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Figure 3 | Microdistribution of fluorescently labelled DACHPt/m of varying sizes in tumours. a-d, Histological examination of C26 tumour (a) and BxPC3
tumour (¢) by H&E staining (dashed lines in € show area of cancer cell nests in the BxPC3 tumour) and fluorescent microscopic images of sections of C26
(b) and BxPC3 (d) tumours 24 h after intravenous administration of fluorescent micelles with different sizes. Micelles were labelled with Alexa 594 (red).
Blood vessels were marked with PECAM-1 and Alexa 488 secondary antibody (green). Scale bars, 50 jum. e-g, Mapping of platinum atoms from DACHPt
and iron from haemoproteins in tumour sections of C26 (e), BxPC3 (f) and a BxPC3 cancer cell nest (indicated by dashed line) (g) by u-SR-XRF 24 h after

administration of micelles. Scale bars, 50 um.

against the penetration of drugs and nanocarriers?®*!. In the BxPC3
model, immunofluorescence detection of PECAM-1 (Fig. 3d, green)
indicated the presence of blood vessels around the cancer cell nests
and the absence of vessels in the interior of these structures. We
observed that the 30 nm micelles penetrated inside the tightly
nested structures of BxPC3 tumours, but the fluorescent signal of
the bigger micelles diminished and was concentrated close to the
blood vessels, indicating their failure to enter the nests of cancer
cells (Fig. 3d, red). This size-dependent penetration of fluorescent

818

DACHPt/m may affect the intratumoral distribution of the
delivered drug.

Given that the drug loaded in the micelles was a platinum
complex, we assessed the drug microdistribution in tumour sections
by detecting element disposition using w.-synchrotron radiation
X-ray fluorescence (pu-SR-XRF). The very distinct peak of the
platinum from the DACHPt can be observed in the sum spectrum of
the line scan as well as the elements traditionally present in animal
tissue. The distribution of iron and platinum in tumour tissue
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sections was studied to evaluate the distribution of haemoproteins
(linked to the presence of blood vessels) and the location of
the drug, respectively. For this experiment, we used DACHPt/m
with diameters of 30 and 70 nm because of the critical differences
in antitumour activity, tumour accumulation and microdistribution
of DACHPt/m in the BxPC3 tumour model for diameters below and
above 50 nm (Figs 2¢,d, 3d).

In the C26 tumour model, the extensive spread of iron atoms
indicates abundant vascularization (Fig. 3e), consistent with the abun-
dance of blood vessels observed by immunofluorescence microscopy
(Fig. 3b, green). DACHPt delivered from the 30 and 70 nm micelles
was broadly distributed in this tumour model (Fig. 3e). In the
BxPC3 xenografts, the distribution of iron atoms (Fig. 3f,g) indicates
reduced vascularization and disposition of blood vessels in this
model, suggesting a restricted blood flow inside the nest structures.
The platinum mapping shows that the 30 nm micelles delivered
DACHPt inside the cancer cell nests, whereas DACHPt from the
70 nm micelles is localized in the periphery of the nests (Fig. 3g). In
both tumour models, the intratumoral microdistribution of
DACHPt has a layout similar to that of the fluorescent micelles, con-
firming that tumour penetration by the micelles directly affects drug
accumulation and antitumour outcome.

The real-time observation of in vivo behaviour of nanocarriers
might reveal the critical barriers in a living body. Unlike conventional
histological analysis, the in vivo confocal laser scanning microscopy
(CLSM) technique enables spatiotemporal and quantitative analyses
of extravasation, tissue penetration and cellular internalization
of nanocarriers in a living animal®%. By using an in vivo CLSM com-
bined with a high-speed resonance scanner designed to acquire clean
live tissue images, we intravitally evaluated the penetration and
accumulation of the fluorescently labelled micelles. The 30 and
70 nm micelles were labelled with Alexa 488 (green) and Alexa 594
(red) fluorescent probes, respectively (Supplementary Fig. S3), and
concurrently injected into tumour-bearing mice to evaluate real-
time extravasation, penetration and microdistribution of both
micelles in the same tumour (Fig. 4). Fluorescence measurements
in the tissues were relative to the fluorescence intensity in the
vasculature immediately after injection of the micelles (V).

At 1 h post-injection of the micelles, the fluorescence intensity of
both 30 and 70 nm DACHPt/m in the blood vessels of tumours
was ~80% of V., (Fig. 4ab). In C26 tumours, the micelles
showed similar extravasation and penetration (Fig. 4a,
Supplementary Video S1). The z-stack volume reconstruction of
the C26 tumour showed a profusely vascularized structure and a
comparable presence of both micelles in the tumour interstitium
(Fig. 4c, Supplementary Video S2). In BxPC3 tumours, the extrava-
sation profiles of the 30 and 70 nm micelles after 1 h were clearly dis-
similar (Fig. 4b, Supplementary Videos S3, S4). The 30 nm micelles
crossed the vascular wall, achieving over 20% of V., at 40 um from
the blood vessel (Fig. 4b). In contrast, the 70 nm micelles extrava-
sated at discrete sites close to the blood vessels and failed to move
towards the interstitial space (Fig. 4b). These distinct penetration
profiles were evident in the z-stack volume reconstruction of the
BxPC3 tumour, showing that the extravasation points of the 70 nm
micelles surrounded the blood vessels (Fig. 4d,e, Supplementary
Videos S5 and S6). At 24 h post-injection, the intensities of the
extravasated 30 and 70 nm micelles in the C26 tumour were ~40%
of V. at 100 um from the blood vessels (Fig. 4f), and both
micelles were observed inside the individual cells of the tumour
tissue (Fig. 4f). In BxPC3 tumours, the distribution of the
micelles corresponded reasonably to their different extravasation
profiles; the 30 nm micelles achieved deep tumour accumulation,
but the 70 nm micelles remained close to the vasculature (Fig. 4g,
white arrows). The intensity of the extravasated 30 nm micelles
was ~40% of V.. (Fig. 4g) and they apparently localized in
the cells (Fig. 4g). These observations strongly suggest that
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30 nm DACHPt/m can penetrate nests of cancer cells distant
from blood vessels, allowing homogeneous drug distribution in
hypopermeable tumours.

Although many factors (including morphology, hydrophobicity
and nanoparticle charge) affect their accumulation in tumours, it is
of primary importance to study long-circulating nanocarriers,
because prolonged circulation is a prerequisite for tumour
targeting based on the EPR effect. Results obtained by intratumoral
microdistribution studies indicate that micellar nanomedicines
with diameters less than 50 nm might be superior in terms of extra-
vasation and penetration into tumour tissues among the sub-100 nm
micellar nanomedicines. The limitation of the present study is that
the size of the micellar nanomedicines was restricted to between
30 and 100 nm. Because the threshold of renal clearance of
nanoparticles is ~55nm (ref. 35), tumour accumulation and
intratumoral distribution of nanomedicines in the range between 5
and 30 nm remain to be clarified. Furthermore, the biodistribution
study revealed that the 100 nm micelles showed higher accumulation
in the liver compared with other smaller micelles (Supplementary
Fig. S2, Table S1), suggesting the importance of the size of nano-
medicines for their distribution in organs, which may be associated
with toxicity. Hence, optimizing the size of nanomedicines should
take into account the balance between antitumour efficacy and
potential toxicity.

Enhancing tumour permeability with a TGF-§ inhibitor
We have recently reported that low doses of a transforming growth
factor (TGF)-B inhibitor (TGF-B-I) transiently decreases the peri-
cyte coverage of the endothelium in the neovasculature of pancreatic
tumours, resulting in enhanced accumulation and antitumour
activity of 65 nm micellar nanomedicines and 90 nm Doxil*.
These results motivated us to evaluate the effect of the TGF-{ inhibi-
tor on the delivery of sub-100 nm DACHPt/m in BxPC3 tumours.
When mice were treated with 1 mgkg™' of TGF-B-I (LY364947),
the 70 nm micelles reduced the tumour growth rate as effectively
as the 30 nm micelles (Fig. 5a). Moreover, accumulation of the
70 nm micelles in tumours was augmented to a level comparable
with that of the 30 nm micelles (Fig. 5b). These results indicate
that the impaired extravasation and penetration of the 70 nm
micelles in BxPC3 tumours can be overcome by treatment with
TGF-B-L

Fluorescence microscopic evaluation of BxPC3 tumour sections
revealed that the fluorescently labelled 70 nm micelles showed
enhanced intratumoural penetration even inside cancer cell nests
after administration of TGF-B-I (Fig. 5¢). This result suggests that
modulation of the stromal components in tumour tissue by
TGF-B-I, including pericyte coverage around the tumour blood
vessels, is important for penetration of the 70 nm micelles. Moreover,
the w-SR-XRF measurement demonstrated that co-administration
of TGF-B-I facilitated intratumoral delivery of DACHPt from the
70 nm micelles, which reached the interior of the cancer cell
nests at 24 h post-injection (Fig. 5d). This result is consistent
with the augmented antitumour activity (Fig. 5a) and enhanced intra-
tumoural penetration (Fig. 5b) of 70 nm DACHPt/m by TGF-B-1.

