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Accumulation of sub-100 nm polymeric micelles
in poorly permeable tumours depends on size

H. Cabral', Y. Matsumoto?, K. Mizuno3, Q. Chen?, M. Murakami?, M. Kimura?, Y. Terada®, M. R. Kano¢,
K. Miyazono®’, M. Uesaka®’, N. Nishiyama?’* and K. Kataoka'?*7*

A major goal in cancer research is to develop carriers that can deliver drugs effectively and without side effects.
Liposomal and particulate carriers with diameters of ~100 nm have been widely used to improve the distribution and
tumour accumulation of cancer drugs, but so far they have only been effective for treating highly permeable tumours.
Here, we compare the accumulation and effectiveness of different sizes of long-circulating, drug-loaded polymeric micelles
(with diameters of 30, 50, 70 and 100 nm) in both highly and poorly permeable tumours. All the polymer micelles
penetrated highly permeable tumours in mice, but only the 30 nm micelles could penetrate poorly permeable pancreatic
tumours to achieve an antitumour effect. We also showed that the penetration and efficacy of the larger micelles could be

enhanced by using a transforming growth factor-p inhibitor to increase the permeability of the tumours.

as poly(ethylene glycol)-modified liposomes and polymeric

micelles'™®, is a promising strategy in systemic cancer treat-
ment. These materials accumulate in solid tumours through the
enhanced permeability and retention (EPR) effect’, which is charac-
terized by leaky blood vessels and an impaired lymphatic drainage
in tumour tissues’. Compared with free drug, nanomedicines
accumulate in solid tumours more easily and selectively and there-
fore offer better antitumour activity®"!>. Several nanomedicines,
including Doxil and Abraxane (diameters of 90 and 130 nm,
respectively), have shown significant antitumour activity in highly
vascularized tumours such as Kaposi’s sarcoma and breast cancer,
and have been approved for clinical use'®!”. However, because
Doxil and other nanomedicines with diameters larger than
100 nm have shown limited penetration and accumulation in
tumours with hypovascular and hypopermeable characteristics'®-2°
(such as intractable pancreatic tumours'®??), nanomedicines in
the sub-100 nm range are now regarded as being more important
in the study of tumour penetration*-*%.

Polymeric micelles (self-assemblies of block copolyrners) are
promising long-circulating nanomedicines®®#-1° and have been
widely studied in preclinical and clinical trials'>*?. Clinical
studies have demonstrated that polymeric micelles of poly(ethylene
glycol)-b-poly(amino acid) copolymers incorporating paclitaxel,
SN-38, doxorubicin or cisplatin drugs can reduce the toxic side
effects of the loaded drugs'®'#?%?® while maintaining appreciable
antitumour efficacy. Micelles containing paclitaxel and SN-38 have
been reported to reduce the size of tumours in patients with advanced
cancers of the breast and pancreas’®!®. The dense poly(ethylene
glycol) (PEG) shell of the micelles prevents protein adsorption
and recognition by the phagocyte system, and this prolongs blood
circulation, a prerequisite for enhanced tumour accumulation
based on the EPR effect. Moreover, with these micelles, the size

Targeting tumours with long-circulating nanomedicines, such

(including those in the sub-100 nm range), stability, loading capacity
and release kinetics of the drugs can be modulated by engineering the
constituent block copolymers™®. Here, we examine whether a series
of micellar nanomedicines that have diameters less than 100 nm
and that carry the potent tumoricidal agent 1,2-diaminocyclohex-
ane-platinum(m) (DACHPt) (the parent complex of oxaliplatin)
can accumulate and penetrate poorly permeable pancreatic
tumours. Our results show that the size of the nanomedicines
critically affects the penetration and efficacy of the drugs in the
tumours. Larger micelles that could not penetrate otherwise, could
penetrate once the permeability of the tumours was improved by
administering a transforming growth factor-$ inhibitor.

Characterization of DACHPt-loaded micelles
DACHPt-loaded micelles (DACHPt/m) were spontaneously formed
from the interaction of the platinum of DACHPt and the carboxylic
moieties of PEG-b-poly(glutamic acid) (PEG-b-P(Glu)) copolymer
and the poly(glutamic acid) (P(Glu)) homopolymer in water
(Fig. 1a)!%26%7, Differently sized DACHPt/m were synthesized by
controlling the mixing ratio of P(Glu) from the homopolymer and
the P(Glu) portion of PEG-b-P(Glu) (Fig. 1b). As the ratio of
P(Glu) in the homopolymer and P(Glu) in the copolymer increases,
the size of the micelles increases. Thus, the size of DACHPt/m
ranged from 30 nm without the addition of P(Glu) homo-
polymer to more than 100 nm, while maintaining a narrow
distribution as determined by dynamic light scattering (DLS)
measurements and transmission electron microscopy (TEM)
observations (Table 1 and Supplementary Fig. S1, respectively).
Note that DLS measurements provide the hydrodynamic diameter
of the DACHPt/m, and TEM gives the core diameter of the micelles,
so the difference between the hydrodynamic diameter and the core
size gives an indication of the thickness of the PEG shell of
the micelles.
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Figure 1| Construction and physicochemical properties of DACHPt-loaded micellar nanomedicines (DACHPt/m) with different diameters. a, Schematic
showing DACHPt/m formed through the interaction between DACHPt and the carboxylic groups of poly(glutamic acid) (green) in PEG-b-P(Glu) and P(Glu).
In media containing chloride ions, DACHPt (yellow circles) is released from the micelles through ligand exchange between the carboxylic groups in P(Glu)
and the chloride ions. b, Changing micelle size by altering the ratio of P(Glu) from the homopolymer and the P(Glu) portion of PEG-b-P(Glu) in the mixture.
Total glutamic acid residue concentration was maintained at 5 mM. ¢, Micelles of all sizes release DACHPt at similar rates. d, Micelles of all sizes incubated
in cell culture media containing 10% serum at 37 °C maintained their sizes over 48 h. e, Plasma clearances of micelles with different diameters follow similar
trends. Data are means+s.em. n=3.

ThBIe1 | Diameter, size distribution, drug loading and surface charge of 30, SQ, 70 and 100 nm micellés.

Zeta-potential (mV)*

Size (nm)* Polydispersity index [Pt]/[COO] (mol /mol)" Pt/polymer (wt/wt%)
30 0.6 0.56 34 = 22294141
54 0.14 0.6 48 —1.614+0.58
69 012 0.57 54 —0.89+0.33
110 on 0.52 69 0.15+40.21

“Determined by DLS. 'Determined by ICP-MS (platinum concentration) and weight of micelles. ‘Determined by laser doppler electrophoresis (n= 4, mean+s.d.).

