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Perfluorocarbon (PFC) nanodroplets formed from PEG-b-
poly(fluoroheptyl aspartate) were developed for a cancer-tar-
geted ultrasound (US) contrast agent. 10% esterifed fluoroalkyl
polymer (F10) was the optimal composition for PFC solubiliza-
tion in aqueous solution. PFC/F10 nanodroplets showed echoge-
nicity with US irradiation, and long-term stability of PFC nano-
droplets at 4 °C was confirmed.

Ultrasound irradiation is an important technology for diag-
nostic imaging like MRI and X-ray imaging and is also useful
for therapeutic purposes. Ultrasound has a number of attractive
advantages; noninvasiveness, portability, real time imaging,
and relatively low cost. Thus, effective ultrasound (US) contrast
agents’? and US-mediated therapeutic agents*-® have been ac-
tively investigated. Particularly, microbubbles have been suc-
cessful US contrast agent and US-mediated therapeutic agents.
From the physical characteristics, microbubbles mainly provide
images of vascularity,” and most microbubbles show no tumor-
targeting properties by extravasating through defective vascula-
ture and by accumulating nanoparticles at tumor sites (EPR ef-
fect). Therefore, nanosized US contrast agents have been inves-
tigated.

Maruyama’s group has developed a bubble liposome which
consists of liposomes encapsulating perfluoropropane as an US
contrast gas.® Rapoport’s group has studied perfluoropentane
(PFP) nanodroplets formed with amphiphilic block copolymers.”
Encapsulated PFP nanodroplets do not show US contrast. Above
physiological temperature, encapsulated PFP nanodroplets form
microbubbles easily through vaporization (bp PFP is 29°C),
exhibiting echogenicity. Rapoport et al. suggested that nano-
droplets could extravasate at tumor sites and coalesce into larger
and highly echogenic microbubbles, providing strong tumor
contrast in ultrasonography.

As shown in Rapoport’s work, polymer nanocarrier-encap-
sulated PFP should be a promising US contrast agent. However,
it is difficult to retain nanosize of the PFP nanodroplets because
of easy nanodroplet/microbubble conversion from the low PFP
boiling point. To solve this problem, we applied amphiphilic
fluorinated polymers, PEG-b-poly(fluoroheptyl aspartate)s, as
PEP carriers. The fluorinated polymers have high compatibility
with perfluorocarbons, and the block copolymer can form a hy-
drophobic core/hydrophilic shell structure easily. In this paper,
we measured PFP encapsulation capacity of the amphiphilic
fluorinated polymers and optimized composition as a nanosized
polymeric carrier for PFP encapsulation. Moreover, we also in-
vestigated the echogenicity of the resulting nanodroplets with
US irradiation.

PEG-b-poly(fluoroheptyl aspartate)s were prepared accord-
ing to a modified procedure.'® We used 4,4,5,5,6,6,7,7,7-nona-
fluoroheptyl iodide (C7HgFol) as a fluorinated hydrophobic unit.

Table 1. Concentration of encapsulated PFP and weight aver-
age diameters of nanodroplets at 10°C

Esterification/ % /Pnlz;l?La_ql Diameter/nm
FO 0 0 —
F5 5.9 46.1 609.0 + 140.2
F10 13.5 108.9 693.9 +200.9
F20 22.3 314 568.2 4 129.7
F40 38.5 2.7 562.5 + 108.1
F70 67.0 1.9 361.7+76.4
H10 13.2 46.0 269.0 £ 68.1
F10(C9) 13.5 45.5 332441108
F10(CL1) 13.6 224 657.5+143.9

PFP was mixed with perfluorohexane (PFH), which has an ele-
vated boiling point (59 °C), in order to form stable perfluorocar-
bon nanodroplets and suppress echogenic error in the nanodrop-
lets. The ratio of PFP and PFH was 85:15 (vol). The PFC mixture
was encapsulated into nanodroplets by vigorous stirring in aque-
ous polymer solutions below 10°C (described in Supporting
Information!!). PFP concentrations in the PFC/polymer mixture
were measured by gas chromatography (GC) and summarized in
Table 1.

First, we compared PFC encapsulation capability between
the fluorinated polymer and a nonfluorinated polymer, H10.
H10 was a nonfluorinated heptyl ester. The PFP concentration
in H10 was about 40% lower than that of F10. This difference
clearly indicated that PFP solublization in fluoroalkyl ester is
greater than in nonfluorinated ester.

