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Abstract: Polyplexes assembled from poly(aspartamide) derivatives bearing 1,2-diaminoethane side chains,
[PAsp(DET)] display amplified in vitro and in vivo tfransfection activity with minimal cytotoxicity. To elucidate
the molecular machanisms involved in this unique tunction of PAsp(DET) polyplexes, the physicochemical
and biological properties of PAsp{DET) were thoroughly evaluated with a control bearing 1,3-diaminopropane
side chains, PAsp(DPT). Between PAsp(DET) and PAsp(DPT) polyplexes, we observed negligible
physicochemical differences in particle size and _-potential. However, the one methylene vanation between
1,2-diaminoethane and 1,3-diaminopropane drastically altered the lransfection profiles. In sharp contrast
to the constantly high transfection efficacy of PAsp(DET) polyplexes. even in regions of excass polycation
to plasmid DNA (pDNA) (high N/P ratio), PAsp(DPT) polyplexes showed a significant drop in the transtection
efficacy at high N/P ratios due to the progressively increased cylotoxicity with N/P ratio. The high cytotoxicity
of PAsp(DPT) was closely correlated to its strong destabilization effect on cellular membrane estimated by
hemolysis, leakage assay of cytoplasmic enzyme (LDH assay), and confocal laser scanning microscopic
observation. Interestingly, PAsp(DET) revealed minimal membrane destabilization at physiological pH, yet
there was significant enhancement in the membrane destabilization at the acidic pH mimicking the late
endosomal compartment (pH —5). Apparently, the pH-selective membrane destabilization profile of
PAsp(DET) corresponded to a protonation change in the Hanking diamine unit, i.e., the monoprotonated
gauche form at physiolegical pH and diprotonated anti form at acidic pH. These significant resulls suggest
that the protonated charge state of 1,2-diaminoethane may play a substantial role in the endosomal
disruption. Moreover, this novel approach for endesomal disruption neither perturbs the membranes of
cytoplasmic vesicles nor organelles al physiological pH. Thus, PAsp(DET) polyplexes, residing in late
endosomal or lysosomal states, smoothly exit into the cytoplasm for successful transfection without
compromising cell viability.

Introduction

Successful transfection with polycation-based gene vectors
(polyplexes) significantly depends on the chemical structure of
the incorporated polycations.'” Polyethylenimine (PEI) and its
derivatives display protonation of amino groups over a wide
pH range. Following polyplex formation, these well-known
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polycations exert a high transfection efficacy through endosomal
escape supported by the proton sponge hypothesis.”* However,
there remains a greal concern for the availability of PEl-based
polyplexes in translational rescarch, mainly due to their
problematic toxicity.*® Thus, the rational design of a polyplex
system exhibiting clinically relevant gene expression with
minimal toxicity remains an urgent complication for clinical
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extension of nonviral gene vectors, To overcome polycationic
toxicity, a promising stratcgy is the incorporation of hydrophilic
and nonionic poly(ethylene glycol) (PEG) to shield the deleteri-
ous, excess cationic churge associaled with these carners.
Indeed, PEGylated polyplexes (polyplex micelles) formed
through the association of PEG—polycation copolymers with
DNA™""* were biocompatible under in vivo conditions, leading
o appreciable in vivo gene expression with lower toxic
effects.'*—'%

Nevertheless, further improvements in polyplex micelle
systems are needed 1o show higher transfection efficacy and
lower cytotoxicity for clinical translation. This recurming and
pervasive problem endures, thereby motivating studies devoted
to modulate the micellar, polycationic structure for effective
clinical application in human gene therapy. Recently, we found
that a flanking benzyl ester group of PEG-b-poly(S-benzyl
L-aspartate) (PBLA) underwent a quantitative aminolysis reac-
tion with a vanety of amine compounds under a very mild
condition,'” allowing us to prepare an N-substiluted poly(as-
partamide) (PAsp) derivative library possessing a variety of
cationic side chains from a single platformed PBLA." 7% A
series of transfection and cytotoxicily assays of polyplexes
prepared from the N-substituted PAsp derivative library revealed
a highly promising candidate, PEG-b-poly { N-| N-(2-aminocthyl)-
2-aminocthylJaspartamide | (PEG—PAsp(DET)). A | 2-diami-
nocthane unit was introduced as a side chain into PEG-b-PAsp,
forming PEG-b-PAsp(DET); a senies of primary cells and
caltured cell lines were transfected, and significant gene
expression with limited cytotoxicity was obtained. PEG—b-
PAsp(DET) displayed high transfection efficacy comparable o
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commercially available linear PEI (ExGen 500) and the lipid-
based system (Lipofectamine 2000); morcover, cyloloxicity
levels were substantially lower compared tothe controls '>!®1421-2
Furthermore, PEG—PAsp(DET) polyplex micelles were suc-
cessfully transfected in two animal models: (i) a rabbit's clamped
carotid artery with neointima via intra-arterial injection'® and
(i1) a mouse skull by regulated release from a calcium phosphate
cement scaffold to induce bone regeneration through the
differentiation factor transduction.'® The success of PEG—PAsp
(DET) gene delivery in vivo has been attributed to the unique
1, 2-diaminoethane structure in the side chain, where the N-(2-
aminoethyl)-2-aminoethyl group exhibits a distinctive two-step
protonation behavior. This dual protonation stale suggesis a
strong pH-hufferiﬂF capacity of Asp(DET) units lor efficient
endosomal escape.'””' Nevertheless, it still remains unknown
whether the protonation behavior provides the crucial factor for
excellent transfection when incorporated with PEG—PAsp. In
parallel, it is unclear whether the low cytotoxicity of PEG—PAsp
(DET) polyplex micelles is related to the particular cationic
structure of Asp(DET) or simply due to the biocompatible PEG
outer layer of the polyplex micelles.

These issues motivated us to clanify the structural factor of
PAsp(DET) on transfection efficacy as well as cytocompatibility
for additional polycationic structures successful for human gene
therapy. To properly address the many architectural and
chemical contributions of PEG—PAsp(DET), the following
poly(aspartamides) were employed: (i) PAsp(DET) homopoly-
mers to elucidate the effect of Asp(DET) units without PEGy-
lation and (ii) a poly(aspartamide) bearing 1 3-diaminopropanc
units in the side chain as a control for 1,2-diaminoethane units,
poly [ N-[N-(3-aminopropyl)-3-aminopropyl Jaspartamide | [PAsp-
(DPT)]. PAsp(DPT) exhibited a protonation degree over 88%
at physiological pH and was considered (o have a weak proton
sponge cffect. The high protonated state of Asp(DPT) at
physiological pH is explained by the lowered electrostatic
repulsion between the protonated diamine side chain units by
the additional methylene group compared to Asp(DET), Detailed
analysis of cellular membrane destabilization by PAsp(DET)
and PAsp(DPT) revealed the distinct behavior of PAsp(DET)
[ l'ucililntc membrane destabilization at the acidic pH of late
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d 1 or lysosomal states. This pH-sclective membrane
dcstablllfmum allows endosomal escape of PAsp(DET) poly-
plexes into the cytoplasm with limited toxicity to the other
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cytoplasmic membranes lying at neutral pH.
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Results and Discussion

Protonation Degree (o) and Apparent pK, of PAsp(DET)
and PAsp(DPT). Previous studies revealed that a high trans-
fection efficacy of PEl-based polyplexes was ascribed to their
efficient endosomal escape, possibly due to the increased
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Figure 1. Protonation behavior of PAsp(DET) and PAsp(DPT). (a) Change
in protonation degree (a) with pH (a/pH curve) (150 mM NaCl, 37 °C).
(b) Change in apparent pK with | — a |pK/i1 — a) curve|

osmolic pressure caused by factlitated protonation of polycations
in endosomal acidic compartments (the proton sponge effect),
Hence, the difference in the protonation degree between neutral
pH and endosomal acidic pH (from 7.4 to 5.0) has bheen
considered to be a crucial factor for successful transfection with
polycation-based systems. In this regard, the @ of PAsp(DET)
and PAsp(DPT) was estimated from the potentiometric titration,
which was monitored over the range of pH 2.3—12 in the 150
mM NaCl solution at 37 °C, mimicking the physiological
condition. As shown in Figure la, the o/pH curves calculated
fram the obtained titration curves (data not shown) revealed
that the protonation behavior of the cationic poly(aspartamides)
fairly depended on the number of methylene groups between
the primary and secondary amino groups in the side chain.
PAsp(DET) exhibited a substantial change in the @ from neutral
pH 7.4 to acidic pH 5.0 due to a distinctive two-step protonation
behavior; i.e., 37% increase in the a through the pH drop from
7.4 10 5.0 In contrast, PAsp(DPT) showed facilitated protonation
typically at physiological pH, and consequently, the increase
in the o by changing pH from 7.4 10 5.0 was only 10%, an
approximately 4 times smaller value than that expected for
PAsp{DET). These results indicate that PAsp(DET) has poten-
tially higher buffering capacity in endosomal acidic compart-
ments than PAsp(DPT).

From the distinctive two-step protonation behavior of PAsp-
(DET), it is reasonably concluded that the first and the second
protonation in the side chain proceeds separately. The remark-
able difference in the protonation behavior between PAsp(DET)

Scheme 1. Two-Step Protonation of the 1,2-Diaminoethane Moiety
in the Side Chain of PAsp(DET)
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and PAsp(DPT) in the region of 0.5 < @ < | indicates that the
1,2-diaminoethane unit in PAsp(DET) has restricted second
protonation compared to the | 3-diaminopropane unit in PAsp-
(DPT). The pK (=pH + logla/(1 — a)]) values of PAsp(DET)
and PAsp(DPT) were then calculated and plotied against 1 —
a Figure 1b clearly displays that PAsp(DET) has a substantially
lower pK value in the range of 0 < | = @ < 0.5, corresponding
to the second protonation, than PAsp(DPT). Herein, apparent
pK, values in the first and the second protlonations were defined
as pK, (@ = (1.25) and pK,; (@ = 0.75), respectively, and
eventually were determined as follows: pK,per = 9.1 and
pKaaner = 6.3 for PAsp(DET), and pK,; per = 9.7 and pK2nm
= 8.6 for PAsp(DPT). Although a large difference was not
observed for Ky, 2 orders of magmitude difference was observed
for K,o. Tt is worth noting that pK,: ey was much lower than
pK,1 i, indicating that the diprotonated form of the PAsp(DET)
side chain suffers a thermodynamic penalty, presumably due
to the electrostatic repulsion between two charged amino groups
in the 1,2-diaminocthane moiety. The available conformation
may be limited to an anti form according 0 three-bond
interaction, i.e., butane effect, as shown in Scheme | to minimize
the steric as well as electrostatic repulsion. As a result, the 1,2-
diaminoethane side chain in PAsp(DET) takes a monoprotonated
form at physiological pH (@ = (.53 at pH 7.4) as calculated
from Figure la. Altermatively, addition of a single, hydrophobic
methylene group in 1. 3-diaminopropane units reduces the
repulsion between the charged amino groups to increase the
conformational freedom, leading to the smooth second proto-
nation in PAsp(DPT) (a = 0.88 at pH 7.4). Note that both the
I, 2-diaminocthane and 1 3-diaminopropnae, in PAsp(DET) and
PAsp(DPT), respectively, may prefer to lake the gauche
conformation at the monoprotonated state, which is supported
from the molecular orbital calculation. ™’

