-PSAO-
PAMA/pDNA, Lac-PEG-PAMA/pDNA, and Lac-PEG-PSAQ/
PDNA polyplex micelles with various N/P ratios, a transfection
study using HuH-7 cells was carried out in the presence of 10%
FBS. A pGL-3 control plasmid DNA encoding firefly luciferase
was used as a reporter gene. In addition, the B-PEI/PDNA
polyplex was uscd as a control vector at the optimal N/P ratio
of 10 to show the highest transtection efficacy. As shown in
Figure 10, the transfection cfficiency of the Lac-PEG-PSAO-
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Figure 9. Asgsociation and internalization to HuH-7 cells of the Lac-PEG-PSAO-PAMA/pDNA polyplex micelles prepared at N/P = 3 after 60
min incubation. (a) ASF (-+) (phase-contrast image), (b) ASF (—) (phase-contrast image), (¢) ASF (+) (fluorescent image), and (d) ASF (=)

(fluorescent image).
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Figure 10. Transfection efficiency to HuH-7 cells of the Lac-PEG-
PSAO-PAMA/pDNA, Lac-PEG-PAMA/pDNA, and Lac-PEG-PSAO/
pDNA polyplex micelles prepared at various N/P ratios with a fixed
pDNA amount. The plotted data are the average of wiplicate experi-
ments + SD (P* < (.05).

PAMA/pDNA and Lac-PEG-PAMA/pDNA polyplex micelles
was substantially improved with an increasing N/P ratio. In
particular, 1 order of magnitude increase in transfection cf-
ficiency was achicved by increasing the N/P ratio from 1 to 2
(P < 0.05), corresponding to the formation of a stable polyplex
structure judging from the agarosc gel retardation assay, scen
in Figure 6. Alternatively, the Lac-PEG-PSAO/pDNA polyplex
micelles exhibitcd only limited transfection cfficiency, presum-
ably due to the low DNA condensing capacity of the PSAO
chain as indicated from the results of the EtBr cxclusion assay
shown in Figure 5. Thus, polyplex micclles formed from Lac-
PEG-PSAO may not be stable cnough to be tolerated in the
culture medium containing a substantial amount of scrum
proteins. Of interest, the transfection cfficiency of the Lac-PEG-
PSAQO-PAMA/pDNA polyplex micelles always revealed a
higher transfection cfficiency than the Lac-PEG-PAMA/pDNA
polyplex micelles in the range of N/P ratios between 2 and 10
(P < 0.05).

To determinc whether the difference in the transfection
cfficiency between the Lac-PEG-PSAO-PAMA/pDNA and Lac-
PEG-PAMA/pDNA polyplex micelles is related to the endo-
somal cscape function, confocal microscope cxperiments were
performed on the HuH-7 cclls treated with the polyplex micelles
containing FITC-labeled pDNA. Cells were co-incubated with
LysoTracker Red DND-99 probe, which specifically Stains
acidic organclles such as endosomes and lysosomes. Thus, the
colocalization of the polyplex micelles and the LysoTracker Red
probe in an acidic compartment (cndosome and lysosomce)
should be detected as yellow (or orange) fluorcscence duc 1o
the merging of green and red colors. In the cage of the Lac-
PEG-PAMA/pDNA polyplex micelles (Figure 11a,b), the yellow
and red fluorescences were observed without isolated green
fluorescence cven after a 120-min incubation, indicating that
the polyplex micelles localized in the cndosomes and/or
lysosomes with the LysoTracker Red probe. The Lac-PEG-
PSAO-PAMA/pDNA polyplex micclles localized in the endo-
somes and/or the lysosomes with the LysoTracker Red probe
after a 30 min incubation (Figure 1lc), as suggested by the
partially yellow fluorescence. At 120 min of incubation, diffused
green fluorescence was observed in the cytoplasm (Figure 11d),
indicating that the Lac-PEG-PSAO-PAMA/pDNA polyplex
micelles gradoally escaped from the endosomes and/or lySomes
into the cytoplasm in a time-dependent manner. These results
suggest that both the PAMA segment as a DNA-condensing
polycation and the PSAO segment as the buffering moicty may
syncrgistically contribute to enhance the transfection efficicncy
of the Lac-PEG-PSAO-PAMA/pDNA polyplex micelles. Al-
though the Lac-PEG-PSAO-PAMA/pDNA polyplex micelles
showed 1 order of magnitude lower transfection cfficicncy than
the B-PEI/pDNA polyplex at N/P = 10 (P < 0.05). this value
may still be appreciable considering that the polyplexe micelles
have hydrophilic and neutral PEG palisades on their surface to
shicld the cationic character.