Intravital CLSM observation also confirmed that treatment with
TGF-B-1 enhanced the extravasation and penetration of 70 nm
micelles into BxPC3 tumours (Fig. 5e, Supplementary Video S7).
We found that the 30 and 70 nm micelles demonstrated a compar-
able distribution in the tumour tissues, and both achieved ~20% of
Vipax at 40 pm from the blood vessels at 1h after co-injection
(Fig. 5e). At 24 h after injection, both micelles had deeply penetrated
the tumour (Fig. 5f), reaching over 40% of V., at 100 wm from the
blood vessels (Fig. 5f). The 30 and 70 nm micelles also appeared to
show comparable subcellular localization (Fig. 5f). These results
suggest that the improvement in extravasation and penetration of
70 nm DACHPt/m by TGF-B-I caused the increased antitumour
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Figure 4 | In vivo real-time microdistribution of DACHPt/m with different diameters in tumours. a,b, Microdistribution of fluorescently labelled 30 nm
(green) and 70 nm (red) micelles 1h after injection into C26 (a) and BxPC3 (b) tumours. Their colocalization is shown in yellow. Right panels in a and b
show fluorescence intensity profile from the blood vessel (0-10 um; grey area) to the tumour tissue (10-100 pm) in the selected region (indicated by a
white rectangle) expressed as a percentage of the maximum fluorescence intensity attained in the vascular region (%V,,,,). €d, Z-stack volume
reconstruction of C26 (¢) and BxPC3 (d) tumours 1h after co-injection of the fluorescent micelles. e, Magnification of the perivascular region (indicated by
a white trapezium) of the z-stack volume image of BxPC3 tumours. f.g, Distribution of 30 and 70 nm micelles 24 h after injection into C26 tumours (f) and
BxPC3 tumours (g). White arrows in g indicate 70 nm micelles localizing at perivascular regions. Right panels show fluorescence intensity profile from the
blood vessel (0-10 wm; grey area) to the tumour tissue (10-100 pm) in the selected region (indicated by white rectangle).
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Figure 5 | Effect of TGF-f3 inhibitor (TGF-B-I) on antitumour activity and tumour accumulation of DACHPt/m in BxPC3 tumours. a, Graph showing relative
tumour volume. Micelles (3 mg kg™") were injected on days 0, 4 and 8 and TGF-B-1 on days 0, 2, 4, 6 and 8. b, Graph showing accumulation of 30 and

70 nm DACHPt/m in BxPC3 tumours after injection of TGF-B-I. Data are expressed as means+s.e.m,, n= 6. *P> 0.05; **P < 0.01. ¢, Fluorescent
microscopy of tumour sections 24 h after co-administration of the fluorescent micelles and TGF-B-I. Scale bars, 50 wm. d, Platinum and iron mapping of
tumour sections by p.-SR-XRF 24 h after administration of 30 and 70 nm micelles. Scale bars, 50 pm. ef, Intravital distribution of 30 nm (green) and 70 nm
(red) micelles in BxPC3 tumours 1h (e) and 24 h (f) after co-injection of micelles and TGF-B-I. Their colocalization is shown in yellow. Right panels show
fluorescence intensity profile from the blood vessel (grey area) to the tumour tissue in the selected region (indicated by a white rectangle).

activity, supporting the hypothesis that TGE-( inhibitors have great ~ Conclusions
potential for enhancing the therapeutic efficacy of nanomedicinesin ~ The enhanced targeting of drugs to cancer cells within tumours by
hypopermeable tumours. nanomedicines largely depends on size. We have shown that the
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tumoricidal efficiency of long-circulating polymeric micelles
depends on the size of the micelles and the permeability of the
tumour. In hypervascular tumours with a highly permeable struc-
ture, sub-100 nm micellar nanomedicines showed no size-depen-
dent restrictions on extravasation and penetration in tumours. In
contrast, only nanomedicines smaller than 50 nm can penetrate
poorly permeable hypovascular tumours. Furthermore, increasing
the permeability of hypovascular tumours using TGF-(3 signalling
inhibitor improved the accumulation and distribution of the
larger 70 nm micelles, offering a way to enhance the efficacy of
larger nanomedicines. Because efficient extravasation and tumour
penetration are important prerequisites for targeting cancer cells,
our findings are important for designing sophisticated nanomedi-
cines that are capable of cell recognition and selective intracellular
release of payloads.

Materials and methods

Materials, cell lines and animals. Information regarding materials, cell lines
(murine colon adenocarcinoma 26 (C26) cells and human pancreatic cancer BxPC3
cells) and animals is described in the Supplementary Information. All animal
experiments were performed in accordance with the Guidelines for the Care and Use
of Laboratory Animals as stated by the University of Tokyo.

Tumour models. BALB/c nude mice were inoculated subcutaneously with C26 cells
(1 x 10° cell mI™1) to prepare the hyperpermeable tumour model, or with BxPC3
cells (1 x 107 cell mI™Y) to prepare the hypopermeable tumour model. In vivo and
ex vivo confocal microscopy, elemental mapping and antitumour activity studies
were performed when tumours were 50 mm in volume?®. Biodistribution studies were
performed when the tumours were ~100 mm in volume®.

Preparation of PEG-b-P(Glu) block copolymer and P(Glu) homopolymer.
PEG-b-P(Glu) block copolymers and P(Glu) homopolymers were synthesized
according to a previously described synthetic method® with a minor modification.
Detailed procedures for polymer synthesis and characterization are described in
the Supplementary Information. PEG-b-P(Glu) was fluorescently labelled by
conjugating the Alexa 488 and Alexa 594 succinimidyl esters to the w-amino group
of the polymer in dimethyl sulfoxide. Detailed procedures are described in the
Supplementary Information.

Preparation and characterization of DACHPt/m with different diameters.
DACHPt/m with different diameters were prepared according to a previously
described method with a slight modification'®?®?’, Detailed procedures are
described in the Supplementary Information. The size distribution of DACHPt/m
was evaluated by DLS measurements at 25 °C, and the zeta potential of the micelles
was measured in phosphate buffer at pH 7.4 using a Zetasizer Nano ZS90 (Malvern
Instruments). The platinum content in the micelles was determined by ion-coupled
plasma-mass spectrometry (ICP-MS) using a Hewlett Packard 4500 ICP-MS.
Fluorescently labelled DACHPt/m was prepared in a similar manner with Alexa 488
or Alexa 594 labelled PEG-b-P(Glu). The stability of DACHPt/m with different
diameters in Dulbecco’s modified Eagle’s medium (DMEM) containing 10% FBS
at 37 “C was determined by DLS. The release rate of the micelles under similar
conditions was studied by the dialysis method using a dialysis bag (molecular weight
cutoff = 2,000). More detailed information is described in the Supplementary
Information.

Transmission electron microscopy. The experimental procedure is described in the
Supplementary Information.

In vitro cytotoxicity assay. The experimental procedure is described in the
Supplementary Information.

Antitumour activity assay. Mice were treated three times intravenously at two-day
intervals with 3 mg kg~ (on a platinum basis) of 30, 50, 70 and 100 nm
DACHPt/m. Anti-tumour activity was evaluated in terms of tumour size (V),
which was estimated by the equation

V=axb/2

where g and b are the major and minor axes of the tumour, respectively, as measured
by a caliper. The statistical significance of different findings between the
experimental and control groups was determined by analysis of variance (ANOVA)
with Tukey’s multiple comparison test. The results were considered statistically
significant if two-tailed P-values were less than 0.05.

Plasma clearance and organ and tumour accumulation of DACHPt/m

with different diameters. The experimental procedure is described in the
Supplementary Information.
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Microdistribution and immunohistochemistry of fluorescently labelled
DACHPt/m. Mice bearing C26 or BxPC3 tumours were intravenously injected with
Alexa 594-labelled 30, 50, 70 and 100 nm DACHPt/m at 100 p.g per mouse on a
platinum basis. Twenty-four hours later, tumours were collected and immediately
frozen in an acetone/dry ice mixture. The frozen samples were further sectioned
(thickness, 16 wm) in a cryostat, briefly fixed with cold acetone and then incubated
with PECAM-1 antibody. Alexa 488 was used as the secondary antibody. Samples
were observed using a Zeiss LSM510 Meta confocal microscope (Oberkochen). For
H&E staining, the excised samples were fixed overnight in 4% paraformaldehyde
and then paraffin-embedded to prepare them for the perfusion study in the tumour
tissues. Samples were observed under an AX80 microscope (Olympus).

Element array analysis using p-X-ray fluorescence. SR-XRF was used to determine
DACHPt as well as iron distribution in sections of solid tumours (C26 or BxPC3)
at 24 h post-intravenous injection of 30 and 70 nm DACHPt/m*. The detailed
experimental procedure is described in the Supplementary Information.

