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such as liposomes may be a prom-
ising drug delivery system for tar-
geting damaged myocardium with
cardioprotective agents, Addition-
ally, coating liposomes with poly-
ethylene glycol (PEG) prolongs
their residence time in the circula-
tion (1). Because enhanced micro-
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myocardial infarction (MI) (2),
drugs delivered in PEGylated 1i-
posomes should be able to display their maximum beneficial
effects on myocardial damage after ML

Adenosine has multiple physiological functions that are
mediated via the adenosine A, A;,, Ay, and A; receptors
(4,5). Although large-scale clinical trials suggested the
potential value of adenosine therapy for patients with acute
MI (6,7), this agent has an extremely short half-life (1 to
2 5) and causes hypotension and bradycardia because of
vasodilatory and negative chronotropic effects (4). Because a
high dose of adenosine is required to exert cardioprotective
effects, it is difficult to use clinically because of the associated
hemodynamic consequences. Therefore, we hypothesized
that adenosine encapsulated in PEGylated liposomes would
cause less hemodynamic disturbance and might also specif-
ically accumulate in ischemic/reperfused myocardium, lead-
ing to augmented cardioprotective effects. To test this
hypothesis, we created PEGylated liposomal adenosine by
the hydration method and investigated: 1) whether liposo-
mal adenosine accumulated in ischemic/reperfused myocar-
dium and prolonged blood residence time; 2) whether
liposomal adenosine caused less severe hypotension and
bradycardia than free adenosine; and 3) which adenosine
receptor subtype was involved in mediating the cardiopro-
tective effects of liposomal adenosine against ischemia/
reperfusion injury.

Methods

Materials. The materials for preparing PEGylated lipo-
somes, including hydrogenated soy phosphatidyl choline
(HSPC), 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-
n-[methoxy (polyethylene glycol)-2000] (DSPE-PEG2000),
and cholesterol were obtained from Nissei Oil Co., Ltd.
(Tokyo, Japan) and Wako Pure Chemical Co., Ltd. (Osaka,
Japan). [*H]-adenosine was purchased from Daiichi Pure
Chemicals Co., Ltd. (Tokyo, Japan). Other materials were
obtained from Sigma (St. Louis, Missouri), including 8-(p-
sulfophenyljtheophylline (8-SPT; a nonselective adenosine
receptor antagonist), 1,3-diethyl-8-phenylxanthine (DPCPX;
a selective adenosine A; receptor antagonist), S-amino-7-
(phenylethyl)-2-(2-furyl)-pyrazolo( 4,3-¢]-1,2,4-triazolo[1,5-]
pyrimidine (SCH58261; a selective adenosine A,, receptor
antagonist), 8-[4-[((4-cyanophenyl)carbamoylmethyl)
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adenosine A, receptor antagonist), and 5-propyl-2-ethyl-
4-propyl-3-(ethylsulfanylcarbonyl)-6-phenylpyridine-
5-carboxylate (MRS1523, a selective adenosine A, receptor
antagonist).

Animals. Male Wistar rats (9 weeks old and weighing 250
to 310 g, Japan Animals, Osaka, Japan) were used. The
animal experiments were approved by the National Cardio-
vascular Center Research Committee and were performed
according to institutional guidelines.

Preparation of PEGylated liposomes. The PEGylated
liposomes were prepared by the hydration method. Briefly,
adenosine was added to the lipid solution. After mixture of
lipid and adenosine, DSPE-PEG2000 was added and incu-
bated, The final composition of PEGylated liposomes was
HSPC:cholesterol: DSPE-PEG2000 = 6.0:4.0:0.3 (molar
ratio). After ultracentrifugation several times, the pellet of
liposomal adenosine was resuspended in sodium lactate at
each required concentration for use in the experimental
protocols. Some samples of final liposomal adenosine were
disrupted by dilution with 50% methanol (1.5 ml per 30-pul
of liposomes). After 10 min of ultracentrifugation, the
concentration of adenosine in the supernatant was measured
by high-performance liquid chromatography.

To prepare fluorescent-labeled liposomes, 0.5 mol% tet-
ramethylrhodamine isothiocyanate (rhodamine) was added
to the lipid mixture. To prepare radioisotope (RI)-labeled
adenosine encapsulated in liposomes, [*H]-radiolabeled
adenosine (Daiichi Pure Chemicals, Tokyo, Japan) was
diluted with free adenosine and was encapsulated in lipo-
somes as described above.

Characterization of PEGylated liposomal adenosine. The
characterization of the liposomes was performed by the
dynamic scatter analysis (Zetasizer Nano ZS, Malvern,
Worcestershire, United Kingdom). The analyses were per-
formed 10 times per sample, and results represented analy-
ses of 4 independent experiments.

Experimental protocols. PROTOCOL 1: EFFECTS OF PEGY-
LATED LIPOSOMAL ADENOSINE ON HEMODYNAMICS IN
RATS. Rats were anesthetized with intraperitoneal sodium
pentobarbital (50 mg/kg). Catheters were advanced into a
femoral artery and vein for the measurement of systemic
blood pressure and infusion of drugs, respectively. Both
blood pressure and heart rate were monitored continuously
during the study using a Power Lab (AD Instruments,
Castle Hill, Australia). After hemodynamics became stable,
we intravenously administered empty PEGylated liposomes
(n = 8), freec adenosine (n = 8), or PEGylated liposomal
adenosine (n = 8) for 10 min. Either PEGylated lipo-
somal or free adenosine was infused at an initial dose of
225 pg/kg/min (0.1 ml/min) for 10 min. After a 5-min
interval, either PEGylated liposomal adenosine or free
adenosine was infused at 450 pg/kg/min (0.1 ml/min) for
10 min. In the same manner, PEGylated liposomal
adenosine or free adenosine was then infused at 900

oxylphenyl]-1, 3-di(n-propyl)xanthine (MRS1754; a selective 19 pg/kg/min (0.1 ml/min).
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PROTOCOL 2: EFFECTS OF PEGYLATED LIPOSOMAL ADENOSINE
ON INFARCT SIZE IN RATS. The MI was induced by transient
ligation of the left coronary artery as described previously
(8). In the first serics of experiments, to examine the
dose-dependent effects of liposomal adenosine on MI size,
PEGylated liposomal adenosine was infused intravenously
at 50, 150, or 450 ug/kg/min for a 10-min period starting
from 5 min before the onset of reperfusion. In the second
series of experiments, to determine the adenosine receptor
subtype involved in cardioprotective effects by the liposomal
adenosine, the antagonist of adenosine subtype receptor was
intravenously injected as a bolus followed by the infusion of
liposomal adenosine for 10 min. The MI size was evaluated
at 3 h after the start of reperfusion. The doses of adenosine
receptor subtype antagonists were determined according to
the previous reports (9-11).

Measurement of infarct size. At 3 h after the onset of
reperfusion, the area at risk and the infarcted area were
determined by Evans blue and triphenyltetrazolium chloride
(TTC) staining, respectively, as previously described (8).
Infarct size was calculated as [infarcted area/area at risk] >
100(%) in a blind manner. The area at risk was composed of
border (TTC staining) and infarcted (TTC nonstaining)
areas,

Electron microscopy (EM). Myocardial samples for EM
were obtained from the central and peripheral areas in
ischemic/reperfused myocardium, which roughly corre-
sponded to the infarcted and border areas, respectively, after
the left coronary artery was occluded for 30 min of ischemia
followed by 3 h of reperfusion. Samples were prepared as
previously reported (12). Liposomes, whose major mem-
brane component is unsaturated phospholipids, were visu-
alized as homogenous dark dots with a diameter of 100 to
150 nm (13).