Preparation and Characterization of Polyplexes from
PAsp(DET) and PAsp(DPT). The polyplex formation of PAsp-
(DET) and PAsp{DPT) was confinrmed by agarose gel clectro-
phoresis. The free pDNA band disappeared at N/P = 2 and 1.5
for PAsp{(DET) and PAsp(DPT), respectively, indicating that
all the pDNA molecules were associated with the polycations
in the electrophoregram (Supporting Figure 2, Supporting
Information). To quantitatively evaluate the relationship between
N/P ratio and pDNA complexation with cationic PAsp(DET)
and PAsp(DPT), an EtBr exclusion assay was completed. In
this assay, pDNA complexation prevents EtBr molecules from
intercalating into pDNA, resulting in the decrease in the EiBr
fluorescence. Indeed, the EtBr fluorescence decreased with the
increase in N/P ratios (Figure 2a), indicating the progressive
complexation of pDNA with the polycations forming polyplexes.
Also, Figure 2a exhibils that the inflection points of the
fluorescence intensity are at N/P = 2 for PAsp(DET) and 1.4
for PAsp(DPT). These inflection points are in good agreement

126) Cone, D. D.; Schelapfer, C-W., Daul, € Theor Chem. Ace. 2000,
105, 3945,

(27) Bouchoux, G.; Choret, N, Berruyer-Penaud, F. 1. Phys. Chem. A 2001,
105, 39893994,
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with the N/P ratio where the free pDNA band disappeared from
the electrophoregram (Supporting Figure 2, Supporting Informa-
tion). These fluorescence data were replotted against N*/P ratios,
which were defined as the molar ratio of protonated amino
groups al pH 7.4 n the polycations to phosphate groups in
pDNA, as seen in Figure 2h. Note that the protonation degree
of the amino groups of PAsp(DET) and PAsp(DPT) was
determined o be 0.45 and 0.73 at pH 7.4, respectively, from
the titration results without NaCl (data not shown). Obviously,
both systems had the coincident inflection point of the fluores-
cence intensity at the N*'/P of unity, being consistent with the
polyion-coupling between a phosphate group and an amino
group in the protonated form expected from the a/pH curves.
This result suggests that the pK, value of PAsp(DET) shows
minimal change with the polyplex formation, probably due to
the thermodynamic penalty in diprotonated form of Asp(DET)
units due to strong three-bond interaction (butane effect) caused
by electrorepulsive interaction between two protonated amino
groups.

The size and C-potential of polyplexes from PAsp(DET) and
PAsp(DPT) in 10 mM Trs-HC buffer (pH 7.4) were measured
at 37 °C. As shown in Figure 3a, each polyplex had the cntical
range in N/P ratios, e.g., 2.5—3.5 and 1.4—1.5 for PAsp(DET)
and PAsp(DPT), respectively, to reveal an appreciably large size
of approximately 1000 nm. Considering that the {-potential of
cach polyplex was close to neutral in this critical range of N/P
ratios, as seen in Figure 3b, these large-sized polyplexes may
form through the secondary aggregation of the charge stoichio-
metric polyplexes showing minimal force of electrostatic
repulsion. In the range over these critical N/P ratios, the size of
both polyplexes were maintained <100 nm. The polyplexes in
this range exhibited almost constant positive C-potential values
(430 mV) in both systems.

162900 J. AM. CHEM. SOC. = VOL. 130, NO. 48, 2008

Figure 3. Change in the size and the [-potential of PAsp(DET) and
PAspiDPT) polyplexes with N/P ratio. (a) Cumulant diameter and (b)
C-potential: (@) PAsp(DET), (&) PAspiDPT). All the samples were
normalized (o a concentration of 33 ug pDNA/mL a1 37 "C. Results were
expressed ax mean + SEM (n = 1)

Transfection Efficacy and Cytotoxicity of PAsp(DET) and
PAsp(DPT) Polyplexes. The transfection efficacy of the lu-
ciferase gene against a human hepatocyte cell line (Huh-7) and
a human umbilical vein endothelial cell (HUVEC) was com-
pared between PAsp(DET) and PAsp(DPT) polyplexes. The
polyplexes prepared at N/P ratios of 4, 8, and 16 were examined
in this assay, having almost the same size and C-potential (Figure
3ab). Polyplexes prepared from branched polyethylenimine
(BPEI) (25 kDa) were used as a control. As seen in Figure 4a,b,
the highest transfection efficacy in both cells was achieved by
the PAsp(DET) polyplexes prepared at the N/P ratio of 16. This
transfection efficacy of PAsp(DET) polyplexes was | order of
magnitude higher than that of BPEI polyplexes against HUVEC.
Obviously, the transfection efficacy of PAsp(DET) polyplexes
was enhanced with the increase in N/P ratio against both cells.
On the contrary, PAsp(DPT) exhibited the decrease in the
transfection efficacy with the increase in N/P ratio. Considering
that the large difference was not observed in the size and
C-potential between PAsp(DET) and PAsp(DPT) polyplexes
(Figure 3a,b), this opposite trend in transfection profiles of these
two polyplexes against N/P ratio is likely to be duc to the
distinctive physicochemical properties directly related to the
difference in the chemical structures, particularly the side chain
structures, Interestingly, in the region of low N/P ratio, the
PAsp(DPT) polyplexes revealed a comparabl fection
efficacy to PAsp(DET) polyplexes, even though the former was
expected Lo exert substantially weaker buffering capacity than
the lauer, as judged from the a/pH curve (Figure la).
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There are several key steps in the transfection process of an
exogenous gene, such as cellular uptake, intracellular trafficking,
release of the gene from the complexes, transcription, and
translation. Furthermore, excess polycationic charge with poly-
plexes is an issue 1o induce impaired cellular homeostasis,
resulting in the negative influences on whole transfection steps,
especially transcription and translation. Indeed, our previous
study revealed that the challenge of linear PET polyplexes into
Huh-7 cells stably expressing firefly luciferase highly impaired
the transcription and translation processes o reduce the expres-
sion of firefly luciferase as well as a variety of house-keeping
genes > In this regard, a toxicological assay was completed 1o
explore the different transfection profiles between PAsp(DET)
and PAsp(DPT) polyplexes against N/P ratio. As shown in
Figure Sab, the results of the MTT cell viability assay, the
cytotoxicity of each polyplex under the same experimental
condition as the luciferase assay increased with N/P ratio for
both cells, Huh-7 and HUVEC. This result is in good agreement
with the result from the MTT assay of each polymer without
pDNA (Supporting Figure 3ab and Supporting Table I,
Supporting Information). Obviously, the PAsp(DET) polyplex
had much lower toxicity than the PAsp(DPT) polyplex. In detail,
at a N/P ratio of 16 in Huh-7 cells, the viability of cells incubated
with PAsp(DET) polyplexes was over 70% of that of control
cells, whereas the viability was less than 10% in the case of
PAsp(DPT) polyplexes (Figure 5a). Similarly, the cytotoxicity
of PAsp(DPT) polyplexes was the highest against HUVEC,
followed by BPEI and PAsp(DET) polyplexes (Figure 5h). From
these results, it is worth noting that only one additional
methylene group between two amino groups in the side chain
crucially elevates the cytotoxicity of the cationic poly(asparta-
mides). This ligh cytotoxicity of PAsp(DPT) might contribute

PAspiDPT), and BPEI polyplexes evaluated under the same experimental
conditions as in Figure 4 {luciferase assay): (@) PAspiDET), (&) PAsp-
(DPT]), and (M) BPEL Results were expressed as mean + SEM (n = 4

1o the dramatically decreased transfection efficacy of PAsp(DFT)
polyplexes at high N/P ratios. In contrast, cylotoxicity was
substantially lowered in PAsp(DET) polyplexes, allowing high
transfection efficacy with the increased N/P ratio.

To explore the endosomal escaping behavior of PAsp(DET)
and PAsp(DPT) polyplexes. HUVEC trafficking studies were
completed with a confocal laser scanning microscope (CLSM),
In this experiment, pDNA was labeled by Cy5 (red), and nucleus
and late-endosome/lysosome were stained by Hoechst 33342
(blue) and LysoTracker (green), respectively. Figure fae shows
the intracellular distribution of BPEI polyplexes 3 and 12 h after
administration, respectively, as a positive control exerting an
endosomal escaping function. Obviously, the red regions
surrounding the yellow regions, where CyS-labeled pDNA was
localized in late-endosomes or lysosomes, were widely observed
over time. It may be reasonable to judge that these spreading
red regions represent the distribution of polyplexes exiting from
the late endosomal or lysosomal stage into the cytoplasm. On
the contrary, the negative control, PLys polyplexes, which lack
significant buffering capacity, displayed much less red regions
(Figure 6d,h), suggesting the segregation of CyS-labeled pDNA
in endo/lysosomal compartments without diffusing into cyto-
plasm. The confocal images of the cells transfected by PAsp-
(DET) polyplexes (Figure 6b,0) display spreading red regions
into the cytoplasm, comparable to the previously described BPEI
transfection. These data indicate facilitated transpon of Cy5-
labeled pDNA into the cytoplasm from the endo/lysosomal
compartments. The CLSM images of PAsp(DET) polyplexes
are consistent with the high buffering capacity of the native
polymer. Interestingly. similar diffusing red regions were also
observed for PAsp(DPT) polyplexes (Figure 6c,g), suggesting
that PAsp(DPT) may facilitate endosomal escape of the poly-
plex, despite the previously determined poor pH-buffering
capacity of PAsp(DPT). Indeed, PAsp(DPT) polyplexes showed
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PAsp(DET) polyplex PAsp(DPT) polyplex

4(b)

PLys polyplex

(c)