To verify that the improved transfection ability of the Lac-
PEG-PSAO-PAMA/pDNA polyplex micelles is a result of the
facilitated endosomal escape function as well ag the enhanced
cellular uptake through ASGP-mediated endocytosis, the trans-
fection study at N/P = 3, 5, and 10 was carricd out in the
presence or the absence of hydroxychloroguine (HCQ) as an
cndosomolytic agent, nigericin (NR) (38) as an inhibitor of the
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Figure 11. Confocal fluorescent microscope images of the HuH-7 cells in the presence of Lysotracker Red DND-99 and polyplex micelles prepared
at N/P =3 with FITC-labeled pDNA. (2) Lac—PEG PAMA/pDNA polyplex micelles (incubation time: 30 min), (b) Lac-PEG-PAMA/pDNA polyplex
micelles (incubation time: 120 min), (¢) Lac-PEG-PSAO-PAMA/pDNA polyplex micelles, (incubation time: 30 min), (d) Lac-PEG-PSAO-PAMA/
pDNA polyplex micelles (incubation time: 120 min). These images are the typical image of triplicate experiments.
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Figure 12. ‘Effect of the HCQ (100 uM), NR (5 M), ASF (4 mg/
mL), and 20% serum preincubation on the transfection efficiency to
HuH-7 cells of the Lac-PEG-PSAO-PAMA/pDNA polyplex micelle,
Lac-PEG-PAMA/pDNA polyplex micelle, and B-PEI/pDNA polyplex
as a function of N/P ratios at a fixed pDNA amount. Transfection
efficiency ratio is described as [value of RLU/mg of protein treated
with additive (HCQ. NR, and ASF)}/|value of RLU/mg of protein in
Figure 11]. The plotted data are the average of triplicate experiments
+ SD.

endosomal acidification, and ASF as an inhibitor of the ASGP-
mediated endocytosis. As shown in Figure 12, HCQ treatment
(100 M) had no contribution in increasing the transfection
cfficiency for the Lac-PEG-PSAO-PAMA/pDNA polyplex
micelles and the B-PEI/pDNA polyplex compared with the Lac-
PEG-PAMA/pDNA polyplex micelle (about 1 order of mag-
nitude increase in transfection cfficiency), whereas it showed
an appreciable decrcasc in the transfection cfficiency in the
presence of NR (5 uM) for the Lac-PEG-PSAO-PAMA/pDNA

polyplex micelles and the B-PEI/pDNA polyplex. This is in line
with the assumption that the Lac-PEG-PSAO-PAMA/pDNA
polyplex micelles may be cquipped with an endosome escaping
function duc to the unprotonated pH-responsive PSAO scgment
in the polyplex micelles.

A significant decrease in the transfection cfficiency of the
Lac-PEG-PSAO-PAMA/pDNA polyplex micelles was observed
in the presence of ASF, consistent with the results of cellular
uptake, as shown in Figure 9. Alternatively, no coffect of ASF
was observed cven for the Lac-PEG-PAMA/pDNA polyplex
micclle, suggesting that the endosomal escape may be the most
critical barricr to intracellular gene delivery by Lac-PEG-PAMA/
pDNA polyplex micelle. Thus, it may be reasonable to conclude
that an appreciable fraction of the Lac-PEG-PSAO-PAMA/
pDNA polyplex micelles is taken up into HuH-7 cells through
the ASGP rcceptor-mediated endocytosis process mediated by
the cluster of the large number of lactose moictics on the surface
of the polyplex micelles, followed by the cffective disruption
of the endosome by the buffer effect of the unprotonated pH-
responsive PSAO segment in the polyplex micelies.