Accumulation of fluorescent-labeled PEGylated lipo-
somes in ischemic/reperfused myocardium. Unlabeled or
Auorescent-labeled PEGylated liposomes were infused in-
travenously at a dose of 0.1 ml/min as liposomal adenosine
was infused in protocol 2. At 3 h after reperfusion, hearts
were quickly removed and cut into 4 sections paralle] to the
axis from base to apex. Then ex vivo bioluminescence
imaging was performed with an Olympus OV 100 imaging
system (Olympus, Tokyo, Japan) and signals were quanti-
fied using WASABI quantitative software (Hamamatsu
Photonics K.K., Shizuoka, Japan). Fluorescent intensity in
the region of interest was measured as previously reported
(14). Control intensity indicated the fluorescent intensity in
the nonischemic area of the individual rat.
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Time-course changes of free and PEGylated liposomal
RlI-labeled adenosine in plasma and myocardium. Free
or PEGylated liposomal [*H]-adenosine (83 kBq per rat) was
infused intravenously at a dose of 0.1 ml/min as liposomal
adenosine was infused in protocol 2. At the time indicated, rat
hearts were harvested for counting of radioactivity (LSC-3100,
Aloka Co., Tokyo, Japan). Results are expressed as a percent-
age of the injected dose per 1 ml of blood or 1 g of wet tissue
weight.

Statistical analysis. The parameters of the liposomes were
expressed as the average = SD, whereas other data were
expressed as the average = SEM. Comparison of time-
course changes in hemodynamic parameters between groups
was performed by 2-way repeated-measures analysis of
variance (ANOVA) followed by a post-hoc Bonferroni test,
For comparison of RI activity between groups, statistical
analysis was done with the Mann-Whitney U test. To
address the differences in infarct size among groups, we
performed a nonparametric (Kruskal-Wallis) test followed
by evaluation with the Mann-Whitney U test. Resulting p
values were corrected according to the Bonferroni method.
To compare parameters of liposomes, an unpaired ¢ rest was
performed. In all analyses, p < 0.05 was considered to

indicate statistical significance.

Results

Characterization of liposomes by dynamic light scatter
analysis. The dynamic light scatter analysis showed no sig-
nificant difference in mean diameter, polydispersity index, or
zeta-potential distribution between empty and adenosine-
loaded PEGylated liposomes (Table 1).

Liposomes in ischemic/reperfused myocardium. The
EM revealed the intact vascular endothelial cells and cardio-
myocytes in the nonischemic myocardium (Figs. 1A and 1B).
There were no homogenous dark dots indicating liposomes
in the nonischemic myocardium of rats that received cither
saline (Fig. 1A) or liposomes (Fig. 1B). In the border area,
many homogenous dark dots indicating liposomes were
accumulated in rats that received liposomes, but not saline
(Figs. 1C and 1D). In this area, significant structural
damage was not observed in endothelium, but slight swell-
ing of mitochondria was often observed. In the infarcted
area, numerous liposomes were detected in rats that received
liposomes, but not saline (Figs. 1E and 1F). In this area, the
disrupted endothelial integrity and marked swelling of
mitochondria were often observed.

LEEEM Characterization of Liposomes by Dynamic Light Scatter Analysis
Mean {nm) y Index Zeta Potential (mV)
PEGylated liposomes (emply liposomes) 126 = 12 0.035 = 0.003 =17+ 04
Ip 134 - 21 0,094 © 0.002 2311
Results ﬂwlﬂﬂlﬂ II|I|'|’IJI af 4 Values are as maan = S0

PEG ~ polyethylene glycol
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in this ares in the rat that received liposomes but not saline. Scale bors represent

Fluorescent-labeled PEGylated liposomes in ischemic/
reperfused myocardium. Quantitative analysis by biolumi-
nescence ex vivo bioluminescene imaging revealed that the
target to control fluorescent intensity ratio was higher in
the border (noninfarcted area at risk) as well as infarcted
arcas compared with a nonischemic one, suggesting that
fluorescent-labeled liposomes were accumulated in the bor-
der as well as infarcted arcas. Since there was no high-
intensity area when unlabeled liposomes were infused, it was
suggested that this was not a nonspecific phenomenon to
MI by the ex vivo bioluminescence imaging system (Fig. 2).
The Evans blue staining was unrelated to the fluorescence
intensity (data not shown).

Plasma radioactivity of Rl-labeled adenosine was mark-
edly higher in the PEGylated liposomal adenosine group at
10 min and 3 h after the intravenous infusion than in the
free adenosine group (Fig. 3A). Encapsulation within
PEGylated liposomes also augmented the accumulation of
adenosine in ischemic¢/reperfused myocardium compared
with that of free adenosine (Fig. 3B).

Hemodynamic effects of PEGylated liposomal adeno-
sine. Bascline hemodynamic parameters did not differ
among the groups. An intravenous infusion of free adeno-
sine at doses of 225, 450, and 900 pg/kg/min decreased the
mean blood pressure by 14.8%, 25.4%, and 33.7%, respec-

21 tively, compared with the effect of empty PEGylated lipo-
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somes. In contrast, the intravenous infusion of PEGylated
liposomal adenosine at a dose of either 225 or 450 ug/kg/
min did not significantly alter mean blood pressure (Fig. 4).
Changes of the heart rate after infusion of PEGylated
liposomal adenosine or free adenosine were similar to those
observed for mean blood pressure (Fig. 4).

Effects of PEGylated liposomal adenosine on MI size.
Baseline hemodynamic parameters were similar among all of
the groups (Table 2). Intravenous infusion of free adenosine for
10 min reduced both the blood pressure and the heart rate,
although these parameters returned to baseline within 5 min of
ceasing infusion (Table 2). In contrast, hemodynamic param-
eters of the other groups were not altered (Table 2). The area
at risk in the control group (61 £ 3%) did not differ
compared with those of other groups that received liposo-
mal adenosine. Intravenous infusion of PEGylated liposo-

SEM (error bars). *p < 0.05 versus nonischamic areas. #p < 0.05 versus borde! areas.

mal adenosine caused a dose-dependent decrease of M1 size
compared with that in the control group, whereas intrave-
nous infusion of empty PEGylated liposomes or free aden-
osine did not (Fig. 5B).

The bolus injection of adenosine receptor antagonist did
not alter the hemodynamic parameters (Table 3). The area
at risk in the liposomal adenosine group (58 £ 3%) did not
differ compared with those of other groups that received
adenosine receptor antagonist. Infusion of 8-SPT, a non-
specific adenosine receptor antagonist, blunted the cardio-
protective cffect of liposomal adenosine (Fig. 6B). Further-
more, the infusion of the adenosine A,, Ay, Ay, or A,
receptor antagonist also blunted cardioprotective effects of
liposomal adenosine (Fig. 6B). Infusion of 8-SPT alone did
not significantly affect myocardial infarct size compared
with the control (52 = 5%, n = 4).
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Discussion

In the present study, EM, bioluminescence ex vivo imaging,
and fluorescent analysis revealed the accumulation of liposomes
in the border (noninfarcted areas at risk) as well as infarcted
ones, but not nonischemic myocardium, at 3 h after M. These
findings suggested that liposomes could specifically accumulate
in ischemic/reperfused myocardium. Interestingly, EM re-
vealed the existence of liposomes at sites where endothelial
integrity was still morphologically maintained. Endothelial
dysfunction such as enhanced permeability is induced by
ischemic insult without morphological endothelial disruption
(3,15). Enhanced permeability might lead to the accumulation
of liposomes in the border as well as infarcted area, which will

contribute to salvage the ischemic/reperfused myocardium.
However, further investigation will be needed to determine the
precise mechanism by which liposomes accumulate in isch-
emic/reperfused myocardium.

Analysis using Rl-labeled adenosine encapsulated in
liposomes revealed that plasma radioactivity was markedly
higher in the PEGylated liposomal adenosine group com-
pared with the free adenosine group. This indicates that
encapsulation of adenosine by PEGylated liposomes con-
siderably prolonged its residence time in the circulation and
delayed its degradation. Consistent with the histological
data, RI-labeled adenosine also showed preferential accu-
mulation in ischemic/reperfused myocardium.