The 30, 50, 70 and 100 nm DACHPt/m presented similar zeta
potentials, ranging from —2.29 to 0.15mV at pH 7.4 (Table 1).
These micelles showed similar drug release rates (Fig. 1c), driven
by the ligand exchange of DACHPt between the carboxylic groups
of P(Glu) and the chloride ions in the biological media. After 96 h

maintained their diameters for over 48 h (Fig. 1d). DACHPt/m of
different sizes also showed similar plasma clearance rates (~12% of
injected dose (ID) per ml plasma remained after 24 h) and plasma
half-lives (7-8 h) (Fig. le and Supplementary Table S, respectively).
We recently showed that DACHPt/m can maintain their micellar

incubation in cell culture media containing 10% fetal bovine serum
(FBS) at 37 °C, the drug release from DACHPt/m reached ~50%
(Fig. 1c). Under similar conditions, differently sized DACHPt/m
816
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structure in the circulation for at least 24 h after injection?.
Furthermore, DACHPt/m of varying sizes show similar distri-
butions in the kidney, liver and spleen (Supplementary Fig. S2 and
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Figure 2 | Anticancer activity and tumour accumulation of DACHPt/m with different diameters. a-d, Plots of relative tumour volumes of subcutaneous
hyperpermeable murine colon adenocarcinoma (C26) (a) and subcutaneous hypopermeable human pancreatic adenocarcinoma BxPC3 (e) tumours, and
accumulation of DACHPt/m in C26 (b) and BxPC3 (d) tumours. To evaluate antitumour activity, oxaliplatin was injected on days O, 2 and 4 (dose,

8 mg kg~ ") and micelles were injected on days 0, 2 and 4 (dose, 3 mg kg™" on a platinum basis). For tumour accumulation experiments, micelles were
injected at 100 pg per mouse on a platinum basis. Data are means+s.em., n=6. *P > 0.05; **P < 0.05; **P < 0.01; ****P < 0.001.

Table S1), which are the major organs responsible for the clearance of
nanocarriers?®. The levels of accumulation of DACHPt/m in these
organs are comparable to other polymeric micelles incorporating cis-
platin® or doxorubicin®, except for a slightly higher accumulation of
100 nm DACHPt/m in the liver. Because the surface chemistry and
charge of nanocarriers have been reported to critically affect the
interactions of nanocarriers with plasma proteins and cells and
the biodistributions of nanocarriers??2?%®, the analogous surface
chemistry (PEG-coated surface), neutral charge and comparable
plasma clearance of DACHPt/m with different diameters are
substantial advantages for the evaluation of their extravasation,
penetration and accumulation abilities in solid tumours as well as
the associated therapeutic outcomes.

Antitumour activity of DACHPt/m in solid tumours

The antitumour activity and accumulation of DACHPt/m with
different diameters were examined in tumour models with different
permeabilities: a hyperpermeable murine colon adenocarcinoma
26 (C26) model characterized by high vascularization and slight
tumour stroma® and a human pancreatic adenocarcinoma BxPC3
characterized by low vascularization, reduced vascular permeability
due to pericyte coverage of blood vessels*® and thick fibrosis,
which are representative characteristics of some intractable solid
tumours®®?1-33, Note that the in vitro cytotoxicity of sub-100 nm
DACHPt/m on C26 and BxPC3 cell lines was not substantially
affected by micelle size (Supplementary Table S3), suggesting that
their in vivo antitumour effect can be associated with their accumu-
lation and microdistribution in solid tumours. In the C26 model,
all micelles demonstrated comparable tumour growth inhibition
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(Fig. 2a), whereas oxaliplatin did not show a significant antitumour
effect. The accumulation levels of all sub-100 nm micelles in C26
tumours were consistently comparable, reaching ~10% ID g™*
tumour at 24 h post-injection (Fig. 2b). In the BxPC3 model, the
size effect of DACHPt/m on antitumour activity became evident,
with the 30 nm micelles completely suppressing tumour growth, the
50 nm micelles leading to reduced antitumour activity, and the
70 nm and 100 nm micelles failing to show any antitumour effect
(Fig. 2¢). The accumulation of the 30 nm micelles was two times
higher than that of the 50 nm micelles and four times higher than
that of the 70 and 100 nm micelles after 24 h in BxPC3 tumours
(Fig. 2d), which is also consistent with the antitumour efficacies
in Fig. 2c.

The intratumoral microdistribution of fluorescently labelled
DACHPt/m with different sizes in tumour sections was studied to
investigate size-dependent extravasation and penetration of micellar
nanomedicines in tumours. Histological investigations using haema-
toxilyn and eosin (H&E) staining revealed a well-vascularized
medullary histological pattern of C26 tumours with reduced
tumour stroma (Fig. 3a). In this tumour model, the fluorescence
signals from the 30, 50, 70 and 100 nm micelles were uniformly
distributed throughout the entire section at 24 h post-injection,
suggesting deep tumour penetration of all sub-100 nm micelles
(Fig. 3b, red). The immunofluorescence localization of platelet
endothelial cell adhesion molecule-1 (PECAM-1), expressed by
endothelial cells, indicated the extensive distribution of blood
vessels in C26 tumours (Fig. 3b, green). However, H&E staining of
BxPC3 tumours revealed the formation of nests of cancer cells
surrounded by fibrotic tissue (Fig. 3c), which may act as a barrier

817
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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 pm. 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 w-SR-XRF 24 h after

administration of micelles. Scale bars, 50 pm.

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

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 p-synchrotron radiation
X-ray fluorescence (W-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 iz 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 ~5.5nm (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-f 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 65nm 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 TGE-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
TGE-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-L, including pericyte coverage around the tumour blood
vessels, is important for penetration of the 70 nm micelles. Moreover,
the p-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 24h 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-I 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
V. ax @t 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 pm 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
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a white trapezium) of the z-stack volume image of BXxPC3 tumours. fg, Distribution of 30 and 70 nm micelles 24 h after injection into C26 tumours (f) and
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tumour volume. Micelles (3 mg kg™") were injected on days O, 4 and 8 and TGF-B-| on days O, 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-1. Scale bars, 50 um. d, Platinum and iron mapping of
tumour sections by w-SR-XRF 24 h after administration of 30 and 70 nm micelles. Scale bars, 50 pm. e, 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).

Conclusions
The enhanced targeting of drugs to cancer cells within tumours by
nanomedicines largely depends on size. We have shown that the

activity, supporting the hypothesis that TGF-( inhibitors have great
potential for enhancing the therapeutic efficacy of nanomedicines in
hypopermeable tumours.
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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-B 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 ml~?) to prepare the hyperpermeable tumour model, or with BxPC3
cells (1 x 107 cell ml™") to prepare the hypopermeable tumour model. I 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'%?6?”. 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-couple
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 a 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.