It is well-known that components of the scrum may interact
with the polyplex to induce its structure change, resulting in
decreasing transfection efficiency. Thus, we examined the cffect
of the 20% scrum prcincubation for 6 h on the transfection
cfficiency of Lac-PEG-PSAO-PAMA/pDNA, Luc-PEG-PAMA/
pDNA polyplex micelles, and B-PEI/pDNA polyplexes. As
shown in Figurc 12, 1 order of magnitude decrcasc in the
transfection cfficiency was observed for B-PEI/pDNA poly-
plexes after preincubation with 20% serum probably duc 10 the
nonspecific interaction of the cationic polyplexcs with negatively
charged biomacromolecules, inducing the decrease in the cellular
uptake. In a sharp contrast, the polyplex micclle sytoms still
retained sufficient transfection efficiency toward HuH-7 cells
cven after prcincubation with 20% serum. The almost neutral
surface charge (6~ +5 mV in Table 1) of the Lac-PEG-PSAO-
PAMA/pDNA polyplex micelles with the highly lactosylated
PEG outer shell surrounding the PIC core and the PSAO inner
shell may induce the micelles to tolerate Serum ¢componcnts,
allowing the ccllular specific mteraction through ASGP receptor-
mediated endocytosis to retain efficiency even after the scrum
preincubation.
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CONCLUSIONS

In conclusion, this study demonstrates the pH-responsive
nature of novel three-layered polyplex micelles composed of 4
Tactosylated-PEG-PSAO-PAMA triblock copolymer and pDNA.
aimed at the devclopment of a targetable and endosomc-
disruptive gene delivery system. The Lac-PEG-PSAO-PAMA
triblock copolymer bearing a PAMA segment as the DNA-
condensing polyaminc and a PSAO scgment as the pH-
responsive polyamine was successfully synthesized. The Lac-
PEG-PSAO-PAMA wiblock copolymer, thus prepared, spontanc-
ously associated with pDNA to form three-layered polyplex
micelles with a PAMA/pDNA PIC core, a free PSAO inncr
shell, and a lactosylated PEG outer shell, as confirmed by 'H
NMR spectroscopy. Under physiological conditions, the Lac-
PEG-PSAO-PAMA/pDNA polyplex micelles prepared at an N/P
ratio above 3 were found to be able to condense pDNA (EtBr
assay), thus forming polyplex micclles with a relatively small
size (< 150 nm, DLS mecasurements), and an almost neutral
surface charge ({~ +5 mV, zeta-potential measurements). The
Lac-PEG-PSAO-PAMA/pDNA polyplex micelle formed at N/P
= 3 exhibited a pH-induced size variation (pH = 7.4, 132.6
nm — pH = 4.0, 181.8 nm) corresponding to the conformational
changes (globule-rod transition) in the uncomplexed PSAO
chain in responsc to pH. The swelling of the free PSAO inncr
shell is likely to occur in this process while retaining the
condensed PIC corc composed of the PAMA segment and
pDNA. The fluorcscence microscopic observation revealed that
the interaction of the polyplex micelle entrapping FITC-labeled
pDNA with HuH-7 cells was significantly reduced in the
presence of ASF compared to the condition without ASF,
suggesting that ASGP rcceptor-mediated endocytosis would be
a major route of the ccllular uptake of the Lac-PEG-PSAO-
PAMA/pDNA polyplex micelles. Furthermore, the Lac-PEG-
PSAO-PAMA/pDNA polyplex micelles exhibited more efficient
transfection ability than Lac-PEG-PSAO/pDNA and Lac-PEG-
PAMA/pDNA polyplex micelles. Presumably, the Lac-PEG-
PSAO-PAMA/pDNA polyplex micelles might have an endo-
somal escape function, and thus, hydroxychloroquine as an
endosomolytic agent was not required to observe appreciable
transfection. Several important factors are likely to be syner-
gistically involved in the pronounced transfection efficiency of
the Lac-PEG-PSAQ-PAMA/pDNA polyplex micelles, such as
minimal interaction with serum proteins, enhancement of the
cellular uptake through ASGP receptor-mediated endocytosis,
and effective transport to the cytoplasm from the endosomal
compartment (endosomal escape). Therefore, the polyplex
micelle composed of the ABC triblock copolymer, thus de-
scribed here, would be a promising vector for smart genc
delivery.
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Abstract