LR M Effects of Liposomal Adenosine on Hemodynamic Parameters
Ischemia Reporfusion
Baseline 0 min 15 min 25 min 30 min 5 min 10 min
Mean blood pressure (mm Hg)
Saline 122:5 102 =10 108-=7 107 =9 108 = 7 105 =9 049
Venicie 127 = 4 109:8 108 = 111:=9 111 =85 108 =5 103 -5
Free-Ado 124 -8 115=8 111 = 109 = 4 66 - 4 62 = 4 112 -
Lp-Ado 50 ug/kg/min 121 = § 106 = 8 105 6 110 * 10 102:86 101 =6 104 = &
Lp-Ado 150 pg/Kg/min 122:3 107 - 6 107 = 6 109 - 11 105 © 6 100 : 6 103 ‘' 4
Lp-Ado 450 pl/hg/min 124 = 3 104 - 6 105 = 6 107 = § 1026 96 104 - 4
Heart rate (beats/min)
Saline 363 = 22 366 - 19 369 - 14 413 - 22 f2+12 37216 371 - 14
Vehicle 363 - 32 363+ 6 383:-6 396 = 25 36T+ 6 ITa =7 IM2=7
Free-Ado 360 * 18 361 - 17 384 * 13 379 - 18 305 * 11 293 * 13* A58 ¢ 14
Lo-Ado 50 ug/kg/min 378 = 18 386 - 21 366 = 12 376 = 12 367 =19 3689 7T =17
Lp-Ado 150 ug/hg/min 388 = 27 376 =20 371 =14 377 =13 378 + 16 3Ta=16 369 = 17
Lp-Ago 450 ug/Wg/min 368 - 17 36 -1 36113 386 = 15 368 - 15 33I-6 387 =7
Valusd are srprestad s masn = SEM. *p < 005 versus bassline.
Free-Ado - free Lprde - PEGy PEG = pod ghveld Jenicis - PEGyinted Hposomes.




JACC Vol, 53, No. B, 2009
Febniary 24, 2009:709-17

A

m 180 min Reperfusion

0 25 a5
1 1

| Thrug infusion | -

Takahama et al. 715
Drug Delivery System Targeting Injured Myocardium

1. Control (n=10)
2. Vehicle (n=8)
210 (min) 3. Free Ado (n=6)

4. Lp Ado 50 pg/kg/min (n=6)

of infarct #ize | 5 .p Ado 150 pg/kg/min (n=6) .

6. Lp Ado 460 pg/kg/min (n=8)

-
M) p s e
of VT . T
30 . {* 'E*
20
10 :
-
& * @ & ) ¥
o S T »
\N ¥ )
W N
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(A} Protocol showing the timing of infusion of PEGylated liposomal adenosing and of infarct size measurement. (B) Myocardial infarct size. Values are expressed as

mean = SEM (error bars), *p < 0.05 versus the control group, Free-Ado = free adencsine; Lp-Ado = PEGylated lip E

Vehicle = PEGy po

Furthermore, this study showed that PEGylated liposomal
adenosine had a weaker effect on the blood pressure and heart
rate than free adenosine. Thus, encapsulating adenosine in
PEGylated liposomes attenuated its vasodilatory and negative
chronotropic effects, presumably by reducing the amount of
circulating free adenosine. However, the changes of hemo-
dynamic parameters in this in vivo model suggested that
significant release of adenosine from PEGylated liposomes
would still occur if a large dose of liposomal adenosine (e.g.,
900 pg/kg/min) were administered. Thus, further investi-

gation of the in vivo pharmacodynamics of PEGylated
liposomal adenosine is needed.

An intravenous infusion of PEGylated liposomal adeno-
sine at the maximum dose that did not disturb hemody-
namic parameters for 10 min before reperfusion reduced MI
size in a dose-dependent manner, and this improvement was
blocked by 8-SPT, a nonselective adenosine receptor antago-
nist. These findings suggest that adenosine released from
liposomes acts via an adenosine receptor-dependent path-
way. One possible mechanism by which PEGylated lipo-

ir 1l Effects of Adenosine Receptor Antagonist on Hemodynamic Parameters

Ischamia Reperfusion

Baseline @ min 15 min 25 min 30 min Emln 10 min
Mean blood pressure (mm Hg) mn
Le-Ado - BSPT 120-6 113 -4 1128 1128 107+ 6 02:=8 1097
Lp-Ado + DPCPX 130+ 8 105 - 4 121+ 4 100 = 10 122-6 120=86 111 -4
Lp-&do « SCHEA261 132 - 2 98 - 12 99 -8 110 - 8 118 - 10 113 - 10 108 - &
Lp-Ado « MRS1754 130 =3 95 =12 106 = 8 108 = 10 100 + 10 96 - 10 W=7
LpAdo - MRS1623 130 = 2 09 -8 04 =8 0659 W00=9 101 = 10 104 - &
Heart rate (beats/min)
Lp-Ado + BSPT 404 = 17 385 - 10 374 -8 396 - 8 389 + 9 383-8 385-9
Lp-Ado + DPCPX 396 - 24 380 : 11 399 - 9 398 : 12 3859 382 ' 9 380 ' 7
Lp-Ado - SCH58261 393 = 14 399=15 3B1L=9 395 = 15 376 =9 373=9 w/=7
Lp-Ado - MRS1754 398 - 14 39211 401:-9 37915 3|9 374 -9 3777
Lp-Ado + MRS1523 36 -9 390 - 11 390 = 11 392 - 10 373a=9 |- 7 388 - 11

WVl wore euprirdded as maan © SEM. «p < 0.05 veraus basaling.

Lp-ane - PEGylated PEG i

gheol. Vehicle = PEGylated Npofddfes
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and bolus injecti [+l
are expressed as the mean = SEM (ermor bars), *p < DD& versus the control group. The for goni

(8) Myocardial infarct size. Values
ware bed in the texl, Abbrevia-

somes could augment cardioprotective effects of liposomal
adenosine with minimum effects on hemodynamic param-
eters is the enhanced accumulation of PEGylated liposomal
adenosine in ischemic/reperfused myocardium, which could
augment various beneficial actions such as preventing cal-
cium overload in the myocardium (5). The prolonged
persistence of PEGylated liposomal adenosine would also
increase its beneficial effect on ischemic/reperfused myocar-
dium. Although continuous high-dose, long-term infusion of
free adenosine was reported to reduce infaret size in rats
(16), the present study did not confirm such a cardioprotective
effect, probably because the total dose of free adenosine that
we used was not high enough.

We found that myocardial infarct size in the group that
received PEGylated liposomal adenosine with the antago-
nist of adenosine Ay, A,,, Ay, or A; subtype receptor was
no different from the control group, indicating that every
adenosine subtype receptor could possibly play a role in
mediating cardioprotection by liposomal adenosine and that
it was difficult to identify one particular subtype in the
present study. Numerous studies reported that A, Ay, Ay,
and A; receptors have been involved in cardioprotection
against ischemia/reperfusion injury, and it remains contro-
versial which adenosine subtype receptor is most responsible
for cardioprotection (17-20). Furthermore, because the
adenosine receptor antagonists used in the present study had
some nonspecific effects, future investigation will be needed
to examine the precise role of each adenosine receptor

subtype using genetically engineered mice. 25

Because liposomal adenosine infused during reperfusion
could reduce MI size, this agent could be a candidate for the
adjunctive therapy of patients with acute MI. Importantly,
adenosine is currently used for the diagnosis of ischemic
heart disease and PEGylated liposomes are used to deliver
anticancer agents (21). Thus, it should not be difficult to
introduce PEGylated liposomal adenosine into clinical
practice. Finally, PEGylated liposomes may provide a useful
drug delivery system for targeting ischemic/reperfused myo-
cardium with other agents.
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Abstract: Positron ion tomography (PET) is a non-
invasive imaging technology that enables the determina-
tion of biodistribution of positron emitter-labeled
compounds. Lipidic nanoparticles are useful for drug
delivery system (DDS), including the artificial oxygen car-
riers. However, there has been no appropriate method to
label preformulated DDS drugs by positron emitters. We
have developed a rapid and efficient labeling method for
lijid nanoparticles and applied it to determine the move-
ment of liposome-encapsulated hemoglobin (LEH). Dis-
tribution of LEH in the rat brain under ischemia was
examined by a small animal PET with an enhanced reso-
lution. While the blood Alow was almost absent in the

ischemic region observed by [O]H;O imaging, distribu-
tion of "F-labeled LEH in the region was gradually
increased during 60-min dynamic PET scanning. The
results suggest that LEH deliver oxygen even into the
ischemic brain from the periphery toward the core of
ischemia. The real-time observation of flow pattern, depo-
sition, and excretion of LEH in the ischemic rodent
brain was possible by the new methods of positron
emitter labeling and PET system with a high resolution.
Key  Words: Liposome-encapsulated  hemoglobin—
Positron emission tomography—Pharmacokinetics—Brain
ischemia—Drug delivery system.