In vivo confocal laser scanning microscopy (in vivo CLSM). Mice bearing C26 or
BxPC3 tumours were intravenously co-injected with fluorescently labelled 30 and
70 nm DACHPt/m at a dose of 10 mg kg *. The 30 nm micelles were labelled with
Alexa 488, and the 70 nm micelles were labelled with Alexa 594. The in vivo CLSM
observation of tumour tissues was performed according to a previously reported
method?3%, All in vivo picture acquisitions were performed using a Nikon AI1R
confocal laser scanning microscope system attached to an upright ECLIPSE

FN1 (Nikon). The 30-nm-diameter micelles were detected using 488/510 nm
excitation /emission filters, and the signal from the 70 nm micelles was acquired
with 560/620 nm excitation/emission filters.

Enhancement of tumour permeability by treatment with a TGF-p inhibitor. The
effect of TGF-P inhibitor on the accumulation and antitumour activity of
DACHPt/m was determined using the methods already described. For the
antitumour activity experiment, BxPC3-bearing mice were administered
intraperitoneal injections of TGF-p inhibitor LY364947 at 1 mgkg ™' every second
day. For tumour accumulation studies, BxPC3-bearing mice received an
intraperitoneal injection of the TGF-B inhibitor at 1 mg kg™" at 1 h before
co-injection of the 30 and 70 nm micelles.
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Dendrimer phthalocyanine (DPc)-loaded polyion complex micelle (DPc/m) has been developed as photosensitizer
(PS) formulation in photodynamic therapy (PDT). Incorporation of DPc into the micelle showed significant
enhancement in the in vitro photocytotoxicity. Also, introduction of disulfide crosslinking in the micellar core
further improved the in vitro PDT effect of DPc/m. Here, we aim to analyze the mechanism of the enhanced
photocytotoxicity of DPc/m, particularly focusing on the photochemical reactions during photoirradiation. As a
result, DPc/m has been shown to protect DPc from photobleaching induced by the reactions with serum proteins,
although DPc were considerably quenched in the micellar core. Furthermore, the introduction of disulfide
crosslinking into the micellar core has demonstrated to improve the efficiency of reactive oxygen species (ROS)
production by DPc in the micellar core as well as more effectively prevent the photobleaching of DPc. These effects
might lead to effective photochemical reactions by DPc/m, which may account for the enhanced photocytotoxicity.
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Photochemical reaction

Our findings provide useful knowledge in designing PS formulations for effective PDT.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Photodynamic therapy (PDT) is a potent targeted cancer treatment
against superficial cancers including lung, oesophageal, gastric and
cervical cancers [1-3]. Major advantages of PDT over current therapies
and treatments are less invasiveness compared with surgery and precise
targeting through selective light irradiation to the diseased sites [4,5].
The treatment can be repeated several times at the same site if necessary
[3]. PDT is based on the accumulation of photosensitizers (PSs) in
malignant tissues. Upon photoirradiation at the specific wavelength, PSs
convert oxygen into cytotoxic reactive oxygen species (ROS), which
oxidize (photodamage) subcellular organelles and biomolecules,
leading to light-induced cell death [1-5].
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Tokyo, 7-3-1 Hongo, Bunkyo-ku, Tokyo 113-0033, Japan. Tel.: +81 3 5841 1430; fax: +81
35841 1419.

** Correspondence to: K. Kataoka, Department of Materials Engineering, Graduate
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doi:10.1016/j.jconrel.2011.06.019

Regarding the photochemical reactions in PDT, PSs in the singlet
ground state (Sp) absorb a photon and are excited to the short-lived
singlet state (Sq). The PSs in the singlet excited state are converted
to the metastable triplet excited state (T;) through the intersystem
crossing. This triplet excited state of PSs induces the photochemical
reactions via type I or type II mechanisms. The type I reaction
involves the transfer of protons or electrons from PSs to other
molecules to produce free radicals or electron transfer. The reaction
with oxygen molecules generates superoxide (O3) and peroxide
(0% anions. The type II reaction involves the energy transfer from
PSs to molecular oxygen in the triplet ground state (°0;), leading to
the formation of highly reactive singlet oxygen (10,). The type II
reaction has been reported to be a more important process in PDT
3]

Recently, nanocarriers such as liposomes and polymeric micelles
have received considerable attention as a PS formulation [6-14],
because they have potentials to effectively and selectively accumulate
in the tumor tissue due to the Enhanced Permeability and Retention
(EPR) effect [15]. In this regard, we have developed polymeric
micelles encapsulating dendrimer phthalocyanine (DPc, Fig. 1A). DPc
possesses several advantages compared with conventional PSs. In
general, conventional PSs easily form aggregate through their m-m
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Fig. 1. Chemical structures of anionic dendrimer phthalocyanine (DPc) (A) and thiolated poly(ethylene glycol)-block-poly(L-lysine) [PEG-PLys(IM)] copolymer (B).

stacking and hydrophobic interactions, resulting reduced ROS
production due to the self-quenching of the excited state. By contrast,
DPc possesses the large dendritic wedge protecting the center
phthalocyanine molecules from the self-quenching, allowing the
effective photochemical reactions even at a high concentration. Also,
32 carboxyl groups on the periphery of DPc enabled the formation of
the polyion complex (PIC) micelle with oppositely charged poly
(ethylene glycol)-poly(L-lysine) (PEG-PLys) block copolymers in
aqueous media [8,9]. We have demonstrated that the DPc-loaded
micelle (DPc/m) showed remarkably enhanced photocytotoxicity
than DPc alone and potent in vivo antitumor activity without skin
photocytotoxicity in tumor-bearing mice [9]. However, the mecha-
nisms of the enhanced photocytotoxicity of DPc/m remain to be
clarified yet.

In the present paper, we aimed to analyze the mechanisms of the
PDT effect of DPc/m from the standpoint of photochemical properties,
cellular uptake and intracellular ROS production. We found that DPc/
m might protect DPc from photobleaching in the biological media,
leading to improved photochemical reactions. On the other hand, we
report here a novel design of DPc/m for further enhancement of the
PDT effect, that is, introduction of disulfide crosslinking into the
micellar core. Recently, increasing attention has been paid on
disulfide-crosslinked nanocarriers, because the disulfide crosslinking
can improve the stability of the nanostructure in biological media
while maintaining the activity of the incorporated bioactive com-

pounds [16,17]. In the present study, we demonstrate that disulfide
crosslinked DPc/m show further enhanced in vitro PDT effect, which
may be attributed to improved efficiency of ROS production and
further reduction of the photobleaching in the micellar core.

2. Materials and methods
2.1. Materials

N,N-Diisopropylethylamine (DIEA), dithiothreitol (DTT), and LiCl
were purchased from WAKO Pure Chemical Industries (Osaka, Japan).
2-Iminothiolane was purchased from PIERCE Co., Inc. (Rockford, IL).
N-Methyl-2-pyrrolidone (NMP), dimethyl sulfoxide (DMSO), and N,
N-dimethylformamide (DMF) were purchased from Nacalai Tesque
Inc. (Kyoto, Japan). N°-Trifluoroacetyl-L-lysine [Lys(TFA)] and bis
(trichloromethyl)carbonate (triphosgene) were purchased from
Sigma-Aldrich Co., Inc. (St. Louis, MO, USA) and Tokyo Chemical
Industry Co., Ltd. (Tokyo, Japan), respectively. Lys(TFA) N-carbox-
yanhydride [Lys(TFA)-NCA] was synthesized by the Fuchs-Farthing
method using triphosgene [18]. a-Methoxy-w-amino-poly(ethylene
glycol) (CH30-PEG-NH,; Mw=12 000) was purchased from NOF
Corporation (Tokyo, Japan). The synthesis of DPc has been reported
previously [8]. The synthesized DPc is composed of the 2nd generation
aryl ether dendrimer with a Zn(Il)-phthalocyanine center and 32
carboxylic groups on its periphery.
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2.2. Synthesis of poly(ethylene glycol)-poly(L-lysine) block copolymer
(PEG-PLys)

Lys(TFA)-NCA (10.72 g, 40 mmol, 50 equiv to CH30-PEG-NH;) in
DMSO was added to CHs0-PEG-NH; (9.60 g, 800 pmol) in DMSO and
incubated at 35 °C for 2 days. The reactant polymer was precipitated
into diethylether and vacuum-dried to obtain PEG-PLys(TFA).
Molecular weight distribution of PEG-PLys(TFA) was narrow as
Mw/Mn = 1.11, which was determined by gel permeation chromatog-
raphy [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]. NaOH solution
(1N, 10mL) was added to 1g of PEG-PLys(TFA) in methanol
(100 mL) and incubated at 35 °C for 12 h. The reacted polymer was
purified by dialysis sequentially against 0.01 N HCl and distilled water,
and then lyophilized to obtain PEG-PLys. The composition of the block
copolymer was determined by H NMR from the peak intensity ratios
of methylene protons of PEG (OCH>CH: 6=3.7 ppm) and {3-, y-, and
5-methylene protons of PLys ((CH,)s: 8§=13 to 1.9 ppm). The
polymerization degree of PLys in block copolymer was calculated to
be 45.