822

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 j.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?*, All in vivo picture acquisitions were performed using a Nikon AIR
confocal laser scanning microscope system attached to an upright ECLIPSE

EN1 (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- inhibitor. The
effect of TGE-B 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- 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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Surface modification using poly(ethylene glycol) (PEG) is a widely used strategy to improve the
biocompatibility of cationic polymer-based nonviral gene vectors (polyplexes). A novel method based on
intravital real-time confocal laser scanning microscopy (IVRTCLSM) was applied to quantify the dynamic
states of polyplexes in the bloodstream, thereby demonstrating the efficacy of PEGylation to prevent their
agglomeration. Blood flow in the earlobe blood vessels of experimental animals was monitored in a
noninvasive manner to directly observe polyplexes in the circulation. Polyplexes formed distinct aggregates
immediately after intravenous injection, followed by interaction with platelets. To quantify aggregate
formation and platelet interaction, the coefficient of variation and Pearson's correlation coefficient were
adopted. In contrast, polyplex micelles prepared through self-assembly of plasmid DNA with PEG-based block
catiomers had dense PEG palisades, revealing no formation of aggregates without visible interaction with
platelets during circulation. This is the first report of in situ monitoring and quantification of the availability of
PEGylation to prevent polyplexes from agglomeration over time in the blood circulation. This shows the high
utility of IVRTCLSM in drug and gene delivery research.

© 2011 Elsevier B.V. All rights reserved.

1. Concept of new methodologies

Gene therapy offers a unique potential for the treatment of genetic
and intractable diseases and for tissue engineering. Its success is
dependent upon the development of useful gene vectors as well as
application of a drug delivery system (DDS). Nonviral gene vectors are
attractive alternatives to viral gene vectors because they are much
simpler to produce, transport and store, and induce fewer immune
responses. Cationic polymers that electrostatically interact with

Abbreviations: PEG, poly(ethylene glycol); DDS, drug delivery system; pDNA, plasmid
DNA; BPEl, branched polyethylenimine; PLys, poly(L-lysine); PEG-PLys, poly(ethylene
glycol)-b-poly(L-lysine); PAsp(DET), poly{N-[N-(2-aminoethyl)-2-aminoethyl]asparta-
mide}; PEG-PAsp(DET), poly(ethylene glycol)-b-poly{N-[N-(2-aminoethyl)-2-aminoethyl]
aspartamide}; IVRTCLSM, intravital real-time confocal laser scanning microscopy; CV,
coefficient of variation; PCC, Pearson's correlation coefficient.
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plasmid DNA (pDNA) have been widely studied as materials to
construct nonviral gene vectors [1-5]. The cationic polymers most
commonly used as gene vectors include branched polyethylenimine
(BPEI), linear polyethylenimine, poly(L-lysine) (PLys), chitosan, and
dendrimers [6]. These polymers form polyion complexes (polyplexes)
with pDNA to successfully transfer it into cultured cells to induce
appreciable level of gene expression. However, these polyplexes have
biocompatibility problems for systemic application. Polyplexes usu-
ally require excess polycations to generate electrostatic repulsion for
their increased solubility and colloidal stability. This eventually results
in a shift of their surface charge to a positive value. This positive
charge causes nonspecific interaction with anionic components in the
body such as plasma proteins and blood cells, which might lead to
severe adverse effects [7,8]. Attachment of hydrophilic polymers such
as poly(ethylene glycol) (PEG) is called “PEGylation” and has often
been used to shield nonviral gene vectors from undesired interaction
in the blood. PEGylation also contributes to diminished uptake by the
reticuloendothelial system or macrophages, and hence the half-life in
blood circulation can be extended.

It is well documented that a PEG palisade prevents nonspecific
interaction with biological components. However, in situ evaluation of
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the interaction between nonviral gene vectors and biological
components has not been reported due to the absence of methodol-
ogy to quantify the interaction. We recently described a method of
direct and instantaneous observation of intravenously injected
substances using intravital real-time confocal laser scanning micros-
copy (IVRTCLSM) [9]. IVRTCLSM provides high-speed scanning and
simultaneous capture of multicolor fluorescence. The macromolecular
agents flowing in the bloodstream in tumors, kidneys, and livers can
be monitored using IVRTCLSM.

In the present study, we applied IVRTCLSM for the investigation of
the interaction between nonviral gene vectors and biological
components in situ. For the PEGylated polyplexes, we focused on
polyplex micelles made through the self-assembly of pDNA with PEG-
based cationic block copolymers [10-12]. We further developed an
analytical methodology to quantify the dynamic states of nonviral
gene vectors circulating in the bloodstream. This is the first report
visualizing and quantifying the interaction between nonviral gene
vectors and biological components over time and in real-time in situ.

2. Experimental methods
2.1. Sample preparation

Sterile Hepes (1 M, pH 7.3) was purchased from Amresco (Solon,
OH, USA) and used as a buffer solution after dilution with distilled
water. pDNA encoding the soluble form of vascular endothelial
growth factor receptor-1 was labeled with Cy5 using Label IT Tracker
Nucleic Acid Localization Kits (Mirus Bio Corporation, Madison, WI,
USA). BPEI (molecular weight (MW) 22 kDa; Sigma-Aldrich, St. Louis,
MO, USA) was dialyzed in 0.01 M HCl and lyophilized as a
hydrochloride salt. BPEI and PLys (hydrobromide salt, MW 4-
15 kDa; Sigma-Aldrich) were mixed with Cy5-labeled pDNA
(150 ug/mL) at an N/P ratio of 6 and 2, respectively, to form
polyplexes. The N/P ratio was defined as the residual molar ratio of
amino groups of cationic segment to phosphate groups of pDNA. Poly
{N-[N-(2-aminoethyl)-2-aminoethyl]aspartamide} (PAsp(DET)) (po-
lymerization degree: 95) was synthesized as described previously
[13]. PAsp(DET) was mixed with Cy5-labeled pDNA at an N/P ratio of
4. Poly(ethylene glycol)-b-poly(L-lysine) (PEG-PLys; MW of PEG:
12,000; polymerization degree of PLys segment: 45) was synthesized
as described previously [14]. Poly(ethylene glycol)-b-poly{N-[N-(2-
aminoethyl)-2-aminoethyl]aspartamide} (PEG-PAsp(DET); MW of
PEG: 12,000 Da; polymerization degree of PAsp(DET) segment: 93)
was synthesized by the aminolysis of PEG-poly(B-benzyl 1-aspartate)
block copolymer with diethylenetriamine according to a previous
report [13]. PEG-PLys/pDNA and PEG-PAsp(DET)/pDNA micelles were
prepared at an N/P ratio of 2 and 4, respectively. The final Cy5-labeled
pDNA concentration was adjusted to 100 ug/mL in 10 mM Hepes
buffer (pH 7.3).