Figure 6. Intracellular distribution of Cy$-labeled pDNA complexed with a variety of polycations in HUVEC CyS-labeled pDNA and LysoTracker as a
late-endosame and lysosome marker were observed in red and green, respectively. The cells were incubated @t 37 “C for a definite time period, followed by
washing with PBS, and subjected to CLSM imaging. Panels a—d and e h are the images afier 3 and 12 h incubation, respectively. (a and ¢) BPEI polyplexes
(NP = 8), (h and ) PASpDET) polyplexes (NP = §). (c and g) PAsp{DPT) polyplexes (N/P = B). (d and h) PLys polyplexes (N/P = 2)

comparable transfection efficacy 1o BPEI and PAsp(DET)
polyplexes at low N/P ratios (Figure 4a.b). These results strongly
suggest the presence of another mechanism facilitating late
endosomal or lysosomal escape beyond the putative proton
sponge effect. Note that the medium change at | h after the
polyplex administration signilicantly decreased the red regions
{or dots) corresponding lo endosomal escaping behavior n
BPEI, PAsp(DET), and PAsp(DPT) (Supporting Figure 4,
Supporting Information). This indicates that prolonged incuba-
tion of excess polyplexes with cells substantially facilitates the
endosomal escape. Prolonged incubation should lead 10 the
increased cellular uptake of polyplexes, presumably resulting
in the polyplex accumulation with mgher concentration in lale
endosomal compartments 1o bring facilitated endosomal escape

Membrane Destabilization by PAsp(DET) and PAsp(DPT). As
described n the preceding section, the CLSM observation of
CyS-labeled pDNA in the intracellular compartment demon
strated that eytoplasmic transport efficiently occurred even for
PAsp(DPT) polyplexes, known 1o possess the low buffening
capacity. OF note, the previous studies addressed the destabiliza-
tion of cellular membranes through the direct imeraction with
* possibly le

polycations,™ ling to the facilitated cytoplasmic
transport of the polyplexes.®” "' This destabilizing effect of
polycations on the cellular membrane is considered 10 be
dependent on the concentration (or N/P ratio), molecular weight,
cationic charge density, and molecular siructure of polycations J
Thus. the membrane destabilization induced by PAsp(DET) and
PAsp(DPT) was estimated by the hemolysis assay, in which
the
determined from colorimetric analysis at 575 nm (Figure 7)
Figure 7a clearly shows the significant difference in hemolytic
activity between PAsp{DET) and PAsp(DPT) after an overmight
incubation with munne erythrocytes at pH 7.4, The hemolytic

nount of hemoglobin hibe

ed from erythrocyles was

128y Zha Z-Y.. Smith, B. D. Bioconjugare Chem. 2000, 11, 805-R14

129) Merdan, T, Kunath, K., Fischer, D, Kopecek, 1., Kissel, T. Pharm
Res. 2002, 19, 140-146

{30 Bieber, T.: Mcissncr, W.; Kostin, S.. Nicmann, A, Elsasser, H-P. J
Cromtrolled Release 2002, 82, 441454

(311 Walker, G. F.; Fella, C.; Pelisek, J.; Fahrmeir, J.; Boeckle, S.; Ogris,
M., Wagner, E. Mol Ther. 2005, 11, 418425,
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activity of PAsp(DET) was negligible under the examined
conditions, whereas PAsp(DPT) exhibited appreciable hemolytic
activity in a concentration-dependent manner. Next, the hemolyt-
ic assays were repeated under acidic conditions indicative of
the late endosomal or lysosomal state. Since overnight incuba-
tion of murine erythrocytes at pH 5.5 led 1o an appreciable
decrease in the signal-to-noise ratio {Abs 575 nm), possibly due
to instability of erythrocytes or conformational change of
hemoglobins under the acidic condition, a shorter incubation
time of 3 h was adopted. As clearly seen in Figure 7b, hemolytic
activity levels were concentration-dependent for PAsp(DPT),
regardless of the environmental pH. In direct contrast, however,
the hemolytic activity of PAsp(DET) was critically enhanced
by decreasing the environmental pH from 7.4 to 5.5 (Figure
7c). reaching the levels comparable to PAsp(DPT) (Figure 7b)
The membrane destabilizing capacity of these polycations was
further tested against HUVEC by a colorimetric LDH assay, in
which the enzymatic activity of cytosolic LDH liberated from
the cells was measured (o estimate the membrane damages i
Figure 8a clearly shows that PAsp(DPT) induced [.DH liberation
in a concentration-dependent manner, both at acidic and
physiological pH conditions. These data suggest a strong
capacity of PAsp(DPT) to destabilize the endosomal membrane
as well as the cytoplasmic membrane, regardless of the
environmental pH. This is consistent with the results of the
hemolysis assay shown in Figure 7b. Alternatively, the activity
of LDH liberated from HUVEC incubated with PAsp(DET) was
obviously low at pH 7.4, while the decrease in pH to acidic
condition (pH ~5) substantially enhanced its activity to the same
level as that of PAsp(DPT) (Figure 8b), exhibiting the similar
trend 1o the hemolytic activity (Figure 7¢). Similar results of
the membrane destabilization were obtained for Huh-7 cells
(data not shown). Apparently, the concentration-dependent
increase in the membrane destabilization capacity of PAsp(DET)
under the acidic condition corresponds to the enhanced trans
fection efficacy with N/P ratios (Figure 4),

We next sought to find a correlation between the interaction
of the polycations with the membrane and the destamlization

elfect. CLLSM observations were further carried out for HUVEC
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Figure 7. Hemaolytic activity of PAsp{DET) and PAsp(DPT) against murine
erythrocytes. (3) Hemolytic activity of PAspiDET) (Q) and PAsp{DIT)
(A) after overnight erythrocyte incubation at pH 74 and 37 °C (b
Hemaolytic activity of PAspiDPT) after 3 h incubation at pH 7.4 (A) and
5.5 ta) tat 37 °C). (c) Hemolytic activity of PAsptDET) after 3 h incubation
2t pH 7.4 {O) and 5.5 (@) (a1 37 "C). Resulls were expressed as mean +
SEM (n = 4)

incubated with RhoB-labeled polycations. Fluorescence from
PAsp(DET)~RhoB was not observed at pH 7.4 (Figure 9a) but
upon acidic conditions (pH ~5), the fluorescence intensity was
significant, extending to the cell periphery (Figure 9b), thereby
indicating the appreciable cellular association of PAsp(DET)

RhoB at the acidic pH. In addition, C1.SM studies with
PAsp(DPT)—RhoB clearly showed significant levels of fMluo-
rescence at both pH's (Figure 9c.d), indicating a strong
associative behavior of PAsp(DPT)—RhoB 1o cellular mem-
brane. regardless of the pH. These images are in good agreement
with the membrane-destabilizing capacity of the polycations
determined by the hemolysis and LDH assays (Figures 7 and
8). It is reasonable to conclude from these results that PAsp-

O
8

5

LOH activity! %
5 8

o 00 400 600 BOO 1000
Concentrabon of amino groups. fub

Figure B. Fnzymatic activity of LDH liberated from HUVEC upon
interaction with the polycations at 37 °C for 1.5 h. (a) LDH activity for
PAspiDPT) system at pH 74 (A) and 55 (a). (b) LDH activity for
PAsp(DET) system at pH 7.4 (O) and 5.5 (®). Results were expressed as
mean + SEM (n = 6)

pH 74
PASp(DET) [

pHSS

PAspiDPT) (3

Figure 9. The adsorption of rhodamine B-labeled PAspiDET) and
PAsp(DPT) 10 HUVEC. The cells were incubated with the RhoB-labeled
polycations (brightened as white) arn the residual amino group concentration
of 100 M a4 °C for 1 h, followed by washing with PBS, before CSLM
imaging. (a) PAsp{DET) at pH 74, (b) PAspiDET) at pH 5.5, (c)
PAsp(DPT) at pH 7.4, (d) PAspiDPT) at pH 5.5

(DPT), without high buffering capacity (Figure 1), facilitates
endosomal escape of its polyplexes into the cytoplasm through
the direct perturbation of endosomal membrane. Nevertheless,
the strong capacity of membrane destabilization, even al
physiological pH, induces substantial damage to the cell
membrane treated with PAsp(DPT) polyplexes as confirmed by
the poor cell viability (Figure 5a,b). On the contrary, the weak
nteraction of PAsp(DET) with the plasma membranc at neutral
pH is consistent with the lowered membrane-destabilizing
capacity indicated from the resulis of hemolysis and LDH
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assays. These data are supported by the high viability of the
cells treated with PAsp(DET) polyplexes, as judged by MTT
assay (Figures 5a.b). It should be further emphasized that the
cellular association and the membrane-destabilizing capacity of
PAsp(DET) were significantly enhanced by decreasing envi-
ronmental pH to 5.5, becoming comparable o those of PAsp-
(DPT). This indicates that PAsp(DET) selectively destabilizes
the membrane of the endosomal compartment with decreased
pH to facilitate the endosomal escape of the polyplexes with
minimal damage o the plasma membrane facing an extracellular
pH of 74, Furthermore, it is reasonable to assume that
cytoplasmic PAsp(DET) polyplexes may show minimal interac-
tion with the membranes of organelles because of the pH
recovery from acidic to ncutral accompanied by the migration
from the endosome 10 cytoplasm. Eventually, PAsp(DET)
polyplexes successfully achieved the high transiection efficacy
without impairing the cellular viability, as seen in Figure 4.

The unique pH dependency of the affinity of PAsp(DET) to
cellular membrane is apparently correlated with the two-step
protonation behavior of the flanking 1,2-diaminoethane unit in
PAsp(DET). As described in the former section, the 1,2-
diaminocthane unit assumes a monoprotonated gauche form at
neutral pH, while additional protonation al an acidic pH induces
a conformational transition to a diprotonated anti form (Scheme
1). This protonation change accompanying the conformational
transition is likely related with the pH-modulated interaction
of PAsp(DET) with the cellular membrane. Apparently, PAsp-
(DET) with the diamine unit in the monoprotonated gauche state
exhibited a weak affinity for the cellular membrane but the
diprotonated anti state revealed an increased affinity to perturb
the membrane integrity. In contrast, the | 3-diaminopropane unit
in PAsp(DPT) assumes a diprotonated form at physiological,
late endosomal, and lysosomal pH conditions; morcover,
PAsp(DPT) shows a strong inleraction with the cellular mem-
brane, even at neutral pH conditions.

