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Fig. 6. Antiangiogenic effect of expressed sFlt-1 in BxPC3 tumor bearing mice. Tumor
microvessels were detected by CD31 (PECAM1) antibody staining of tumor cryosec-
tions 20 days after therapy. (A) Representative CD31 immunostaining images. (B)
Quantitative analysis of microvessel density in tumor cryosections. The results
represent a percentage area of green pixels per image. Seven images were taken
from each tumor tissue, from 3 mice, mean + s.d. *P<0.05 compared to control group.
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Abstract: In this study, a polyplex micelle was developed as a potential formulation for antiangio-
genic gene therapy of subcutaneous pancreatic tumor model. Poly{ethylene glycol)-poly(L-lysine)
block copolymers (PEG-PLys) with thiol groups in the side chain of the PLys segment were
synthesized and applied for preparation of disulfide cross-linked polyplex micelles through ion
complexation with plasmid DNA (pDNA) encoding the soluble form of vascular endothelial growth
factor (VEGF) receptor-1 (sFlt-1), which is a potent antiangiogenic molecule. Antitumor activity and
gene expression of polyplex micelles with various cross-linking rates were evaluated in mice bearing
subcutaneously xenografted BxPC3 cell line, derived from human pancreatic adenocarcinoma, and
polyplex micelles with optimal cross-linking rate achieved effective suppression of tumor growth.
Significant gene expression of this micelle was detected selectively in tumor tissue, and its
antiangiogenic effect was confirmed by decreased vascular density inside the tumor. Therefore, the
disulfide cross-linked polyplex micelle loading sFit-1 pDNA has a great potential for antiangiogenic
therapy against subcutaneous pancreatic tumor model by systemic application.

Keywords: Polymeric micelle; block copolymer; antiangiogenic tumor gene therapy; sFit-1

Introduction

Antiangiogenic tumor gene therapy is an intensively
studied approach to inhibit tumor growth by destructing its

~ . i .
neo-vasculature formation."* Vascular endothelial growth
factor (VEGF) is a major proangiogenic molecule, which
stimulates angiogenesis via promoting endothelial prolifera-
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tion, survival, and migration. The soluble form of VEGF
receptor-1 (fms-like tyrosine kinase-1: Flt-1) is a potent
endogeneous molecule, which can be used for antiangiogenic
therapy.™ The sFlt-1 binds to VEGF with the same affinity
and equivalent specificity as that of the original receptor.’
however it inhibits its signal transduction.

Gene therapy is becoming a promising strategy to supply
consecutive expression of antiangiogenic proteins over a
period of time. Indeed, a number of studies have already
demonstrated the potential of therapeutic genes encoding
angiogenic inhibitors to suppress tumor growth.®” The major
challenge in systemic gene therapy, however, is a need for
a safe and effective vector system that can deliver the gene
to the target tissue and cells with no detrimental side effects.
In terms of safety, nonviral gene vectors are gaining
popularity over viral vectors, however, their intracellular
delivery and transfection potential require further optimiza-
tion. Recently, several reports were published on in vivo
nonviral gene therapy utilizing sFlt-1 for inhibition of tumor
angiogenesis.®”

Based on these criteria, cross-linked polyplex micelles
were designed and prepared through electrostatic interaction
of thiolated poly(ethylene glycol)-poly(L-lysine) (PEG-PLys)
block copolymers and plasmid DNA (pDNA) encoding sFlt-
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1. We have previously reported that disulfide cross-links
introduced into the polyplex micelle core contribute to the
stabilization of its structure in the extracellular entity while
facilitating smooth release of the entrapped pDNA. in
response to the reductive environment, inside the cells. 1OV
The outer hydrophilic shell layer, formed by PEG segment,
increases complex stability in serum, avoiding nonspecific
interactions with plasma proteins and reduces polymer
toxicity."?

In this study, cross-linked polyplex micelles were systemi-
cally administered to mice bearing subcutaneously xe-
nografted BxPC3 human pancreatic adenocarcinoma and
evaluated for their transfection efficiency. Note that BxPC3
xenografts, as some intractable solid tumors, are characterized
by stroma-rich histology."® which limits access of therapeutic
agents to tumor cells. Thus, the accessibility of endothelial
cells by bloodstreain makes an antiangiogenic approach an
attractive strategy against this model. Here we report a potent
tumor growth inhibitory effect achieved by effective anti-
angiogenic ability by the polyplex micelles with an optimal
cross-linking degree, which enables the selective expression
of loaded sFit-1 gene in tumor tissue.

Experimental Section

Materials. pPDNA for luciferase (Luc) with the pCAcc
vector having the CAG promoter was provided by RIKEN
Gene Bank (Tsukuba, Japan) and amplified in competent
DHSa Escherichia coli, followed by purification using a
NucleoBond Xtra Maxi (Machery-Nagel GmbH & Co. KG,
Diiren, Germany). Dulbecco’s modified Eagle’s medium
(DMEM) and RPMI 1640 medium were purchased from
Sigma-Aldrich Co. (Madison, WI). Fetal bovine serum (FBS)
was purchased from Dainippon Sumitomo Pharma Co., Ltd.
(Osaka, Japan). Alexa488- and Alexa647-conjugated second-
ary antibodies to rat IgG were obtained from Invitrogen
Molecular Probes (Eugene, OR). Human soluble VEGF R1/

(10) Miyata, K.; Kakizawa, Y.: Nishiyama, N.; Harada, A.: Yamasaki.
Y.: Koyama, H.: Kataoka, K. Block Catiomer Polyplexes with
Regulated Densities of Charge and Disulfide Cross-linking
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126, 2355-2361.
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Flt-1 immunoassay kit was purchased from R&D Systems,
Inc. (Minneapolis, MN). Gemcitabine was obtained from Eli
Lilly and Company (Indianapolis, IN). Avastin was obtained
from F. Hoffmann-La Roche, Ltd. (Basel, Switzerland).
Synthesis of thiolated block copolymer, and construction and
confirmation of pDNA encoding sFlt-1 are shown in the
Supporting Information. A block copolymer with X% of
thiolation degree was abbreviated as “B-SHX%".

Cell Lines and Animals. Human embryonic kidney 293T
cells (from RIKEN CELL BANK., Tsukuba, Japan) and
human pancreatic adenocarcinoma BxPC3 cells (from ATCC,
Manassas, VA) were maintained in DMEM and RPMI
medium, respectively, supplemented with 10% FBS in a
humidified atmosphere containing 5% CO, at 37 °C. 293T
cells were chosen for in vitro experiments as cells that did
not express sFIt-1.'* Balb/c nude mice (female, 5 weeks old)
were purchased 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 National Institutes of
Health.

Preparation of Polyplex Micelles. Each block copolymer
was dissolved in 10 mM Tris-HCI buffer (pH 7.4), followed
by the addition of 10-times-excess mol of dithiothreitol
(DTT) against thiol groups. After 30 min incubation at room
temperature, the polymer solution was added to a twice-
excess volume of 225 yg/mL pDNA/10 mM Tris-HCl (pH
7.4) solution to form polyplex micelles with N/P ratio = 2.
Note that N/P ratio was defined as the residual molar ratio
of amino groups of thiolated PEG-PLys to phosphate groups
of pDNA. The final pDNA concentration was adjusted to
150 pug/mL. After overnight incubation at room temperature,
the polyplex micelle solution was dialyzed against 10 mM
Tris-HCI buffer (pH 7.4) containing 0.5 vol% DMSO at 37
°C for 24 h to remove the impurities, followed by 24 h of
additional dialysis against 10 mM Tris-HCI buffer (pH 7.4)
or 10 mM Hepes bufter (pH 7.4) to remove DMSO. During
the dialysis, the thiol groups of thiolated block copolymers
were oxidized to form disulfide cross-links. In the in vivo
experiments, the polyplex micelle solution was adjusted to
a concentration of 100 ug of pDNA/mL in 10 mM Hepes
buffer (pH 7.4) with 150 mM NaCl.

Dynamic Light Scattering (DLS) Measurement. The
size of the polyplex micelles was evaluated by DLS using
Nano ZS (ZEN3600, Malvern Instruments, Ltd., U.K.). A
He—Ne ion laser (633 nm) was used as the incident beam.
Polyplex micelle solutions with N/P = 2 from 3 different
batches were adjusted to a concentration of 33.3 ug of
pDNA/mL in 10 mM Tris-HCI buffer (pH 7.4). The data
obtained at a detection angle of 173° and a temperature of
37 °C were analyzed by a cumulant method to obtain the
hydrodynamic diameters and polydispersity indices (/%)
of micelles.

(14) Kim, W. J.: Yockman, J. W.; Lee. M.; Jeong. J. H.: Kim, Y. H.:
Kim, S. W. Soluble Flt-1 Gene Delivery Using PEl-g-PEG-RGD
Conjugate for Anti-angiogenesis. J. Controlled Release 2005, 106,
224-234,

Zeta-Potential Measurement. The zeta-potential of poly-
plex micelles was evaluated by the laser-Doppler electro-
phoresis method using Nano ZS with a He—Ne ion laser
(633 nm). Polyplex micelle solutions with N/P = 2 from 3
different batches were adjusted to a concentration of 33.3
ug pDNA/mL in 10 mM Tris-HCI buffer (pH 7.4). The zeta-
potential measurements were carried out at 37 °C. A
scattering angle of 173 °C was used in these measurements.