The development of siRNA delivery systems is a major key for practical RNA therapy that holds promise for the treatment of {ife-threatening
human diseases, et there still exists significant difficulties in their construction because of the various requirements including high transfection
efficacy, tolerability in the biological medium, and low toxicity. Here we report the novel preparation route of organic—inorganic hybrid-
nanocarriers entrapping siRNA based on the self-assembly of the block aniomer. poly(ethylene glycol)-block-poly(methacrylic acid), with calcium
phosphate crystals. The nanocarriers have diameters in the range of several hundreds of nanometers and revealed excellent colloidal stability due
to the steric stabilization effect of the PEG palisade. The biological activity of siRNA loaded in nanocarriers was assessed using 293 cells stably
expressing luciferase gene, showing the remarkably high gene silencing-efficacy without the use of any adjuvant molecules such as chroloquin.
Further advantage of the system is the serum tolerability, which is of a critical issue in in vivo application,

© 2006 Elsevier B.V. All rights reserved.

Short interfering RNA (siRNA) that mediates gene-silencing
phenomena of RNA interference (RNAI) needs a carrier system to
exert biological activity, especially, for in vivo application [1].
Some lipid- and polymer-based systems are available for the in
vitro application of siRNA, yet they often have drawbacks inclu-
ding a low stability in a serum-containing medium and significant
cytotoxicity. From the standpoint of developing a safe and serum-
tolerable carrier system, the calcium phosphate (CaP) co-
precipitation method is of interest [2]. To control the growth of
CaP, that is the determining factor for the transfection efficacy, a
novel concept has recently been introduced by our group based on
the sclf-assembly of poly(ethylene glycol)-block-poly(aspartic
acid) block copolymers (PEG-P(Asp)) with CaP to form the
narrowly distributed hybrid nanoparticles covered with PEG
palisades [3].

* Corresponding author. Department of Materials Engineering, Graduate School
of Engineering, The University of Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-
8656, Japan.

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

0168-3659/$ - see front matter © 2006 Elsevier B.V. All rights reserved.
doi:10.1016/j.jconrel. 2006.01.004

siRNA-entrapped PEG-P(Asp)/CaP hybrid nanoparticles
indeed revealed an appreciable gene silencing in a cultured
cell line [4]. Nevertheless, the requirement of chroloquin, a
reagent facilitating endosomal-escape, impedes the wide
applicability of this method. Herein, we overcome this critical
issue using the newly designed system of siRNA-entrapped CaP
nanoparticles. The strategy is to incorporate the molecular units
facilitating endosomal-escape directly into the block copolymer
structure. In this regard, poly(methacrylic acid) (PMA) was
selected as the polyanion unit in the block copolymer. PMA
undergoes a conformational transition at pH 46, which almost
corresponds to the endosomal pH, to adopt a more hydrophobic
conformation as compared to neutral pH, thus expected to have
an increased interaction with the endosomal membrane in order
to perturb its structure to facilitate escape of the nanoparticles
into the cytoplasm [5]. Here, two different compositions of the
poly(ethylene glycol)-block-poly(methacrylic acid) (PEG-
PMA} were used for the nanoparticle formation entrapping
siRNA. PEG-PMAI has a PEG segment with the molecular
weight (Mw) of 7800 and the PMA segment with the Mw of
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2000, while the Mw of the PEG and PMA segments of PEG-
PMA?2 are 7500 and 15,500, respectively.

The diameters of the nanoparticles formed in the presence of
the PEG-PMAs are determined by dynamic light scattering
measurements [6,7]. Fig. 1A shows the change in diameters of
nanoparticles with varying concentrations of PEG-PMAs at
3.0 mM phosphate. A similar trend was observed for PEG-PMAI
and PEG-PMAZ2, and the stable dispersion of nanoparticles was
obtained over certain concentrations: 350 pg/mL for PEG-
PMAI and 450 pg/mL for PEG-PMAZ2. Diameters above these
critical concentrations of PEG-PMA were about 180-200 and
200-280 nm for PEG-PMA and PEG-PMA2, respectively. It is
noteworthy that at those concentrations no precipitation of CaP
was observed 24 h after the mixing of Ca/siRNA and phosphate/
PEG-PMA solution. The polydispersity indices of the nanopar-
ticles were below 0.1 for PEG-PMAL, suggesting a unimodal

for PEG-PMAZ2. The zeta potential of nanoparticles composed of
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450 pg/ml. of PEG-PMA! or PEG-PMAZ was almost zero,
—1.50+0.36 and —0.439£0.118 mV, respectively, indicating
that the colloidal stability of the nanoparticles is caused by the
PEG palisades with the steric repulsion effect. The incorporation
efficacy of siRNA in the nanoparticles determined by the
centrifugation method was around 80% for PEG-PMA1 and 60—
80% for PEG-PMAZ [8] (Fig. 1B).