Conclusion

The present study was devoted to clarify key chemical
parameters for the next generation of polycation/polyplexes
exhibiting augmented levels of transfection efficacy and neg-
ligible cytotoxicity both in vitro and in vivo. This work pnmanly
focused on N-substituted canonic poly(aspanamide) derivatives,
PAsp(DET), possessing flanking |,2-diaminoethane side chain,
previously identified for effective in vivo transfection.' ™'
Comparative analysis between PAsp(DET) and PAsp(DPT)
revealed that a single methylene unit difference in the diamine

16294 J. AM. CHEM. SOC. = VOL 130, NO. 48, 2008

side chiins had a crucial effect on the multiple cationic charge
states, This scemingly minimal chemical change produced a
striking contrast m their polyplex transfection behaviors,
presumably due (o the increased cytotoxicity. The high cyto-
toxicity of PAsp(DPT) was closely correlated to the degree of
membrane destabilization, which was consistent with the strong
interaction of PAsp{DPT) with the cellular membrane, even at
physiological pH. The results of CLSM, hemolysis, and LDH
analysis indicate that the membrane-destabilizing capacity of
PAsp(DPT) contributes to the intracellular transport of PAsp-
(DPT) polyplexes, despite its weak buffering capacity. In
contrast, the membrane destabilizing capacity of PAsp(DET)
was highly altered, depending on the environmental pH. Two
cationic charge states emerged with a monoprotonation at neutral
pH and a diprotonated state at acidic conditions. We conclude
that PAsp(DET) exhibits pH-selective membrane destabilization
for late endosomal or lysosomal escape withoul compromising
the membrane integrity of cytoplasmic vesicles and/or or-
ganelles. This unique approach provides the impetus for future
nonviral gene vector development from synthetic poly(amino
acids) with facile insertion of pH-selective membrane destabiliz-
ing structures to augment transfection efficacy and limit
cytotoxicity. Thus, we show a novel and effective method to
construct smart carmier systems useful for intracellular delivery
of versatile bioactive components with inherently poor perme-
ability to cellular membranes.
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Polyplex Micelles from Triblock Copolymers Composed of Tandemly Aligned
Segments with Biocompatible, Endosomal Escaping, and DNA-Condensing
Functions for Systemic Gene Delivery to Pancreatic Tumor Tissue
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Purpose. For systemic gene delivery to pancreatic tumor tissues, we prepared a three-layered polyplex
micelle equipped with biocompatibility, efficient endosomal escape, and pDNA condensation functions
from three components tandemly ahgned; poly(ethylene glveol) (PEG). a polylaspartamide ) denvative
with a 1. 2-diaminoethane moicty (PAsp(DET)). and poly(1 -lysine)

Materials and Methods. The size and in vitro transfection efficacy of the polyplex micelles were
determined by dynamic light scattering (DLS) and luciferase assay, respectively. The systemic gene
delivery with the pulyplex micelles was evaluasted from enhanced green fluorescence protein (EGFP)
expression in the tumor tissues.

Results. The polyplex micelles were approximately 80 nm in size and had one order of magnitude higher
in vitr transfection efficacy than that of a diblock copolymer as a control. With the aid of transforming
growth factor (TGF)-j type | receptor (T1HR-1) inhibitor, which ¢nhances accumulation of macromo-
lecular drugs in tumor tissues, the polyplex micelle from the triblock copolymer showed significant EGFP
expression in the pancreatic tumor (BxPC3) tissues. mainly in the stromal regions including the vascular
endothelial cells and fibroblasis

Conclusion. The three-layered polyplex micelles were confirmed to be an effective gene delivery system

to subcutancously implanted pancreatic tumor tissues through systemic administration.

KEY WORDS: gene delivery; PEG; polyplex micelle; TGF-)0 inhibitor; triblock copolymer

INTRODUCTION

Successful gene delivery through systemic administration
is crucial for the gene therapy of various intractable discases,
including cancer. Use of an appropriate gene vector is needed
for systemic administration to achieve selective accumulation
of the intact gene in largel Ussues, and subsequently. to reveal
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elfective gene expression with a sufficient therapeutic index.
Although major gene vectors in clinical trials are viral-based
systems (1), they could have nsks of immunogenicity and
mulagenicily that would interfere with thewr practical use in
clinics. Synthetic polymer-based vectors (polyplexes) are
altractive alternatives of viruses, because of much lower
immunogenicity, greater ease of chemical modification and
larger-scale preparation (2-3). To attain successful transfec-
tion in tumor tissues vig intravenous administration by
polyplex vectors, several important issues as follows should
be addressed: (1) high stability to protect the DNA structure
in the biological milieu from nuclease attack, (2) minimized
non-specific interaction with biological components to exert
longevity in the blood circulation. and (3) smooth escape
from endosomes to cytoplasm for efficient pene expression
inside target cells.

To fulfill such requirements, polyplexes with poly(ethyl-
ene glycol) (PEG) palisades (polyplex micelle) have been
prepared by several groups including ourselves through the
seli-assembly of PEG-polycation copolymers with plasmid
DNA (pDNA) (4-8). Indeed. polyplex micelles prepared
from PEG-poly(L-lysine) block copolymer (PEG-PLys)
showed high tolerability in serum media (). allowing for a
prolonged circulation period of intact pDNA in the blood
stream, whereas naked pDNA was completely digested within
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5 min (10). Nevertheless. PLys-based systems have encoun-
tered the issue of inefficient transfection activity, because of
the lack of endosome escape, involving a “proton sponge
effect” caused by amino groups with a low pKa value as
typically reported in poly(ethylenimine) (PEI)-based systems
(11,12). Worth noting in this regard is our recent finding that
polyplexes from a poly(aspartamide) denvative having 1.2-
diaminoethane unit as a side chain, poly|N-[N-(2-amino-
ethyl)-2-aminoethyljaspartamide] (PAsp(DET)), revealed
highly efficient transfection with minimal cytotoxicity to a
variety of cells including primary cells (13-16), probably due
10 facilitated endosomal escape based on remarkable change
in the protonation degree between physiological pH and
endosomal acidic pH. Actually, the PEG-PAsp(DET) poly-
plex micelle succeeded in in vivo transfection of a reporter
gene (luciferase) to a rabbit's clamped caroud artery via
intra-arterial injection (17). Also, when the PEG-PAsp(DET)
polyplex micelle was incorporated into a calcium phosphate
cement scaffold and then applied in a bone defect model (o a
maouse skull bone, substantial bone formation surrounding the
entire lower surface of the implant was induced by the

2925

uvely penetrated tumor vasculature in combination with
transforming growth factor (TGF)-j% type | receptor inhibitor
(TIR-1) (21).

MATERIALS AND METHODS
Materials

a-Methoxy-w-amino-poly(ethylene glycol) (Mw 12,000;
PEG-NH:) and f-benzyl-L-aspartate N-carboxy-anhydride
(BLA-NCA) were obtained from Nippon Oil and Fats Co.,
Lid. (Tokyo, Japan). e-(Benzyloxycarbonyl)-L-lysine N-
carboxy anhydride (Lys(Z))-NCA was synthesized from
t-(benzyloxycarbonyl)-L-lysine (Wako Pure Chemical Indus-
tries, Ltd., Osaka, Japan) by the Fuchs-Farthing method using
bis(trichloromethyl) carbonate (triphosgene; Tokyo Kasei
Kogyo Co., Lid., Tokyo, Japan) (22). Diethylenetriamine
(DET; bis(2-aminoethyl)amine), N, N-dimethylformamide
(DMF), dichloromethane, benzene, trifluoroacetic acid,
N-methyl 2-pyrrolidone (NMP), Tris (tris(hydroxymethyl)
aminomethane) and HEPES (2-[4-(2-hydroxyethyl)-1-piper-

regulated release of the micelles containing a constit
active form of activin receplor-like kinase 6 (caALK6) and
runt-related transcription factor 2 (Runx2) genes from the
scaffold (18). The relatively weak affinity of PAsp(DET)
segments to pDNA (1Y) is also an advantage for the smooth
release of the incorporated pDNA and subsequent efficient
transcription in the cell interior. On the other hand, such
weak affimity probably leads to the detachment of PAsp
(DET) chains from pDNA in the polyplex micelle through
the interaction with biological components during circulation
in the blood stream, resulting in a loss of transfection activity.
Therefore, strategies to stabilize the structure of the polyplex
micelles against PEG-PAsp(DET) are needed for the devel-
opment of effective systemic administration methods.

The present study was devoted to develop a PEG-PAsp
(DET)-based polyplex micelle for systemic use by conjugat-
ing a PLys segment as an anchoring moiety to pDNA at the
w-end of the diblock copolymer. For this purpose, a triblock
copolymer of poly(ethylene glycol)-poly|N-[N-(2-amino-
cthyl)-2-aminoethyljaspartamide|-poly(L-lysing) (PEG-PAsp
(DET)-PLys) was prepared to integrale three functional
segments engendering biocompatibility (PEG), efficient
endosomal escape (PAsp(DET)), and effective pDNA con-
densation (PLys), respectively. In this way, three-layered
polyplex micelles can be constructed, in which the mddle
layer, functioning as an endosomal escape element, is
sandwiched between an outer layer of biocompatible PEG
and an inner layer of PLys/pDNA polyplex (20). The
fluorescence measurement with an intercalator into DNA
indicated that pDNA mixed with the triblock copolymers was
condensed more tightly than in a PEG-PAsp(DET) diblock
copolymer and comparably 10 a PEG-PLys diblock copoly-
mer. Intracellular trafficking of the polyplex micelles with or
without the intermediate layer of PAsp(DET) was compared
m detail by confocal fluorescence microscopy to reveal the
endosomal escape of the micelles with the PAsp(DET) layer.
Finally, reporter gene expression in a subculaneous pancre-
atic tumor model, representing an intractable solid tumor
with thick fibrosis and hypovascularity, demonstrated that the
intravenously injected three-layered polyplex micelles effec-

el
vely

azinyljethanesulfonic acid) were purchased from Wako Pure
Chemical Industries, Lid., Osaka, Japan. DMF and dichloro-
methane distilled by conventional methods were used for the
polymer synthesis. DET was disulled over CaH; under
reduced pressure, and then used for the aminolysis reaction.
A pDNA coding for luciferase with a CAG promoter
provided by RIKEN (Japan) was used after the amplification
in competent DHS5a Escherichia coli and the subsequent
purification using a HiSpeed Plasmid MaxiKit purchased
from QIAGEN Science Co., Inc. (Germantown, MD, USA).
A full-size Label IT Cy5 Labeling Kit was purchased from
Mirus Bio Corporation (Madison, WI, USA). Twenty-four-
and 96-well culture plates were purchased from Becton
Dickinson Labware (Franklin Lakes, NI, USA). A human
hepatocyte, Huh-7, was obtained from the RIKEN Cell Bank
(RIKEN Bioresource Center, Japan). A human pancreatic
adenocarcinoma cell line, BxPC3, was obtained from the
American Type Culture Collection (Manassas, VA, USA).
Dulbecco's Modified Eagle's Medium (DMEM) and RPMI
medium 1640 were purchased from Sigma-Aldrich Co. (St
Louis, MO, USA). Fetal bavine serum (FBS) was purchased
from Dainippon Sumitomo Parma Co,, Lid. (Osaka, Japan).
A Luciferase Assay System Kit was purchased from Promega
Co. (Madison, WI, USA), and a Micro BCA™ Protein Assay
Reagent Kil was purchased from Pierce Co., Inc. (Rock{ord,
1L, USA). TiR-1 inhibitor was purchased from Calbiochem
(San Diego, CA, USA: LY364947; catalog no. 616451). Rat
monoclonal antibody anti-platelet endothelial cell adhesion
molecule-1 (PECAM-1), as a marker for vascular endothelial
cells, was purchased from BD Pharmingen (Franklin Lakes, NI,
USA), and Alexafd7-conjugated secondary antibody to rat 1gG
was from Invitrogen Molecular Probes (Eugene, OR, USA).