2.2. Animal preparation

All animal experimental procedures were executed in accordance
with the Guide for the Care and Use of Laboratory Animals as stated by
the National Institutes of Health. Balb/c nude mice (female; Charles
River Laboratories, Tokyo, Japan) were anesthetized with 3.0%-4.0%
isoflurane (Abbott Japan Co., Ltd., Tokyo, Japan) using a Univenter 400
Anaesthesia Unit (Univentor Ltd., Zejtun, Malta). Mice were then
subjected to lateral tail vein catheterization with a 30-gauge needle
(Dentronics Co., Ltd., Tokyo, Japan) connected to a nontoxic, medical
grade polyethylene tube (Natsume Seisakusho Co., Ltd., Tokyo, Japan).
Platelets were labeled in vivo with the intravenous injection of
DyLight 488-conjugated anti-GPIbp antibody (X488; EMFRET Analytics,
Eibelstadt, Germany) following the manufacturer's instructions. Mice
were placed onto a custom-designed temperature-controlled micro-
scope stage. The ear lobe was attached beneath the cover slip with a

single drop of immersion oil as described in our previous report [9].
Video acquisition of the dermis tissue at a speed of 30 frames per second
was performed for 10 min. Two-hundred microliters of naked pDNA,
polyplexes, and micelles (20 pg of pPDNA) were administered via the tail
vein catheter 10 s after video acquisition was initiated. For the platelet
inhibition study, 300 pL of aspirin (acetylsalicylic acid; Sigma-Aldrich)
saturated aqueous solution was orally administered to mice for 2
consecutive days before IVRTCLSM.

2.3. IVRTCLSM imaging and processing

All picture/movie acquisitions were performed using a Nikon A1R
confocal laser scanning microscope system attached to an upright
ECLIPSE FN1 machine equipped with a CFI Apo 40x WI \S objective
lens (Nikon, Tokyo, Japan). All pictures/movies were acquired at a
scale of 79.55 pm x 79.55 pm with 5.11 pm of confocal slice. Acquired
data were further processed using Nikon NIS Elements software. The
region of interest (ROI) was manually defined in the vein. Image
frames were extracted every 5s from the video data for further
analyses. For quantification of aggregates, the coefficient of variation
(CV) of Cy5 fluorescence was calculated. For the platelet interaction
study, colocalization between DyLight and Cy5 was evaluated by
Pearson's correlation coefficient (PCC) [15]. All obtained values were
plotted against time.

3. Discovery
3.1. Real-time observation of aggregates

We prepared BPEI/pDNA (N/P=6), PLys/pDNA (N/P=2), and PAsp
(DET)/pDNA (N/P=4) polyplexes as well as PEG-PLys/pDNA (N/P=2)
and PEG-PAsp(DET)/pDNA (N/P = 4) micelles. BPEI/pDNA was used as
the representative polyplex containing excessive polycations. N/P ratios
of PLys/pDNA and PAsp(DET)/pDNA were determined as the critical
ratio to condense pDNA according to our previous report [16]. N/P ratios
of PEG-PLys/pDNA and PEG-PAsp(DET)/pDNA micelles were deter-
mined at the same N/P ratios of PLys/pDNA and PAsp(DET)/pDNA
polyplexes, respectively. The size and zeta potentials of these polyplexes
and polyplex micelles were summarized in Supplementary Table 1.

Intravenously injected polyplexes and micelles were directly
observed by IVRTCLSM. These dynamic states in the bloodstream were
compared (Supplementary Videos 1-5). Extracted movie frames at
indicated time points are shown in Fig. 1. Immediately after the BPEI/
pDNA polyplex was injected, the fluorescence of Cy5 agglomerated into
clumps with a variable. size in several micrometers range. This
nonuniform fluorescence distribution of the polyplex indicated forma-
tion of aggregates. PLys/pDNA and PAsp(DET)/pDNA polyplexes showed
similar aggregate formation. In contrast, the fluorescence of Cy5 showed
uniform distribution when PEG-PLys/pDNA and PEG-PAsp(DET)/pDNA
micelles were injected, indicating the absence of aggregates.

3.2. Quantification of aggregates

Using the mean intensity of Cy5 fluorescence, the amount of Cy5-
labeled pDNA was evaluated. We acquired the images every 5,
calculated the relative fluorescence intensity defined as (Cy5 mean
fluorescence intensity - Cy5 minimum fluorescence intensity)/
(Cy5 maximum fluorescence intensity — Cy5 minimum fluorescence
intensity), and plotted the relative fluorescence intensities against
time. (Supplementary Fig. 1) The relative fluorescence intensities of
naked pDNA decreased immediately, and almost disappeared within
5min after the start of acquisition. The relative fluorescence
intensities of BPEI/pDNA, PLys/pDNA, and PAsp(DET)/pDNA poly-
plexes also rapidly decreased and dropped to around 0.2 within
10 min after the start of acquisition. In contrast, PEG-PLys/pDNA, and
PEG-PAsp(DET)/pDNA polyplex micelles maintained the relative
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BPEI/ pDNA

PLys/pDNA
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Fig. 1. Intravital confocal micro-videography of polyplexes and polyplex micelles in the bloodstream of the mouse earlobe. Prior to observation, the anti-GPIbf> antibody conjugated
with DyLight 488 was injected to label platelets (green). The polyplexes and polyplex micelles incorporating Cy5-labeled pDNA (red) were intravenously injected 10 s after start of
observation. Image frames were extracted from videos at identical time points for comparison. Image size: 79.55 pm x 79.55 um. Confocal slice: 5.11 pm,

fluorescence intensities of around 0.9 and 0.7 even 10 min after the However, the relative fluorescence intensities could not provide
start of acquisition, suggesting the prolonged blood circulation. These the information about the aggregates of polyplexes and polyplex
results are consistent with the previous studies, which demonstrated micelles. Thus, the quantification of aggregates was performed by CV
pDNA degradation within 5min and the improvement of blood calculation of Cy5 fluorescence in the ROl The CV is a normalized
circulation by PEGylation [17,18]. measure of dispersion of a distribution, and is defined as the ratio of



T. Nomoto et al. / Journal of Controlled Release 151 (2011) 104-109 107

the standard deviation to the mean. We acquired the images every 5 s,
calculated the CV, and plotted the CV against time (Fig. 2). CV values of
the polyplexes rapidly increased upon first entry into the vein of the
earlobe immediately after intravenous injection. CV values of the
polyplexes subsequently fluctuated and decreased over time. In
contrast, CV values of the micelles slightly increased upon first entry
due to the admixture of micelles and blood, and remained at a plateau
at the lower values without fluctuation.