Liposome encapsulation has been used for drug
delivery system (DDS) in a wide range of applica-
tions, including chemotherapeutics (1), photosensitiz-
ers (2), and nucleic acid derivatives (3). Recently,
human hemoglobin was encapsulated in liposome
nanocapsule (liposome-encapsulated hemoglobin
[LEH] to be an artificial oxygen carrier as a substitute
for red blood cells (RBCs) (4.5). In order to clarify
the behavior of LEH in vivo, noninvasive, real-time
imaging of their movement is desirable. Positron
emission tomography (PET) is a noninvasive tech-
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nique that has been used for clinical applications for
diagnosis, as well as for functional evaluation. This
technique can also be applied 1o pharmacokinetic
studies to monitor the distribution and quantification
of drugs far more quickly and cost-effectively than
the conventional techniques requiring sacrifice and
dissection of the animals (6,7). Nonetheless, there
have been certain limitations in PET studies, includ-
ing the labeling with positron emitters, its half-life,
and difficulty in handling, When the small molecular-
weight compound is a target, the compound has to
be labeled directly with positron emitters. When it
comes Lo labeling preformulated drugs such as DDS
drugs and LEH, the process of the formulation
requires specific facilities and multiple steps, prohib-
iting labeling the composition of DDS drugs or LEH
with positron emitters with short half-lives. There-
fore, we have developed a solid-phase transition
(SophT) method for labeling preformulated liposo-
mal drugs (8). In the current study, LEH was labeled
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with a novel ["F]-probe and SophT method (["*F]-
labeled LEH), and administered to rats with cerebral
ischemia after photochemically induced thrombosis
(PIT) of the middle cerebral artery (MCA) (9). The
flow pattern and distribution of LEH in rats with brain
ischemia were continuously followed by an enhanced
PET imaging system developed for small animal
studies (Clairvivo, Shimadzu, Kyoto, Japan) (10).

MATERIALS AND METHODS

Liposome-encapsulated hemoglobin (LEH)

LEH (TRM-645) was supplied from Terumo Co.
Lid. (Tokyo, Japan). Relevant characteristics of the
LEH have been reported (5). Briefly, it is a liposome
capsule having 230 nm in mean diameter, containing
human hemoglobin that had been eluted from RBCs
outdated for transfusion. The liposome capsule is
coated with polyethylene glycol to reduce aggrega-
tion and trapping by the reticuloendothelial system.

Synthesis of a positron emitter-labeled probe, SteP2

The synthesis of 1-['"*F]fluoro-3 6-dioxatetracosane
(SteP2) was reported elsewhere (8). Briefly, ['F]fluo-
ride was produced with a cyclotron (HM-18,
Sumitomo Heavy Industries, Tokyo, Japan) at the
Hamamatsu Photonics PET Center, and the labeled
compound was synthesized from the precursor
(Fig. 1). The radiochemical purity was 100%. Specific
radioactivity was not determined because its concen-
tration was below the limit of quantification,

Labeling of LEH

Labeling of LEH was performed by SophT method
(8). About 100 MBq of [""F]SteP2 in ethanol solution
was transferred to a glass test tube, and the solvent
was removed completely at 90°C with helium gas
flow. LEH solution was added to the vial with the
[""F]-radiolabeled compound and incubated at 37°C
for 15 min with 5-s mixing by vortex stirrer every
3 min. After the incubation, LEH solution was cen-
trifuged at 100 000 x g for 15 min (Beckman, Fuller-
ton, CA, USA), and the supernatant was transferred
to a new tube. Radioactivity in the original tube for

2
Precursor WM‘ADMME'DO'GH'

MeCHN,
reflux, 10 min

[""FIKFIKI2 2.2]
['¥F|SteP2 S A U F

FIG. 1. Synthesis of
['*F]SteP2.

1-['®F]fluoro-3,6-dioxatetracosane,

labeling, supernatant, and precipitate was measured
by curiemeter (1GC-3, Aloka, Tokyo, Japan) to calcu-
late the labeling efficiency. The effect of SophT
method on physical properties of LEH was examined
by use of Zetasizer Nano ZX (Malvern, UK),

Animal model

In all experiments, rats were maintained and
handled subject to the recommendations of the
National Institute of Health, the guidelines of the
University of Shizuoka, and the guidelines of
the Central Research Laboratory, Hamamatsu
Photonics.  Photochemically-induced  thrombosis
model was prepared as previously reported with
minor modifications (9), Male Spraguc-Dawley rats
(Japan SLC, Inc., Shizuoka, Japan) were anesthetized
and maintained with 2% halothane in a mixture of
70% room air and 30% O, throughout the following
procedure. After infusion of rose bengal (20 mg/kg),
photoillumination (200 000 Lux) was delivered for
20 min to the MCA through the dura by an optic
fiber. After confirmation of thrombotic occlusion of
the MCA, the incision was closed and transferred to
the PET study.

PET imaging of cerebral blood flow (CBF)

Rats were anesthetized with intraperitoneal injec-
tion of chloral hydrate at 400 mg/kg, followed by
continuous intravenous infusion at 100 mg/kg/h
throughout the remaining experiment. To determine
the regional CBF, ["O]H,0O (7 MBq in 0.3 mL) was
injected via tail vein with the rat fixed on an animal
holder. The PET scan was started immediately after
the administration of [“OJH.0 and was performed
for 2 min using an ultrahigh spatial resolution, small
animal PET system, Clairvivo.

PET imaging of ["F]-labeled LEH

Twenty minutes after the administration of
[*O]H,0, LEH labeled with "F positron emitter was
injected into rats through the tail vein. The PET scan
was started immediately after injection of the labeled
LEH (7 MBq) and was continuously performed for
60 min, The radioactivity in the form of coincidence
gamma photons was measured and converted to
Bg/em? of tissue volume by calibration after correc-
tion for decay and attenuation.

Statistics

Data on positron emitter labeling efficiency, par-
ticle size, and zeta potential of LEH by SophT
method were displayed as mean = standard devia-
tion. Changes in LEH properties by labeling were
determined by paired Student i-test.

28 Artif Crgans, Val. 33, No. 2. 2000
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FIG. 2. The overview of positron emitter labeling procedure by
SophT method. (A) Solvent-free positron emitter probe (['*F}-
probe) was prepared by semiautomated synthesizing system.
Preformulated LEH was added to the tube and agitated gently.
The solution was transferred and centrifuged to remove unbound
prabe. (B) During the agitation, the ®F-probe is transited to lipid
phase of LEH directly.

RESULTS

Labeling of LEH by SophT method

The solid form of positron emitter labeled probe
(Fig.- 1) in a glass vial was prepared by semiauto-
mated system (Fig. 2A). Supplied LEH (TRM-645)
was added to the vial with ['"F]SteP2 and agitated
to transfer the probe to the lipid bilayer surface of
LEH (Fig 2B). Incorporation of ["F]SteP2 into
lipid assemblies by SophT method was performed
around the phase transition temperature of its lipid
components to achieve high labeling efficiency. To
protect the hemoglobin in LEH from the functional
loss by heating, the labeling temperature was set at
around 37°C. The labeling efficiency of LEH was
46.4 * 4.8%, and its radioactivity was high enough
for positron imaging by the small animal PET system.
The operation of SophT method did not affect the
biochemical properties of LEH, such as the particle
sizes (PRE 216.5 = 7.9 nm vs, POST 211.0 = 1.8 nm,
P=not significant [NS]) and zeta potentials (PRE
-7.52 = 0.22 mV vs. POST -7.40 = 0.66 mV, P = NS).