Real-Time Gene Expression. 293T cells (100,000 cells)
were seeded on a 35 mm dish and incubated overnight. After
replacement with fresh medium containing 0.1 mM D-
luciferin, each type of polyplex micelle (N/P = 2) containing
3 ug of Luc pDNA was added. The dishes were set in a
luminometer incorporated in a CO, incubator (AB-2550
Kronos Dio, ATTO, Tokyo, Japan), and the bioluminescence
was monitored every 10 min with an exposure time of |
min. Reproducibility was confirmed by triplicate experiments.

Antitumor Activity Assay. Balb/c nude mice were
inoculated subcutaneously with BxPC3 cells (5 x 10° cells
in 100 uL of PBS). Tumors were allowed to grow for 2—3
weeks to reach the proliferative phase (the size of the tumors
at this point was approximately 60 mm®). Subsequently,
polyplex micelles (20 ug of pPDNA/mouse), gemcitabine (100
mg/kg), or Avastin (50 mg/kg) maintained in 10 mM Hepes
buffer (pH 7.4) with 150 mM NaCl were injected via the
tail vein either 3 times (Figure 2a) or 5 times (Figure 2b) at
4-day intervals. Gemcitabine and Avastin doses and injection
regimens were according to the previous reports published
elsewhere.">'® A polyplex micelle containing Luc pDNA
was used as a control formulation containing the nonthera-
peutic gene. Tumor size was measured every second day by
a digital vernier caliper across its longest (a) and shortest
diameters (b), and its volume (V) was calculated according
to the formula V = 0.5ab

In Vivo sFlt-1 Gene Expression. Polyplex micelles
loading either sFlt-1 or Luc pDNA (20 ug pDNA) were
injected into the BXPC3-inoculated mice via the tail vein on
days 0 and 4. Mice were sacrificed on day 6 after collecting
blood, and the lungs, livers, spleens, kidneys, and tumors
were excised. The excised organs were treated in 500 uL. of
cell culture lysis buffer (Promega, Madison, WI). homog-
enized, and centrifuged. The sFlt-1 concentration of super-
natants was evaluated using the immunoassay kit according
to the manufacturer’s protocol. Note that block copolymers
and polyplex micelles did not interfere with ELISA (Figure 2
in the Supporting Information).

Vascular Density in the Tumors. Polyplex micelles
loading either sFlt-1 or Luc pDNA (20 ug of pDNA) and
Avastin (50 mg/kg) were injected into the BxPC3-inoculated

(15) Braakhuis, B. J. M.: van Dongen, G. A. M. S.; Vermorken, J. B.:
Snow, G. B. Preclinical In Vivo Activity 2,2’-Difluorodeoxycy-
tidine (Gemcitabine) against Human Head and Neck Cancer.
Cancer Res. 1991, 51, 211-214.

(16) Gerber, H. P.; Ferrara, N. Pharmacology and Pharmacodynamics
of Bevacizumab as Monotherapy or in Combination with Cyto-
toxic Therapy in Preclinical Studies. Cancer Res. 2008, 65, 671-
680.

VOL. 7, NO. 2 MOLECULAR PHARMACEUTICS 503



articles

Oba et al.

mice via the tail vein on days 0 and 4. Mice were sacrificed
on day 6, and the tumors were excised, frozen in dry-iced
acetone, and sectioned at 10 um thickness in a cryostat.
Vascular endothelial cells (VECs) were immunostained by
rat monoclonal antibody antiplatelet endothelial cell adhesion
molecule-1 (PECAM-1) (BD Pharmingen, Franklin Lakes.
NJ) and Alexad88-conjugated secondary antibody. The
samples were observed with a confocal laser scanning
microscope (CLSM). The CLSM observation was performed
using an LSM 510 (Carl Zeiss, Oberlochen, Germany) with
an BC Plan-Neoflur 20x objective (Carl Zeiss) at the
excitation wavelength of 488 nm (Ar laser). The PECAM-
[-positive area (%) was calculated from Alexa488-positive
pixels.

In Vivo EGFP Gene Expression in the Tumors. Poly-
plex micelles loading EGFP pDNA (20 ug of pDNA) were
injected into the BxPC3-inoculated mice via the tail vein.
Mice were sacrificed on either day 3 or day 7. Tumors were
excised, fixed with 10% formalin, trozen, and sectioned.
VECs were immunostained by anti-PECAM-1 antibody and
Alexa647-conjugated secondary antibody. After nuclear
staining with Hoechst 33342, CLSM observation was carried
out using the LSM 510 with the EC Plan-Neoflur 20x
objective at the excitation wavelength of 488 nm for EGFP
expression, 633 nm (He—Ne laser) for Alexa647, and 710
nm (MaiTai laser, two photon excitation; Spectra-Physics,
Mountain View, CA) for Hoechst 33342, respectively: The
representative images of tumors excised on day-3 are shown
in Figure 5. Note that images of tumors excised on day 7
showed similar patterns to those on day 3. however with
lower intensity of EGFP expression.

Resulis

Formation of Polyplex Micelles. No free pDNA was
detected by agarose gel electrophoresis, confirming that all
pDNA was entrapped in disulfide cross-linked polyplex
micelles, Which were prepared as previously reported through
ion complexation of block copolymers with pDNA at the
N/P ratio = 2. Free thiol groups in polyplex micelles were
estimated to be less than 2% by Ellman’s test (data not
shown), which is consistent with our previous report.'’
Weight—weight % ratios of pDNA/micelle in each formula-
tion were as follows: 32.8% in B-SH0% formulation; 31.0%
in B-SH5%: 29.2% in B-SH11%: 26.4% in B-SH20%: and
21.0% in B-SH36%. The mean size of the micelles was
between 100 and 150 nm., with a moderate polydispersity
index between 0.17 and 0.2 (Figure 3 in the Supporting
Information), while zeta-potential revealed approximately
neutral values, confirming the formation of PEG palisade
surrounding the polyplex core (Table 1).

Real-Time Gene Expression. /n vitro real-time Luc gene
expression of polyplex micelles was evaluated using Kronos
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Table 1. Sizes and Zeta-Potentials of Polyplex Micelles
with Various Cross-Linking Rates at N/P = 27

thiolation cumutant polydispersity  zeta-potential
degree (%)  diameter (nm) index (/%) (mv)

0 107 £ 2 0.195 + 0.021 1.66 + 0.28

5 117+ 2 0.184 £+ 0.011 1.25 + 0.40

11 116 +2 0.171 +£0.013 1.02 +0.30

20 139+ 6 0.182 + 0.050 0.40 + 0.07

36 147 + 2 0.192 £ 0.061  -0.96 4 0.02

2 The results reported were expressed as mean + SEM (n =
3).
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Figure 1. Real-time luciferase gene expression of the

polyplex micelles with varying thiolation degrees at N/P

= 2 against 2937 cells.

Dio for a prolonged period (Figure 1)."”'* The B-SH5%
cross-linked. polyplex 'micelle showed the highest gene
expression among all micelles until 60 h. Worth mentioning
is' that the transfection efficiency of the B-SH11% micelle
continued to exceed that of the B-SH5% micelle after 60 h.
Disulfide cross-links in the polyplex core are believed to
contribute not only to enhanced stability of the micelles in
the medium but also to sustained release of complexed pDNA
inside: the cells with a reductive environment, resulting in
polyplex micelles: with higher: cross-linking rates that can
maintain an appreciable transfection efficiency over a longer
time scale.  Note that the B-SH36% micelle showed an
increasing trend in-gene expression with time.

Antitumor Activity. Polyplex micelles containing sFlt-1
pDNA were injected iv into mice bearing pancreatic adeno-
carcinoma BxPC3, followed by evaluation of tumor volume
(Figure 2). All the micelles were injected three times on days

(17) Takae. S.; Miyata, K.: Oba. M.; Ishii, T.; Nishiyama, N.; Itaka,
K.: Yamasaki, Y.; Koyama, H.; Kataoka. K. PEG-detachable
Polyplex Micelles Based on Disulfide-crosslinked Block Catiomers
as Bioresponsive Nonviral Gene Vectors. J. An. Chem. Soc. 2008,
130, 6001-6009.

(18) Oba, M.; Aoyagi, K.; Miyata, K.; Matsumoto, Y.; Itaka, K
Nishiyama, N.: Yamasaki. Y.; Koyama, H.: Kataoka, K. Polyplex
Micelles with Cyclic RGD Peptide Ligands and Disuifide Cross-
links Directing to the Enhanced Transfection via Controlled
Intracellular Trafficking. Mol. Pharmaceutics 2008, 5. 1080-1092,
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Figure 2. Antitumor activity of polyplex micelles with sFit-1 pDNA in subcutaneously BxPC3-inoculated mice. (a) Effect
of thiolation degree. Hepes buffer (control) was used as a negative control. Polyplex micelles were injected iv on days
0, 4, and 8 at 20 ug pDNA/mouse, and mice were monitored for the relative tumor volume every second day. Error
bars represent the SEM (n = 6). Only the B-SH11% polyplex micelles exhibited significant retardation of tumor growth
compared to the control (P < 0.01). (b) Growth curve study with an increased dose of the B-SH11% polyplex micelles
compared to commercially available drugs. Polyplex micelles (20 ©g pDNA/mouse), gemcitabine (100 mg/kg), and
Avastin (50 mg/kg) were injected iv on days 0, 4, 8, 12, and 16. Relative tumor size was measured every second day.
Hepes buffer (control) was used as a negative control. Error bars represent the SEM (n = 5). Only the B-SH11%
polyplex micelles exhibited significant retardation of tumor growth compared to the control (P < 0.001). P values were
calculated by multivariate ANOVA study.
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Figure 3. Immunostaining of the VECs in the BxPC3 tumor tissue by PECAM-1 antibody. Hepes buffer (control), three
types of polyplex micelles (20 «g of pDNA/mouse), and Avastin (50 mg/kg) were injected into the BxPC3-inoculated
mice via the tail vein on days 0 and 4. Mice were sacrificed on day 6, and tumors were excised and immunostained.
(a) CLSM images of immunostained tumors. PECAM-1-positive regions are green. Bars represent 100 um. (b) Areas
of PECM-1-positive endothelium were quantified. Error bars represent the SEM (n = 15). P values were calculated by
Student’s t test. *P < 0.01 and **P < 0.001.