In order to investigate RNAI activity of siRNA incorporated
in the nanoparticles, we have established a 293 cell line stably
expressing the GL3-luciferase gene and estimated the degree of
gene silencing using the siRNA targeting GL3-luciferase gene
19-11] . Fig. 2A shows the effect of the PEG-PMA concen-
trations on the RNAI activity of the siRNA-loaded nanoparti-
cles, expressed as the relative inhibition activity to the control
(non-silencing) siRNA. PEG-PMA! showed no remarkable
RNAI activity (B), while the PEG-PMA2 system (@) achieved
a gene silencing down to 20% of the control (80% inhibition) in
the polymer concentration range of 430 to 550 pg/mL. The

cell only

RNAiFect

0 1 2 3 4 5 6 7
(x 10% RLU /mg protein
* preincubation in serum containing media

Fig. 2. Biological activity of siIRNA incorporated in nanoparticles. (A) RNA interference by siRNA incorporated in nanoparticles formed at various concentrations of
PEG-PMAs. GL3 luciferase gene expression in 293 cells was inhibited by nanoparticles composed of PEG-PMA1 (B) and PEG-PMA2 (®). Results are shown as the
percentage to Lhe controf expression of cells treated with nanoparticles entrapping non-silencing siRNA. (B) RNA interference by siRNA using various transfection
reagents. Grey bars indicate GL3 luciferase gene expressions in 293 cells treated with non-silencing control siRNA. and white bars indicate those treated with GL3
$iRNA. The nanoparticle samples are composed of calcium phosphate and PEG-PMA2 formed at 450 pg/mL. For the preincubation study (*), DMEM containing 20%
FCS was added to an equal amount of nanoparticle or lipoplex solutions and incubated at 37 *C for 30 min prior to the transfection. In the calcium phosphate method.
the transfection was performed under the same condition as the nanoparticle except in the absence of PEG-PMA. The concentrations of siRNA and calcium ion in all
the experiments were 125 nM and 6.25 mM, respectively.
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reason for the presence of the maximum transfection efficacy in
terms of the PEG-PMA concentration is not yet clear, however,
nanoparticles with smaller diameters seem to be more efficient
than the larger CaP/PEG-PMA complex or precipitate formed at
the lower PEG-PMA concentration. For example, at 250 ug/mL
PEG-PMAI, at which a large precipitate was formed, no silen-
cing was recognized. The siRNA concentration dependency
was evaluated using the sample solutions prepared by dilution
of the stock nanoparticle solution formed at 450 pg/mL of PEG-
PMAZ2 and 2.5 pM of siRNA. The significant inhibition was
observed at a concentration as low as 6.7 nM (45% inhibition)
and reached a plateau value around 25 nM (80% inhibition).

To clarify the advantages of this system, the transfection
efficacy was further compared with other transfection reagents
and the conventional calcium phosphate method (Fig. 2B).
Under the experimental conditions, the hybrid nanoparticles
formed at 450 pg/mL of PEG-PMA showed transfection effi-
cacy similar to RNAi1Fect. Worth noting is that the nanoparticles
are more efficient in silencing than RNAIiFect at the more phy-
siologically relevant conditions: Preincubation in the DMEM
containing 10% FCS was performed for 30 min prior to the
transfection (*——marked conditions in Fig. 2B). Upon serum
pre-incubation, the GL3 luciferase expression relative to the
control increased from 36% to 58% in the case of RNAIiFect,
while the increase is only 29% to 35% for the hybrid nano-
particle system. Another type of lipid-based transfection reagent,
lipofectAMINE, showed a non-specific effect in the serum-
containing medium, which resulted in a significantly reduced
luciferase activity even using the controlled non-silencing
siRNA, presumably due to the toxicity. Tolerability to the
serum is crucial when considering the in vivo application of the
carrier system, especially, in the case of the systemic admi-
nistration. Indeed, the in vivo application of a conventionally
available cationic-lipid system is reported to be hampered in the
serum-containing medium [12]. Furthermore, no significant
activity of siRNA was observed for the calcium phosphate
crystal prepared in the absence of PEG-PMA, indicating the
necessity of the block copolymer for the improved transfection
activity.