‘We examined effects of esterification degree on PFC encap-
sulation. First, we expected that highly esterified fluoroheptyl
polymer would have higher compatibility with PFC than low
esterified materials, thus F70 should have the highest encapsula-
tion capability for PFC. However, F10 showed the highest PFP
concentration in polymer solution. Moreover, PFP concentration
in a lower esterified fluoroheptyl polymer solution, FS, was
lower than that of F10. These results indicated that around
10% esterification was optimal for PFP encapsulation with the
fluoroheptyl ester.

We hypothesized a mechanism as described below
(Figure 1). Fluoroalkyl ester groups are highly compatible with
PFC; therefore, the fluoroheptyl polymers would orient the fluo-
roheptyl pendant group into the PFC droplets. The number of
fluoroheptyl groups oriented into one PFC droplet would be de-
fined because the surface area of the PFC droplets would be con-
stant. In the case of F10, a large quantity of F10 should be used
for PFC solubilization because F10 has a small number of fluo-
roheptyl groups in the polymer. Therefore, PFC droplets formed
from F10 polymer would expose many PEG units to aqueous
media and show a high PEG density on the surface of the PFC
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F10 (low esterification)

PEG Asp unit
Stable PFC
fluoroalkyl _y» » droplet
unit PFC
F70 (high esterification)
Unstable
PFC droplet

Figure 1. Mechanism of PFC encapsulation with fluoroalkyl
polymers.

droplet. On the other hand, high-esterified polymer such as F70
would expose lower numbers of PEG units than F10 because
many fluoroheptyl units are present in the PFC droplets from
one polymer. Therefore, the PFC droplets formed with F70
would have a low PEG density on the surface of the droplet.
The high density of PEG units should stabilize the PFC droplet
compared with the low density case. Thus, F10 could solubilize
the highest amount of PFP in the aqueous polymer solution. F5
would also show the high PEG density on the PFC droplet. How-
ever, the number of fluoroheptyl units in the polymer was too
low to stabilize PFC droplets in aqueous media. Therefore,
10% esterification was the best composition for PFC encapsula-
tion with the fluoroheptyl polymers.

Particle sizes of PFC droplets were measured with DLS
at 10°C. Most samples showed unimodal distributions
(Figure 1Sa'!), and the diameters were 300-700 nm at 10°C
(Table 1). These particle sizes were a bit larger than the optimal
size for EPR effect (<200 nm). However, particle size can be
reduced with an extruder (Figure 1Sb!!). Moreover, the size of
PFC droplets was observed to change with temperature. The par-
ticle size of the PFC/F10 droplets at 37 °C was 186.9 = 42.5nm
(Figure 2a). The mechanism of droplet size change with temper-
ature was not clear. However, the diameter of the PFC droplets
formed with the fluorinated polymers can be tuned.

Effects of chain length of the fluoroalkyl unit on PFC encap-
sulation were examined. F10(C9) and F10(C11) were a fluoro-
nonyl and a fluoroundecyl unit, respectively. PFP concentrations
of these samples showed lower values than that of F10, and the
PFP concentration decreased with the increase of chain length of
the fluoroalkyl unit. High hydrophobicity might be stabilized
large PFC droplets which precipitate easily due to large amount
of PFC. This result implied balance of hydrophobicity and the
ratio of esterification of the fluorinated polymers should be a
very important factor for the PFC encapsulation.

Finally, we confirmed echogenicity of PFC droplets pre-
pared from F10 with US irradiation (Figure 2b). A PFC droplet
embedded into a polyacrylamide gel did not show any contrast
before US irradiation because the PFC inside the droplet was
liquid. However, the PFC droplets showed high contrast in an
US image after the US irradiation because PFC became gas,
which has high echogenisity. This meant that the PFC (liquid

557
304 (@)
R 204
ER us
107 irradiation
R direction
0 u T T

1 10 100
diameter/nm

Figure 2. Size distribution of a PFC/F10 droplet at 37°C (a)
and US image of the droplet after US irradiation (b).

1000 pEC microbubbles after US irradiation

phase) droplet became the PFC (gas phase) microbubble by
means of US irradiation and had sufficient capability as an US
contrast reagent. Moreover, loss of PFP from PFC droplets at
4°C was little even after 4 weeks (Figure 2S'!). From this result,
long-term stability of PFC droplets at 4 °C was confirmed.