2.3. Synthesis of PEG-PLys(IM)

PEG-PLys(IM) (Fig. 1B) was synthesized by reaction of primary
amino group in side chains of PLys segments with 2-iminothiolane as
previously reported [19,20]. Briefly, PEG-PLys and 2-iminothiolane
were separately dissolved in NMP containing 5 wt.% LiCl. Then, the
solutions were mixed at various molar ratios of 2-iminothiolane/Lys
up to 2.0 and incubated at 25 °C for 18 h after addition of DIEA (5
equivalent relative to lysine units). The mixtures were purified by
precipitation into a 15-fold excess of diethylether. Precipitated
polymer was redissolved in 0.01 N HCI, dialyzed against distilled
water (MWCO: 12,000-14,000), and lyophilized to obtain PEG-PLys
(IM) copolymer. The degree of substitution for each PEG-PLys(IM)
was determined by H NMR (D0, 25 °C) from peak intensity ratios of
B-, ¥-, and &-methylene protons of PLys (6=1.3 to 1.9 ppm) to the
protons of trimethylene units of mercaptopropyl groups (6=2.1 to
2.8 ppm). The calculated substitution degrees are shown as PEG-PLys
(IM,s), where x stands for the substitution degree. In this study, PEG-
PLys(IM)'s with thiol substitution degrees of 13%, 28% and 39% were
synthesized and used to prepare the crosslinked DPc-loaded micelles,
which were abbreviated as DPc/m/c-13, -28, and -39, respectively.

2.4. Preparation of non-crosslinked and crosslinked polyion complex
micelles

A non-crosslinked polyion complex micelle (DPc/m) was obtained
by simply mixing PEG-PLys "(6.65 mg/ml) and DPc (3 mg/ml)
solutions in 10 mM phosphate buffered solution (pH 7.4) at 37 °C
for 30 min (final DPc concentration: 267 pM). To prepare the cross-
linked polyion complex micelles (DPc/m/c's), PEG-PLys(IM) solutions
were incubated in a DTT solution (100 mM in 10 mM phosphate
buffered solution, pH 7.4) at 37 °C for 30 min to reduce the disulfide
bonds. Then, polymer solution was added to DPc solution to form
polyion complex micelles. The mixing ratio of positive charge to
negative charge was fixed at 0.9. After 1 h incubation at 37 °C, thiol
groups were oxidized to form disulfide crosslinks by dialysis against
10 mM phosphate buffered solution (PBS) (pH 7.4) containing 0.5%
DMSO at 25 °C for 2 days, followed by 2 days of additional dialysis
against 10 mM PBS (pH 7.4) for the removal of DMSO. For dialysis, the
membrane of molecular weight cut-off size of 8000 Da (Mini Dialysis
Kit, GE Heathcare, Piscataway, NJ) was used. We confirmed that there
was no loss of materials (DPc and block copolymers) during the
dialysis procedure (data not shown) (final DPc concentration:
267 uM). Furthermore, remaining free thiol groups after the formation

of crosslinked micelles were determined to be 23.5 to 33.3% using
Ellman's method [21], suggesting >70% of thiol groups of PEG-PLys
(IM) are assumed to form disulfide linkages in the micellar core.

2.5. ¢-potential, dynamic light scattering (DLS), and UV-vis absorption
measurements

The ¢-potential of the polyion complex micelles at 37 °C was
measured by a Zetasizer NanoZS instrument equipped with a
DTS5001 cell (Malvern Instruments Ltd., Worcestershire, UK) with
532 nm laser. The size distribution of the polyion complex micelles
was examined by dynamic light scattering (DLS) DLS-7000 (Otsuka
Electronics Co., Ltd., Osaka, Japan) equipped with GLG3050 488 nm Ar
laser (NEC Co., Ltd., Tokyo, Japan). The UV-vis absorption spectra
were measured using a V-550 spectrophotometer (JASCO, Tokyo,

- Japan).

2.6. Cell culture and cytotoxicity assay

Human lung adenocarcinoma A549 cells were obtained from Riken
Bioresource Center Cell Bank (Tsukuba, Japan). A549 cells were
maintained in Dulbecco's modified Eagle medium (DMEM, Invitrogen
Corporation, Carlsbad, CA, USA) containing 10% fetal bovine serum
(FBS) in a humidified atmosphere containing 5% CO, at 37 °C. The
light-induced cytotoxicity (photocytotoxicity) of each photosensitiz-
ing agent was evaluated as follows: In a darkened room, the cells were
incubated with photosensitizing agents for 24 h. After washing with
PBS and medium replacement, the cells were photoirradiated using a
halogen lamp. The culture plate was irradiated with broad-band
visible light using a halogen lamp equipped with a filter passing light
of 400-700 nm (fluence rate: 3.0 mW/cm?; irradiation time: 15, 30,
45, and 60 min; fluence: 2.7-10.8]/cm?). The cell viability was
evaluated by MTT assay 48 h after photoirradiation.

2.7. Analysis of cellular uptake of DPc

125] was labeled on the benzene groups in DPc through oxidation
reaction using chloramine T [22]. One microliter of Na'2°I (46 pmol,
0.1 mdi, PerkinElmer Life & Analytical Sciences, Boston, MA, USA) in
10 yM NaOH (pH 8-11) was mixed with 1 ml of 10 mM sodium
phosphate buffered solution (pH 7.4) of DPc (2.7 umol, 15 mg/ml).
Ten microliter of chloramine T (180 nmol, 5.0 mg/mL) in 10 mM
sodium phosphate buffered solution (pH 7.4) was then added to the
DPc solution at 1 min after mixing with Nal. After incubation for 4 min
at room temperature, the reaction was stopped by the addition of a
20-pl volume of cysteine (280 nmol, 1.7 mg/ml) in 10 mM sodium
phosphate buffer solution (pH 7.4). The DPc samples were 4 times
purified through the PD MidiTrap G-10 column (GE Healthcare Bio-
Sciences AB, Uppsala, Sweden) using 10 mM sodium phosphate buffer
solution (pH 7.4) as an eluent prior to a cellular uptake study. For
cellular uptake experiments, A549 cells were seeded on 6-well culture
plates (5 x 10° cells/well) and incubated overnight in DMEM contain-
ing 10% FBS. The polyion complex micelle incorporating the mixture
of non-labeled and !?’I-labeled DPc was applied to each well (10 uM
DPc/well). After 24 h incubation, the medium was removed and the
cells were washed 3 times with Dulbecco's PBS. The cells were
incubated with 1 mL of trypsine-EDTA (Sigma-Aldrich Corporation, St.
Louis, MO, USA) for 15 min at 37 °C, and collected. Note that the
treatment with trypsine-EDTA might minimize the contribution from
the non-internalized DPc fraction associated on the cell surface.
Radioactivities in the collected samples were measured by a +y-
counter (COBRA II Auto-GAMMA MODEL D50 05, Packard Instrument
Company, Meriden, CT, USA) with a counting time of 1 min. The
results are presented as a mean and standard deviation obtained from
three samples.
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2.8. Measurement of oxygen consumption efficiency

The oxygen consumption amount was measured using a Clark-
type oxygen electrode with a tip diameter of 2cm (OM-51-L1,
HORIBA, Ltd., Kyoto, Japan). The electrode was inserted into 10 mM
PBS (pH=7.4), which contained 26.7 uM of DPc in free or micelle
form and 10% FBS as an ROS acceptor, so that the tip was 1 cm above
the bottom of the solution. Semiconductor laser light (685 nm; FWHM
10 nm, 50 mW) was used for light irradiation. The solution was stirred
at a constant rate and not exposed to the atmosphere. Before each
measurement, the system was calibrated in saline bubbled with
oxygen gas, in which the partial oxygen pressure was assumed to be
150 mm Hg.

The logarithmic value of the relative change of pO, vs. time was a
linear function when the O, loss was within 5% of the initial O,
concentration. ROS production was calculated as initial rates of
oxygen loss as follows [23]:

—d[O,]/ dt = k [Og];

where [03]; is the initial O, concentration in solution, [O,] is the O,
concentration in solution at time t, and k is the slope of In([02]¢/[02];)
vs. time. The gradient of the linear line (k) is proportional to the light
intensity, as well as the light absorption coefficient and quantum yield
of the sensitizer. Thus, k value is correlated with the efficiency of the
ROS production.

2.9. Photobleaching effect

To evaluate the photobleaching effect, we measured the absor-
bance at Q-band peak of DPc (6.69 M) upon laser irradiation in the
media solution containing 10% FBS under the condition saturated with
argon gas or oxygen gas.