In summary, we demonstrated a highly efficient transfection
of siRNA to cultured mammalian cells using nano-sized cal-
cium phosphate crystals with appreciable serum tolerability.
This nano-particulate siRNA carrier possessing a biocompatible
PEG palisade and a pH-responsive moiety of PMA to facilitate
endosomal escape may have a promising utility in RNAI re-
search directed toward disease treatment.
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A PEG-Based Biocompatible Block Catiomer
with High Buffering Capacity for the
Construction of Polyplex Micelles Showing
Efficient Gene Transfer toward Primary Cells
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Nonviral gene vectors from synthetic catiomers (polyplexes) are a
promising alternative to viral vectors. In particular, many recent
efforts have been devoted to the construction of biocompatible
polyplexes for invivo nonviral gene therapy. A promising ap-
proach in this regard is the use of poly(ethylene glycol) (PEG)-
based block catiomers, which form a nanoscaled core-shell poly-
plex with biocompatible PEG palisades. In this study, a series of
PEG-based block catiomers with different amine functionalities
were newly prepared by a simple and affordable synthetic proce-

Introduction

Gene therapy is a promising approach for the treatment of ge-
netic and intractable diseases and for tissue engineering; how-
ever, its success still strongly depends on the development of
useful gene vectors." Recently, nonviral vectors based on the
complexation of plasmid DNA (pDNA) with synthetic cationic
polymers (catiomers) have attracted a great deal of attention
as an alternative to viral vectors.*¥ These vectors, the so-
called polyplexes, are aimed toward both efficient transfection
and decreased cytotoxicity.>® in particular, there has recently
been a strong impetus toward engineering the constituent
catiomers to construct biocompatible polyplexes suitable for
gene delivery in vivo.*® A promising approach in this regard is
the block copolymerization of catiomers with poly(ethylene
glycol) (PEG) to obtain PEG-block-catiomers, as they spontane-
ously associate with pDNA to form polyplex micelles at the
sub-100-nm scale with a dense and hydrophilic PEG palisade
surrounding the polyplex core (Figure 1).77'% These polyplex
micelles with PEG palisades showed high colloidal stability
under physiological conditions and afforded appreciable levels
of reporter-gene expression to various cell lines even after pre-
incubation in a serum-containing medium.” Notably, the poly-
plex micelles demonstrated longevity in blood circulation,™”
offering the possibility of their use in systemic gene delivery.
Nevertheless, a major obstacle to the successful application of
this biocompatible nonviral vector system remains: the limited
transfection efficacy toward primary cells.

ChemMedChem 2006, 1, 439 - 444
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dure based on an aminolysis reaction, and their utility as gene
carriers was investigated. This study revealed that the block cati-
omers carrying the ethylenediamine unit at the side chain are ca-
pable of efficient and less toxic transfection even toward primary
cells, highlighting critical structural factors of the cationic units
in the construction of polyplex-type gene vectors. Moreover, the
availability of the polyplex micelle for transfection with primary
osteoblasts will facilitate its use for bone regeneration in vivo
mediated by nonviral gene transfection.