Synthesis of PEG-PBLA-PLys(Z) Triblock Copolymer

A triblock copolymer, PEG-PBLA-PLys(Z), was syn-
thesized as previously described (20). Briefly, the PEG-poly
(*-benzyl L-aspartate) diblock copolymer (PEG-PBLA) was
synthesized by the ring-opening polymerization of BLA-
NCA initiated by PEG-NH,, followed by the additional ring-
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opening polymerization of Lys(Z)-NCA to obtain PEG-
PBLA-PLys(Z) (Fig. 1). Different solvents were used for the
syntheses of PEG-PBLA with varying degree of polymeriza-
tion (DP). For example, PEG-PBLA (DP of PBLA=14) was
prepared as follows: BLA-NCA (25 eq to the terminal
primary amino group of PEG-NH;) in DMF was added to
PEG-NH: in DMF under an argon atmosphere, and stirred
at 35°C for 20 h. After confirming the end of the polymer-
ization from the disappearance of specific peaks of NCA in
the TR spectrum (IR Report-100 spectrometer (JASCO,
Tokyo, Japan)), the solution was poured into a mixture of
n-hexane and ethyl acetate (6:4) Lo precipitate PEG-PBLA,
and the precipitate was filtered and dried in vacuo. A senes
of PEG-PBLA with longer PBLA segments was prepared by
a similar protocol with necessary changes in reaction con-
ditions, including molar feed ratios of PEG-NH- 10 BLA-
NCA, solvents and reaction times, as summarized in Table 1.
The obtained PEG-PBLAs were subsequently used for the
ring-opening polymerization of Lys(Z)}-NCA. Lys(Z)-NCA
(50 eq to terminal primary amino group of PEG-PBLA) in a
mixture of DMF and dichloromethane was added to PEG-
PBLA in dichloromethane (final molar ratio of DMF to
dichloromethane=1:10) under an argon atmosphere, and
stirred at 35°C for 40 h. After confirming the end of the
polymernization as in the case of the polymerization of BLA-
NCA, the solution was poured into the 64 mixture of n-
hexane and ethyl acetate 1o precipitate PEG-PBLA-PLys
(Z), and the preapitale was fillered and dried in vacuo. Then,
acetylation of the amino group of the N-terminal of PEG-
PBLA-PLys(Z) was performed using acetic anhydride (3 eq
to the termunal amino group of PEG-PBLA-PLys(Z)) in
dichloromethane solution.

For estimation of the DP and molecular weight distribu-
tion (Mw/Mn) of the obtaned PEG-PBLA-PLys(Z), a gel
permeation chromatography (GPC) measurement was carnied
out using a TOSOH HLC-8220 equipped with TSKgel columns
(Super AW4000 and Super AW3000X2), and an internal
refractive index (RI) detector. NMP with 50 mM LiBr was
used as an eluent at a flow rate of 0.3 ml min™" a1 40°C.

Preparation of PEG-PAsp(DET)-PLys Triblock Copolymer

Introduction of 1.2-diaminoethane units into the side
chain of the PBLA segment in PEG-PBLA-PLys(Z) was
performed by aminolysis reaction with excess of DET
molecules (13), followed by the deprotection of the Z group
with HBr/AcOH (Fig. 1). The typical synthetic procedure of
PEG-PAsp(DET)-PLys with DP of PAsp(DET)=36 and
PLys=50 was as follows: Three hundred milligram of PEG-
PBLA-PLys(Z) (9.2 pmol) was lyophilized from benzene

Table L. Reaction C and C
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Fig. 1. Syntheuc procedure of triblock copolymer. PEG-PAsp
(DET)-Plys

solution and dissolved into 6 mL. of DME DET (1.8 mL,
16.7 mmol, 50 eq to benzyl groups of PBLA) was added
under an argon atmosphere, and stirred at 40°C for 24 h. The
mixture was dropped into diethyl ether (80 mL) with stirring,
and then the white precipitate was filiered and redissolved in
trifluoroacetic acid (2 mL). To deprotect the Z group, HBr
(30% m acetic acid) was then added and stirred for 1 h, afler
which the solution was dropped into diethyl ether (40 mL)
with stirring, and the resulting precipitate was purified by
filtration and dried in vacuo. The crude product was dissolved
in distilled water, dialyzed against 0.01 N HCl and then
distilled water, and lyophilized to obtain the final product,
PEG-PAsp(DET)-PLys as a hydrochloride salt form. The
introduction of 1,2-diaminoethane units into the side chain of
PAsp and the deprotection of Z group from the PLys(Z)
segment were confirmed by 'H NMR measurement (D-0,

of PEG-PBLA-PLys(Z)

Molar feed ratio Solvent/reaction time (h)

Solvent/reaction time (h)

Code (PEG:BLA:Lys(Z))  for BLA polymerization for Lys(Z) polymerization  DP of PRLA-PLys (Z)" Mw/Mn"
PAspl4(DET)Lys48 1:25:50 DMF20 DMF+CH, 1, (1:10)/40 1448 1.16
PAspI6(DET)Lys50 1:45:50 DMSO/40 DMF+CH.Cl, (1: 10)/40 36-50 113
PAsptt({ DET)Lys47 1:80:50 DMF + CH:O1; (1:10)/40  DMF + CH,C (1:10)/40 66-47 1.28

“ Determined from ' H NMR.
" Determined from GPC.
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80°C). In addition, other triblock copolymers, PEG-b-poly[N-
(3-morpholylpropyl)aspartamide|-5-PLys (PEG-PAsp(APM)-
PLys) and PEG-h-poly[N-(5-aminopentyl)aspartamide]-b-PLys
(PEG-PAsp(DAP)-PLys), were similarly prepared by the
aminolysis reaction of PEG-PBLA-PLys(Z) with 4-(3-
aminopropyl)morpholine (20) and 15-diaminopentane (23),
respectively. An 'H NMR spectrum was measured with a
JEOL EX300 spectrometer (JEOL, Tokyo, Japan). Chemical
shifts are reported in ppm downfield from 3-(trimethylsilyl)
propionic acd-dy sodium salt.

Cytotoxicity of PEG-PAsp(DET)-PLys Triblock Copolymer

A quantitative colorimetric assay with Cell Counting Kit-
8 (Dojindo, Kumamaolo, Japan) was carmed out to evaluate
cytotoxicity of block copolymers. This kit utilizes a colori-
metric change from a soluble tetrazolium salt (WST-R) 1o
WST-8 formazan by cylosolic dehydrogenases. Huh-7 cells
(5,000 cells) were plated on 96-well plates and incubated
overnight in 100 uL. of DMEM containing 10% FBS. Then,
the medium was changed to 100 pl. of fresh medium
containing 10% FBS and the polymers with various concen-
trations. After 24 h incubation, the medium was replaced with
100 pL of medium containing 10% FBS without polymers,
followed by additional 24 h incubation. The medium was
replaced with 120 uL. of medium containing 10% FBS and
20 puL of Cell Counting Kit-8 solution, and then, incubated at
37°C for 3 h. The absorbance at 450 nm of the produced
WST-8 formazan in each well was measured using a micro-
plate reader (Model 680, Bio-rad). The cytotoxicity of block
copolymers was estimated as a growth inhibitory concentra-
tion required for 50% reduction in cell population (1C30).
The 1C50 value of each block copolymer was calculated from
a ratio of the obtained absorbance with the polymer to
control without polymers. The results are presented as means
and standard errors obtained from eight samples.

Preparation of PEG-PAsp(DET)-PLys/pDNA Polyplex
Micelle

Each polymer was dissolved in 10 mM Tns-HC1 (pH 7.4)
buffer at a concentration of 2-5 mg/mL. These polymer solutions
were then mixed with pDNA solution in 10 mM Trs-HCO
(pH 7.4; final pDNA concentration: 33 pg/mL for in vitro assay
and 100 pg/mL for in vive assay) al varying mixing ratios.

Ethidium Bromide Exclusion Assay

Each polyplex micelle solution with 33 pg pDNA/mL,
prepared by simply mixing pDNA and block copolymers at
varying mixing ratios in 10 mM Tris—-HCl (pH 7.4), was
diluted to 10 pg pDNA/mL containing 2.5 pg EtBr/mlL. and
150 mM NaCl with the same buffer. The fluorescence
miensity of the polyplex micelle solutions at A=59% nm
excited by UV laser (365 nm) was measured using a Nano-
Drop (ND-3300 Fluorospectrometer, Wilmington, DE, USA).
The reference was set with 10 mM Tris-HCl (pH 7.4). The
relative fuorescence intensity was calculated as follows:

Fr = (Fampe = Fy) [ (Fio = Fo)
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where Fon. 1s the fluorescence intensity of the micelle samples,
Fio is that of the free pDNA, and F, i1s the background
without pDNA. The results are presented as a mean and
standard deviations (SD) obtained from three samples.

Dynamic Light Scattering and Zeta Potential Measurements
DLS and zeta p ial me nts were performed
using a Zetasizer nanoseries (Malvern Instruments Ltd., UK)
at a detection angle of 173° and a temperature of 37°C. An
He-Ne laser (A=633 nm) was used as an incident beam.
Polyplex solutions with vanious N'/P ratios were prepared to
a pDNA concentration of 33 pg/mL in 10 mM Tris-HC1 (pH
7.4) buffer. The N*/P ratio was defined as the molar ratio of
protonated amino groups in block copolymers at pH 7.4 to
phosphate groups in pDNA. The protonation degrees of
lysine and Asp(DET) units at pH 7.4 were estimated to be 1.0
and (1.5, respectively, from the potentiometric titration results
(13,24). In the DLS measurement, the sample solutions were
injecied into a small glass cuvette (volume: 12 L), ZEN2112
(Malvern Instruments, Lid.). 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 the micelles was then calculated by the Stokes—
Einstein equation (25). In the case of zeta potential
measurement, the sample solutions were mjected into folded
capillary cells (Malvern Instruments, Ltd.). From the
obtained electrophoretic mobility, the zeta potential was
calculated by the Smoluchowski equation:

¢ =danqu/e

where i is the viscosity of the solvent, v is the electrophoretic
mohility, and ¢ is the diclectric constant of the solvent. The
results are presented as a mean and SD obtained from three
samples.

In Vitro Transfection (Luciferase Assay)

Huh-7 cells (20,000 cells) on 24-well culture plates were
incubated with polyplex micelles containing 1 ug pDNA (Lys/
Phosphate=2) in 400 pL of DMEM containing 10% FBS,
followed by 24-h incubation and replacement with fresh
medium. At 24 h post-incubation, the cells were washed with
400 pL of Dulbecco’s PBS, and lysed with 200 yL of the cell
culture lysis buffer (Promega). The luciferase activity of the
lysates was evaluated from the photoluminescence intensity
using the Luciferase Assay System and a Mithras LB 940
(Berthold Technologics), The obtained luciferase activity was
normalized with the amount of proteins in the lysales
determined by the Micro BCA™ Protein Assay Reagent
Kit. The results are presented as means and standard errors
obtained from four samples.