0, 4, and 8 (Figure 2a). The B-SH11% micelle significantly activity of B-SH11% micelle was further evaluated, implying
suppressed tumor growth compared to control mice treated a regimen with enhanced number of injections. The effect
with Hepes buffer (P < 0.01). There was no significant of the micelles was compared to commercially available
change in tumor growth after injection of other polyplex drugs, gemcitabine, a standard chemotherapeutic agent for
micelles, implying that an optimal cross-linking rate is pancreatic tumor, and bevacizumab (Avastin), a monoclonal
required to achieve an effective expression of the gene. antibody against VEGF (Figure 2b). The doses of gemcit-
Encouraged by these results, the tumor growth suppression abine and Avastin implied in our study were based on
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previous reports published elsewhere.'>'® The administration
of B-SH11%/sFlt-1 micelle resulted in significant suppression
of tumor growth (P < 0.001), while gemcitabine and Avastin,
under the reported experimental regimen, showed no remark-
able therapeutic effect. Note that the difference observed in
tumor volumes between the B-SH11%/Luc micelle-treated
group and the control group was not significant.

Tumor Vascular Density. The antiangiogenic effect of
expressed sFlt-1 was confirmed by immunostaining of VECs
using PECAM-1 - (Figure 3). Vascular density of tumots
treated with either B-SH11%/sFlt-1 micelle or Avastin was
significantly lower than that of the other groups. The most
pronounced and significant effect on neo-vasculature sup-
pression was achieved by B-SHI1%/sFlt-1 micelle (7%
PECAM-1 positive area) over Avastin (12% PECAM-I|
positive area) (P < 0.05). These results suggest that the
expressed sFlt-1 may entrap VEGF secreted in the tumor
tissue. thereby suppressing the growth of VECs.

In Vivo sFit-1 Gene Expression. Expression levels of
sFlt-1 in the body were then evaluated by measuring the
amount of sFlt-1 in lung, liver, spleen, kidney, tumor, and
blood plasma using enzyme-linked immunosorbent assay
(ELISA) (Figure 4). Injection of B-SHI11%/sFlt-1 micelle
resulted in significantly higher expression of sFlt-1 selectively
in tumor tissue compared to the control. On the other hand,
injection of B-SHO%/sFlt-1 micelle or B-SH11%/Luc micelle
did not result in any difference in sFlt-1 expression compared
to the control. These results strongly support that tumor-
specific elevation in sFlt-1 expression led to the significant
growth suppression of VECs in the tumor tissue and,
eventually, the suppression of tumor growth.

In Vivo Enhanced Green Fluorescence Protein
(EGFP) Gene Expression in Tumors. The location of gene
expression in BxPC3 tumors after administration of the
micelles was analyzed histologically using pPDNA encoding
EGFP (Figure 5). As previously reported,'*'*" thick fibrotic
tissue was formed around blood vessels (red) inside the
stroma of BXPC3 tumors, and nests of tumor cells (region
T) were scattered in the stroma (Figure 5a). The expression
of EGFP (Figures 5b and 5c) was observed mainly in the
VECs and cells in stromal regions adjacent to some vascu-
lature, indicating that VECs and fibroblasts near some
vasculature in the stroma, but not the tumor cells, were
transfected. As seen in Figure 5a, there were thick fibrotic
tissues around blood vessels in the BxPC3 xenogratt.

(19) Miyata. K.; Oba, M.: Kano, M. R.; Fukushima, S.: Vachutinsky.
Y.; Han, M.; Koyama, H.: Miyazono, K.; Nishiyama, N.: Kataoka,
K. 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. Pharm. Res. 2008, 25, 2924—
2936.

(20) Kano, M. R.: Komuta, Y.: ITwata, K.: Oka, M.; Shirai, Y.;
Morishita, Y.; Ouchi, Y.: Kataoka. K.; Miyazone, K. Comparison
of the Effects of the Kinase Inhibitors Imatinib, Sorafenib, and
Transforming Growth Factor-f; Receptor Inhibitor on Extravasa-
tion of Nanoparticles from Neovasculature. Cancer Sci. 2009, 100,
173-180.
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Figure 4. Evaluation of sFlt-1 gene expression in organs
by ELISA. Hepes buffer (control) and three types of
polyplex micelles (20 ug pDNA/mouse) were injected
into the BxPC3-inoculated mice via the tail vein on days
0 and 4. Mice were sactrificed on day 6 after collecting
blood (f), and the lungs (a), livers (b), spleens (c),
kidneys (d), and tumors (e) were excised, followed by
evaluation of sFit-1 concentration by ELISA according
to the manufacturer’s protocol. Error bars represent the
SEM (n = 6). P values were calculated by Student’s t
test. *P < 0.01 and **P < 0.001.

indicating that the penetration of polyplex micelles deep into
the stroma or into the tumor nest was interrupted and the
gene expression was limited in the VECs and some of the
fibroblasts in the stroma. Higher levels of EGFP expression
were observed for B-SH11% micelle, confirming their
enhanced ability to accumulate inside tumor tissue compared
to B-SHO% micelle.

Discussion

Since all solid tumors need angiogenesis for their growth,
antiangiogenic therapy is a promising strategy for treating
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Figure 5. EGFP gene expression by polyplex micelles in the inoculated BxPC3 tumors. Hepes buffer (a) was used as
a negative control. B-SH0% (b) and B-SH11% (c) polyplex micelles containing EGFP pDNA (20 1«g pDNA/mouse)
were injected into the BxPC3-inoculated mice via the tail vein. Mice were sacrificed on day 3, and tumors were
excised and immunostained. “T” indicates nests of tumor cells in tumor tissues. Bars represent 50 x«m.

tumor patients. In fact, Avastin, the recombinant humanized
monoclonal antibody against VEGF, has been widely used
as an antiangiogenic drug, and its application range is
spreading to the various types of solid tumors.'® Other
antiangiogenic proteins,”"** e.g., angiostatin, endostatin, and
soluble forms of VEGF receptor, have also received great
attention. Meanwhile, antiangiogenic gene therapy represents
an attractive alternative to antiangiogenic proteins for reasons
such as low dose, continuous expression of the therapeutic
protein, and low cost. Therefore, development of an effective
and safe gene vector is a key to successful antiangiogenic
gene therapy.

In this study, thiolated PEG-PLys block copolymers
were applied in the formation of disulfide cross-linked
polyplex micelles for delivery of pDNA encoding sFlt-1.
and tested for their antiangiogenic effect on mice bearing
xenografted BxPC3 cell line, derived from human pan-
creatic adenocarcinoma. Disulfide cross-links in the poly-
plex core were designed to increase blood stability of the
polyplex micelles and etfectively release pDNA in the
intracellular milieu.'™'""® PEG palisade of the polyplex
micelle is expected to cover the polyplex core to shield
the positive charge as well as to decrease interfacial tree
energy.'>* The formation of the PEG palisade surround-
ing the polyplex core was confirmed by the neutral zeta-
potential of the polyplex micelles (Table 1). B-SH36%
micelle showed an approximately 10 times higher con-
centration of pDNA in the blood at 60 min after iv
injection than that of the micelle without core cross-linking

(21) Sim, B. K. L.; MacDonald, N. J.. Gubish, E. R. Angiostatin and
Endostatin: Endogenous Inhibitors of Tumor Growth. Cancer
Metastasis Rev. 2000, /19, 181-190.

(22) Fischer, C.; Mazzone, M.: Jonckx. B.: Carmeliet, P. FLTI and
Its Ligands VEGFB and PIGF: Drug Targets for Anti-angiogenic
Therapy. Nat. Rev. Cancer 2008, 8. 942-956.

(23) Kakizawa, Y.: Kataoka. K. Block Copolymer Micelles for Delivery
of Gene and Related Compounds. Adv. Drug Delivery Rev. 2002,
54, 203-222.

(B-SHO%) (Figure 4 in the Supporting Information). The
disulfide cross-links in the polyplex core apparently
contribute to the enhanced stability of the micelles in the
bloodstream. Note that the size of polyplex micelles is
between 100 and 150 nm (Table 1), which may be in a
suitable range for accumulation in solid tumors due to
the enhanced permeability and retention (EPR) effect,™
although the size may be too large to allow the micelles
to penetrate into the stroma in pancreatic tumors."’
Nevertheless, there is a concern that excessive disulfide
cross-links interfere with the smooth release of entrapped
pDNA in the core, resulting in decreased transfection
efficiency.'” Accordingly. optimal cross-linking density
should be determined to balance the stability and maintain
high transfection efficiency. The results of in vitro real-
time gene expression showed that B-SH5% micelle
possessed the highest efficiency among the evaluated
samples up to 60 h after transfection. It is noteworthy that
B-SH11% micelle exerted sustained Luc expression and
kept an appreciably high efficiency beyond 60 h (Figure
1). Apparently, gene expression is prolonged with an
increase in cross-linking rates, although excess cross-links
induced overstabilization of polyplex micelles, resulting
in decreased transfection efficiency in the case of the
B-SH20% and B-SH36% micelles. Eventually, the
B-SH36%/sFl1t-1 micelle had no in vive efficiency, even
though they showed the highest stability in the blood-
stream among the evaluated samples (Figure 4 in the
Supporting Information). It is also noteworthy that the
B-SHI11%/sFlt-1 micelle achieved an appreciably high
therapeutic efficiency, even though it showed only limited
improvement in blood circulation time compared to the
B-SHO% and B-SH5% systems. Presumably, a sustained

(24) Matsumura, Y.; Maeda, H. A New Concept tfor Macromolecular
Therapeutics in Cancer Chemotherapy: Mechanism ot Tumori-
tropic Accumulation of Proteins and the Antitumor Agent Smancs.
Cancer Res. 1986, 46. 6387-6392.
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profile in gene expression may have been the key to this
achievement. Note that no change in body weight of the
mice was observed during the experiment (data not
shown). indicating few serious side effects of polyplex
micelles.