3.3. Platelet interaction study

Platelet is known to be the primary cell components involved in
the initial event of thrombosis, and polycations initiate the process of
platelet clots formation [19-21]. Thus, in this study, we focused on
platelets interaction with cationic polyplexes. To investigate the
interaction of polyplexes with platelets, we labeled platelets with
DyLight 488-conjugated anti-GPIbR antibody, and observed the
interaction using IVRTCLSM (Fig. 1, Supplementary Videos 1-5). The
average labeling efficiency of the antibody has been reported to be
~90% [22]. BPEI/pDNA, PLys/pDNA, and PAsp(DET)/pDNA polyplexes
formed aggregates immediately after injection as described above.
Their adhesion to platelets was clearly observed approximately 2 min
after injection as judged from the colocalization of red and green
fluorescences to appear as yellow colored pixels. In contrast, PEG-
PLys/pDNA and PEG-PAsp(DET)/pDNA micelles showed no adhesion
to platelets throughout the whole experiment.

3.4. Platelet interaction quantification

To quantify the intéraction between polyplexes and platelets, we
acquired the images every 5s, and calculated the colocalization
between Cy5 fluorescence and DyLight 488 fluorescence using PCC
[15]. PCC indicates the intensity of the correlation of two elements,
ranging from — 1 to + 1. The PCC value of the BPEI/pDNA polyplex
fluctuated and increased up to approximately 0.4 (Fig. 3). PLys/pDNA
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Fig. 2. Quantification of aggregates of polyplexes and micelles. Aggregates of polyplexes
and micelles were quantified with CV of Cy5 fluorescence intensities in the frames
extracted every 5 s from crude videos.
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Fig. 3. Quantification of colocalization between polyplexes/micelles and platelets. The
colocalization was measured with PCC. PCC was calculated from the frames extracted
every 5 s from crude videos.

and PAsp(DET)/pDNA polyplexes also fluctuated and increased up to
approximately 0.25 and 0.33, respectively. In contrast, PCC values of
PEG-PLys/pDNA and PEG-PAsp(DET)/pDNA micelles were maintained
at almost zero throughout the study.

3.5. Platelet inhibition study

To investigate whether inhibition of platelet function decreases
aggregates formation, aspirin was used as an anti-platelet agent. We
compared the CV and PCC of the BPEI/pDNA polyplex between
aspirin-administered mice and nonadministered control mice
(Figs. 1 and 4, Supplementary Video 6). The CV value of the aspirin-
administered mice was almost identical to that of control mice;
however, their PCC value remained <0.1 throughout the study.

4. Interpretation and significance of new methodologies

Pharmacokinetic studies are indispensable for developing efficient
DDSs that transport drugs specifically to the targeted tissue.
Pharmacokinetic studies using animals have primarily relied on ex
vivo techniques, such as analyzing blood or urine samples. These
ex vivo techniques have been well established to analyze blood
circulation, target accumulation, or other pharmacological informa-
tion of the DDS. However, this approach provides only static
information at specific time points. Therefore, investigating dynamic
and longitudinal events using this approach is difficult. Alternatively,
the intravital microscopy is an emerging technique [23], allowing to
investigate such dynamic states of DDS in animals. Recently, we
developed the intravital microscopy equipped with fast-scanning
laser confocal systems (IVRTCLSM) [9], and demonstrated here its
application as a novel tool to dynamically evaluate the interaction
between gene vectors and blood components. Our method is
characterized by noninvasive observation with high spatial and
temporal resolutions to quantitatively monitor the dynamic states
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Fig. 4. Platelets inhibition study with aspirin. (a) Aggregates of BPEI/pDNA polyplexes
of the aspirin-administered mouse was quantified with the CV of Cy5 fluorescence
intensities in the frames extracted every 5s from crude videos. (b) Colocalization
between BPEI/pDNA polyplexes and platelets of the aspirin-administered mouse was
quantified with PCC. PCC was calculated from the frames extracted every 5 s from crude
videos. For comparison, the CV and PCC of the BPEI/pDNA polyplexes-administered
normal mouse in Figs. 2 and 3 were shown respectively again.
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of nonviral gene vectors. In the present study, the mouse earlobe was
noninvasively fixed beneath the coverslip, and the vein was imaged at
the dermis layer. Confocal imaging eliminated light from out-of-focus

sections in the ear lobe such as the epidermis and hypodermis..

Furthermore, we kept the confocal slice thinner (5.11 pm) than the
diameter of the vein, so that the signal was detected only from inside
the vasculature. High-speed scanning was essential to obtain
unambiguous images to quantify the aggregates and colocalization
between nonviral gene vectors and platelets because conventional
galvano scanners are too slow to distinguish the individual aggregates
and platelets rapidly flowing in the bloodstream, providing insuffi-
cient and blurred images (Supplementary Videos 7 and 8).

We investigated the polycations BPEI and PLys. They are widely
used to construct polyplexes and PAsp(DET) has reduced cytotoxicity
and high transfection efficiency [13]. To evaluate the improvement of
biocompatibility via PEGylation, PEG-PLys/pDNA and PEG-PAsp
(DET)/pDNA micelles were examined. A simple and effective way
to PEGylate polyplexes is, as we reported [10-12], to use PEG-based
cationic block copolymers as counterpart polycations to pDNA. The
block copolymers are characterized by tandem alignment of a
hydrophilic PEG segment and a cationic segment, leading to the
formation of stable and biocompatible micelles with a core of
polycation/pDNA complex surrounded by a dense PEG palisade and
size of approximately 100 nm. Indeed, the micelle composed of PEG-
PLys and pDNA achieved higher stability than that of unmodified
PLys/pDNA polyplex in a medium containing serum and showed
prolonged blood circulation [18,24]. The block copolymer possessing
a cationic polyaspartamide segment carrying an ethylenediamine
unit at the side chain, PEG-PAsp(DET), also formed the micelle with
pDNA, which prevented nonspecific interaction with biological
components such as erythrocytes and platelets under in vitro
conditions [8].

IVRTCLSM was used to directly investigate the interaction between
these gene vectors and platelets in the bloodstream. IVRTCLSM could
be used to evaluate the dynamic states of nonviral gene vectors
rapidly flowing in the bloodstream over time in situ (Fig. 1 and
Supplementary Videos 1-6). This is the first report to visualize the
formation of aggregates and the prevention by PEGlyation of
polyplexes in situ in the bloodstream.

To quantify the aggregates, we adopted the CV. CV values reflected
the nonuniform fluorescence distribution of polyplexes and uniform
fluorescence distribution of micelles (Fig. 2). It is noteworthy that our
IVRTCLSM started video acquisition 10s before administration,
allowing us to follow aggregate formation immediately after injection.
CV values of the polyplexes rapidly increased approximately 20-30 s
after injection, and corresponded well with the entry of polyplexes,
indicating instantaneous formation of aggregates (Fig. 2). CV values
also fluctuated over time, depending on the amount of aggregates at
those time points. Furthermore, CV values of polyplexes decreased
with time due to their disappearance from the bloodstream. In
contrast, CV values of micelles were moderately elevated when
micelles passed the ROI first. This moderate elevation was because of
the admixture of micelles and blood without aggregate formation.
Moreover, CV values were retained at a plateau after this moderate
elevation, suggesting persistent circulation and uniform distribution
of micelles in the bloodstream.