Cellular Uptake Study of Polyplex Micelles

pDNA was radioactively labeled with “P-dCTP using
the Nick Translation System (Invitrogen, San [Diego, CA,
USA). Unincorporated nucleotides were removed using High
Pure PCR Product Purification Kit (Roche Laboratories,
Nutley, NI, USA). After purification, 2 ug of labeled pDNA
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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 (Lys/Phosphate =
2 and 33 pg pDNA/mL). Huh-7 cells were seeded on 24-well
culiure plates m DMEM containing 10% FBS. Afier 24-
h incubation, the cells were incubated for 24 h with 30 pL of
the radioactive micelle solution (1 pg pDNASwell) in 400 uL
of DMEM containing 10% FBS. The cells were then washed
three times with Dulbecco’s PBS and lysed with 400 pL of the
cell culture lysis buffer. The lysates were mixed with 5 mL of
scintillation cocktail, Ultima Gold (PerkinElmer, MA, USA),
and the radioactivity of the mixiures was measured by a
scintillation counter, The results are presented as means and
standard errors obtained from four samples.

Intracellular Distribution of CyS-labeled pDNA Evaluated
Through Confocal Laser Scanning Microscope

pDNA was labeled with Cy5 using the Label IT CyS
Labeling Kit according to the manufacturer’s protocol. Huh-7
cells (50,000 cells) were seeded on a 35-mm glass base dish
(Iwaki, Japan) and incubated overnight in | ml. DMEM
containing 10% FBS. Afier replacement of used medium with
I mL of fresh medium, 90 ul. of polyplex solution (Lys/
Phosphate=2) containing 3 pg of CyS-labeled pDNA was
applied Lo the plass dish. After 24-h incubation, the medium
was removed and the cells were washed three umes with PBS.
The intracellular distribution of each polyplex was observed
by CLSM after staining acidic late endosomes and lysosomes
with LysoTracker Green (Molecular Probes, Eugene, OR,
LISA) and nuelei with Hoechst 33342 (Dojindo Laboratories,
Kumamoto, Japan). The CLSM observation was performed
using LSM 510 (Carl Zeiss, Germany) with a =63 objective
lens (C-Apochromat, Carl Zeiss, Germany) at the excitation
wavelengths of 488 nm (Ar laser), 633 nm (He-Ne laser), and
710 nm (MaiTai laser for 2-photon imaging) for LysoTracker
Green (green), Cy5 (red), and Hoechst 33342 (blue),
respectively
In Vive Enhanced Green Fluor Protein Expressi
in Subcutaneous Tumor Through Intravenous Injection
of Polyplex Micelles

Human pancreatic adenocarcinoma cells (BxPC3) were
grown in RPMI medium 1640 supplemented with 10% FBS.
BALB/c nude mice (female, 5 weeks old) were obtained from
Charles River Laboratories (Tokyo, Japan). All animal
experimental protocols were performed in accordance with
the Guide for the Care and Use of Laboratory Animals as
stated by the NIH. BxPC3 cells (510" cells in 100 pL of
PBS) were injecied subcutaneously into the BALB/c nude
mice and allowed to grow for 2-3 weeks to reach the
proliferative phase. T3 R-1 inhibitor, dissolved lo 5 mg/mL in
DMSO and diluted by 100 L. of PBS, was intraperitoneally
mjected at 1 mplkg 24 h before polyplex micelle administration.
Polyplex micelles (Lys/Phosphate =2) contmning EGFP gene in
200 uL of 10 mM HEPES buffer (pH 7.4) were intravenously
injected through the tail vein at a dose of 20 pg pDNAfmouse.
The mice were sacrificed 3 days after the injection. Tumors were
excised, fixed with 10% formalin, and frozen in dry-iced
acetone. The frozen samples were further sectioned at a 10-pm
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thickness in a cryostal. Immunostaining was carfied out using
anli-PECAM-1 antibody followed by Alexa6d7-conjugated
secondary antibody for staming of vascular endothelial cells.
The samples were observed by LSM 510 al excitation
wavelengths of 488 and 633 nm for EGFP (green) and
Alexad] (red), respectively.

RESULTS
Preparation of PEG-PAsp(DET)-PLys Triblock Copolymer

A tnblock copolymer of PEG, PBLA, and PLys(Z)
(PEG-PBLA-PLys(Z)) as a precursor of the cationic triblock
copolymer, PEG-PAsp(DET)-PLys, was synthesized by the
two-step ring-opening polymenzation of BLA-NCA (step 1)
and Lys(Z)-NCA (step 2), initiated from the primary amine
of PEG-NH. as shown in Fig. 1. Tn this way, a series of
triblock copolymers with varying DPs of PBLA and PLys(Z)
segments were prepared. As summarized in Table 1, the
obtained PEG-PBLA-PLys(Z)s were confirmed to have
narrow Mw/Mn from the GPC, and the number of repeating
units in PBLA and PLys(Z) segments was calculated from the
peak intensity ratio of PBLA and PLys(Z) to PEG in the 'H
NMR spectra (data not shown). The conversion of flanking
benzyl ester in the PBLA segment to N-(2-aminocthyl)-2-
aminoethyl group was carmied oul by aminolysis reaction of
PEG-PBLA-PLys(Z) with DET. followed by deprotection of
the Z group of the PLys(Z) segment to obtain PEG-PAsp
(DET)-PLys. The guantitative conversion of PBLA to PAsp
(DET) and the complete deprotection of 7 group were
verified by '"H NMR from the peak intensity ratio of the
methylene protons in the N-(2-aminoethyl)-2-aminoethyl
group (H-N(CH;);NH(CH;);NH-, §=3.1-3.5 ppm) to the |3~
methylene protons in the poly(aspartamide) (-CHCH,CO-,
6=2.8 ppm) and the disappearance of the Z group peaks
(CH:CH-—, 6=7.3 and 5 ppm), respectively, as typically seen
in Fig. 2. The obtamed PEG-PAsp(DET)-PLys was abbreviated
as PAspX(DET)LysY, where X and Y represent the DP of the
PAsp(DET) and Plys segments, respectively. Similarly, control
diblock copolymers, PEG-PAsp(DET) and PEG-PLys, were
abbrevialed as PAspX(DET) and PLysY, respectively.

Cytotoxicity of PEG-PAsp(DET)-PLyx Triblock Copolymer

The cytotoxicity of block copolymers, PEG-PAsp(DET),
PEG-PLys, and PEG-PAsp(DET)-PLys, was compared and
summarized as 1050 values in Table 1. Obviously, PEG-
PAsp(DET) showed much lower cytotoxicity than the others.
The 1C50 value of PAsp36(DET)Lys50 at the basis of
polymer concentration (M) was the similar level to that of
PLysd8, indicating that introduction of PAsp(DET) mterme-
diate segment between PEG and PLys has neglgible influ-
ence on the eytotoxicity of the block copolymer.

Formation of PEG-PAsp(DET)-PLys/pDNA Polyplex
Micelles

Complex formation of pDNA with the triblock copoly-
mer (PAsp36(DET)Lys50) was confirmed by EtBr exclusion
assay. While EtBr molecules are known to emil strong
fluorescence with their intercalation to DNA duplexes,
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Fig. 2. 'H NMR spectrum of the triblock copolymer, PAsp36{(DET)Lys50. (Solvent, D-O;
temperature, 30°C; concentration, 10 mg/mL).

DNA condensation by cationic molecules hibits such
intercalation, resulting in decreased fluorescence. According-
ly, the measurement of the EtBr fluorescence allows the
estimation of the process of pDNA condensation (26). The
obtained fluorescence data are shown in Fig. 3a. The N/P
ratio was defined as the residual molar ratio of total amino
groups in Lthe block copolymer lo phosphale groups in the
pDNA. The Muorescence change in PAsp3In(DET)Lys50
seems to reach a plateau at an N/P ratio of 1.5. On the other
hand, PLys48 and PAsp39(DET) as control diblock paly-
cations reached plateaus at different N/P ratios; ie., 1 for
PLys48 and 2 for PAsp39(DET). In the plateau region, the
fluorescence intensity was similar between PLys48 and
PAsp3n(DET)Lys50 possessing the PLys segment, while
PAsp39(DET) showed higher fluorescence intensity than the
others, This result suggests that the PLys segment may have
higher ability of pDNA condensation than the PAsp(DET)
segment to induce effective dye-exclusion. Then, the fluores-
cence data was replotted against the residual molar ratio of
protonated amino groups to phosphate groups (N'/P rauo;
Fig. 3b). The protonation degree of Lys and Asp(DET) units
at pH 7.4 was defined as 1.0 and 0.5, respectively. which were
determined from potentiometric titration results of PEG-
PLys (24) and PEG-PAsp(DET) diblock copolymers (13),
Interestingly, in Fig. 3b, NMuorescence profiles of all the
samples showed similar trends, leveling off around the N'/P
ratio of 1, indicating that the protonated fraction of amino
groups principally participates in the complexation with
phosphate groups in the pDNA.