Distribution of LEH in the ischemic region

At first, the CBF in the ischemic region ol the
brain was examined by ["O]H.O PET: [“O]JH.O
was injected via tail vein and PET imaging was
acquired for 2 min. The imaging of [*O]JH:O distri-
bution (Fig. 3A) indicated the decrease of CBF in
the left middle brain, downstream of the MCA
occluded by PIT. After the confirmation of sup-
pressed CBF in the left hemisphere, ["F]-labeled

Arif Organs, Vol. 53, No, 2, 2009 29

LEH was administrated via tail vein. The imaging
of ["F]-labeled LEH was acquired for 60 min,
and images were integrated every 5 min (Fig 3B). In
the early phase, there was little signal of ["F]-
labeled LEH in the ischemic area determined by
the immediately preceding [“O]H.O PET images
(Fig. 3A). During the 60-min scan, the radioactivity
of ["F]-labeled LEH was gradually increased in the
cerebral cortex, but there was no detectable signal
in the ischemic core, which corresponds to basal
ganglia,

DISCUSSION

Real-time visualization of liposomal nanocapsule,
including LEH, is desirable to clarify its phar-
macodynamics and mechanism of action. Liposomal
nanocapsules would be labeled with [*Flfluorode-
oxyglucose (11,12) or water-insoluble ["F]fluorodi-
palmitin (13), although the labeling of liposome with
these radioactive probes usually requires modifica-
tion or reconstitution of its membrane. Furthermore,
liposomal drugs are the products of multiple steps
(4.5). requiring much longer process than the half-
lives of commonly used positron emitter nuclei, ''C
(20 min) or "F (108 min). Thus, labeling preformu-
lated DDS drugs or substituting components of lipo-
some is impractical. In the present study, we tested
1-['""F]luoro-3,6-dioxatetracosane (Fig. 1) and found
a high labeling efficiency without changing the physi-
ological or electrical properties of LEH, A small
animal PET system with a high spatial resolution
made possible in vivo imaging of ["“F]-labeled-LEH
in a rat brain ischemia model. The moment-to-
moment distribution of LEH was clearly visualized in
the ischemic area confirmed by the [*O]H.O PET.
These findings suggest that ['"*F]SteP2 is a promising
PET probe for imaging of LEH in vivo in small
animals used with a PET system with a high resolu-
tion and signal to noise ratio (10).

We recently reported that the administration of
LEH significantly reduces the size of cerebral infarc-
tion (14) in PIT model in the rat as well as in the
primate (15); the cerebral cortex was preferentially
protected than basal ganglia. The disparate effects
prompted the current study to evaluate a hypothesis
that LEH improve microcirculation and Oz delivery
(14,15). The current observation that [*F|-labeled
LEH signal gradually increased in the cortex but not
in basal ganglia during the initial 60 min after admin-
istration are compatible with the hypothesis. The his-
tological results (14,15) were also in accordance with
the distribution of ['*F]-labeled LEH. These results
may lead to a clue to the mechanism of action of
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FIG. 3. PET imaging of ["*OJH:0 and ['°F]SteP2 distribution (n an Ischemic rat brain. (A) ["*0]H;O was administered via tail vein. The
distribution of ['*0OJH;0 was scanned by small animal PET system, Clairvivo. The original data were reconstructed and 2-min data were
integrated to an image. The arrow presented the ischemic region in the left brain of the PIT thrombosis of MCA model rat. (B) LEH labeled
with |'*F|SteP2 was administered via a tail vein 20 min after the ['*0JH,0 PET scanning, The data were acquired for 60 min and integrated
avery 5 min. Although the figure shows the typical images oblained in one experiment, another three separate experimenis with the same

procedure were performed and oblained similar results

LEH in the focal organ ischemia and/or infarction
Awasthi and coworkers previously reported that
ILEH had the significant oxygen-carrying and deliv-
ery capacity, and improved hypovolemia-induced
decrease in cerebral metabolic rate of oxygen by the
use of [FOJ-PET (16). The results obtained in this
study are consistent with their results.

Stability of [""F|SteP2 in LEH in the bloodstream
1s an important issue. We previously examined the
stability of ['"F]SteP2 in the liposomes composed of
distearoylphosphatidylcholine and choresterol, of
which characteristics are similar to that of LEH com-
posed of hydrogenated phosphatidylcholine, choles-
terol, and stearic acid. Our results indicated that the
transfer of ["F]SteP2 to serum components, including
lipoprotein, was less than 10% after incubation in
50% fetal bovine serum for 30 min at 37°C (8). There-
fore, PET images obtained in this study may reflect
LEH biodistribution.

CON

JUSIONS

Labeling LEH with [""F|SteP2 provided a high
labeling efficiency in a short period of time, and
allowed the real-time visualization of LEH in the rat
vivo by an enhanced PET system. This labeling-and-
detection PET system may make experimental evalu-
ation of new drugs in small animals possible and
easier than the current testing on larger animals or
humans using regular PET system.
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ARTICLE INFO ABSTRACT

A repeat-injection of polyethylene glycol-modified liposomes (PEGylated liposomes) causes a rapid clear-
ance of them from the blood circulation in certain cases that is referred to as the accelerated blood
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diameter) or PEGylated liposomes (119, 261 or 795 nm) were preadministered into BALB/c mice. Three
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I’nlyerhvl-:ne glycol istered into the mice to determine the hnod:slqbunon of PEGylated liposomes. At 24_h a_fl:r the test dose
Lippsomes was given, accelerated clearance of PEGylated liposomes from the bloodstream and significant accumula-

tion in the liver was observed in the mice preadministered with 50.2-795 nm nanoassemblies ( PEGylated
liposomes or polymeric micelles ). In contrast, such phenomenon was not observed with 9.7-31.5 nm poly-
meric micelles. The enhanced blood clearance and hepatic uptake of the test dose (ABC phenomenon ) were
related to the size of triggering nanoassemblies, Our study provides important information for developing
both drug and gene delivery systems by means of nanocarriers.

© 2008 Elsevier B.V. All rights reserved.

Accelerated blood clearance
Polymeric micelles
Nanocarriers

1. Introduction

PEGylated liposomes possessing a long-circulating character-
istic have been widely used for delivery systems of both drugs
and genes. PEG provides a steric barrier to nanocarriers for avoid-
ing interaction with plasma proteins including opsonins and the
cells of mononuclear phagocyte system (MPS) (Allen and Hansen,
1991; Sakakibara et al., 1996; Lasic, 1996). However, our recenl
reports demonstrated that the intravenous injection of PEGylated
liposomes might significantly alter a pharmacokinetic behavior of
them injected thereafter (Ishida et al., 2006a,c; Wanget al.,, 2007 ). A

Abbreviations: ABC phenomenon. accelerated blood clearance phenomenon;
[‘HI LIIE & H] rholes!erylhruda:tw ether; MPEG-DSPE, 1,2-distearoyl-sn-glycero-
3 ine-n-| {polyethylene glycol -2000]; MPS, mononu-
:Iur phmme system; PEG-PBLA, polylethylene glycol)-b-poly( B-benzyl -
aspartate); PEGylated liposomes, polyethylene glycol-modified liposomes.
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repeat-injection of PEGylated liposomes causes a rapid clearance of
them from the blood circulation in certain cases. This phenomenon,
referred to as the accelerated blood clearance (ABC) phenomenon,
is considered to be related with anti-PEG IgM secretion from splenic
Bcells(Ishidaetal., 2006a,c). Anti-PEG IgM, produced in response to
an injected dose of PEGylated liposomes, selectively binds to them
injected secondary (Wang et al., 2007).

However, the immune response against polymeric micelles was
not known at all. Polymeric micelles are formed from block copoly-
mers typically consisting of hydrophilic and hydrophobic polymer
blocks (Kwon and Kataoka, 1995). They are of particular interest
as a drug carrier because of their small particle sizes, efficiency in
entrapping a satisfactory amount of hydrophobic drugs within the
inner core, stability in the circulation, and their ability of sustained
release of the drugs. Polymeric micelles were also considered as a
less immune response carrier (Yokoyama et al., 1991; Gaucher et
al,, 2005).