Herein, we report a novel approach to obtain PEG-block-cati-
omers with remarkably high transfecting activity even toward
primary cells, which are known to be sensitive to the toxicity
induced by conventional polyplexes. The synthetic strategy for
novel block catiomers is based on our unprecedented finding
that the flanking benzyl ester groups of poly(B-benzyl (-aspar-
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Figure 1. Formation of polyplex micelles through the electrostatic interac-
tion between block catiomers and plasmid DNA.

tate) (PBLA) can undergo a quantitative aminolysis reaction
with various polyamine compounds under mild anhydrous
conditions at 40°C, thus allowing the preparation of cationic
polyaspartamides with different amine functionalities, yet with
the same molecular weight and distribution (Scheme 1). In par-

PEG- NH-(CO-CIIH-NH),,-AC PEG-NH -[-(CO—(I: H-NH)-/—(CO-CHZ-C'H-NH)-]"-AC

g, . ¢-o

(E:O HNAANHAANH, C=0 NH

fe) (DET, 50 equiv) I‘!J ((I:Hz)z

] ] i

CH, 40°C in DMF (GHy), NH
fo ¢
(CHo), NH,
NH,

PEG-b-PBLA PEG-b-P[Asp(DET)]

Scheme 1. Synthesis of PEG-b-P[Asp(DET)] block catiomer through the ami-
nolysis of PEG-b-PBLA. DMF = N,N-dimethylformamide.

ticular, this study is focused on the unique properties of the
ethylenediamine unit integrated into the polyaspartamide side
chain. Notably, ethylenediamine is known to undergo a clear
two-step protonation with a distinctive gauche-anti conforma-
tional transition as depicted in Scheme 2,'% and is thus expect-
ed to provide an effective buffering function in the acidic en-

b
NH O pK, 60\ PR95 S\
2= “HN , NH; > -HN  NH,
NHy H
anti gauche gauche ~80%

Scheme 2. Two-step protonation of the ethylenediamine unit with a distinc-
tive gauche-anti conformational transition.

dosomal compartment (pH 5). It has been suggested that cati-
omers with a low pK, value such as polyethylenimine could
buffer endosomal acidification and cause an increase in osmot-
ic pressure in the endosome, leading to the disruption of the
endosomal membrane to facilitate polyplex transport into the
cytoplasm (the so-called proton sponge effect’’™). indeed, PEG-
block-polyaspartamide with an ethylenediamine unit at the
side chain (PEG-b-P[Asp(DET)]) showed a remarkably high
transfection efficacy to various cancer cells as well as mouse
primary osteoblast cells. Importantly, this block catiomer was
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found to have remarkably low toxicity, facilitating its use for
in vivo gene therapy.

Results and Discussion

PEG-b-polyaspartamide carrying the N-(2-aminoethyl)aminoeth-
yl group —(CH,),NH(CH,),NH, as the side chain (PEG-b-P[Asp-
(DET)]) was prepared by the aminolysis of PEG-b-PBLA in dry
DMF at 40°C for 24 h in the presence of a molar excess
(50 equiv relative to benzyl groups) of diethylenetriamine
(DET) (Scheme 1). The "M NMR spectrum of PEG-b-P[Asp(DET)]
is shown in Figure 2, and the ®C NMR spectrum is available in

a b b c d ¢ e
CH -(OCH:CH:)Y-NH-[~(CO-CIJH—NH)«/-(CO»CH;(EHNH)-],-COCH_
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Figure 2. 'H NMR spectrum of PEG-b-P[Asp(DET)] (solvent: D0, T=80°C);
the polymer is in a salt form.

the Supporting Information. These data indicate that the ami-
nolysis of the PBLA benzyl groups proceeded in a selective
manner to the primary amine moiety of DET. Also, comparison
of the integration ratio of the proton peaks (b and f-) in
Figure 2 reveals quantitative introduction of DET into the side
chain of PBLA, and a unimodal molecular weight distribution
of the obtained polymer was revealed by size-exclusion chro-
matography (SEC) measurement (Supporting Information).
These results suggest a minimal occurrence of inter- or intra-
polymer cross-linking by DET during aminolysis. Note that the
peaks from the carbonyl and methylene groups of the asparta-
mide units in the ®C NMR spectrum (Figure $1, Supporting In-
formation) are split into two peaks, suggesting that the ami-
nolysis of PBLA might induce intramolecular isomerization of
the aspartamide units to form f-aspartamide. Figure 3 shows
the time course of the aminolysis reaction of PBLA with DET,
which was evaluated from the change in the ratio of the
proton peak integration (f over b) in the 'H NMR spectrum
(Figure 2). This result indicates a fast and quantitative aminoly-
sis of PBLA, which is in marked contrast to the lack of aminoly-
sis with poly(y-benzyl L-glutamate) (PBLG) under the same re-
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