Table Il. Growth Inhibitory Effects of the Block Copolymers Against

Huh-7 Celis
1C50
Polymer Polymer Amine
concentration  concentration  concentralion
Sample (pg/ml.) (M) (uM)

PAsp6R(DET) >225 >7.35 =1,000
PlLys48 26,114 1.2+0.1 57.0+3.1
PAsp36(DET)LysS0 295+08 09+0.04 1144249

Size und Zeta Potential of PEG-PAsp(DET)-PLys/pDNA
Polyplex Micelles

The size and surface charge of gene vectors crucially
affect their biological performance. Thus, these values of the
polyplex micelles were determined by DLS and zeta potential
measurements, respectively. As shown in Fig. 4a, the size of
polyplex micelles gradually decreased with the N'/P ratio,
converging to the range of 60-80 nm in the region of N'/P>2.
The polyplex micelles from the inblock copolymer (PAsp36
(DET)Lys50) were slightly smaller in size than those from the
diblock copolymers (PAsp39(DET) and PLys4B). As seen in
Fig. 4b, all of the polyplex micelles showed almost neutral
zela polential at the NY/P ratio of 1. MNevertheless, the
micelles kept their initial size without any agglomeration
even after overnight standing, as is consistent with the
formation of a PEG palisade surrounding the polyplex core.
Increasing the N'/P ratio from 1 caused an increase in the
zeta polential 10 a positive value, presumably due to the
adsorption of excess block copolymers 1o the polyplex
micelles as previously observed for PEG-P[Lys-random-Asp
(DET)] block copolymer systems (19). The most prominent
increase in the zeta polential with N'/P was observed for
the PAsp36(DET)PLys50 system, which may be explained by
the decrease in PEG density of polyplex micelles due Lo the
relative increase in the total length of cationic segments in the
block copolymers; e.g., 39 for PAsp39(DET), 48 for PLysd8,
and 86 for PAsp36(DET)LysS0. Providing the micelles have
the same compositional N'/P ratio at a given feeding N'/P
ratio, the density of PEG should decrease with an increase in
the length of the cationic segment. In this regard, the values
of the zeta potential were compared between PAsp36(DET)
Lys50 triblock micelles and PLys109 diblock (PEG-PLys)
micelles having longer-length cationic PLys segments
(Fig. 4¢). Obviously, the PAsp36(DET)LysS0 micelles still
had higher zeta potential than the PLys109 micelles. This
finding indicates that the zeta potential of polyplex micelles in
the region of excess block copolymers is not simply correlated
10 the length of the cationic segment, and that the difference
in the chemical structure of cationic amino acid residues, in
this case Lys and PAsp(DET). crucially affects the
composition and structure of the polyplex micelles.
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Fig. 3. EtBr dye exclusion assay on the polyplex micelles with varying compositions prepared
from PAspINDET) (diamonds), PLysA8 (mangles), and PAsp36{DET)Lys50 (circles, pDNA
concentration, 10 pg/ml; EtBr concentration, 25 pg/ml; Temperature, 25°C: Med

10 mM Tris-HCI (pH 7.4) contaming 150 mM Na(l). a The relationship with the N/P ratio,
i.e., the residual molar ratio of amino groups in the polymer to phosphate groups in the
pDNA. b The relationship with the N™/P ratio, the residual molar ratio of protonated amino
groups in the polymer to phosphate groups in pDNA at pH 7.4, Results were expressed as
mean+SD (n=3).
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To venfy the influence of the order of the cationic
components in the triblock copolymer, the zeta potential of
the polyplex micelles from PEG-PLys-PAsp(DET) (the
DPs of PLys and PAsp(DET) were 48 and 33, respectively)
was also measured. As seen in Fig. 4d, the polyplex micelles

from PLys4BAsp33(DET) showed the similar level of zeta
potential to those from PLysd8. This indicates that PAsp
(DET) aligned as an intermediate segment contributes to
the higher zeta potential of the PAsp36(DET)LysS50
(Fig. 4b-d).
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Fig. 4. Size and zeta potential of the polyplex micelles. a Size. b, ¢, d Zeta potential
PAspINDET); diamonds. PLysAR, empty triangles. PLys109; filled triangles. PAsp36(DET)
LysS0; circles. PLys48Asp33(DET): squares. (pDNA concentration, 33.3 pg/ml; Temper-
ature, 37°C). Results were expressed as mean+SD (n=3)
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In Vitro Transfection with Polyplex Micelles Prepared
from Triblock Copolymer with Varying Polycations
as an Intermediate Segment

Polyplex micelles were prepared from triblock copolymers
with different polycation segments aligned between PEG and
PLys sepments and were subjected to a luciferase assay against
Huh-7 cells in order to explore whether the change in the chemical
composition of the intermediate polycation layer affects the
transfection effiaency. As will be addressed in “DISCUSSION™
section, the polyplex micelles from triblock copolymer is likely 1o
lake three layered structure al leasl i the region of excess
polycation (N*/P>1): the outer layer of PEG, the middle layer of
buffering polycation, and the inner core of condensed PLyw
pDNA polyplex (20). PLys segment, which is almost fully
charged at physiological pH, is assumed to principally
partiapate in the polyplex formation, keeping the intermediate
polycation as free form in the middle layer of the micelles. Thus,
it may be reasonable to compare the transfection efficiency of
these polyplex micelles from the triblock copolymers with
different mtermediate segments at the fixed Lys/Phosphate ratio
nstead of N'/P ratio, because the latter includes the contribution
from the charged amino groups that may not directly participate
in the polyplex formation. Here, the Lys/Phosphate ratio is fixed
to 2 because the previous study revealed that pDNA
condensation is completed at this ratio, exerting the optimal
transfection efficiency (26).

The DPs of the intermediate polycalions (PAsp{DAP),
PAsp(APM), and PAsp(DET) as illustrated in Fig. 5a and the
PLys in (he triblock copolymers were fixed to 36 and 50,
respectively, in this experiment. Fig. Sb clearly shows that the
luciferase activity strongly depends on the structure of the
intermediate polycation segments in the block copolymers.
The polyplex micelles from the PAsp36(DAP)LysS0 showed a
similar level of luciferase expression as those from the PLys48,
indicating that the introduction of PAsp{DAP) segments with a
similar pKa value, 9.9, to PLys had a negligible effect on the
transfection efficacy. In line with our previous results (20), the
polyplex micelles from the PAsp36( APM)Lys50 revealed some
improvements in transfection efficacy compared to the PLysd8
micelles, Notably, the highest transfection efficacy was
achieved by polyplex micelles from the PAsp36(DET)Lys50,
which showed tenfold higher luciferase activity than that from
PLys48. On the other hand, the polyplex micelles from PEG-
PLys-PAsp(DET) (the DPs of PLys and PAsp(DET) were 48
and 33, respectively), where the order of cationic segments
between PAsp(DET) and PLys was inversed in the tnblock
copolymer, exhibited substantially decreased transfection elfi-
cacy compared with those from PAsp36(DET)Lys5(0.

The effect of the length of the cationic segments on the
transfection efficacy was then studied in detail as seen in
Fig. 5¢c. There was observed a critical increase in the
transfection efficacy for PEG-PLys systems between the
PLys20 and PLys48. It should be noted that one order of
magnitude higher transfection was always obtamed for the
triblock systems compared to the diblock systems having
similar total DPs of polycation segments (PLys71 vs. PAsp36
(DET)Lys50 and PLys109 vs. PAsp66(DET)Lys47), support-
ing the result described in the preceding paragraph that the
PAS[‘DE") §id .IB 1 as the inter hiate se
plays a substantial role in the enhanced transfection.
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Fig. 5. Transfection efficacy of the polyplex micelles against Huh-7
cells (Luciferase assay). » Chemical structures of PAsp{DAP), PAsp
(APM), and PAsp(DET) as the intermediate scgment in the triblock
copolymers. b Transfection efficacy of the polyplex micelles from
PLys48, a series of triblock copolymers (PAsp36(R)Lys50) with
varying intermediate segments (PEG-PAsp{DAP)-PLys, PEG-
PAsp(APM)-Plys. and PEG-PAsp(DET)}-Plys), and a triblock
copolymer with the reversed order of the cationic segments,
PLys48AspI3(DET). ¢ Effcct of the length of the cationic segments
in di- or triblock copolymers on transfection efficacy, All the micelle
samples were prepared ot a Lys/Phosphate= 2 and applied for the
transfection (pDNA concentration, 2.3 pg/ml.).

Cellular Uptake and Intracellular Distribution of PEG-PAsp
(DET)-PLys/pDNA Polyplex Micelles

From the resulis of luciferase assay, a PAsp(DET)
segment integrated into the middle of the triblock copolymers
was confirmed to improve the transfection activity of the
polyplex micelles, consistent with the hypothesis of facilitated
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of “P-labeled pDNA in the polyplex
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2and applied for the experiments (pDNA concentration, 2.3 pgiml. )

endosomal escape. Nevertheless, there is also a possibility
that the higher zeta potential of PEG-PAsp(DET)-PLys
micelles compared to other PEGylated svstems (Fig. 4b.c)
may lacilitate their cellular uptake, leading to the improved
med oul
using “P-labeled pDNA under a similar condition to the
lueiferase assay (Fig. 6). PLys20 micelle exhibited significantly
lower uptake than those of other micelles, corresponding (o
its low transfection efficacy as shown in Fig. Sc. All of the
micelles prepared from the diblock and triblock copolymers
composed of PLys segments with DPs over 47 showed sinilar
levels ol cellular uptake. There was no sigmificant difference
in the efficacy of cellular uptake between the micelles with
and without a PAsp{DET) segment as the middle block,
excluding the facilitated cellular uptake as the reason for the

transfection. Hence, a cellular uptake study was c

improved transfection observed for the polyplex micelles
from the triblock copolymers

Then, intracellular distribution of the polyplex micelles
from PLys4R and PAsp36(DET)Lys50 was observed by

CLSM to estimate the efficacy of endosomal escape of the
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polyplex micelles. The pDNA, nucler, and late endosomes/
lysosomes were simultaneously stained wiath Cy5 (red),
Hoechst33342 (blue), and LysoTracker (green), respectively.
The CyS5-pDNA introduced into the PLysd8 micelles without
a PAsp(DET) segment was observed as discrete dots partially
colocalizing wath the late endosomellysosome markers (vel
low spots) 24 h after the addition of the polyplex micelles
(Fig. 7a), indicating that the PLys4R polyplex micelles were
segregated in intracellular compartments including late endo
In contrast, the CyS-pDNA in PAsp36
(DET)LysS0 polyplex micelles spread more clearly in the
l'\[l]lTI,ISH\Il' I{Z\L‘\Il![l ll'

Nysosomes

some

7h), demonstratng that effective

endosomal escape had occurred. These resulls strongly
support that the PAsp(DET) segment plays a crucial role in

facihtatimg the endosomal escape of the polyplex micelles

In Vivo Transfection by PEG-PAsp(DET)-PLys/pDNA
Polyplex Micelle by Intravenous Administration

The transfection ability of the PAsp36(DET)LysS50 poly
plex micelles by systemic admimistration was estimated from
EGFP expression in subcutancously xenografted human
pancreatic adenocarcinoma, BxPC3. As previously reported,
this tumor tissue has a poorly differentiated histology with a
certimn number of blood vessels and thick fibrotic tissue in the
stroma (21); re., closely resembling the histology of certam
The
Muorescence microscopy of the sectioned xenografted tumors

intractable tumors observed in clinical specimens.
wias obtained with immunostaining of tumor vasculature by
PECAM-1 (red), and nuclear counter staiming (blue; Fig. Sa)
Apparently, the BxPC3 tumors were shown to have wide
siromal regions (region S) surrounding nests of tumor cells
(region T) and blood vasculature (region V). Fig. 8b shows

the image of EGFP expression (green) in the BxPC3 tumor

lissue receiving intravenous injection of the PAsp36(DET)
Lys50 polyplex micelles meorporating pDNA coding for
EGFP. The EGFP expression was evident, yet the intensaty
was very weak. Worth noting 15 that T)AR-1 mhibitor, which
has been found to facilitate the accumulation of macromo
lecular drugs i tumor ussues (21), drastically improved the
EGFP expression by the PAsp36(DET)LysS0 polyplex
micelles (Fig. %¢). Note that the PAsp36(DET)Lys50 polyplex