Comparison with the commercially available agents,
gemcitabine and Avastin, confirmed the encouraging tumor
growth suppression effect of the B-SH1 1% polyplex micelle
(Figure 2b). Gemcitabine continues to be the standard therapy
in the treatment of pancreatic tumors; however, its objective
response rate is limited in patients with advanced disease.”
Avastin is a recombinant humanized monoclonal antibody
against human VEGF, which may neutralize tumor-cell-
derived VEGF in the model used here. In humans, Avastin
is the first clinically available antiangiogenic drug, and it
has been efficient when used in combined chemotherapy for
metastatic colorectal cancer®® and non-small-cell lung can-
cer.?’ However, it showed no benefit in patients with
pancreatic tumors.>> The B-SH11%/sFlt-1 micelle signifi-
cantly suppressed tumor growth compared not only to the
control (P < 0.001) but also to the B-SH!1%/Luc micelle,
gemcitabine, and Avastin (P < 0.01) (Figure 2b). Xenografted
BXPC3 was reported not to respond to gemcitabine,®®
probably due to its inability to penetrate through the tumor
thick fibrotic tissue and target tumor cells, which is consistent
with our results. Evaluation of vascular density in BxPC3
tumor (Figure 3) clearly showed that the B-SH11%/sFit-1
micelle decreased vascular density compared to the control
(P < 0.001), the B-SHI 19%/Luc micelle (P < 0.001), and
Avastin (P < 0.05) treated tumors.

Inhibitory effect on tumor growth (Figure 2) is consistent
with the result of decreased vascular density. There are
several studies on antiangiogenic gene therapy for subcutane-
ously inoculated tumors in mice by systemic expression of
sFlt-1 using viral vectors, including im injection of adeno-
associated viral vectors® and iv injection of adenoviral
vectors to target livers.*® In these studies, however, sFlt-1
was expressed mainly in organs rather than tumor tissue.

(25) Rocha-Lima. C. M. New Directions in the Management of
Advanced Pancreatic Cancer: a Review. Anti-Cancer Drugs 2008.
19, 435-446.

(26) Hurwitz. H.; Fehrenbacher, L.; Novotny. W.. Cartwright, T.;

Hainsworth, I.: Heim, W.: Berlin, J.: Baron, A.: Griffing, S.;

Holmgren, E.. Ferrara, N.; Fyfe. G.. Rogers, B.; Ross. R.:

Kabbinavar, F. Bevacizumab Plus [rinotecan, Fluorouracil, and

Leucovorin for Metastatic Colorectal Cancer. N. Engl. J. Med.

2004. 350, 2335-2342,

Sandler. A.: Gray, R.; Perry, M. C.: Brahmer. J.. Schiller, J. H.;

Dowlati. A.; Lilenbaum, R.: Johnson. D. H. Paclitaxel-carboplatin

Alone or with Bevacizumab for Non-small-cell Lung Cancer.

N. Engl. J. Med. 2006, 355. 2542-2550.

(28) Merriman, R. L.: Hertel, L. W.; Schultz, R. M.; Houghton, P. J.;
Houghton, J. A.: Rutherford, P. G.; Tanzer, L. R.; Boder, G. B.:
Grindey, G. B. Comparison of the Antitumor Activity of Gem-
citabine and Ara-C in a Panel of Human Breast. Colon, Lung
and Pancreatic Xenograft Modeis. Invest. New Drugs 1996, 14,
243-247.
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What was worse, the excess expression of sFlt-1 in the liver
led to unacceptable hepatotoxicity.*' Thus, tumor-specific
expression of sFlt-1 is essential for a safe and efficient
antiangiogenic gene therapy. However, any nonviral gene
vectors loading sFlt-1 gene have failed to exhibit selective
gene expression in the tumor tissue, although they achieved
certain inhibition of tumor growth.®® In this regard. the
B-SH11%/sFlt-1 micelle system might be promising, since
sFlt-1 expression was significantly increased selectively in
the tumor tissue compared not only to the control (P < 0.001)
but also to the B-SHI1%/Luc micelle (P < 0.01), as shown
in Figure 4, without any significantly enhanced expression
in other normal tissues. Note that no significant increase of
sFlt-1 expression was observed in any normal organs treated
with B-SHO0%/sFlt-1 micelle or B-SHI11%/Luc micelle.
Histological analyses revealed that EGFP expression of the
B-SH1 1%/EGFP micelle was located mainly around VECs
but not in the tumor cells (Figure 5), probably due to
restricted permeation of micelles by thick fibrotic tissues and
pericyte-covered vasculature of the BxPC3 tumors. These
results suggested the ability of expressed sFlt-1 molecule to
entrap excess VEGF in the tumor tissue and to inhibit tumor
growth by an antiangiogenic effect. Xenografted BxPC3
tumors in mice are characterized by stroma-rich histology.*
which might explain the only slight inhibitory effects on
BxPC3 growth achieved by gemecitabine®® targeting tumor
cells.

Conclusions

In conclusion, antiangiogenic gene therapeutic study was
carried out by iv administration of polyplex micelles with
sFlt-1 pDNA to mice bearing pancreatic adenocarcinoma
BxPC3 xenografts, and the results demonstrated the ability
of B-SHI1% sFlt-1 micelle as a safe and effective gene
delivery system. The optimal disulfide cross-linking rate
of polyplex micelles was found to show significant
suppression of tumor growth. Gene expression of sFlt-1
by iv injection of polyplex micelles was observed in tumor
tissue only, followed by decreased vascular density and
significant suppression of tumor growth. Based on these
results, the B-SHI1% disulfide cross-linked polyplex

(29) Takei, Y.; Mizukami. H.; Saga. Y.; Yoshimura, I.; Hasumi. Y.;
Takayama. T.: Kohno, T.: Matsushita, T.: Okada, T.; Kume. A_;
Suzuki, M.; Ozawa, K. Suppression of Ovarian Cancer by Muscle-
Mediated Expression of Soluble VEGFR-1/Flt-1 Using Adeno-
associated Virus Serotype 1-derived Vector. Int. J. Cancer 2006.
120, 278-284.

(30) Liu, J.: Li. J.2 Su. C.; Huang, B.; Luo. S. Soluble Fms-like
Tyrosine Kinase- | Expression Inhibits the Growth of Multiple
Myeloma in Nude Mice. Acta Biochim. Biophys. Sin. 2007.
39. 499-506.
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Early detection of solid tumors, particularly pancreatic cancer, is of substantial importance in clinics.
Enhanced magnetic resonance imaging (MRI) with iron oxide nanoparticles is an available way to detect the
cancer. The effective and selective accumulation of these nanoparticles in the tumor tissue is needed for
improved imaging, and in this regard, their longevity in the blood circulation time is crucial. We developed
here block copolymer-coated magnetite nanoparticles for pancreatic cancer imaging, by means of a chelation
between the carboxylic acid groups in poly(ethylene glycol)-poly(aspartic acid) block copolymer (PEG-
PAsp) and Fe on the surface of the iron oxide nanoparticles. These nanoparticles had considerably narrow
distribution, even upon increased ionic strength or in the presence of fetal bovine serum. The PEG-PAsp-
coated nanoparticles were further shown to be potent as a contrast agent for enhanced MRI for an
experimental pancreatic cancer, xenografts of the human-derived BXxPC3 cell line in BALB/c nude mice, with
combined administration of TGF-f3 inhibitor. Iron staining of tumor tissue confirmed the accumulation of the
nanoparticles in tumor tissue. Use of the PEG-PAsp-coated magnetite nanoparticles, combined with the TGF-
(> inhibitor, is of promising clinical importance for the detection of intractable solid cancers, including
pancreatic cancer.
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1. Introduction particles is currently available. However, since cancer detection

requires the systemic administration of iron oxide nanoparticles, the

Pancreatic cancer, one of the intractable solid tumors, is the fourth circulation time of the particles must be prolonged. Several studies

leading cause of cancer-related deaths in the United States and the
fifth in Japan [1]. The average survival period of patients suffering
from advanced pancreatic adenocarcinoma is still extremely short,
only 6 months, despite recent progress in the chemotherapies [2].
Although cancer detection and treatment have been greatly improved
through the development of diagnostic imaging modalities, it is still
difficult to detect pancreatic cancer [3]. Consequently, the develop-
ment of diagnostic systems to detect these cancers is of great
importance.