In this paper, we reported that PFC droplets formed from
PEG-b-poly(fluoroheptyl aspartate) were developed as an US
contrast reagent. We confirmed that a fluoroheptyl unit was the
optimal hydrophobic group for PFC solubilization to an aqueous
solution, and 10% esterified polymer was the best composition
for the preparation of the PFC droplet. The reported PFC encap-
sulation method is very easy to manipulate compared with other
preparation methods, thus the reported method would be a prom-
ising procedure for preparations of US contrast agents. In future
study, we will evaluate tumor accumulation of the PFC droplets
and echogenicity in mice.
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GC measurements, and the group of Dr. K. Kawabata, Hitachi,
for US irradiation experiments. This research was supported
by the R&D project “Next-generation DDS Therapy Systems
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Applications of Self-Assembling Polymers to Drug Targeting
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Abstract: In this review, applications of self-assembling polymeric materials to drug targeting systems are explained with a
focus on polymeric micelle drug carriers. The definition and methodologies of drug targeting are briefly summarized, then

examples of self-assembling polymeric drug carrier systems are introduced.
Keywords: Drug Targeting / Polymeric Micelle / Self-Assembling Polymer / DDS
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Increase in tumour permeability following TGF-f type | receptor-
inhibitor treatment observed by dynamic contrast-enhanced MR

T Minowa', K Kawano', H Kuribayashiz, K Shiraishi®, T Sugino“, Y Hattori', M Yokoyama3 and Y Maitani™'
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BACKGROUND: To enhance the success rate of nanocarrier-mediated chemotherapy combined with an anti-angiogenic agent, it is
crucial o identify parameters for tumour vasculature that can predict a response to the treatment of the anti-angiogenic agent.
METHODS: To apply transforming growth factor (TGF)-$ type | receptor (TBR-l) inhibitor, A-83-01, to combined therapy, dynamic
contrast-enhanced magnetic resonance imaging (DCE-MRI) was carried out in mice bearing colon 26 cells using gadolinium (Gd)-
DTPA and for its liposomal formulation to evaluate changes in tumour microvasculature following A-83-0t. Tumour vascular
parameters from DCE-MR! were compared with histological assessment and apparent diffusion coefficient of water in tumour
generated by diffusion-weighted MR

ResULTs: Contrary to evaluations reported for anti-angiogenic agents, A-83-01 treatment increased the initial area under the Gd
concentration—time curve (IAUGCqq), volume transfer constant (K™") and fractional plasma volume (v,,) significantly within 24 h,
that was positively refated to ¢-smooth muscle actin-positive pericyte coverage and tumour cell proliferation, and was correlated
inversely with the apparent diffusion coefficient. The vascular function of the tumour improved by A-83-01 treatment was well
assessed on post-liposomal Gd-DTPA-enhanced MR images, which predicted delivery of a liposomal drug to the tumour.
coNCLUSION: These findings suggest that DCE-MRI and, in particular, K and v, quantitation, provide important additional

information about tumour vasculature by A-83-01 treatment.
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The success of chemotherapeutic agents with solid tumours is
critically dependant on the access that these agents have to the
tumours via the so-called ‘leaky vasculature’, In particular, tumour
vasculature is crucial for the delivery of drugs encapsulated in
nanocarriers (Matsumura and Maeda, 1986). Anti-angiogenesis
effects are known to change the tumour vasculature; therefore, this
technique has been already applied to combined therapy.
Bevacizumab, an anti-vascular endothelial growth factor (VEGF)
antibody, was developed for blocking angiogenesis and it is
clinically used with other drugs to improve the efficiency of
chemotherapy.

The roles of transforming growth factor (TGF)-f in cancer
biology are complex; TGF-f can suppress or promote tumour
growth depending on the type of cancer. Small molecule TGF-§
type 1 receptor (TPR-I) inhibitor has a wide variety of effects
(Jakowlew, 2006; Tsuchida et al, 2006). The TSR-I inhibitor
1.Y364947 was reported to increase the accumulation of an anti-
cancer drug encapsulated in nanocarriers by changing the micro-
environmental vasculature (Kano et al, 2007). The TSR-I inhibitor
A-83-01 is one of more potent inhibitors of TSR-I kinase/activin
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receptor-like kinase (ALK)-5 (ICsp = 12 nM) (Tojo et al, 2005) than
a previously described ALK-5 inhibitors including LY364947
(ICso =59 nm) (Li et al, 2006), although the in vivo effect has not
been made known. To estimate the tumour state after treatment
with TSR-I inhibitor is important to determine an administration
schedule for TSR-I inhibitor-combined therapy. However, it is
difficult to rationally determine whether tumour blood vessels are
amenable to nanocarrier-mediated therapy in an individualised
manner.