Fig, 7. Intracellutur distribution of the PLys4R (a) and PAsp36(DET)Lys50 (b) micelles
2. The pDNA was labeled with Cy5

were

prepared st a Lys/Phosphate

endosomes/lysosomes and the nucleus

Huoechsti3342 (bine), respectively. (pDNA concent

5 (red). and the late

staimed with LysoTracker and

tion, 2.8 pe/mL)

(green)
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Fig. 8, EGFP transfection into subcutaneous tumors of pancreatic adenocarcinoma cells,
BxPC3, via systemic route. Each micelle sample was prepared at a Lys/Phosphate=2, and
intravenously injected through the il veins of the mice (20 pg pDNA/mouse). s Histology
of BxPC3 xenografl as a model of poorly differentiated pancreatic tumor lissue. Blue

nucleus stained with Hoechst 33342, red: PECAM-1 as an endothelial marker stained with
rainst anti-PECAM-1 antibody (regions T, §,
and Vindicate nests of tumor cells in tumor tissues, thick fibrotic tissue in the stroma, and
blood vasculature, respectively). b EGFP expression by PAsp36(DET)Lys50 polyplex
micelle without T R-I inhibitor; € EGFP expression by PAsp36(DET)Lys50 polyplex
micelle with T)AR-T inhibitor; d EGFP expression by PLys71 polyplex micelles with Tj\R-1

Alexatdi-comjugated secondary antibody

inhibitor.

micelles in combmation with T'R-1 inhibitor did not show
detectable EGFP expression in the liver and lung under the
tested conditions (data not shown). Fig. 8d shows the result
obtained for the PLys71 polyplex micelles with Ty R-I
inhibitor. Obviously, the EGFP expression by the PAspif
(DET)Lys50 polyplex micelles was much more warkable
than that with the PLys71 polyplex micelles, suggesting that
the mtegration of the PAsp(DET) segment into the polyplex
micelles is effective even in the transfection by systemic
administration, Detailed the
images revealed that the EGFP expression by the polyplex

observation ol Muorescence
micelles was located manly around PECAM-I-positive
vascular endothehal cells. As typically shown in Fig. Xa, the
lumor stroma grows around the nests of tumor cells in BxPC3
subcutaneous xenografts, and blood vasculature exists inside
the stroma. Therefore, a major part of the EGFP expression
in the BxPC3 tumor by PAsp36(DET)Lys50 polyplex micelles
was nol from BxPC3 cells per se, but lrom cells in the stroma
including vascular endothelial cells and fibroblasts

DISCUSSION

In the present study, polyplex micelles with an endo-
somal escape layer were prepared from a triblock copolymer
for the purpose of transfection into solid tumors through
systemic routes. The triblock copolymer was composed of
three tandemly aligned functional segments as follows: PEG
PAsp(DET) for efficient endosomal
escape, and PLys for pDNA condensation. A series of
triblock copolymers, PEG-PAsp(DET)-PLys, with the DP
of PLys of approximately 50, was synthesized and used for the

for biocompatibility

preparation of the polyplex micelles, according to the
previous results that a DP of approximately 48 was needed
for effective transfection with polyplex micelles from PEG

PLys as shown in Fig. Sc as well as for the prolonged circu-
lation of intact pDNA in the blood stream (10)). The triblock
copolymer, PAsp36(DET)Lys50, as well as the diblock PEG

PLys, PLys48, effectively condensed pDNA 1o form a
). The obtained polyplex micelles

polyplex micelle (Fig
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from the tniblock copolymer were around 80 nm at an N'/P
ratio of 1 or greater (Fig. 4a). thereby having the potental
ability to accumulate in tumors through the enhanced
permeability and retention (EPR) effect (27). Also, the zeta
polential measurement indicated that the excess positive
charge of the polyplex micelle from the tnblock copolymer
was reasonably shielded by a PEG palisade surrounding the
polyplex core (Fig. 4b), Tt should be noted that PEGylation of
polyplexes facilitates their penetration into wmor spheroids
(15, 16). Hence, the PEG palisade of polyplex micelles from
the triblock copolymer may contribute to promoting their
permeation into the tumor tissue via extravasation as well as
to extending their plasma hall-life through a steric
stabilization effect, leading to appreciable gene expression in
the subcutaneous pancreatic tumor lissue as seen in Fig. 8
Note that the xenografted pancreatic umor, BxPC3, was
chosen as our targel in this study. Since pancreatic tumors are
representative of intractable tumors, which are difficult to
treat by conventional therapy, they are an appropriale targel
for the development of new strategies including gene therapy.
However, it is also difficult to deliver exogenous genes to such
tumor tissue by gene carriers through an EPR effect,
presumably due to their thick fibrotic and hypovascular
characteristics. In this regard, the combined use of TPR-I
inhibitor, which has been found to decrease pericyte coverage
of the endothelium specifically in tumor neovasculature (21),
s available for the enhancement of accumulation of nano-
carriers of 60-100 nm diameler into the solid tumor. Indeed,
the EGFP expression by the polyplex micelles from PAsp36
(DET)Lys50 was substantially improved by the intraperitoneal
injection of TRRR-1 inhibitor (Fig. 8bh.c). The size of the
polyplex micelle was approximately 80 nm, thereby making
it suitable for combination with Tj\R-I inhibitor. As far as we
know, this is the first example of effective gene expression in
BxPC3 tumors with thick fibrotic and hypovascular
characteristics via systemic administration of non-viral
vectors. In addition, detailed observation of the fluorescence
images from sectioned xenografled lumors revealed that the
EGFP expression by the PAsp36(DET)LysS50 polyplex
micelle combined with TAR-1 inhibitor was located mainly
around the blood vasculature (Fig, Sc), suggesting that the
transfection with the polyplex micelle was not effective for
the wmor cells per se, but for the cells in the tumor stroma,
including vascular endothelial cells and fibroblasts. These
results suggest that the penetration of polyplex micelles into
tumor microenvironments may still be a major challenge,
even with the aid of T)"R-T inhibitor for successful systemic
transfection directly to the BxPC3 tumor cells. In this regard,
for the gene therapy of pancreatic adenocarcinoma with thick
fibrotic tissues, the approach of treating the ussues
surrounding the nests of tumor cells would be more realistic
than that directly targeting tumor cells per se, c.g., with a
tumor suppressor gene o induce apoptosis. Antiangiogenic
gene therapy is one of the typical “indirect™ approaches to
treating fibrotic tumors, and research in this direction on
combination trealmenl using polyplex micelles and TiR-1
inhibitor is now ongoing in our laboratory.

The contribution of the PAsp(DET) segment in the
triblock copolymer to improved transfection without in-
creased cytotoxicity was obvious from the results of both in
vitro and in vive transfection studies (Figs. 5, %, and Table I1).
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It should be noted that there is no significant difference in
cellular uplake between the polyplex micelles from the
iriblock and diblock copolymers (Fig. 6), even though the
former revealed almost one order of magnitude higher
transfection efficacy than the latter. This resull suggests that
the major cause for the [laclitated transfection with the
polyplex micelles from the triblock copolymer may be in the
ntracellular stage. Indeed, the CLSM observation clearly
revealed the facilitated endosomal escape of pDNA associat-
ed with the polyplex micelles from the triblock copolymer
(Fig. 7). indicating the availability of PAsp(DET) as an
endosomal escape element. PAsp(DET) is likely to form the
middie layer between the PEG shell and the PLys/pDNA
polyplex core in the micelles, because PLys with higher
affinity to pDNA than PAsp(DET) is assumed to undergo
preferential condensation of pDNA, relegating the PAsp
(DET) segment to the boundary with the PEG layer.
Increased freedom of PLys as an outer block with a free
chain-end may also contribute to the preferential complexa-
tion with pDNA., Note that a similar three-layered structure
was previously proposed by us for polyplex micelles prepared
from PEG-PAsp(APM)-PLys based on the resulis of 'H-
NMR spectroscopy (20). The appreciably higher zeta
potential of PAsp36(DET)Lys50 micelles in the region at an
N/P ratio of 1 or greater is consistent with the formation of a
cationic middle layer (Fig. dbg) that is not completely
shielded by the outer PEG layer. Thus, the PAsp(DET)
placed in the middle layer of polyplex micelles should exert
endosomal escape ability for efficient transfection through
strong buffering and/or a membrane-destabilizing effect
based on the unique two-step protonation behavior of the
1, 2-diaminocthane unit (13,15). On the other hand, as seen in
Fig. 5b, the one order of magnitude lower transfection
efficacy obtained by reversing the order of PLys and PAsp
(DET) segments in the triblock copolymer is interesting. Tt is
reasonable to consider thar arrangement of the PLys segment,
with its strong condensing power against pDNA, as the
intermediate segment of the triblock copolymer may allow
the PAsp(DET) segment to become embedded in the core of
the polyplex micelles, resulting in the loss of buffermg and/or
membrane-destabilizing capacity. The zeta potential of the
PEG-PLys-PAsp(DET) systems similar to that of the PEG-
PLys systems also supports the disappearance of the
intermediate buflering layer in the polyplex micelles from
PEG-PLys-PAsp(DET) with the reversed order of the
cationie segments (Fig. 4d).

CONCLUSION

For the achievement of systemic gene delivery to sohd
tumors with appreciable transfection efficacy, gene carners
are required to exert integrated functions including a stealth
properiy in the blood stream to deliver intact pDNA into
tumor tissues and permeate target cells with smooth translo-
cation from endosomal compartments into the cytoplasm,
subsequently releasing the pDNA to induce effective tran-
scription. In the present study. to develop a gene carrier with
such integrated functions, three segments with distinctive
functions; i.e., PEG for hiocompatibility, PAsp(DET) for
endosomal escape, and PLys for pDNA condensation, were
tandemly aligned in a polymer strand to form three-layered
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polyplex micelles. The obtained micelles showed one order of
magnitude higher transfection efficacy agamst Huh-7, com-
pared to the micelles from the PEG-PLys diblock copolymer
without any segments exerting an endosomal escape function.
Notably, the polyplex micelle from the triblock copolymer
achieved clear in vive transfection of the EGFP gene in
fibrotic pancreatic adenocarcinoma, BxPC3, through systemic
administration. It should be emphasized that the EGFP
expression in the pancreatic tumor was drastically enhanced
by the intraperitoneal injection of TAR-1 inhibitor prior to the
micelle injection, and thus, the potental for combined
therapy using polyplex micelles and TRR-1 mhibitor for
systemic transfection to solid tumors was dearly evidenced.
Furthermore, detailed observation of the immunostained
tumor Ussues revealed that the EGFP expression by the
triblock copolymer micelles was located mainly in the stromal
tissues surrounding the nests of tumor cells. These results
suggest that the tnblock micelle is quite promising for librotic
tumor treatments by the approach of transfecting the tissues
surrounding tumor cells, including fibroblasts and endothelial
cells, Lo express proteins inhibiting tumor angiogenesis.
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