2.10. Observation of intracellular ROS production

The ROS production in the mitochondria in A549 cells was
evaluated by MitoSOX Red reagent (Invitrogen Corporation, Carlsbad,
CA, USA), which rapidly accumulates in the mitochondria and exhibits
fluorescence upon oxidation by superoxide and other ROS. After 24-h
incubation with DPc, DPc/m or DPc/m/c, the cells were incubated with
MitoSOX Red (5 pM) for 10 min at 37 °C. Then, the fluorescence of
MitoSOX Red in living cells after photoirradiation using halogen lamp
(fluence rate 3.0 mW/cm?) was observed by confocal laser scanning
microscopy (CLSM) (LSM510META, Carl Zeiss, Oberkochen,
Germany).

3. Results
3.1. Formation of polyion complex micelles

The sizes and ¢-potentials of the non-crosslinked DPc-loaded
micelle (DPc/m) and crosslinked DPc-loaded micelle (DPc/m/c) were
evaluated by DLS and laser-doppler electrophoresis, respectively.
Table 1 summarizes the cumulant diameter and ¢-potentials of DPc/m
and DPc/m/c. The cumulant diameters of all the micelles were 30-
40 nm with a narrow size distribution (polydispersity. index (PDI)<
0.1), and decreases slightly as the IM substitution degree of PEG-PLys
(IM) increases. Since introduction of 2-iminothiolane into PEG-PLys
does not alter the number of positive charges in the polymer strand
because of the formation of the cationic amidine group (Fig. 1B), the
number ratios of DPc to block copolymers were kept constant in all
the polyion complex micelles prepared at the charge ratio of 0.9,
regardless of the thiolation degree. Note that as we previously
reported non-crosslinked DPc/m contained 77 DPc molecules in the
core [9]. The g-potentials of all the micelles were kept neutral, which

Table 1
Size, size distribution and ¢-potential of non-crosslinked and crosslinked DPc-loaded
polyion complex micelle (DPc/m and DPc/m/c).

Thiolation degree (%) 0 13 28 39
Cumulant diamter (nm) 39 36 35 35
Polydispersity index (W/T?) 0.096 0.042 0.058 0.093

¢-potential (mV) —045 =15 -17 —-19

is consistent with the formation of the PEG palisade surrounding the
micellar core. Furthermore, the stability of DPc/m and DPc/m/c in
10 mM phospate buffered solutions (pH 7.4) containing different NaCl
concentrations (75-1000 mM) at 37 °C was studied by measuring the
light scattering intensity of the micelle solution (Supporting Infor-
mation). As a result, DPc/m and DPc/m/c maintained >80 and >90% of
their initial light scattering intensity even at 1 M NaCl concentration,
respectively (Figure S1). Thus, it appears that the non-crosslinked
micelles were already sufficiently stable against ionic strength.

3.2. Visible light absorption spectrum

The absorption spectra of DPc, DPc/m, and DPc/m/c are shown in
Fig. 2. DPc exhibits two Q-band absorbance peaks, one at 630 nm
originates from the aggregated state, and the other at 685 nm
originates from the monomeric state of phthalocyanine core units
[24-26]. DPc alone showed a strong absorbance at 685 nm, suggesting
the monomeric state of DPc in the aqueous solution. When DPc was
incorporated into polyion complex micelles, the absorbance maxi-
mum of Q-band shifted to 630 nm, suggesting the interaction of the
phthalocyanine core units between DPc in the micellar core. By
introducing the disulfide crosslinking into the micellar core, the
absorbance at 685 nm increased. These results suggest that disulfide
crosslinking might weaken the interaction between DPc in the
micelle.

3.3. Photocytotoxicity

The photocytotoxicity of DPc, DPc/m, and DPc/m/c was assessed
against A549 cells (supporting information Figure S2). Table 2
summarizes the 50% cell growth inhibitory concentrations (ICsp) of
DPc, DPc/m, and DPc/m/c under different photoirradiation conditions.
Note that none of the photosensitizing agents showed dark cytotox-
icity (Figure S2). The DPc/m showed remarkably improved photo-
cytotoxicity compared with free DPc (Table 2 and Figure S2). After
60 min irradiation, the photocytotoxicity of DPc/m was 10 times
higher compared to that of DPc. Further improvement in photo-
cytotoxicity was observed by the introduction of disulfide crosslinking
into the micellar core. The DPc/m/c-13 and DPc/m/c-28 achieved a
more than 10-fold greater photocytotoxicity than DPc/m at
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Fig. 2. UV-vis absorption spectra of DPc, DPc/m and DPc/m/c in 10 mM phosphate
buffered solution (pH 7.4).



S. Herlambang et al. / Journal of Controlled Release 155 (2011) 449-457 453

10.8 J/cm? However, the enhancement decreased with the introduction
of 39% IM units to only 2-fold higher photocytotoxicity compared to
DPc/m. Moreover, the photosensitizing agents exhibited different
irradiation time-dependent increase in the photocytotoxicity
(Table 2). When the irradiation time increased from 15 min to 60 min,
DPc/m/c-13 and -28 showed 20- and 14-fold increases in photocyto-
toxicity while DPc/m/c-39 showed only 2.5-fold increase in
photocytotoxicity.

3.4. Cellular uptake

As shown in Fig. 3, the cellular uptake of DPc increased up to 9
times by its incorporation into the micelles (DPc/m). Further
improvement of cellular uptake was observed by the introduction of
the disulfide crosslinking (Fig. 3). The DPc/m/c-13, 28, and 39 showed
1.3, 2.3 and 1.9 times higher cellular uptake of DPc compared with
DPc/m. It is assumed that the disulfide crosslinking might increase the
stability of the micellar structure in the cell culture media, resulting in
an increased cellular uptake of DPc.

3.5. Measurement of oxygen consumption

The oxygen consumption of the DPc, DPc/m, and DPc/m/c upon
photoirradiation at 685 nm was observed to evaluate the efficiency of
the photochemical reactions. Under light irradiation, PSs produce ROS
such as singlet oxygen and superoxide anion. The partial oxygen
pressure (pO,) changes in the medium containing DPc, DPc/m, or DPc/
m/c and 10% FBS were recorded during photoirradiation (Fig. 4A). In
this experiment, FBS plays a role of antioxidant scavengers as
previously reported [27]. Fig. 4B shows the logarithmic plots of
relative change in pO, vs. irradiation time, when irradiation time was
within 200s. The initial gradients of In([O2]¢/[Oz)initiar) (k value)
(dotted linear lines in Fig. 4B) are correlated with the efficiency of the
ROS production. The k values and the oxygen consumption amount
after 1000 s of laser irradiation were summarized in Table 3.

As shown in Table 3, DPc/m showed 3.4-fold lower k value
compared with DPc. However, introduction of the disulfide cross-
linking resulted in improvement of the k values, i.e., DPc/m/c-13, -28,
and -39 showed 1.4, 1.9, and 2.0-fold higher k values compared with
DPc/m, respectively. The k values of DPc, DPc/m, and DPc/m/c seem to
be related with their absorbance at 685 nm (Asss) obtained in Fig. 2
(Table 3). Furthermore, the k/Aggs values, which are correlated with
the quantum yield of ROS production, were calculated in Table 3.
Incorporation of DPc into the PIC micelle resulted in 2.4-fold decrease
in the k/Aggs value; however, introduction of the disulfide cross-
linking led to recovery of the k/Aggs values, i.e., DPc/m/c-13, -28 and
-39 showed 1.4, 1.8 and 1.8-fold higher k/Aggs value compared with
DPc/m, respectively.

Regarding the oxygen consumption amount, the relative change in
pO, of DPc reached plateau after 100 s of photoirradiation (Fig. 4A),
resulting in the lowest oxygen consumption amount after 1000 s of
irradiation among photosensitizing agents (Table 3). In Fig. 4B, the

Table 2
In vitro cytotoxicity of photosensitizing agents after photoirradiation using halogen
lamp.

Photoirradiation ICso (M) ° of photosensitizing agent

condition

Time (min) Fluence DPc DPc/m DPc/m/c-13 DPc/m/c-28 DPc/m/c-39
(J/em?)