IVRTCLSM was also useful for the investigation of the dynamic
interaction between nonviral gene vectors and platelets. Indeed, we
succeeded in visualizing the interaction between polyplexes and
platelets in situ. This dynamic information could not be revealed
without [VRTCLSM.

To quantify the platelet interaction, we adopted PCC between
polyplexes/micelles and platelets (Fig. 3). PCC values of polyplexes did
not increase at the time point when CV values started to increase. PCC
values began to increase after approximately 1 min after injection,
and indicated strong correlation between polyplexes and platelets

2 min after injection. This temporal gap between aggregate formation
and platelet interaction strongly indicated that aggregate formation
was not triggered by platelets. To confirm this, we conducted the
study in mice that were administered aspirin (Fig. 4). Aspirin induces
a long-lasting functional defect in platelets [25], and thus may inhibit
platelet interaction with polyplexes. The CV and PCC quantitatively
demonstrated that oral administration of aspirin successfully inhib-
ited platelet interaction with aggregates (Fig. 4b), but did not inhibit
aggregate formation itself (Fig. 4a). This result indicates that the
aggregate formation of polyplexes does not involve platelets (at least
in the initial stage). Presumably, some protein components in plasma
may have a role in aggregate formation, but further investigation is
needed to clarify the mechanism.

Aggregate formation in the range of several micrometers
immediately after intravenous injection should crucially affect the
efficiency of systemically injected polyplexes. The aggregated
polyplexes cannot extravasate into the targeted tissues or cells.
Moreover, they might lead to thrombosis through the interaction
with platelets to obstruct microvessels in normal tissue, including
the lungs and liver, resulting in nonspecific accumulation of
polyplexes in these tissues. This accumulation caused by aggregate
formation will lead to unfavorable effects such as pulmonary
embolism. The micelles, in contrast, did not form aggregates, and
also showed no interaction with platelets. Thus, they are expected to
prevent adverse effects caused by polyplex agglomeration, which
cannot be inhibited even by oral administration of aspirin. This result
confirms that PEGylation is a rational strategy to improve the
biocompatibility of nonviral gene vectors based on polyplex
formation [3,10-12].

In the present study, IVRTCLSM was used to visualize and quantify
the dynamic states of polyplexes flowing in the bloodstream.
Moreover, with respect to ethics, IVRTCLSM excels conventional
ex vivo methods that involve the sacrifices of numerous animals to
acquire pharmacokinetic information. IVRTCLSM provides temporal
and spatial information at 30 time points in 1 s with a single mouse,
which is desirable for high-throughput screening of newly developed
DDSs.

In conclusion, IVRTCLSM was developed and applied to directly
investigate the dynamic state of gene vectors in the bloodstream.
Aggregate formation of the polyplexes and its prevention by
PEGylation was observed in situ for the first time under the flow in
the capillary. Thus, IVRTCLSM could provide the requisite information
that has not been obtained by conventional methods, thereby giving a
new facet in the research on systemic gene delivery.

Supplementary materials related to this article can be found online
at doi:10.1016/j.jconrel.2011.02.011.
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High-density poly(ethylene glycol) (PEG)-coated iron-oxide—gold core—shell nanoparticles
(AulONs) were developed as T,-weighted magnetic resonance imaging (MRI) contrast
agents for cancer imaging. The PEG-coated iron-oxide—gold core-shell nanoparticles (PEG-
AulONs) were approximately 25 nm in diameter with a narrow distribution. Biodistribu-
tion experiments in mice bearing a subcutaneous colon cancer model prepared with C26
murine colon adenocarcinoma cells showed high accumulation of the PEG-AuIlONs within
the tumor mass and low nonspecific accumulation in the liver and spleen, resulting in
high specificity to solid tumors. T>-weighted MR images following intravenous injection of
PEG-AulONs showed selective negative enhancement of tumor tissue in an orthotopic
pancreatic cancer model prepared with Mia-
PaCa-2 human pancreatic adenocarcinoma
cells. These results indicate that PEG-AulONs
are a promising MRI contrast agent for
diagnosis of malignant tumors, including
pancreatic cancer.
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Introduction

Pancreatic cancer is a highly aggressive cancer characterized
by high invasiveness and acute resistance to chemo- and
radiotherapy; consequently, it represents one of the most
difficult malignancies to detect and treat.* ! Patient prognosis
is often dismal due to late diagnosis and a lack of effective
therapies. This outlook could be improved by realization
of diagnostic tools useful at earlier stages of the disease.
Magnetic resonance imaging (MRI) is a powerful and
noninvasive technique for medical imaging of soft tissues.
MRI offers clinical feasibility for molecularimaging because it
provides superb anatomic resolution and contrast for
visualizing tissue morphology and anatomical details of
organs in vivo."8! Development of contrast agents has been
central to advances in MRI techniques for early diagnosis of
cancer and detection of biological processes at the cellular and
molecular level. Particularly, superparamagnetic iron oxide
nanoparticles are gaining popularity for MRI applications
in vivo, due to their low toxicity and excellent magnetic
susceptibility. These superparamagnetic iron oxide nano-
particles are extremely effective for promoting proton
relaxation with significant capacity to reduce MRI signal,
and this effect is further enhanced by using spin echo
sequences with a longer echo time (T>-weighted imaging).[”
Thus, the accumulation site of iron oxide nanoparticles
exhibits negative enhancement of MRI signals in T,-weighted
MR images. In order to enhance the in vivo utility to include
use for tumor diagnosis, iron oxide nanoparticles should
be highly biocompatible, of appropriate size, and should have
sufficiently long blood circulation time to allow for passive
tumor accumulation through the enhanced permeability and
retention (EPR) effect.®2°! Surface modification of iron oxide
nanoparticles with biocompatible polymers can avoid or
effectively reduce recognition by the reticuloendothelial
system (RES), thus improving their circulating properties.
Poly(ethylene glycol) (PEG) has found widespread clinical
use as a biocompatible, norispecific protein resistant
material that prolongs the circulation time of protein
therapeutics.**~*?! PEG-based block copolymers and PEGy-
lated liposomes have been used to improve the stability and
pharmacokinetics of iron oxide nanoparticles in the physio-
logical environment.**?4 Many groups showed negative
enhancement at the hypervascular tumor site in tumor-
bearing mice using PEG-coated iron oxide nanoparticles and
T,-weighted MR imaging.***¢! We also reported PEG-coated
iron oxide nanoparticles with a hydrodynamic diameter of
~100nm as a negative contrast agent for successful MR
imaging of subcutaneous colon tumor models.*” However,
there are no reports to enhance the MR imaging of pancreatic
tumors using PEG-coated iron oxide nanoparticles without
targetable biomolecules, because PEG-coated iron oxide
nanoparticles developed to date have limited circulation in
the blood compartment and are too large to penetrate into
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pancreatic tumors. In fact, without intraperitoneal admin-
istration of transforming growth factor-B (TGF-8) inhibitor,
PEG-coated iron oxide nanoparticles (~100nm) failed to
accumulate into a subcutaneous BxPC3 pancreatic tumor
model, which is characterized by hypovascularity and thick
fibrosis.*®!We have recently found that the size upper limit of
the nanoparticle system for passive targeting to pancreatic
tumor models is ~50nm (unpublished data). Hence, we
hypothesized that with proper control of the size and surface
properties of iron oxide based nanoparticles, development
of effective T,-weighted MRI contrast agents for in vivo
detection of pancreatic tumors could be possible.