In this study, we examined whether the preadministration of
polymeric micelles possessing PEG chains alters the biodistribu-
tion of PEGylated liposomes or not, Moreover, we investigated the
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particle size-dependency for triggering the phenomenon by use of
PEGylated liposomes and polymeric micelles.

2. Materials and methods
2.1. Materials

Dipalmitoylphosphatidylcholine (DPPC), cholesterol and 1,2-
distearoyl-sn-glycero-3-phosphoethanolamine-n-[methoxy( poly-
ethylene glycol}-2000){ MPEG-DSPE) were kindly gifted from
MNippon Fine Chemical Co., Ltd. (Takasago, Hyogo, Japan).
[*H|cholesterylhexadecyl ether ([*H]-CHE) was purchased from
Amersham Pharmacia (Buckinghamshire, UK). All other reagents
were analytical grade,

2.2, Animal

Five-week-old male BALB/c mice were purchased from Japan
SLC Inc, (Shizuoka, Japan). The animals were cared for according to
the animal facility guidelines of the University of Shizuoka. All ani-
mal experiments were approved by the Animal and Ethics Review
Committee of the University of Shizuoka,

2.3. Preparation of polymeric micelles

Three block copolymers were used for polymeric micelle prepa-
rations. Their structures and composilions are summarized in
Table 1. Poly (ethylene glycol)-b-poly(B-benzyl L-aspartate) (PEG-
PBLA) was synthesized by polymerization of B-benzyl L-aspartate
N-carboxy anhydride from an amino terminal of e-methyl-
w-aminopoly(oxyethylene), as reported previously (Yokoyama
et al, 1992), Two partially esterified block copolymers, PEG-
P{Asp(pentyl)) and PEG-P(Asp(nonyl)), were prepared by ester-
ification of PEG-b-poly{aspartic acid) block copolymer by a
reported method (Yamamoto et al., 2007), In brief, aspartic acid
residues of PEG-b-poly(aspartic acid) block copolymer was acti-
vated with 1,8-diazabicyclo[5.4.0]7-undecene, followed by reaction
with corresponding alkyl bromides, pentyl bromide and nonyl
bromide.

Polymeric micelles were prepared from these three block
copolymers by a dialysis method (Yamamoto et al,, 2007). Block
copolymers were dissolved in DMF at a concentration of 7.5 mg/ml.
These polymer solutions were dialyzed against distilled water by
the use of a dialysis membrane (Spectra/Por 6, molecular weight
cut-off: 1000, Spectrum Japan, Tokyo, Japan). After overnight dial-
ysis, the micelle solutions were concentrated by ultrafiltration
(Millipore ultrafiltration membrane PBHK, molecular weight cut-
off: 100,000, Nihon Millipore, Tokyo, Japan). By dynamic light
scattering, weight-averaged diameters of the obtained polymeric
micelles were found to be 50.2, 31.5, and 9.7 nm for PEG-PBLA,
PEG-P(Asp(pentyl)), and PEG-P(Asp(nonyl)), respectively.

2.4. Preparation of PEGylated liposomes

PEGylated lippsomes composed of DPPC and cholesterol with
MPEG-DSPE (10:5:1 as molar ratio) were prepared as described
previously (Maeda et al.. 2004). In brief, lipids dissolved in chlo-
roform were evaporated to form thin lipid film. Then liposomes
were formed by hydration with 10 mM phosphate-buffered 0.3 M
sucrose solution (pH 7.4). Then liposomes were sized by five times
extrusion through a polycarbonate membrane filter with 100, 400
or 800nm pores (Nucleopore, Maidstone, UK). For a biodistribu-
tion study, a trace amount of [*H|-CHE (74 kBq/mouse) was added
to the initial chloroform solution, Particle size of PEGylated lipo-

H. Koide et al. / International journal of Pharmaceutics 362 (2008) 197-200

somes diluted with PBS, pH 7.4, was measured by dynamic light
scattering.

2.5. Biodistribution of PEGylated liposomes

Mice were received intravenous injection of polymeric micelles
(29mg/kg). PEGylated liposomes (2.0 umol phospholipids/kg,
24mg total lipidsfkg) or phosphate-buffered sucrose. At
three days later [*H)-labeled test-dose PEGylated liposomes
(5.0 wmol phospholipids/kg) were injected into them via a tail
vein. Twenty-four hours after the test-dose administration, the
mice were sacrificed for the collection of the blood from the carotid
artery. Then the blood treated with heparin was centrifugally sep-
arated to obtain the plasma. After the blood was withdrawn, the
heart, the lung, the liver, the spleen and the kidney were removed
and weighed, The radioactivity in plasma and each organ was
determined with a liquid scintillation counter (LSC-3100, Aloka,
Tokyo, Japan). Distribution data are presented as % dose per wet
tissue, The total amount in plasma was calculated based on the
average body weight of the mice, where the average plasma
volume was assumed to be 4.27% of the body weight based on the
data on total blood volume.

2.6. Statistics

Variance in a group was evaluated by the F-test, and differences
in biodistribution data, by Student’s [-test,

3. Results and discussion

At first, we used PEGylated liposomes with 119, 261 or 795nm
diameter as a preconditioning dose. Fig. 1 shows the biodistribu-
tion of test-dose PEGylated liposomes (127 nm). The amount of the
PEGylated liposomes in the plasma was significantly decreased and
that in the liver was significantly increased in the mice preadminis-
tered with the PEGylated liposomes. ABC phenomenon was caused
by all liposomes tested. Fig. 2 shows the biodistribution of test-dose
PEGylated liposomes in the mice preadministered with polymeric
micelles(9.7,31.5 or 50.2 nm) at 3 days before, The mice prereceived

Kidney

e

0 20 40 &0 B0

injected dose/tissue (%)
Fig. 1. Biodistribution of test-dose PECylated lip after p ration
of various sized ones. BALB[c rnil:e were intravenously II'IJE\’.‘[Ed with PEGylated
li (2.0 wmol phosphaoli kg) with 119, 261 or 795 nm size. Three days
I.m.-r |*H]-labeled test-dose F'E(:y\aled liposomes (5.0 umol phospholipids/kg) were
administered via a tail vein. Twenty-four hours later, the mice were sacrificed and
the radicactivity in the plasma and each organ was determined (n=5). Data are
presented as a percentage of the injected dose per tissue and 5.0. Data repre-
sent phosphate-buffered sucrose (open bar), 119nm (gray bar), 261 nm (hatched
bar), and 795 nm (closed bar) PEGylated liposomes, respectively. Significant differ-
ences against phosphate-bufTered sucrose group are shown with asterisks: *p <0.05;
**p<0.01; *"*p<0.00L
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Taull
ion of block copolymers
PEG-PBLA
CH,—(o—CH,-cngtcuz—NH—{%-IH-NH-)a H
© ¢h,

cl:oocm@

PEG-P(Asp(pentyl))

and PEG-P(Anp{nunyl)_}

CHy~O~CH;CHz)—CH,~ NH—(C-iH—NH—)—(—E—CH; HoNH)H

QOR
OOR
—fCHQ—}'—CHs (pentyl ester residue) or —('CHZ').—CHS (nonyl ester residue)
R =

H (aspartic acid residue)
Copolymer Maolecular weight (M.W.) M.W. of PEG block Number of Asp units (a+b) Esterification degree (%) Diameter (nm)*
PEG-PBLA 15,000 12,000 14 100 502
PEG-P(Asp(pentyl) 9,000 5,000 22 75 315
PEG-P{Asp(nonyl)) 10,000 5,000 22 72 97

* Estetification degree (%) =(number of ester residues )/ number of ester residues) +(number of aspartic acid residues) « 100, This degree was determined by 'H NMR

measurements.
¥ Welght

average di determined by dynamic light scattering

50.2 nm polymeric micelles showed a significant decrease of test-
dose PEGylated liposomes in the plasma and a significant increase
in hepatic uptake. However, the preadministration of both 9.7 and
31.5nm polymeric micelles did not change plasma concentration
and hepatic uptake of test-dose PEGylated liposomes. It appears
that ABC phenomenon was not caused by preadministration with
smaller-sized polymeric micelles(31.5 nm or less), while it was trig-
gered by preadministration with larger-sized polymeric micelles