Recently, superparamagnetic iron oxide (SPIO) nanoparticles
composed of either magnetite (Fe;04) or maghemite (g-Fe,03) have
been studied as contrast agents for magnetic resonance (MR) imaging
|4]. Commercial application for human diagnosis based on SPIO

* 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-mail address: kataoka@bmw.t.u-tokyo.ac.jp (K. Kataoka).
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0168-3659/$ - see front matter © 2009 Elsevier B.V. All rights reserved.
doi:10.1016/j.jconrel.2009.06.002

have already reported that the behavior of magnetic nanoparticles in
the bloodstream depends closely on their nanoscale morphology,
including overall diameter, size distribution, or nature of the surface
[5,6]. Additionally, the surface modification of iron oxide nanoparti-
cles has proved a versatile strategy for improving their biological
performance, including the reduction of immunogenicity and
enhancement of targeted delivery to specific tissues [7]. However,
the overall correlation between the surface modification of nanopar-
ticles and their in vivo behavior remains to be further elucidated.
Various methods of stabilization for SPIO nanoparticles have been
reported to date [8]. One of the most feasible approaches could be the
stabilization of SPIO by coated with biocompatible polymers [9]. Suitable
polymers, including poly(ethylene glycol) (PEG) and its block copoly-
mers, are promising for the development of SPIO systems with defined
surface properties. This coating of particles with PEG, or PEGylation, to
avoid their uptake by the reticuloendothelial system, is under intensive
investigation. We also previously reported the accumulation of 3-FeOOH
nanopatticles coated with PEG-poly(«,f>-aspartic acid) block copolymer
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(PEG-PAsp) into experimental colon adenocarcinoma, which could be
applicable for tumor-selective MR imaging [ 10]. The multivalent bonding
of PEG-based block copolymer to magnetic nanoparticles may thus help
to facilitate the accumulation of these nanoparticles into some solid
tumors. However, magnetic nanoparticles of any design have not yet
been successful in exhibiting sufficient accumulation in intractable solid
cancers, including pancreatic adenocarcinoma [1]. In addition to
improving the performance of iron-based contrast agents (e.g. biocom-
patibility), the co-administration of adjuvant small molecules could
increase the accumulation of these agents in target cancer tissue. In fact,
we have recently shown that the administration of the small molecule
TGF- inhibitor (LY364947) at a low dose [ 11 ], which could minimize the
potential side effects of the TGF-3 inhibitor, can alter the tumor
microenvironment and enhance the EPR effect in these cancers [12].
Therefore, the combined use of TGF-j3 inhibitor could be promising to
diagnose intractable cancers with a long-circulating MRI contrast agent.
Here, we demonstrated the successful MR imaging of experimental
pancreatic cancer by the systemic administration of newly developed
SPIO nanoparticles coated by PEG-PAsp in aid of TGF-{ inhibitor.

2. Materials and methods
2.1. Reagents

3-benzyl L-aspartate and bis(trichloromethyl)carbonate (triphos-
gene) were purchased from Sigma-Aldrich Corporation (St. Louis, MO,
USA) and Tokyo Chemical Industry Co., Ltd. (Tokyo, Japan), respec-
tively. «-Methoxy-m-amino-poly(ethylene glycol) (CH30-PEG-NHo;
M,,= 12000) was purchased from NOF Corporation (Tokyo, Japan).
Tetrahydrofuran (THF), n-hexane, N,N-dimethylformamide (DMF),
CH,Cl, were doubly-distilled according to the standard procedures.
The magnetite nanoparticles were supplied by Toda Kogyo Corpora-
tion (Hiroshima, Japan; average particle size of magnetite: 10 nm).
Resovist® was obtained from Bayer HealthCare Co., Ltd. (Osaka,
Japan). TGF-f3 inhibitor was purchased from EMD Chemicals Inc. (San
Diego, CA, USA) (LY364947; catalog no. 616451).

2.2. Synthesis of poly(ethylene glycol)-poly(c,[3-aspartic acid) block
copolymer (PEG-PAsp)

PEG-PAsp was synthesized by a previously reported procedure
[13]. Briefly, poly (ethylene glycol)-b-poly([>-benzyl r-aspartate)
block copolymer (PEG-PBLA) was prepared by ring-opening poly-
merization of N-carboxy anhydride of >-benzyl t-aspartate (BLA-NCA)
from the ®-NH, group of PEG (M, = 1.2x10*). Molecular weight
distribution of PEG-PBLA was narrow as M,,/M;, = 1.06, which was
determined by gel permeation' chromatography [columns: TSK-gel
G3000HHR, G4000HHR (Tosoh, Yamaguchi, Japan); eluent: DMF
containing 10 mM LiCl; flow rate: 0.8 ml/min; detector: refractive
index (RI); temperature: 40 °C]. The composition of these block
copolymers was determined by "H NMR from peak intensity ratios of
methylene protons of PEG (OCH,CH,: d=3.7 ppm) and phenyl
protons of the (3-benzyl groups of PBLA (-CH,CsHs: d =7.3 ppm). The
polymerization degree of BLA in block copolymer was calculated to be
38. The benzyl groups of PEG-PBLA were then removed by alkaline
hydrolysis using 0.1 N NaOH to obtain PEG-PAsp as follows:

o 0
%o\/x NH, NaOH ,éo\/xN /u_y}nuz
272n 38 272H 38

6 0=

PEG-PBLA PEG-PAsp =

2.3. Preparation of PEG-PAsp-coated magnetite nanoparticles

PEG-PAsp-coated magnetite nanoparticles were prepared accord-
ing to the previous method with slight modification [10]. Briefly,
magnetite solution was quickly added to an aqueous solution of PEG-
PAsp with varying feed molar ratios of aspartic acid residues to Fe
(|Asp]/[Fe]) in the range of 0.01 to 1. The final concentration of
magnetite was adjusted to 10 mmol/l. The mixed solutions were
incubated at room temperature for 24 h to obtain magnetite
nanoparticles coated with PEG-PAsp. Purification of the PEG-PAsp-
coated magnetite nanoparticles was carried out by ultrafiltration
(MWCO 200 000; polysulfone membrane, Toyo Roshi Co. Ltd., Tokyo,
Japan).

2.4. Physicochemical characterization of the nanoparticles

The morphology and size distribution of the nanoparticles were
examined by transmission electron microscopy (H-7000, Hitachi, Ltd.,
Tokyo, Japan) at an accelerating voltage of 75 kV. The TEM samples
were prepared by mounting a drop of aqueous iron oxide nanopar-
ticles suspension on carbon-coated 400 mesh Cu grids and allowing
them to dry in air. Fourier transform infrared (FT-IR) spectra were
obtained using a FT-IR spectrophotometer (FT/IRG15, JASCO Corpora-
tion, Hachioji, Tokyo, Japan) with a resolution of 4 ¢cm™ ' To
characterize the interaction between block copolymer and magnetite
nanoparticles, a small amount of nanoparticles powder was milled
with KBr, and then pressed into a disc for analysis. Each spectrum was
scanned 64 times to increase the signal-to-noise ratio. The Fe content
in the nanoparticles was determined by ion coupled plasma-mass
spectroscopy (ICP-MS, 4500, Hewlett Packard, Palo Alto, CA, USA). The
amount of adsorbed block copolymer on magnetite nanoparticles was
measured by thermogravimetric analysis (TGA) (EXSTARG6200 TG/
DTA, Seiko Instruments Inc., Chiba, Japan) in nitrogen atmosphere
with a heating rate of 10 “C/min in the temperature range of 25-
1100 °C.

2.5. Light scattering and ¢-potential measurements

The size distribution of the PEG-PAsp-coated magnetite nanopar-
ticles was examined by dynamic light scattering (DLS) DLS-7000
(Otsuka Electronics Co., Ltd., Osaka, Japan). Vertically polarized light
with a wavelength of 488 nm from an Ar-ion laser (15 mW) was used
as the incident beam. All measurements were conducted at 37 °C, and
the data were analyzed by the cumulant method to determine the
hydrodynamic diameters of the particles. The ¢-potential of PEG-
PAsp-coated magnetite nanoparticles at 37 °C was measured by a
Zetasizer NanoZS instrument equipped with a DTS5001 cell (Malvern
Instruments Ltd., Worcestershire, UK).

2.6. Characterization of the r» relaxivities

The MR contrast effect of the magnetite nanoparticles was
examined by measuring their proton relaxivities, r,, of which the
definition is the slope of the concentration dependence given as:

1/T, = 1/T5(0) + ry[Fe]

Thus, a plot of 1/T, versus concentration gives the relaxivity as the
slope, where T, is the transversal relaxation time, 1/T, is the
transversal relaxation rate constant in the presence of a paramagnetic
species, and 1/T,(0) is the transversal relaxation rate constant in the
absence of a paramagnetic species. The magnetite nanoparticles were
dispersed into deionized water at concentrations of 0.5, 1.0, 1.5, 2.0,
and 2.5 mM and the T, of these nanoparticle solutions was measured
at 25 °C in water with a 0.47 T minispectrometer (Minispec, Bruker
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Optics Inc., Woodlands, TX, USA) using the Carr-Purcell-Meiboom-
Gill (CPMG) method |14].

2.7. In vivo MR imaging

The BXxPC3 human pancreatic adenocarcinoma cell line was obtained
from the American Type Culture Collection (Manassas, VA, USA). The
BxPC3 cells were grown in RPMI 1640 medium supplemented with 10%
FBS. BALB/c nude mice (female, 5-6 weelks of age), obtained from Charles
River Laboratories Japan Inc. (Tokyo, Japan), were inoculated subcuta-
neously with BxPC3 cells (1x 107 cells/mouse). After 3-4 weeks, MR
imaging of the tumors was conducted with a 4.7 T scanner (INOVA200,
Varian, Inc,, Palo Alto, CA, USA). Twenty-four hours prior to the in vivo MR
imaging, animals were treated with TGF-f3 inhibitor, 5 mg/ml in 4 i of
DMSO and diluted by 100 pl of PBS, at 1 mg/kg by intraperitoneal
injection. Subsequently, the mice were injected at a dose of 0.1 mmolFe/
kg, with Resovist® or PEG-PAsp-coated magnetite nanoparticles. A total
of 4 conditions (n =5 mice each) were investigated, i.e. with or without
TGF-{> inhibitor for both Resovist” or PEG-PAsp-coated magnetite
nanoparticles. Imaging was performed at different temporal points
(e.g., preinjection, 1 h postinjection, and 2 h postinjection). For the T,-
weighted MR imaging of live mice, the following parameters were
adopted: spin-echo method, point resolution =234 x 234 um, section
thickness=2.0 mm, TE=60 ms, TR=3000 ms, number of acquisi-
tions= 5. All animals were treated in accordance with the guidelines of
the Animal Ethics Committee of the University of Tokyo.