0 0 >20 >20 >20 >20 >20

15 27 >20 5.0 1.0 1.0 1.0

30 54 >20 40 0.20 0.20 0:80

45 8.1 10 20 0.08 0.10 0.50

60 10.8 80 0.80 0.05 0.07 0.40

2 50% cell growth-inhibitory concentration.
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Fig. 3. Cellular uptake of '2°[-labeled DPc, DPc/m and DPc/m/c in A549 cells. Error bars
in the graph represent standard deviation (n=3).

linear line of initial gradients of In([O]¢/[O2]initial) (dotted line) of DPc
was greatly apart from the actual measurement (solid line) after 20 s,
suggesting early and irradiation-dependent decrease in the oxygen
consumption efficiency of DPc. In contrast, the relative change in pO,
of DPc/m constantly decreased despite the lowest k value (Fig. 4A),
resulting in a higher oxygen consumption amount after 1000 s
compared with DPc (Table 3). In Fig. 4B, the linear line of initial
gradients of In([05]¢/[O2]initia1) (dotted line) of DPc/m corresponded to
the actual measurement (solid line) until 50 s and the subsequent
difference between dotted and solid lines was also smaller than that of
DPc, suggesting the sustained oxygen consumption compared with
DPc. The DPc/m/c showed continuous oxygen consumption with
higher k values than DPc/m, thereby achieving remarkably high
oxygen consumption amount after 1000 s beyond DPc and DPc/m
(Table 3). The oxygen consumption amount of DPc/m/c increased
with an increase in the IM substitution degree of PEG-PLys(IM). These
results are consistent with the results in Fig. 4B: the linear line of
initial gradients of In([02]¢/[O2]iniia1) (dotted line) of DPc/m/c got
closer to the actual measurement (solid line) as the IM substitution
degree increased.
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Fig. 4. Relative oxygen partial pressure change (A) and logarithmic decay of pO, (B) in
10 mM phosphate buffered solution (pH 7.4) containing 10% FBS with 13.4 uM DPc,
DPc/m and DPc/m/c after the photoirradiation.
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Table 3
k value (efficiency of the ROS production), oxygen consumption amount after 1000 s of
laser irradiation and absorbance spectra at 685 nm (laser wavelength).

Sample k value Oxygen consumption Absorbance k/Aegs
amount at 685 nm

DPc 0.0096 55% 0.46 0.021

DPc/m 0.0028 61% 0.32 0.0088

DPc¢/m/c-13 0.0040 75% 0.33 0.012

DPc/m/c-28 0.0053 82% 0.34 0.016

DPc/m/c-39 0.0058 91% 0.36 0.016

3.6. Photobleaching effect

In spite of the highest efficiency of the ROS production, DPc
showed the lowest oxygen consumption as summarized in the
Table 3. The photobleaching of DPc may be responsible for this effect.
To evaluate the photobleaching effect, we measured the absorbance at
Q-band peak of DPc every 5 min upon laser irradiation in the media
solution containing 10% FBS under the condition saturated with argon
gas or oxygen gas. In the saturated oxygen gas condition, the relative
absorbance of DPc decreased to 0.51 after 15 min of photoirradiation
which is much lower than DPc/m and DPc/m/c [Fig. 5(A)]. In contrast,
both DPc/m and DPc/m/c showed the relative absorbance of 0.81-0.85
after 15 min photoirradiation. These results suggest that the micellar

formulation might reduce the photobleaching of DPc in the saturated .

oxygen gas condition. On the other hand, in the saturated argon gas
condition [Fig. 5(B)], the relative absorbance of DPc/m/c was kept to
be 0.94-0.95 after 15 min photoirradiation, whereas that of DPc/m
decreased to 0.82, the value similar to the condition with saturated
oxygen. These results suggest that introduction of disulfide cross-
linkings might protect the DPc incorporated in the micelle from the
photobleaching in the absence of molecular oxygen.

3.7. Measurement of ROS production in living cells

In the previous paper, we reported that DPc/m might induce
photodamage to the mitochondria and thus affect their functions [9].
In the present study, we observed the fluorescence of MitoSOX Red
after photoirradiation to evaluate the ROS production in living cells.
As shown in confocal images (Fig. 6A) and quantitative data of mean
fluorescent intensity (Fig. 6B), DPc/m-treated cells exhibited stronger
fluorescence of MitoSOX Red compared to DPc-treated cells. DPc/m/c-
treated cells showed further increase in fluorescence intensity as the
IM substitution degree increased to 28%. However, the fluorescence of
MitoSOX Red was diminished in the DPc/m/c-39-treated cells. These
results suggest that the optimal IM substitution degree might exist for
the enhancement of intracellular ROS production by DPc-loaded
polymeric micelles.

4. Discussion

Drug delivery systems (DDS) have been proposed as an important
and effective method in photodynamic therapy (PDT) because they
improve the accumulation of the PSs in cancer tissue [4,10,12,13].
Additionally, the ability of PSs to produce ROS effectively is also an
essential point of view in PDT. However, PSs generally have large -
conjugation domains and hydrophobic characteristics that easily form
aggregates and cause a self-quenching effect of the excited state in
aqueous medium. Especially, incorporation into nanocarriers such as
liposomes and polymeric micelles can increase the possibility of
interaction between PSs, leading to a significant decrease in the ROS
production due to the self-quenching [28].

To prevent the self-quenching of PSs in nanocarriers, the third-
generation dendrimer porphyrin with 32 carboxyl groups on the
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Fig. 5. Relative absorbance change of DPc, DPc/m and DPc/m/c-13, -28 and -39 after
photoirradiation in the medium saturated with O, gas (A) and saturated Ar gas (B).
Absorbance was recorded from 500 to 800 nm.

periphery (DP) have been developed in our previous study [7,27-29].
The large dendritic wedges of DP prevent the self-quenching effect of
DPs in the polyion complex micelle. In the case of dendrimer
phthalocyanine (DPc), however, the third-generation dendrimer
showed no PDT effect (data not shown), thus we utilized a second-
generation dendrimer. The structure of second-generation dendrimer
phthalocyanine is relatively planar, thus it cannot completely prevent
the self-quenching at high concentrations. From the UV-vis absorp-
tion spectra (Fig. 2), we observed that the absorbance decreased at
685 nm (monomeric state) and increased at 630 nm (aggregated
state) by incorporation of DPc into the micelle as previously reported
[8], suggesting the self-quenching of DPc in the micellar core.
Nevertheless, it is intriguing that the DPc-loaded PIC micelle
(DPc/m) still showed 10-fold higher photocytotoxicity than DPc
(Table 2).

One of the reasons for the enhanced photocytotoxicity of DPc/m is
a 9-fold increase in the cellular uptake of DPc by the incorporation
into the micelle as shown in Fig. 3. In addition to the cellular uptake,
we investigated the photochemical properties of DPc/m under the
diluted condition to clarify the enhanced photocytotoxicity. In the
measurement of oxygen consumption, the k value [initial gradients of
In([03]¢/[02initial) in Fig. 4B), which are correlated with the efficiency
of the ROS production, decreased to about 1/3 by incorporation of DPc
into the micelle. Also, the k/Agsgs values, which are correlated with the
quantum yield of ROS production, decreased by incorporation of DPc
into the micelle. These results strongly suggest the self-quenching of
DPc in the micellar core, as predicted by the decrease at 685 nm
(monomeric state) and increase at 630 nm (aggregated state) in the
absorbance peak of the DPc/m compared to DPc shown in Fig. 2.
However, the oxygen consumption amount of DPc/m after 1000 s of
photoirradiation was higher than that of DPc (Table 3), because the
relative pO, change of DPc reached the plateau after 100s of
photoirradiation. Therefore, DPc/m might more effectively produced
ROS in cumulative value than DPc in spite of its decreased quantum
yield of the ROS production. To explain this phenomenon, we have
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Fig. 6. Fluorescence of MitoSOX Red in the DPc, DPc/m, and DPc/m/c-treated A549 cells after 15 min photoirradiation.

evaluated the photobleaching effect of DPc in the solution containing
10% FBS under saturated oxygen gas condition (Fig. 5A). It was
revealed that photobleaching of DPc can be diminished by its
incorporation into the micelle. In order to investigate the photo-
bleaching of DPc in the absence of molecular oxygen, the same
experiment under saturated argon gas condition was performed. As a
result, similar tendency was observed under both saturated oxygen
and argon gas conditions (Fig. 5B). As described in the Introduction,
there are two mechanisms in the photochemical reactions of PSs. The
type 1 reaction directly damages PSs due to the proton/electron
transfer to the acceptors such as molecular oxygen and biomolecules,
whereas the type Il reaction through the energy transfer process from
the triplet excited state of PSs to molecular oxygen in the triplet
ground state does not damage the PSs. In the Fig. 5B, DPc exhibited
considerable photobleaching effect in the absence of oxygen mole-
cules, suggesting that DPc was damaged due to the proton/electron
transfer to serum proteins as an acceptor (type I reaction). DPc/m
showed less photobleaching level compared to DPc in the saturated
argon gas condition, suggesting the photobleaching process due to the
proton/electron transfer to serum proteins can be diminished by
incorporation of DPc into the micelle. That is, the core-shell type
micellar structure might sterically prevent the interaction of serum
proteins with DPc in the micellar core, thus protecting DPc from the
photobleaching (Fig. 7). We have further developed disulfide cross-
linked DPc-loaded micelle (DPc/m/c) with the aim to improve the
stability in biological media. In this study, we found that introduction
of disulfide crosslinking further enhanced the photocytotoxicity; DPc/
m/c-13 and'DPc/m/c-28 achieved more than 10-fold greater photo-
cytotoxicity than DPc/m. In Fig. 3, DPc/m/c-13 and DPc/m/c-28
showed 1.3 and 2.3-fold higher cellular uptake than DPc, which
could not fully explain a 10-fold increase in photocytotoxicity.