Recently, gold-coated superparamagnetic core—shell
nanoparticles have attracted considerable attention for
bicmedical applications.**2*] Au and iron oxide nanopar-
ticles are known to be biocompatible and have been used
extensively for optical- and magnetic-based applications,
respectively.?4"25] Furthermore, a gold coating on the
magnetic nanoparticles is stable under biological condi-
tions and can be further functionalized with sulfur-
containing moieties through Au—S bonding.

In this report, we developed PEG-coated iron-oxide—-gold
core-shell nanoparticles (PEG-AulONs) for use as a Ts-
weighted MRI contrast agent for imaging of pancreatic tumor
models. In our method, the overall size of the nanoparticle was
controlled by coating iron oxide nanoparticles with Au that
allowed for reaction with methoxy-PEG-thiol (MeO-PEG-SH)
and subsequent formation of a high-density PEG coating on
the surface through Au-S bonding, without the formation of
any higher-order assemblies. Our results demonstrated that
PEG-AulONs showed prolonged blood circulation and
enhanced MR imaging of subcutaneous colon and orthotopic
pancreatic tumor models. These findings suggest that our
method, which allows precise control of hydrodynamic size
and effective PEG density on the iron-oxide-gold core—shell
nanoparticle (AulON), could be a promising method for
development of MRI contrast agents for various tumor types
including pancreatic cancer.

Experimental Part

AuION was synthesized with a slight modification of a previously
reported method.2%2%) Hydrogen tetrachloroaurate was reduced by
oleylamine to form a thin gold layer onto oleylamine and oleic acid
stabilized iron oxide nanoparticles. MeO-PEG-SH (M,,: 2 000) was
introduced onto the surface of AulONs through a sequential coating
process in chloroform and then in methanol, followed by a solvent
exchange to water. Details of PEG-AuION synthesis and character-
ization are provided in the Supporting Information (SI). The
biodistribution of PEG-AuIONSs, including tumor accumulation,
was evaluated in tumor-bearing mice by measuring the Au content
in blood and tissues using inductively coupled plasma-mass
spectrometry (ICP-MS). In vivo MRI was performed using a 4.7 T
scanner with mice bearing a subcutaneous colon (C26) or
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orthotopic pancreatic (MiaPaCa) tumor. All the details regarding
physicochemical and biological studies are provided as SI.

Results and Discussion
Synthesis of PEG-Coated Iron-Oxide-Gold Core-Shell
Nanoparticles (AuION)

Figure 1a shows the schematic representation for prepara-
tion of the PEG-AuIONs used in this study. First, nearly
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monodispersed y-Fe,Os; nanoparticles with an average
diameter of 10.5+1.6nm were obtained by thermal
decornposition of Fe(CO)s in the presence of the capping
agents oleylamine and oleic acid (5:1), under aerobic
conditions with a slight modification of a previously
reported method.?®) A small amount of oleic acid was
added into the reaction mixture to avoid the formation of y-
Fe,03 nanoparticles with different shapes. In the next step,
Au was coated onto the vy-Fe,O; nanoparticle surface
by the reduction of HAuCl, with oleylamine at 140 °C in
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Figure 1. Preparation and properties of PEG-AulONs. a) Scheme for Au shell formation onto y-Fe,0, nanoparticles and subsequent coating
with MeO-PEG-SH to form biocompatible PEG-AulONSs. b) X-ray diffraction pattern of y-Fe,0, nanoparticles (A) and AulONs (B); the Braggs’s
reflections for both nanoparticles are shown. c) UV-visible spectra of ) y-Fe,0, nanoparticles in chloroform, Il) AulONs in chloroform, and 1)
PEG-AulONSs in aqueous medium. d) Transmission electron microscopy images of A) y-Fe,0, nanoparticles, B) AulONs in chloroform, and
C) PEG-AUIONSs in aqueous medium. The PEG layer is visible on the AulON surface in C. The nanoparticles were stained with 1%
phosphotungstic acid solution. The scale bar represents sonm in all TEM images.
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1,2-dichlorobenzene (ODCB), where oleylamine functions
asboth the reducing agent and the stabilizer. ** Oleylamine
coated AulONs were washed by several cycles of dispersion-
centrifugation to remove excess oleylamine, and were
finally dispersed into chloroform for further modification.

The formation of an Aushell on the y-Fe,Os nanoparticles
was confirmed by X-ray diffraction measurement as shown
in Figure 1b. Evolution of Bragg’s diffraction peaks from the
face-centered cubic (fcc) lattice structure of Au are clearly
visible from the X-ray diffraction spectra of AuIONs. Using
the Debye-Scherer equation, the thickness of Au on the v-
Fe, 05 surface was calculated to be 1.3 nm. Transmission
electron microscopy (TEM) studies (Figure 1d(A,B)) showed
that the average particle size increased by 1.5+0.6nm
following Au deposition onto the y-Fe,O; nanoparticles,
which is comparable to the thickness of Au calculated from
the X-ray diffraction peaks. ,

PEG was readily conjugated to the particle surface by
reaction of PEG-SH with the gold surface through well-
known thiol-gold coupling chemistry. After a single cycle of
PEG modification, followed by the evaporation of chloro-
form under vacuum, PEG-AulONs were readily soluble in
aqueous medium. However, when the nanoparticles were
incubated for 12h in 150 x 10™% m NaCl solution, agglom-
eration occurred, suggesting incomplete coating of MeO-
PEG-SH on the nanoparticle surface (data not shown).
Therefore, repetitive PEG coating onto PEG-AulONs
(described in SI) was performed to increase the PEG density
on the particle surface, as it has been reported that the
process involving repetitive PEG adsorption significantly
contributes to increase the PEG density on the gold
surface.?”) Salt-induced agglomeration of PEG-AulONs
obtained by this double PEG coating process was avoided,
even after transfer into aqueous media through dialysis,
suggesting the formation of a PEG layer with appreciably
high density around the AulON surface. PEG-AulONs stored
in 10 x 10™® m Tris-HCl buffer containing 0.03% bovine
serum albumin were stable for several months without any
notable aggregation. Use of methanol as the solvent for the
second cycle of PEG coating also proved to be crucial for
controlling particle size and dispersity of the PEGylated
nanoparticles, as application of the second PEG coating onto
the AulONSs in water resulted in low quality particles with
large hydrodynamic diameter and high polydispersity
index (data not shown).