2.8. Histology

The excised samples were fixed overnight in 4% paraformaldehyde
and then paraffin-embedded. Embedded samples were thin sliced at
10 pm thick and then stained using an Iron Stain Kit (Muto Pure
Chemicals Co., Ltd., Tokyo, Japan), based on McFadzean's protocol [ 15],
with nuclear post-staining by 1% Safranin O. Iron staining was
observed using an AX80 microscope (Olympus Corporation, Tokyo,
Japan). The photographs were further quantified using Adobe Photo-
shop software (Adobe Systems Incorporated, San Jose, CA, USA),
Image] software (National Institute of Health, MD, USA), and Microsoft
Excel software (Microsoft Corporation, Redmond, WA, USA).

3. Results and discussion

3.1. The physicochemical properties of the PEG-PAsp-coated magnetite
nanoparticle: diameter and surface polymer density

For solid tumor diagnosis, it is important to develop well-designed
magnetite nanoparticles. The key physicochemical properties of

Fig. 1. TEM image of the PEG-PAsp-coated magnetite nanoparticles. Bar: 100 nm.
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Fig. 2. Physicochemical properties of the PEG-PAsp-coated magnetite nanoparticles.
(A) Hydrodynamic diameter vs. relative concentration of aspartic acid residue in the
medium normalized by [Fe] (mol/mol-Fe) (=[Asp]/[Fe]), and (B) Change in the
adsorbed density of PEG-PAsp on the magnetite surface estimated from TGA analysis
with a bulk concentration of PEG-PAsp. Temperature = 37 °C; medium: distilled water.

magnetite nanoparticles are size, surface polymer density, and surface
charge, since these characteristics can affect accumulation of
magnetite nanoparticles to solid tumor. The PEG-PAsp-coated
magnetite nanoparticles were prepared by mixing solutions of
magnetite nanoparticles and PEG-PAsp with various molar ratios of
the Asp residues to Fe (Asp/Fe); Asp/Fe ranged from 0.01 to 0.5, where
[Fe]=10 mmol/l. As seen in Fig. 1, the transmission electron
microscopy (TEM) image with 75 kV accelerating voltage of
nanoparticles mounted on carbon grid from aqueous solution
revealed that PEG-PAsp-coated magnetite nanoparticles take a cubic
shape with a mean particle diameter of approximately 10 nm. The
PEG-PAsp coating was observed as a layer with a thickness of
approximately 5 nm, surrounding the magnetite nanoparticles. It was
also observed in the TEM image that these PEG-PAsp-coated
nanoparticles form clusters with a size range of 100 nm.

The hydrodynamic diameter of these nanoparticles in aqueous
medium was then measured with DLS and shown to be in the range of
100 to 120 nm with unimodal distribution, for Asp/Fe ratios ranging
from 0.02-0.5. This DLS data is consistent with the cluster formation
of nanoparticles indicated from TEM images. However, with a lowered
Asp/Fe ratio as 0.01, the hydrodynamic diameter increased signifi-
cantly (Fig. 2A). This result indicates that there is a critical surface
concentration of PEG to effectively prevent the PEG-PAsp-coated
magnetite nanoparticles from the agglomeration. The purified
nanoparticles were stable in distilled water as 100 nm-scaled cluster
at room temperature as well as at 37 °C, maintaining the initial photon
count and distribution in DLS analysis for at least one month, even
after the ultrafiltration to remove free PEG-PAsp possibly remained in
the reactant.

The density of the PEG-PAsp block copolymer on the magnetite
particle surface was estimated by TGA. Here, nanoparticles were
heated in the nitrogen atmosphere to selectively vaporize the polymer
fraction. Eventually, the amount of absorbed polymer on the surface of
the nanoparticles was measured from the weight change by heating.
The polymer density was then calculated from the TGA measurement
for all the nanoparticles, assuming the cubic morphology as evidenced
by microscopy and a density of 5.05 g/cm? for magnetite. As seen in
Fig. 2B, the number of polymer strands on the nanoparticle surface
was as high as 100. This data suggests that the PEG density on the
magnetite nanoparticles is a little lower than that of PEGylated gold
nanoparticles prepared through the surface tethering of PEG-SH [16].

3.2. The mechanism of PEG-PAsp adsorption on the magnetite nanoparticles
To confirm the formation of PEG-PAsp coating on the magnetite

nanoparticles, the ¢-potential of bare and PEG-PAsp-coated magnetite
nanoparticles was measured in 10 mM MOPS buffer as a function of
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Fig. 3. Change in the {-potential with pH for bare (®) and PEG-PAsp-coated (M)
magnetite nanoparticles, Temperature = 37 °C; medium: 10 mM MOPS buffer.

pH (Fig. 3). The isoelectric point (IEP) of the bare magnetite
nanoparticles was estimated as approximately 6.6, which is consistent
with the reported IEP value of iron oxide [ 17]. In a lower pH (below the
IEP), the magnetite nanoparticle surface was protonated to result in a
positive ¢-potential. Thus, in this pH range, electrostatic attraction
between positively-charged magnetite nanoparticles and negatively
charged PEG-PAsp is expected to occur, allowing the PEG-PAsp
adsorption to the nanoparticle surface. Alternatively, the bare
magnetite nanoparticles possess negative ¢-potential at physiological
pH 7.4, whereas the ¢-potential shifted to the neutral value for PEG-
PAsp modified nanoparticles in 10 mM MOPS buffer (pH 7.4), being
consistent with the formation of a PEG shell layer. Also, these data
suggest that there should be an adsorption mechanism other than
simple electrostatic interaction, because magnetite has a negative ¢-
potential value at pH 7.4 to induce electrostatic repulsive force against
negatively charged carboxylates in PEG-PAsp. The adsorption
mechanism under physiological pH was suggested to be the mono-
dentate chelation (1) (Fig. 4) from the result of Fourier transform
infrared spectroscopy | 18], as explained in detail in Supplemental Text
with Supplemental Fig. 1 and Supplemental Table 1.

3.3. Comparison study of the physicochemical characteristics of the PEG-
PAsp- and dextran-coated magnetite nanoparticles

The MRI detection limit was compared between the PEG-PAsp-
and dextran-coated magnetite nanoparticles in the field of 0.47 T at
25 °C from the relaxivity r,, exhibiting the sensitivity of the T, MRI
contrast agent. The dextran-coated magnetite used in this study was
the one already in clinical use, Resovist®. Eventually, the relaxivity r»
of the PEG-PAsp nanoparticle was calculated to be 138 mM ™' s~ !, the
value similar to Resovist® [19)].

The hydrodynamic diameter observed between the PEG-PAsp-
coated and dextran-coated magnetite nanoparticles differed signifi-
cantly in an NaCl-concentration-dependent manner (Fig. 5A).
Although the hydrodynamic diameter of the PEG-PAsp-coated
magnetite nanoparticles did not change significantly up to 3 M NaCl,
indicating the appreciable stability of the PEG-PAsp-coating, that of
Resovist® significantly increased even at NaCl=0.15 M, and reached
more than 1 pm at NaCl=0.5 M, due to the drastic aggregation. Note
that the PEG-PAsp-coated nanoparticles did not show any change in
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70 g R
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Fig. 4. Modes of carboxylate-metal complexation: monodentate (1), bidentate chelating
(1), and bidentate bridging (III).
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diameter of magnetite nanoparticles, _I: PEG-PAsp-coated nanoparticles, O: dextran-
coated nanoparticles (Resovist™). Fe concentration =2 mmol/l; temperature =37 °C;
medium 10 mM Tris-HCl buffered saline (pH 7.4). 10% fetal bovine serum was contained
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their size even after one month storage in 10 mM Tris-HCI buffered
saline (pH 7.4, 37 °C) (data not shown).

The colloidal stability of the PEG-PAsp-coated magnetite nano-
particles in physiological conditions was also examined. We incubated
them in 10 mM Tris-HCl buffered saline (pH 7.4) containing 10% fetal
bovine serum at 37 °C for 24 h and measured the change of the
hydrodynamic diameter (Fig. 5B). The size of the PEG-PAsp-coated
magnetite nanoparticles did not obviously change during the 24-hour
storage time. On the other hand, the size of Resovist” increased by the
formation of aggregates after 16 h of storage time.

The stability of the PEG-PAsp-coated nanoparticles may come
from the multivalent bonding between flanking carboxylic groups and
the magnetite surface, as suggested by FT-IR study. These findings are
consistent with a report showing that PEG-oligo(aspartic acid) block
copolymer-coated iron oxide nanoparticles were stable at pH 2-11

~and in 1 M NaCl, where the repeating number of aspartic acid units

was 3 or more [20]. In contrast, instability of Resovist® against salt

addition may be due to weak interaction between magnetite and
hydroxyl groups of dextran [21].