0 20 40 0 50 100
injected dose/tissue (%o)

Fig. 2. Biodistribution of test-dose PEGylated lip s after p
of various size polymeric micelles. BALB/c mice were intravenously injected
with polymeric micelles (29mg/kg) with 9.7, 31.5 or 50.2nm size. Three days
later [*H|-labeled PEGylated test-dose | 5 (5.0 wmol phospholipids/kg) were
administered via a tail vein Twenty- l'nur hours later, the mice were ﬂcl{ﬁcﬂi and
the radicactivity in the plasma and each organ was determined (n=5). Data are
presented as a percentage of the injected dose per tissue and 5.0, Data represent
phosphate-buffered sucrose (open bar . 9.7 nm(gray bar) 31.5 nm (hatched bar ). and
50,2 nm i closed bar ) polymernic micelies, respectively. Significant differences against
phosphate-bulfered sucrose group are shown with asterisks: "p <0.05; ""p<0.01;
"**p<0.001.
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(50.2nm or more). These results indicate that ABC phenomenon
was triggered by preconditioning with not only PEGylated lipo-
somes but also PEG-containing polymeric micelles. Furthermore,
the size of nanoassemblies presenting PEG moiety on their surface
is one of important factors to induce the ABC phenomenon. In case
of large particles, they would be recognized easily by immune cells
and activate immune systems, presumably in spleen (Ishida et al.,
2006h), By contrast, small particles might avoid the recognition by
immune cells. In the point of the molecular weight of PEG moi-
ety, we previously reported that elongation of PEG chain length did
not show any difference for inducing ABC phenomenon (Ishida et
al., 2005). Consequently, the larger particles may produce anti-PEG
IgM (Wang et al., 2007 ) that triggers enhanced blood clearance and
hepatic uptake of test-dose PEGylated liposomes, although further
investigation should be required to prove this assumption,

4. Conclusions

This study is the first report to demonstrate that the precon-
ditioning with polymeric micelles sized at around 50nm. which
are most widely used to deliver anti-cancer drug, causes the
ABC phenomenon, Furthermore, it is clarified that the size of
nanoassemblies is one of important factors for ABC phenomenon.
Since nanocarriers are now progressing in the field of DDS, this
study points out the important information about unexpected
immune reactions against nanocarriers.
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Angiogenesis is critical for tumor growth and metastasis, and several angiogenesis inhibitors have been
developed for the treatment of cancer. Previously, we identified angiogenic vessel-homing peptide, Ala-
Pro-Arg-Pro-Gly (APRPG), by use of a phage-displayed peptide library. APRPG peptide-modified liposomes
have been revealed to be useful for the delivery of encapsulated drugs to angiogenic vasculature in tumor-
bearing animals. In the present study, to assess the usefulness of APRPG-PEG-modified liposomes as a
carrier of angiogenesis inhibitors in vitro and in vivo, we designed and validated APRPG-PEG-modified
liposomal angiogenesis inhibitor. SU1498, an inhibitor of vascular endothelial growth factor (VEGF) recep-
tor tyrosine kinase, was successfully encapsulated into the liposomes. APRPG-PEG-modified liposomal
511498 inhibited VEGF-stimulated endothelial cell proliferation in vitro, Moreover, APRPG-PEG-modified
liposomal SU1498 significantly decreased tumor microvessel density in Colon26 NL-17 cell-bearing mice
and prolonged the survival time of the mice. These findings suggest that APRPG-PEG-modified lipo-
somes effectively deliver SU1498 to angiogenic endothelial cells in tumors and thus inhibit tumor-induced
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Angiogenesis inhibitor
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angiogenesis.
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1. Introduction

Solid tumors require blood supply for the maintenance of nutri-
ents and oxygen. Therefore, angiogenesis, the development of
new blood vessels, is critical for the tumor progression (Folkman,
1972), Angiogenesis could contribute to not only primary tumor
growth but also blood-borne metastasis. Therefore, inhibition of
angiogenesis is expected to suppress primary tumor growth and
hematogenous metastasis (Holmgren et al.. 1995). A number of
studies have led to the identification of several regulators of angio-
genesis; some of which represent therapeutic targets (Bergers
and Benjamin, 2003). Based on these findings, various angio-
genesis inhibitors have been developed and running in clinical
trials (Shimizu and Oku, 2004). Vascular endothelial growth fac-

Abbreviations: APRPG-PEG-Lip- SUMSS APRPG-FEG-modified  liposomal
SU1498; DDS, drug delivery DpPeC. dipal ylcholine: DPPG,
dipalmitoylphosphatidylglycerol, DSPE-| PEG-APRPG, disrumylphnsphatidylu(h-
anokamme potyﬂhyleneg]yml -APRPG peptide conjugate; EPR. enhanced per-
meability and retention; ERK. extracellular signal-regulated kinase; FBS, fetal
bovine serum: HUVECs, human umbilical ve:n endorhellal cells PEG-Lip-5U1458,
PEG-modifiedliposomal 5U1498; POPC, pal lol holine; RTK,
receptor tyrosine kinase; VEGF, vascular endomella! gmwlh la:tor VEGFR, vascular
endothelial growth factor receptor.

* Corresponding author. Tel.: 81 54 264 5701; fax: +81 54 264 5705,

E-mail address: oku@®u-shizuoka-ken.acjp (N, Oku).
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doi: 10.1016/j.ljpharm 2008.04.046

36

tor (VEGF) and its receptors are well-characterized pro-angiogenic
molecules and would be the target for antiangiogenic therapy
(Ferrara et al., 2003). Bevacizumab (Avastin), an anti-human VEGF-
A monoclonal antibody, shows the significant antitumor effect and
has been approved as an anticancer drug by the US Food and Drug
Administration {Hurwitz et al., 2004). Besides bevacizumab, sev-
eral small-molecule inhibitors of receptor tyrosine kinases (RTK),
such as VEGF receptors (VEGFR) or basic fibroblast growth factor
receptors, have been developed as an anticancer agent (Mendel et
al,, 2003).

By the way. pharmacokinetics and pharmacodynamics are crit-
ical issues for the development of novel drugs. Drug delivery
systems (DDS) are known to improve the pharmacological prop-
erties of certain drugs such as anticancer and antifungal drugs
(Allen and Cullis, 2004). In cancer treatment, liposomes are widely
used as drug carriers (Torchilin, 2007), since they have several
favorable characteristics as a carrier of anticancer agents: they
can entrap both hydrophobic and hydrophilic compounds; they
can reduce the severe side effects; and they tend to accumu-
late in tumor tissues through the angiogenic endothelium by the
enhanced permeability and retention (EPR) effect (Maeda et al.,
2000). In fact, several anticancer drugs such as doxorubicin were
entrapped into the liposomes, and the liposomal doxorubicin has
been known to reduce the side effects and to deliver the drug to
tumor tissues (Hofheinz et al., 2005). Moreover, many investiga-
tions have shown that liposomes can be modified with various
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targeting tools such as antibodies, peptides, or carbohydrates in
order to effectively deliver drugs to the target organs (Kondo et
al,, 2004; Managit et al,, 2003; Park et al,, 2002), For example,
it has been shown that anti-HER2 immunoliposomes selectively
bind to and internalize in HER2-overexpressing cancer cells in
vitro, and doxorubicin-loaded anti-HER2 immunoliposomes show
the marked therapeutic effects in HER2-overexpressing xenograft
models (Park et al., 2002).