Therefore, we investigated the photochemical properties of DPc/m/
c. First, the UV-vis spectra showed that the absorbance peak at
685 nm (monomeric state) increased as the thiol substitution degree
increased (Fig. 2, Table 3). In agreement to this result, the k and k/Aggs
values increased with the thiol substitution degree (Table 3). Thus,
introduction of the disulfide crosslinking into the micellar core might
improve the quantum yield 6f ROS production of PSs. It is assumed
that the disulfide crosslinking of the micellar core may restrict the
movement of DPc, therefore reducing the interactions between DPc
molecules in the core. Meanwhile, the oxygen consumption amount
considerably increased with the thiol substitution degree (Table 3). In
the photobleaching experiment, similar photobleaching levels were
observed between DPc/m and DPc/m/c under saturated oxygen gas
condition (Fig. 5A); however, DPc/m/c displayed less photobleaching
than DPc/m under saturated argon gas condition (Fig. 5B). These
results suggest that disulfide crosslinked micelle might prevent the
type |1 photochemical reaction with serum proteins as the acceptor.
Generally, PIC micelles possess an equilibrium between unimers and
multimolecular micellar structures. Indeed, the ultracentrifugation
experiment revealed that 36% of DPc exists as unimers in 5 times
diluted non-crosslinked DPc/m solution, whereas unimers were not
detected in all the crosslinked DPc/m at the same experimental
condition (See Supporting Information, Figure S3). It is most likely
that the introduction of the disulfide crosslinking might improve the
stability of the micellar structure against dilution. As illustrated in
Fig. 7B, DPc in the unimer components could easily interact with
serum proteins and photobleach due to imperfect shielding by PEG.
This hypothesis is consistent with our observation that, even in the
absence of oxygen molecules, DPc/m showed 15-19% decrease in the
relative absorbance after 15 min photoirradiation (Fig. 5B). Possibly,
the presence of serum may destabilize the multimolecular structure of
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Fig. 7. Hypothetic illustration of interaction of DPc with O, and serum proteins in DPc (A), DPc/m (B) and DPc/m/c (C).

the non-crosslinked micelles, which may facilitate the photobleaching
as seen in Fig. 5B. In contrast, DPc/m/c might retain the stabilized
multimolecular structure without unimers even under the diluted
condition with serum proteins. This mechanism is consistent with the
result that the DPc/m/c can prevent photobleaching process caused by
type I photochemical reactions with serum proteins as illustrated in
Fig. 7C. Worth mentioning is that under the saturated oxygen gas
condition, DP¢/m and DPc/m/c showed similar photobleaching levels,
suggesting that oxygen molecules can react with the micellar core via
the type 1 and/or type Il photochemical reactions. In other words,
disulfide crosslinking in the micellar core could prevent undesirable
type 1 photochemical reaction with serum proteins leading to
photobleaching of PSs but could not compromise the photochemical
reactions involving oxygen molecules essential to the PDT effect.

As aforementioned, introduction of the disulfide crosslinking has
been revealed to improve the cellular uptake and the efficiency of
oxygen consumption of the DPc-loaded micelle as shown in Figs. 3
and 4A, respectively. The thiol substitution degree of DPc/m/c was
correlated with their cellular uptake and the efficiency of oxygen
consumption. However, the optimal thiol substitution degree existed
for the in vitro photocytotoxicity, i.e., DPc/m/c-13 and DPc/m/c-28
achieved more than 10-fold greater photocytotoxicity than DPc/m,
whereas DPc/m/c-39 showed only 2-fold higher photocytotoxicity
than DPc/m. Therefore, we evaluated the ROS production in living
cells by using MitoSOX Red. As a result, DPc/m/c showed increased
fluorescence intensity of MitoSOX Red as the IM substitution degree
increased to 28%. However, the fluorescence of MitoSOX Red was
diminished when the IM substitution degree was 39% (Fig. 6). We
previously reported that DPc-loaded micelles are internalized through
the endocytic pathway and translocated from the endo-/lysosomes to
the cytoplasm through the photochemical disruption of the endo-/
lysosomal membranes, followed by photodamage to the mitochondria
[9]. In the present study, the photocytotoxicity study (Table 2)
revealed that DPc/m/c-13 and -28 showed more than 10-fold increase
in the PDT effect when the irradiation time increased from 15 min to
60 min; however, DPc/m/c-39 showed only 2.5-fold increase in the
PDT effect. We previously reported that disulfide-crosslinked polyion
complex micelles incorporating plasmid DNA (pDNA) with excessive
thiol groups (thiol substitution ratio: 37%) showed decreased pDNA
release efficiency against the counter polyanion exchange under the
reductive conditions, thereby showing a significant decrease in the
gene transfection efficiency [20], since an increase in the disulfide
crosslinking density in the micellar core should decrease the mobility
of polymer chains in the core to enhance the crosslinking stability
under reductive environment. Therefore, we assume that the reduced
photocytotoxity of DPc/m/c-39 might be attributed to this over-
stabilization effect in the core structures. In other words, photo-
irradiation might induce structural change of DPc/m/c-13 and -28,
which might be essential for endosomal escape and photodamage to

mitochondria. Regarding the detailed intracellular behaviors of DPc-
loaded micelles, further studied should be performed.

5. Conclusion

Effective photochemical reactions should be an important factor in
realization of enhanced PDT. In the photochemical reactions, PSs react
with oxygen molecules, leading to production of ROS, while the
reaction with biomolecules such as serum proteins results in
inactivation of PSs by photobleaching. In this study, we demonstrated
that the incorporation of DPc into the micelle and introduction of
disulfide crosslinking into the micellar core could prevent unfavorable
photochemical reaction with the serum proteins without compromis-
ing photochemical reactions involving oxygen molecules, leading to
remarkably enhanced PDT. Until now, there have been a number of
studies regarding the development of nanocarriers for the delivery of
PSs, and those studies have focused only on improvement of
biodistribution of PSs. In this study, we revealed that, in addition to
in vivo PS delivery, micellar nanocarriers can alter the photochemical
reactions to more favorable mechanisms, which further improved the
PDT effect. Our findings should have a great impact and be useful for
designing nanocarriers for the delivery of PSs.
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ABSTRACT: A series of the N-substituted polyaspartamides
possessing repeating aminoethylene units in the side chain was 12 Hyg ~ M ! m=1
prepared in this study to identify polyplexes with effective %‘{A&omwn" L

Polycation structure Transfection efficiency Intracggglar distribution

endosomal escape and low cytotoxicity. All cationic N-substi- "")z o

tuted polyaspartamides showed appreciably lower cytotoxicity o e

than that of commercial transfection reagents. Interestingly, a e mEd i

distinctive odd—even effect of the repeating aminoethylene . N-substituted °Lu;';"‘:u°’:‘::;:.:'s°i::’

units in the polymer side chain on the efficiencies of endosomal polyaspartamide (RLUfmg protein)  Blue = Nuclei Red = pONA

escape and transfection to several cell lines was observed. The

polyplexes from the polymers with an even number of repeating aminoethylene units (PA-Es) achieved an order of magnitude
higher transfection efficiency, without marked cytotoxicity, than those of the polymers with an odd number of repeating
aminoethylene units (PA-Os). This odd—even effect agreed well with the buffering capacity of these polymers as well as their
capability to disrupt membrane integrity selectively at endosomal pH, leading to highly effective endosomal escape of the PA-E
polyplexes. Furthermore, the formation of a polyvalent charged array with precise spacing between protonated amino groups in the
polymer side chain was shown to be essential for effective disruption of the endosomal membrane, thus facilitating transport of the
polyplex into the cytoplasm. These data provide useful knowledge for designing polycations to construct safe and efficient nonviral
gene carriers.