3.4. MR imaging of experimental pancreatic cancer in vivo

The MR imaging of tumor tissue in vivo was then conducted by
comparing PEG-PAsp- and dextran-coated magnetite nanoparticles,
Resovist®. Resovist® has already been approved for clinical use as a
liver-specific MRI contrast agent, due to accumulation into the
reticuloendothelial system (RES) of the normal liver. Most malignant
liver tumors do not contain RES cells and therefore are contrasted
positive by Resovist®. A xenografted BxPC3 human pancreatic
adenocarcinoma cell line in nude mice, characterized histologically
by fibrosis and hypovascularity, was used as a model of intractable
cancer. Recently, we reported that the administration of TGF-{
inhibitor to tumor model mice significantly enhanced the intratu-
moral accumulation of nanoparticles encapsulating anticancer drugs
[11]. Thus, we tested the effect of the i.p. administration of TGF-f3
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Fig. 6. MR imaging of experimental pancreatic cancer in vivo and the distribution of the nanoparticles in cancer and liver tissues. (A) T>-weighted images of tumor-implanted mice
(tumor sites are circled by red dotted line) at different temporal points after injection of PEG-PAsp-coated magnetite nanoparticles and TGF-{3 inhibitor, All images were obtained ina
field strength of 4.7 T. (B) Histological sections of BXPC3 xenograft stained with Prussian blue. The distribution of Resovist™ and PEG-PAsp-coated magnetite nanoparticles, at 5.5 mg/kg with
and without TGF-> inhibitor at 1 mg/kg, were examined 24 h after the administration. (C) Histological sections of liver stained with Prussian blue. The distribution of Resovist™ and PEG-
PAsp-coated magnetite nanoparticles, at 5.5 mg/kg with TGF-f inhibitor at 1 mg/kg, was examined 24 h after the administration. (D and E) Areas of iron staining in the tumor and liver were
quantified. PEG-PAsp, PEG-PAsp coated magnetite nanoparticles with (4 ) and without (—) inhibitor. Error bars in the graphs represent standard errors of the mean (n = 6), and P values
were calculated by two-tailed Student's ¢ test. n.s.: not significant.
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inhibitor with the i.v. administration of Resovist® or the PEG-PAsp-
coated magnetite nanoparticles on their imaging capability in size-
matched xenografts of the BxPC3 cell line. Fig. 6A shows the T-
weighted MR images of the tumors at different time periods after the
intravenous administration (preinjection, and 1 and 2 h postinjection)
of PEG-PAsp-coated magnetite nanoparticles with and without TGF-3
inhibitor.

Resovist® failed to image the tumor even with the co-administra-
tion of TGF-f3 inhibitor, presumably due to the non-specific accumula-
tion into the reticuloendothelial system [8]. In contrast, the PEG-
PAsp-coated magnetite nanoparticles exhibited significant negative
enhancement of signal intensity in the tumor region of T>-weighted
images when combined with TGF-f3 inhibitor, suggesting the
accumulation of detectable amounts of the PEG-PAsp-coated magne-
tite nanoparticles within 2 h after injection. Therefore, the difference
in behavior of these two types of magnetite nanoparticles in vivo had a
crucial importance in achieving effective tumor accumulation for
successful MR imaging.

To further verify the accumulation of iron oxide nanoparticles in
the tumor, we performed Prussian blue staining of the tumor tissues
to detect iron oxide, which stains blue. As shown in Fig. 6B, positive
staining of the tumor for iron oxide was only obvious in the condition
with PEG-PAsp-coated nanoparticles combined with the TGF-3
inhibitor. Areas of iron staining in the tumor were then quantified as
seen in Fig. 6D, demonstrating a significant increase in the areas of
positive staining by TGF-{3 inhibitor treatment. The presence of iron
oxide was consistent with the MRI results. Iron oxide was observed in
the area rich in fibrotic components, suggesting that the administra-
tion of TGF-{3 inhibitor transiently increases the permeability of the
tumor capillary to promote the extravasation of the PEG-PAsp-coated
magnetite nanoparticles, even though the BXPC3 tumor has the
characteristic of hypovascularity [11].

Lastly, we examined liver tissues from the mice treated with
Resovist® or the PEG-PAsp-coated magnetite nanoparticle, with or
without TGF-{3 inhibitor, by iron staining (Fig. 6C). Although aggregates
of Resovist™ accumulated in the liver, particularly in cells with smaller
nuclei (presumably Kuppfer cells), far less PEG-PAsp-coated magnetite
nanoparticles accumulated in the liver without aggregation. These
results did not differ with or without TGF-> inhibitor, which was
determined by the area of Prussian blue staining (Fig. 6E).

4. Conclusion

In conclusion, we here demonstrated the physicochemical proper-
ties of PEG-PAsp-coated magnetite nanoparticles and the feasibility of
these nanoparticles as MR contrast agents for cancer diagnosis.
Improving the stability of nanoparticles might be important for
enabling a longer half-life in the bloodstream and a better accumula-
tion in tumor tissue, leading to effective MR imaging with contrast
agents. The neutral ¢-potential of the PEG-PAsp-coated nanoparticle
may contribute to avoidance of reticuloendothelial system uptake.
Formation of the stable and dense PEG layer on the magnetite surface
through the anchoring of PEG-PAsp by the monodentate chelation of
COO~ residues to iron atoms definitely plays a substantial role in the
increased stability of the nanoparticles in vivo. The use of PEG-PAsp-
coated magnetite nanoparticles combined with a TGF-{> inhibitor
could thus become a novel regime in the diagnosis of intractable
cancers, including pancreatic adenocarcinoma.
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In regard to gene vectors for cancer gene therapy, their
percolation into the tumor tissue should be essential for
successful outcome. Here, we studied the tumor pene-
trability of nonviral vectors (polyplexes) after incubation
with the multicellular tumor spheroid (MCTS) models
and intratumoral (i.t.) injection into subcutaneous
tumors. As a result, polyethylene glycolated (PEGylated),
core-shell type polyplexes (polyplex micelles) showed
facilitated percolation and improved transfection inside
the tumor tissue, whereas conventional polyplexes from
cationic polymers exhibited limited percolation and
localized transfection. Furthermore, the transfection of
hypoxia-responsive plasmid demonstrated that poly-
plex micelles allowed the transfection to the hypoxic
region of the tumor tissue in both in vitro and in vivo
experiments. To the best of our knowledge, our results
demonstrated for the first time that polyplex micelles
might show improved tumor penetrability over cationic
polyplexes, thereby achieving transfection into the inside
of the tumor tissue.
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INTRODUCTION

Gene therapy is a promising method for the treatment of malig-
nant tumors, and its success relies on the capabilities of gene
vectors. In this regard, nonviral vectors composed of plasmid
DNA (pDNA) and cationic polymers, so-called polyplexes have
been attracting much attention due to several advantages such as
no immunogenicity, safety, and easy large-scale preparation.'™* So
far, considerable efforts have been devoted to improve the trans-
fection efficiency of polyplexes as well as control the gene expres-
sion in the body.* However, in regard to gene vectors for cancer
gene therapy, much attention should be paid on another impor-
tant property: percolation into the tumor tissue. In general, solid
tumors are known to possess heterogeneous structures composed
of blood vessels, interstitial tissues, clusters of tumor cells with

normoxic and hypoxic regions. Therefore, it might be difficult
to deliver the therapeutic agents to tumor cells distant from the
vasculature.”"" Furthermore, hypoxic region induced by the
insufficient blood supply is known to be inherently less suscep-
tible to therapeutic agents." As such difficulty in treating hypoxic
regions is often correlated with recurrence and malignant pro-
gression of solid tumors,'"” overcoming the limited drug access to
hypoxic cells should be a critical issue in cancer therapy. Thus, the
percolation of gene vectors in solid tumors should be of primary
importance to achieve successful cancer gene therapy.

Recently, we have developed a highly transfectable but less-
toxic core-shell type polyplex with poly(ethylene glycol) (PEG)
palisades (polyplex micelle), which was formed through the elec-
trostatic interaction between pDNA and PEG-b-polyaspartamide
having 1,2-diaminoethane side chain (PEG-b-P[Asp(DET)])
(Figure 1).'>" This polyplex micelle showed remarkable features,
including efficient gene transfer to primary cells,” successful
in vivo transfection to a rabbit carotid artery," and transfection-
mediated bone regeneration.'” In this study, we explored the tumor
penetrability of polyplex micelles, because we have recently dem-
onstrated that amphiphilic block copolymer micelles can show
penetrability into multicellular tumor spheroids (MCTSs)'® as
well as solid tumors after intravenous administration.'” Here, we
demonstrated that polyplex micelles from PEG-b-P[Asp(DET)]
showed successful transfection to hypoxic cells inside MCTS as
well as enhanced percolation and widely distributed gene expres-
sion within the tumor tissue after intratumoral (i.t.) injection.
In contrast, cationic polyplexes showed limited penetration and
localized transfection in both in vitro and in vivo studies. These
results suggest that polyplex micelles may overcome the trans-
port barrier of nonviral vectors, facilitating their use for cancer
gene therapy.