Dynamic contrast-enhanced magnetic resonance imaging (DCE-
MRI) is one of the evaluation methods of anti-angiogenic agents,
such as anti-VEGF antibody and tyrosine kinase inhibitor,
clinically (Morgan et al, 2003; O’Connor et al, 2007) and
preclinically (Marzola et al, 2004; Nakamura et al, 2006; Bradley
et al, 2009), by calculating pharmacokinetic parameters, including
fractional plasma volume (vp) and the volume transfer constant
(K*™) from the enhancement of tumour signal intensity by
gadolinium (Gd) contrast agent (Tozer, 2003; Kiessling et al, 2007).
To my knowledge, however, there are no reports to evaluate TSR-I
inhibitor by DCE-MRI. In clinical studies, small molecular weight
contrast agents, Gd chelates, have been used. K™, the Gd
exchange constant between blood and tumour interstitial tissue,
depends on the balance between permeability and blood flow.
Therefore, the K™ parameter depends on the size of the contrast



agent. The choice of the optimal contrast agent is considered to be
essential for a successful characterisation of tumour angiogenesis.
As macromolecule contrast media show lower permeability than
Gd cheleates, it is useful for permeability change monitoring in
tumour vasculature (Daldrup-Link et al, 2004; Turetschek et al,
2004); Liposomes are self-closed colloidal particles in which bilayer
membranes composed from self-aggregated lipid molecules encap-
sulate a fraction of the medium. Liposomes have been used as drug
carriers for anticancer drugs such as Doxil. For this reason,
liposomal Gd has a substantial potential to detect permeability-
limited conditions. There are still no reports on the use of lipo-
somes as a DCE-MRI contrast agent. Furthermore, liposomal con-
trast agents to evaluate nanocarrier behaviour in tumour directly
will be a hopeful method of examination for combination therapy.

Thus, the purpose of this study was to evaluate changes in
tumour vasculature as parameters using DCE-MRI to monitor
responses in mice following A-83-01 administration. In addition to
DCE-MRI, diffusion-weighted imaging was used to estimate the
apparent diffusion coefficient of tissue water (Koh and Padhani,
2006; Patterson et al, 2008). TAR-I inhibitor activity was also
evaluated in representative experiments through tumour vascu-
larity, the proportion of endothelial cells associated with pericytes,
and microvessel density from histological slices.

MATERIALS AND METHODS

Animals

All animal experiments were carried out in accordance with the
guidelines of the Guiding Principles for the Care and Use of
Laboratory Animals of Hoshi University. Colon 26 cells (1 x 10%)
were inoculated subcutaneously into the right back at the side of
the heart in CDF1 female mice (6-weeks old, Sankyo Labo Service,
Tokyo, Japan). When the tumour size reached approximately
100 mm®, A-83-01 (Sigma Chemical, St. Louis, MO, USA)
(Supplementary Figure S1A) dissolved in DMSO/saline =3 out of
2 (vlv) was injected intraperitoneally. The tail vein was cathe-
terised post-injection of contrast agent during the DCE-MRI
experiment. Mice were anaesthetised with 1.5% isoflurane (Abbott
Japan, Tokyo, Japan) throughout the MRI experiment during their
insertion into a 9.4T vertical type MRI (Varian, Palo Alto, CA,
USA). For a single treatment of A-83-01, mice (N=4) were
injected with A-83-01 at a dose of 1 mgkg™ at ‘0h’ (Supplemen-
tary Figure S1B). In this experiment, Oh was the time of the first
A-83-01 intraperitoneal injection and the number of hours
represents time after the first injection of A-83-01. For repeated
treatment, mice (N = 4) were injected with A-83-01 at 0 and 21 h at
the same dose as for the single treatment.