B INTRODUCTION

Indeed, linear PEI polyplexes have been examined in several

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

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

v ACS PublicatiOﬂS © 2011 American Chemical Society

disease models to evaluate their clinical applications.”! Linear
PEI consists of regeating aminoethylene units and features a
relatively low pKa.Z Hence, the protonation degree of linear PEI
increases when pH decreases from the extracellular pH (~7.4) to
the endosomal pH (~S5.5). This facilitates the endosomal escape
of linear PEI polyplexes because of endosomal disruption caused
by increased osmotic pressure in the endosome (the so-called
proton sponge effect'? 7) and/or perturbation of the endosomal
membrane caused by a direct interaction with polycations.>>~2¢
Thus, linear PEI exhibits a relatively high transfection efficiency
but consequently induces considerable cytotoxicity because of .
interactions with biomolecules including the plasma membrane.'%*
In order to solve this cytotoxicity problem, we have truncated a
defined number of repeating aminoethylene units and intro-
duced them into the side chain of the N-substituted polyasparta-
mides to obtain fine-tuned polycations achieving efficient gene
transfection but reduced cytotoxicity. In our previous study,
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Scheme 1. Synthesis of PAsp(EDA), PAsp(DET), PAsp(TET), and PAsp(TEP) by Aminolysis of PBLA
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poly{N-[N'-(2-aminoethyl)-2-aminoethyl Jaspartamide} posses-
sing two repeating aminoethylene units [— (CH,—CH,—NH),—
H] was synthesized by the introduction of diethylenetriamine
(DET) (bis(2-aminoethyl)amine) PAsp(DET)] into the side
chain of the N-substituted polyaspartamide.’® PAsp(DET)
showed minimal membrane destabilizing ability with a mono-
protonated side chain at pH 7.4 but a potent membrane destabiliz-
ing effect with a diprotonated side chain at pH S.5. Thus,
PAsp(DET) is assumed to selectively damage the endosomal
membrane, thus enabling less toxic gene transfer in various cells
including fragile primary culture cells.*® Furthermore, the in vivo
efficacy of gene transfer using PAsp(DET) has been demon-
strated in several disease models.*”>°

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

B RESULTS

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

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

pH-Dependent Change in the Degree of Protonation («)
of Amino Groups in the Side Chain of N-Substituted Poly-
aspartamides. In order to estimate the protonation states of the
amino groups in the side chain of the N-substituted polyasparta-
mide (hereafter, the polymer), potentiometric titration was
performed in the pH range 1.2—11.5 in a 150 mM NaCl solution
at 37 °C. The resultant titration curves were converted to
differential curves to determine each neutralization point (data
not shown). The total molar amount of consumed NaOH in the
titration of PAsp(EDA) and PAsp(DET) corresponded well to
the residual molar amount of amino groups of each polymer
(5 mmol) in the solution, indicating that all the amino groups of
the polymer were protonated at the beginning (pH 1.2) and
deprotonated at the end (pH 11.5). Accordingly, the degree of
protonation (@) and pK (=pH + log[a/(1 — a)]) were calculated
and plotted against pH and @, respectively (Figure 2). On the
other hand, the molar amount of consumed NaOH for the
titration of PAsp(TET) and PAsp(TEP) was substantially lower
than the residual molar amount of amino groups in the solution,
suggesting that the amino groups in PAsp(TET) and PAsp-
(TEP) should not be fully protonated, even at pH 1.2. Thus, the
o/pH and pK/a curves of these polymers were calculated from
the neutralization point in the differential curve and also shown
in Figure 2. The change in the degree of protonation between pH
74 and S.5 (Aa), indicating the buffering capacity, was calcu-
lated for each polymer from the values of a at pH 7.4 and 5.5 and
is summarized in Table 1. Obviously, PAsp(DET) showed the
largest A, followed by PAsp(TEP), PAsp(TET), and PAsp-
(EDA). The number of protonated amines in each polymer
(NA) at the corresponding pH was also calculated from a and
the number of residual amino groups in the polymer by the
following equation: NA = an x 102, where # is the repeating
number of aminoethylene units in the polymer side chain and
102 is the averaged polymerization degree. Furthermore, the
averaged cationic charge density (CD) of each polymer was
defined as the ratio of the NA to the number-averaged molecular
weight (M,,) of the polymers (Table 1). The pK, values for each
protonation step were determined from the pK/a curves and are
summarized in Table 1. Note that the pK,4tgp value was not
determined because the fourth protonation of the residual amino
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Figure 1. "H NMR spectra of (a) PAsp(EDA), (b) PAsp(DET), (c) PAsp(TET), and (d) PAsp(TEP). Solvent, D,O; temperature, 70 °C; polymer
concentration, 10 mg/mL.
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Figure 2. (a) a/pH curves and (b) pK,/c curves of each N-substituted polyaspartamide in 150 mM NaCl solution at 37 °C.
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Table 1. Physicochemical Parameters of the N-Substituted Polyaspartamides at pH 7.4 and 5.5

a number of protonated amines (NA") charge density (CD")
polymer pH 7.4 pH 5.5 Aa pH 74 pHSS pH 7.4 pH 5.5 PK,, pPK,, pK;,
PAsp(EDA) 0.93 0.99 0.06 94 100 0.00538 0.00621 9.0
PAsp(DET) 0.51 0.82 0.31 104 167 0.00508 0.00811 8.9 6.2
PAsp(TET) 0.56 0.66 0.10 171 205 0.00682 0.00817 9.1 7.8 43
PAsp(TEP) 0.49 0.68 0.17 199 277 0.00673 0.00936 9.0 8.2 6.3

“NA = a X (the repeating number of aminoethylene units in the polymer side chain) x (the polymerization degree). ” The ratio of the NA to the

number-averaged molecular weight (M,,) of polymers.
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Figure 3. Major protonated structures of amino groups in the side chain of each polyaspartamide at pH 7.4 and 5.5.

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

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

at pH 7.4 and S.5, at which extracellular neutral and endosomal
acidic conditions, respectively, were simulated. As shown in
Figure 4, ExGen 500 showed a considerably high hemolysis ratio
(approximately 30%) at pH 7.4, which may be correlated with its
high cytotoxicity. In contrast, all polymers induced substantially
low hemolysis (less than $%) at pH 7.4. Alternatively, at pH 5.5,
the polymers possessing even-numbered repeating aminoethy-
lene units [PAsp(DET) and PAsp(TEP)] and ExGen 500
significantly enhanced the hemolytic activity, whereas those
possessing odd-numbered repeating units [PAsp(EDA) and
PAsp(TET)] showed no significant increase. Thus, a unique
odd—even effect of the repeating number of aminoethylene units
was clearly observed for the pH-dependent hemolytic activity of a
series of N-substituted polyaspartamides. Furthermore, the hemolytic
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Figure 5. In vitro transfection efficiency of PAsp(EDA), PAsp(DET),
PAsp(TET), PAsp(TEP), and ExGen 500 polyplexes at varying N/P
ratios with Huh-7 cells determined by luciferase assay. Results are
expressed as mean & SEM (N = 4). * indicates that polyplexes show a
significantly higher transfection efficiency than the PA-Os polyplexes at
the same N/P ratio (P < 0.01), ** indicates that polyplexes show a
significantly higher transfection efficiency than the PA-Os polyplexes at
the same N/P ratio (P < 0.01) and the ExGen 500 polyplexes at N/P = §
(P < 0.05).

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

Size and {-Potential of Polyplexes Prepared from pDNA
and N-Substituted Polyaspartamides. The polyplexes from
the N-substituted polyaspartamides were characterized by mea-
suring the {-potential and hydrodynamic diameter at pH 7.4 and
37 °C (Figure 2, Supporting Information). At N/P ratios above
4, all polyplexes had a similar size of approximately 100 nm with a
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Figure 6. Cell viability assay of Huh-7 cells incubated with PAsp(EDA),
PAsp(DET), PAsp(TET), PAsp(TEP), and ExGen 500 polyplexes
under the same experimental conditions as in Figure S. Results-are
expressed as mean + SEM (N = 4). **P < 0.01.

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

In Vitro Transfection and Cytotoxicity. The transfection
efficiency of the luciferase gene in human hepatoma cells (Huh-
7) was compared among the polyplexes prepared from PAsp-
(EDA), PAsp(DET), PAsp(TET), and PAsp(TEP) at N/P = §,
10, and 15 (Figure S). The polyplex from a linear PEI-based
commercial transfection reagent (ExGen S00) was used as a
control. Remarkable transfection efficiencies, which were higher
than the maximum value obtained by ExGen 500 at N/P = §,
were achieved by polyplexes from PAsp(DET) (over N/P = 5)
and PAsp(TEP) (over N/P = 10) possessing the even-numbered
repeating aminoethylene units (PA-Es) (P < 0.0S). Furthermore,
polyplexes from PA-Es [PAsp(DET) and PAsp(TEP)] revealed
significantly higher transfection efficiencies than those from PA-
Os [PAsp(EDA) and PAsp(TET)] at all of the examined N/P
ratios (P < 0.01). This remarkable odd—even effect on transfec-
tion efficiencies was not only limited to Huh-7 cells but was also
observed for a human lung adenocarcinoma epithelial cells (AS49)
and a human umbilical vein endothelial cells (HUVEC) (Figure 3,
Supporting Information). Note that a drastic reduction in the
transfection efficiency was observed for the ExGen 500 poly-
plexes at higher N/P ratios, whereas it was not observed for any
polyplexes from the N-substituted polyaspartamides. The sub-
stantially decreased transfection efficiency in the ExGen 500 poly-
plexes at higher N/P ratios is believed to be a direct result of
severe cytotoxicity, as shown in Figure 6. In contrast, all poly-
plexes from the N-substituted polyaspartamides maintained a cell
viability over 85% at N/P = 5 and over 75% even at N/P = 15,
except for the polyplex from PAsp(TEP) at N/P = 15 (60%). Indeed,
significant differences between the polyplexes from ExGen 500 at
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