RESULTS

Transfection to MCTS

MCTS is an appropriate in vitro tumor model representing mor-
phological and functional features of in vivo avascular solid
tumors, and is composed of actively proliferating outer cell layers
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Figure 1 Chemical structures of P[Asp(DET)] homopolymers and
PEG-b-P[Asp(DET)] block copolymers.

and hypoxic and quiescent inner cells.' In this study, a large-sized
MCTS (400-500 um), which possessed a hypoxic region charac-
terized by necrotic cells inside due to limited supply of oxygen
and nutrition (Figure 2a), was transfected with pCAcc + Venus by
using the linear polyethylenimine (LPEI) and P[Asp(DET)] poly-
plexes and PEG-b-P[Asp(DET)] polyplex micelles at a defined
mixing ratio of the number of amino groups units to a nucleotide
unit (N/P ratio). Note that, although we have recently reported
that a small-sized MCTS (~100um) can be disrupted by the cyto-
toxicity of polyplexes," the large-sized MCTS used in this study is
stable against the polyplex-mediated transfection. The expression
of a variant of yellow fluorescent protein, Venus was evaluated by
confocal microscopic observation. At 48 hours after the trans-
fection (24-hour incubation and additional 24-hour incubation
after the medium replacement), the LPEI polyplexes (N/P = 6, the
manufacturer’s recommendation ratio) and P[Asp(DET)] poly-
plexes (N/P = 20) showed significant gene expression limited to
the periphery of the MCTS (Figure 2b). This result indicates that
cationic polyplexes might lack the ability to transfect the inside
of the MCTS. In contrast, PEG-b-P[Asp(DET)] polyplex micelles
(N/P = 20) showed appreciable gene expression at not only the
periphery but also the inside of the MCTS (Figure 2b), where a
great number of necrotic cells were observed as indicated by red
fluorescence from ethidium homodimer (EthD-1) (Figure 2c).
These results suggest that polyplex micelles may allow the gene
transfer to tumor cells in the hypoxic inner region of the MCTS.

Hypoxia-selective gene expression in the MCTS

To confirm the gene expression in hypoxic cells in the MCTS,
we carried out the transfection study using pDNA encoding
Venus driven by the 5x hypoxia-responsive element (5HRE)
promoter (pSHRE + Venus). The hypoxia-selectivity of pSHRE +
Venus was examined in monolayer cultured HuH-7 cells under
hypoxic conditions reproduced by iron-chelating agent, deferox-
amine mesylate.”’ As shown in Figure 3a, PEG-b-P[Asp(DET)]
polyplex micelles containing hypoxia-responsive pSHRE +
Venus showed no gene expression under normoxic conditions
(Opmol/l deferoxamine mesylate) but an appreciable gene
expression under hypoxia-mimicking conditions (200 pumol/l
deferoxamine mesylate). Note that polyplex micelles contain-
ing hypoxia-irresponsive pCAcc + Venus exhibited significant

Molecular Therapy vol. 17 no. 8 aug. 2009
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P[Asp(DET)]

PEG-b-P[Asp(DET)]

Figure 2 Transfection to HuH-7 MCTS. (a) Live/dead staining of HuH-7
spheroid (optical slice at the middle of spheroid. Bar = 100um). The
green and red fluorescence are derived from live and dead cells, respec-
tively. (b) Gene expression of pCAcc + Venus in HuH-7 MCTS transfected
with LPEI polyplexes (N/P = 6), P[Asp(DET)] polyplexes (N/P = 20), and
PEG-b-P[Asp(DET)] polyplex micelles (N/P = 20) (24 hours of incubation
time and 24 hours of additional incubation after the medium replace-
ment). (c) Gene expression of pCAcc + Venus at the inner region of
HuH-7 MCTS transfected with PEG-b-P[Asp(DET)] polyplex micelles
(N/P = 20) (24 hours of incubation time and 24 hours of additional
incubation after the medium replacement) (Left: The red and green
fluorescence are derived from dead cells and transtected protein Venus,
respectively. Right: Magnified image of the circled region in the left pic-
ture). LPEI, linear polyethylenimine; MCTS, multicellular tumor spheroid;
N/P, ratio of the number of amino groups units to a nucleotide unit.

gene expression under both normoxic and hypoxic conditions.
Thus, pSHRE + Venus was demonstrated to be highly selective
to hypoxic environments. Then, LPEI and P[Asp(DET)] poly-
plexes and PEG-b-P[Asp(DET)] polyplex micelles containing
pSHRE + Venus were applied to the transfection to the large-
sized MCTS (400-500tm). As a result, none of 5 spheroids
transfected with LPEI polyplexes showed the expression of
p5HRE + Venus (data not shown), which may be consistent
with the expression of pCAcc + Venus limited to the periphery
of the MCTS (Figure 2b). Surprisingly, P[Asp(DET)] polyplexes
exhibited the expression of pSHRE + Venus in two of five spher-
oids at 48 hours after the transfection; however, the gene expres-
sion was limited to the outer rims of hypoxic regions at ~100 pum
distance from the periphery of the MCTS (Figure 3b; the yel-
low circle is the initial size of spheroids before the transfection).
This result suggests that P[Asp(DET)] polyplexes could pene-
trate into the inside of the spheroids to some extent. In contrast,
PEG-b-P[Asp(DET)] polyplex micelles allowed the transfection
of pSHRE + Venus to a larger number of the cells in the inner
region of the MCTS in 7 of 10 spheroids (Figure 3b), suggest-
ing the ability of the polyplex micelles to transfect hypoxic cells
inside of the spheroids. To further confirm this effect, two dis-
tinct plasmids encoding DsRedCl1 (red fluorescence) driven
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Figure 3 Hypoxia selective gene expression in the MCTS. (a) Gene expressions of hypoxia-irresponsive pCAcc + Venus and hypoxia-responsive
pSHRE + Venus in monolayer cultured HuH-7 cells under normoxic and hypoxic conditions. HuH-7 cells were incubated with PEG-b-P[Asp(DET)] poly-
plex micelles (N/P = 20) for 24 hours, followed by additional 24 hours incubation after the medium replacement. Hypoxia-mimicking conditions were
reproduced by incubating the cells with iron chelating agent, DFx during the postincubation. (b) Gene expressions of hypoxia-responsive pSHRE +
Venus in the HuH-7 spheroids transfected with P[Asp(DET)] polyplexes and PEG-b-P[Asp(DET)] polyplex micelles (N/P = 20). The yellow circle indi-
cates the size of the MCTS at the time of the transfection. (c) Piled up images of the gene expressions of hypoxia-irresponsive pCMV-DsRedC1 (red
fluorescence) and hypoxia-responsive pSHRE — Venus (green fluorescence) in the MCTS transfected with PEG-b-P[Asp(DET)] polyplex micelles incor-
porating each plasmid (N/P = 20). (d) Distribution of Cy3-labeled pDNA encapsulated into P[Asp(DET)] polyplexes (N/P = 20) and PEG-b-P[Asp(DET)]
polyplex micelles (N/P = 20) in HuH-7 MCTS after 24-hour incubation. The images were taken at the center of the spheroids. DFx, deferoxamine

mesylate; MCTS, multicellular tumor spheroid; N/P, ratio of the number of amino groups units to a nucleotide unit.

by the cytomegalovirus (CMV) promoter (pCMV-DsRedCl)
and Venus (green fluorescence) driven by the 5HRE promoter
(p5SHRE — Venus) were independently encapsulated into PEG-b-
P[Asp(DET)] polyplex micelles, and then applied to the transfec-
tion to the MCTS. After 48 hours, optical slices of the MCTS at a
depth of 1 pm were taken by confocal microscopy, and then piled
up by Imaris software (Carl Zeiss, Jena, Germany) to obtain the
three-dimensional localization of each fluorescence. As shown
in Figure 3¢, the expression of pSHRE — Venus was mainly
detected in the inner region of the MCTS, whereas the expres-
sion of pPCMV-DsRedC1 was observed throughout the MCTS.
Thus, the hypoxic inner regions of the MCTS were successfully
transfected with PEG-b-P[Asp(DET)] polyplex micelles.

Percolation of polyplexes and polyplex micelles

into the MCTS

The percolation of the polyplexes and polyplex micelles into
the MCTS was investigated by using Cy3-labeled pDNA. In
this study, the MCTS with a diameter of 200-250 um was used
to detect weak fluorescence from Cy3-labeled pDNA within the
spheroids. Figure 3d shows the fluorescent image of Cy3-labeled
pDNA at the center of HuH-7 MCTS after 24-hour incubation
with polyplexes or polyplex micelles. Note that the treatment of
the relatively small-sized MCTS with LPEI polyplexes resulted in
destruction of spheroid structures due to the cytotoxicity of LPEI
as previously reported.” As shown in Figure 3d, P[Asp(DET)]
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polyplexes displayed apparent fluorescence at the periphery of
spheroids. This result is consistent with the previous report that
cationic polyplexes could penetrate only the outer 3-5 proliferat-
ing cell layers (10-20 um) of the MCTS."" In contrast, the pDNA
formulated in PEG-b-P[Asp(DET)] polyplex micelles showed
well-distributed fluorescence within spheroids, suggesting their
percolation into the inside of the spheroids. Similar results
were obtained when the MCTS model from a different cell line
(i.e., human pancreatic BxPC3 cells) were used (Supplementary
Figure S1). Thus, polyplex micelles might possess the ability to
percolate into the spheroids over cationic polyplexes.

i.t. distribution of polyplexes and polyplex micelles
after i.t. injection

The i.t. distribution of naked pDNA, LPEI polyplexes (N/P = 6),
P[Asp(DET)] polyplexes (N/P =20), or PEG-b-P[Asp(DET)] poly-
plex micelles (N/P = 20) after the injection to solid tumors (human
pancreatic adenocarcinoma BxPC3 cells) was evaluated by using
Cy3-labeled pDNA (n = 3). In this experiment, each formulation
was coadministered with FluoSphere fluorescent microspheres
[particle size: 15 pm, 645nm/680 nm (Ex/Em)] as a marker for the
injection point. The fluorescent images of Cy3-labeled pDNA in
BxPC3 tumors are shown in Figure 4a and Supplementary Figure
$2, and the total pixels of fluorescence area and its localization
in the three different regions classified by the distance from the
injection point (<100 um, 100-200 um, >200 um) are quantified
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