The formation of an Au shell on the y-Fe,O5 surface was
further confirmed by UV-vis spectroscopy of the PEG-
AuION in aqueous medium. As shown in Figure 1c, AuIONs
did not show any characteristic plasmon resonance in
organic medium as AulONs are protected by the long chain
alkylligands. However, when the AulON was transferred to
the aqueous medium as a PEGylated nanoparticle, a
plasmon resonance band appears with absorption at

Macromol. Rapid Commun. 2010, 31, 1521~1528
© 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Heromolecular

515nm, probably due to the increased dielectric constant
of the medium.

Characterization of PEG-Coated Iron-Oxide-Gold
Core-Shell Nanoparticles (PEG-AulON)

The TEM image of PEG-AuION transferred to water after
surface modification with MeO-PEG-SH (Figure 1d(C))
showed no apparent agglomeration. Furthermore, the
PEG layer surrounding the AulON core was visible in
TEM after negative staining with 1% phosphotungstic acid
as seen in Figure 1d(C). The thickness of the PEG layer was
determined to be 6.5 1.2 nm from this TEM image.

The neutral {-potential of 0.49 4 0.12 mV of PEG-AulONs
in water showed complete passivation of the nanoparticle
surface with the PEG layer. The number of PEG molecules
{(molecular weight=2kDa) on the surface of a single
12.9nm AuION was calculated to be ~2500 by thermo-
gravimetric analysis (TGA) analysis of the sample under N,
atmosphere. This surface coverage corresponds to a
footprint area of 0.25nm? per PEG molecule, which is
significantly smaller than previous reports for MeO-PEG-SH
conjugated on Au nanoparticle surfaces (2.42 nm?).25-2%!
This result suggests that the PEG-AulON possesses an
appreciably dense PEG layet. Chain conformation of grafted
PEG on a surface plane is estimated to be an extended brush
at this density (0.25nm?). Nevertheless, on a spherical
surface, PEG density decreases in a radial direction toward
the exterior of the particle with a change in the PEG
conformation from brush to random coil (a mushroom

‘model).*®! Note that the height of PEG 2kDa in a mushroom

conformation is estimated to be 3.3 nm (twice of radius of
gyration (Ry)) as lower limit,**) whereas the height in an
extended conformation is estimated to be 15.9 nm as upper
limit by using the effective monomer length of PEG in water
(2000/44 % 0.35=15.9nm).?? The PEG thickness esti-
mated from the TEM image for PEG-AulONs obtained in
this study (6.5 & 1.2 nm)is in the range between these lower
and upper estimated heights of PEG in the extended brush
and random coil conformation.

The dispersion stability of PEG-AulONSs against increased
NaCl concentration in aqueous solution was evaluated by
dynamic light scattering (DLS) measurement, which
revealed that the hydrodynamic diameter remained
constant up to 1m NaCl (Figure 2a). Furthermore, there
was no change in the diameter of PEG-AulONs even after
12 h incubation in 10 x 107% m Tris-HCl buffer containing
10% fetal bovine serum at pH 7.4 and 37 °C (Figure 2b). PEG-
AulONs were also found to be stable in buffer within the pH
range of 3-10. ' '

To examine the feasibility of PEG-AuIONSs as a Tr-weighted
MRI contrast agent, we evaluated the relaxivity r, of PEG-
AulONs and determined the valuetobe 149.32 x 10 ° M+ 572
(Figure 2c). This r, value is comparable to the commercially
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using the Carr-Purcell-Meiboom-Gill (CPMG) pulse sequence at 25°C, 0.59 T.

available T, contrast agent Feridex (dextran-coated iron
oxide nanoparticles).

Biodistribution of PEGylated Fe203-Au Core-Shell
Nanoparticles

Figure 3 shows the concentration of gold in blood plasma
over time after intravenous administration of PEG-AulONs.
The gold concentration measured in plasma indicates that
PEG-AulIONs stably circulate in the blood compartment
with 8% of the injected dose observed even after 24h.
Prolonged blood circulation of the PEG-AulON was reason-
ably associated with high stability of PEG-AulONs under
physiological conditions at 37 °C (Figure 2). Accurmulation
of PEG-AulONs within solid tumor and normal tissues (liver,
kidney, spleen and muscle) is also shown in Figure 3.
Notably, PEG-AulON showed continuous accumulation
with time into solid tumors, while its accumulation to other
tissues was somewhat limited.

To assess the selectivity towards the solid tumors, the
area under the Au concentration—time curve (AUC) and AUC
ratios of the tumor to normal tissues at 24 h after injection
were determined and are shown in Supplementary Table 1
in the SI. PEG-AulONs exhibited ratios AUCiumor/
AUCorgan>1.0 for spleen, kidney, and muscle tissues,
indicating selectivity to the tumor (AUCtumor/AUCorgan of
2.84,1.21, and 67.27 for spleen, kidney, and muscle tissues,
respectively). These AUCtumor/AUCqrgan 1atios are compar-
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able to those observed for so-called stealth drug carriers.®?!
However, AUCymor/AUC)ye, ratio is somewhat low at 0.95.
This may be due to the relatively high blood volume in the
liver. Note that liver has about one-fifth of blood volume in
the body, and the liver accumulation value for PEG-AuIlONs
has a substantial contribution from PEG-AulONSs present in
the blood pool.

In vivo Tumor Imaging

In order to study the efficacy of PEG-AulONSs for dynamic in
vivo MRI, imaging of tumor tissue was conducted and
compared with the commercially available MRI contrast
agent Feridex (dextran-coated iron oxide nanoparticles).
First, we performed in vivo MRI with nude mice bearing
subcutaneously inoculated murine colon adenocarcinoma
(C26) cells (Figure 4a,b). Negative enhancement of the
tumor site in T,-weighted images, which is indicated as
circled by red line in Figure 4, gradually increased 5 min
after injection of PEG-AulONs, with a maximum negative
enhancement of 60% observed at 4h post-injection
(Figure 4a,e and Table 1). Note that MRI signals in other
organs and tissues surrounding the tumor were also
negatively enhanced in T,-weighted images due to the
existence of high concentration of PEG-AulONs in the blood
circulation. Therefore, the percentile rates of negative
enhancement at 4h post-injection of PEG-AulONs
were compared between in the tumor and the intestine

acromolecular

www.mrc-journal.de

1525