Preparation of liposomal Gd-DTPA

For the preparation of liposomal Gd-DTPA (Gd-L), mixture of egg
phosphatidylcholine (Q.P. Company, Tokyo, Japan), cholesterol
(Wako Pure Chemical Industries, Osaka, Japan), and polyethyle-
neglycol 2000-distearoyl phosphatidylethanolamine (NOF, Tokyo,
Japan) in a molar ratio of 5:2:0.35 was dissolved in ethanol at
60°C, hydrated with Gd-DTPA (Magnevist, Bayer-Schering Pharma
AG, Berlin, Germany), stirred, and evaporated under a vacuum to
remove ethanol. This mixture was exposed to ultrasound until the
particle diameter was about 120 nm, followed by exhausted dialysis
against phosphate buffered saline (pH 7.4) solution. The particle
size of the liposomes was determined at 25°C using an ELS-Z2
instrument (Otsuka Electronics, Tokyo, Japan). The Gd concentra-
tion was determined using inductively coupled plasma with an
SPS7800 apparatus (SII NanoTechnology, Tokyo, Japan).
T' relaxation times of Gd-L and Gd-DTPA were measured over
the concentration range of 0-0.25mM Gd at 9.4 T, at room
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temperature. Relaxivity (R) was then determined from the slope
of the linear regression fits of 1/T; vs the Gd concentration:
IUTy=R; x [Gd]+ 1/Tyg, where Ty represents T; of 0mm Gd
solution. R, of Gd-L was 4.48 mm~'s™!, which was similar to that of
Gd-DTPA (439 mM ™ 's™1).

MRI

Apparent diffusion coefficient was estimated and mapped from
diffusion-weighted imaging using the following parameters:
repetition time (TR)=2000ms, echo time (TE)=45ms, slice
thickness 3 mm, 64 x 64 data matrix, axial orientation, and field-
of-view of 3 x 3 cm?. Three slices through the centre of the tumour
were acquired. Diffusion gradients equivalent to b-values of 0, 200,
400, and 800 s mm ™~ were employed using gradient pulse widths of
6=7ms and A =20ms.

Dynamic contrast-enhanced magnetic resonance imaging was
carried out with Gd-DTPA and Gd-L before (‘pre’) and after
treatment in each animal. With the use of Gd Gd-L, injected lipids
containing Gd-L were retained in the tumour; therefore, different
mice were used to compare pretreatment with treatment of
A-83-01. Before DCE-MRI high spatial resolution, two-dimensional
T,-weighted spin-echo axial images were acquired to detect the
tumour position. Pre-contrast tumour T, was determined using an
inversion recovery-prepared spoiled gradient-recalled echo
(SPGR) sequence. The inversion-recovery was carried out using
a 180° hard RF pulse followed by a gradient crusher pulse.
Inversion times were 0.2, 0.4, 0.8, 1.4, 2, and 3s. The other MRI
parameters were: TE =3 ms, field-of-view=3 x 3 cm?, slice thick-
ness=4mm, and matrix size=64 x 64, Both RF and gradient
spoilers were applied. In DCE-MRI acquisition, it was applied
repeatedly to acquire the axial slice SPGR images through the
tumour and left ventricle with a second temporal resolution over
6 min: TR =7.8125ms, TE = 2.06 ms, matrix resolution = 64 x 64,
field-of-view =3 x 3 cm?, slice thickness =4 mm, flip angle = 30°,
number of slices = 1, and two signal averages. Approximately 20 s
of baseline DCE-MRI ima§es were acquired. Gd-DTPA or Gd-L was
administered at 20ulg™ (0.1 mmol Gd kg"l) as a bolus with
heparinized saline (total volume ~0.4ml) via manual injection
over 2-3s.

Quantitative evaluation of MRI

Tumour regions-of-interest (ROI) covering the whole tumour was
segmented on the T,-weighted axial images, using Image] software
(NIH, Bethesda, MD, USA), and the tumour ROI was transferred to
the apparent diffusion coefficient map calculated from diffusion-
weighted imagings.

A T, map of tumour was prepared by the imaging of the
inversion-recovery method to quantitate tumour Gd concentra-
tions. The concentration of Gd at each imaging time point in each
voxel was estimated using the formula Bradley et al (2009) used.
T, in blood plasma at 9.4 T was 2.2s, as reported previously
(Tsekos et al, 1998) and T, in tumour was from the T, map. 1/T,
(t) was calculated for every time point for the blood and tumour
Gd concentrations . The initial area under the Gd concentration -
time curve over 60s (JAUGCg) was calculated. The tumour
haemodynamic parameters K**** and v, were calculated using a
two-compartment model (Ewing et al, 2003). The plasma
concentration over time was calculated from the left ventricle
data, which were averaged for all mice in the Gd-DTPA and Gd-L
groups for this value,

Histological and immunohistochemical analysis

For the histological assessment of A-83-01 effects on tumour
vasculature, tumour sections were observed at 24 h after repeated
injection of A-83-01. Each of four tumours from A-83-01 treated
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