For the purpose to obtain a targeting tool to tumor neovessels,
we previously isolated a peptide, Ala-Pro-Arg-Pro-Ala (APRPG),
homing to tumor angiogenic vasculature by in vivo biopan-
ning with a phage-displayed peptide library (Oku et al, 2002).
Then, we utilized APRPG peptide for delivering liposomes to
the angiogenic site in tumor-bearing animals. In fact, APRPG
peptide-modified liposomes highly accumulated in tumor tissues,
and doxorubicin-encapsulated APRPG peptide-modified liposomes
significantly suppressed tumor growth through damaging the
angiogenicendothelial cells(Maeda et al., 2004; Oku et al., 2002).In
the present study, we aimed to develop a lipesomal antiangiogenic
agent targeted effectively to tumor neovasculature and investi-
gated the effect of APRPG-modified liposomal antiangiogenic agent,
namely SU1498, a RTK inhibitor of VEGFR2 (Boguslawski et al,
2004), in tumor-bearing mice.

2. Materials and methods
2.1. Materials

VEGF receptor tyrosine kinase inhibitor SU 1498 was purchased
from LC laboratories (San Diego, CA, USA). APRPG peptide-
conjugated polyethyleneglycol (M.W, 2000 )-distearoylphosphati-
dylethanolamine (DSPE-PEG-APRPG) was synthesized as described
previously (Maeda et al., 2004). Dipalmitoylphosphatidylcholine
(DPPC), palmitoyloleaylphosphatidylcholine (POPC), and dipalmi-
toylphosphatidylglycerol { DPPG) were the products of Nippon Fine
Chemical Co. Ltd. (Takasago, Hyogo, Japan).

2.2, Preparation of liposomal SU1498

Liposomes were similarly prepared as described previously
(Maeda et al., 2004) except that SU1498 was used as an entrap-
ping drug instead of doxorubicin in the present experiment. In brief,
lipids and SU1498 (DPPC:POPC:DPPG:cholesterol:SU1498:DSPE-
PEG or DSPE-PEG-APRPG=10:10:2:2:1:2 as a molar ratio) in
chloroform/methanol solution were poured into round-bottom
flask, and the organic solvent was removed by the evaporation, The
resulting thin lipid film was further dried under reduced pressure.
Liposomes were prepared by the hydration of the lipid film with
0.3 M sucrose solution by vortexing, brief sonication and freeze-
thawing for three cycles with liquid nitrogen. Then, the size of the
liposomes was adjusted by extrusions through a 100-nm pore size
polycarbonate membrane filter. The particle size and {-potential
of the liposomes were measured with ZETASIZER (Malvern Instru-
ments, Worcs, UK).

2.3, Entrapment of SU1498 into liposomes

The liposomes containing SU1498 were prepared as described
above. The liposome solutions were fractionated by a gel filtration
chromatography with PD10 column (GE healthcare UK Ltd., Buck-
inghamshire, UK). The eluted samples were collected as 2mL in
each fraction, and the amount of SU1498 was determined by mea-
suring the absorbance at 350 nm in the each fraction in the presence
of 1% reduced Triton X-100. The entrapment efficiency was calcu-
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lated as follow: Amount of 5U5416 in liposome fraction (fractions
1 and 2)/total amount of SU5416 detected after gel filtration chro-
matography.

24. Cell proliferation assay

Human umbilical vein endothelial cells (HUVECs, Clonetics,
Walkersville, MD, USA) were cultured in endothelial growth
medium-2 (EGM-2, Clonetics) at 37 °C in a humidified atmosphere
of 5% CO; in the air. Colon26 NL-17 mouse colon carcinoma cells
were cultured in DMEM/Ham F12 medium supplemented with
10% FBS (Japan BioSerum, Tokyo, Japan) at 37 C in a CO; incuba-
tor.

HUVECs were seed on gelatin-coated 35mm dishes at
1.0 « 10° cells/dish and incubated overnight. After replacing of
culture medium to endothelial basal medium-2 (EBM-2, Clonet-
ics) supplemented with 0.5% fetal bovine serum (FBS, Clonetics),
the cells were treated with free SU1498 dissolved in DMSO,
PEG-modified liposomal SU1498 (PEG-Lip-SU1498), and APRPG-
PEG-modified liposomal SU1498 (APRPG-PEG-Lip-SU1498) at
1 M of the final concentration of SU1498 for 3 h. Then, recombi-
nant human VEGF;g5 (20 ng/ml, BD biosciences, San Diego, CA, USA)
was added to the cells, and the cells were incubated for another
48 h. Colon26 NL-17 cells were seeded (3.0 = 10° cells/35 mm dish),
and the cells were incubated overnight in DMEM/Ham F12 medium
supplemented with 10% FBS at 37 'C. Then, the cells were treated
with the samples and further incubated for 48 h. Finally, the viable
cells were stained with crystal violet, and the dye was extracled
with 33% acetic acid and measured at absorbance of 570nm as
described previously (Goto et al., 2005).

2.5. Analysis of microvessel density in tumor tissues

Colon26 NL-17 cells (1.0 = 10% cells) were implanted subcuta-
neously into the posterior flank of 5-week-old BALB/c male mice
(Charles River Japan, Tokyo, Japan). From days 3 to 11 after tumor
implantation, each sample, namely, PEG-Lip-SU1498 (5 mg/kg as
SU1498), APRPG-PEG-Lip-SU1498 (5 mg/kg as SU1498), and 0.3 M
sucrose solution (control), was injected intravenously every other
day. On day 13, the mice were sacrificed under anesthesia with
diethyl ether, and the tumors were excised. The tumor tissues
were mounted on OCT compound (Sakura Finetechnochemical Co.
Ltd., Tokyo, Japan) and frozen at -80°C. The tumor tissue sec-
tions (10 wm) were prepared with microtome (HM 505E, Microm,
Walldorf, Germany) and mounted onto Matsunami adhesive silane
(MAS)-coated slide glass (MATSUNAMI, Osaka, Japan). Immuno-
histochemical staining against CD31 was performed described
previously (Yonezawa et al, 2007) with some modifications. The
sections were fixed with ice-cold acetone, washed with phos-
phate buffered saline (PBS), and blocked endogenous peroxidase
activity with 3% H,0; in PBS. Non-specific protein bindings were
blocked with 1% bovine serum albumin (BSA) dissolved in PBS.
Then, a biotinylated murine anti-CD31 monoclonal antibody (BD
Pharmingen, San Diego, CA, USA) was added to the sections
and secondary staining was performed with VECTASTAIN ABC
kit (Vector Laboratories, Burlingame, CA, USA) according to the
manufacturer’s instructions, These sections were rinsed and coun-
terstained with Mayer's hematoxylin (Wako Chemical, Osaka,
Japan).

For quantification of tumor blood vessels, three of high vessel
density areas (hot spots) per section were selected and captured
using Olympus IX71 (= 10 magnification, 0.54 mm?, Olympus Co.
Ltd., Tokyo, Japan). CD31 positive area was quantified with Image]
software (http://rsb.info.nih.gov/ij/index.htmi).
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Fig. 1. Structure of SUT498  [(E}-3-{3.5-diisopropyl-4-hyd
phenyl-n-propylaminecarbonyljacrylonitrile).

yphenyl}-2-[{3-

2.6, Therapeutic experiment

Colon26 NL-17-bearing mice were prepared as described above,
Each liposomal SU1498 or 0.3 M sucrose solution (control) was
administered by the following two different schedules: (A) intra-
venously injected from days 3 to 11 every other day (5 mg/kg/day,
total 5 times 25mg/kg as SU1498) after tumor implantation:
(B] intraperitoneally injected from days 1 to 12 every day
(2.5 mg/kg/day, total 12 times 30mg/kg as SU1498) after tumor
implantation. Since SU1498 is almost insoluble in water, we could
not examine the effect of the free drug on tumor in vivo, The ani-
mals were cared for according to the guidelines for the care and use
of laboratory animals of the University of Shizuoka.

2.7. Sratistical analysis

Data was statistically analyzed by Student’s t-test followed by
F-test (StatView, version 4.5; Abacus Concepts, Inc., Berkeley, CA),
and p <0.05 was considered as significant.

3. Results

3.1. Entrapment of SU1498 into liposome and lipesomal
characterization

To investigate whether angiogenic vessel-targeted liposomes is
useful for delivery of angiogenesis inhibitors, we first prepared lipo-
somal SU1498, an inhibitor of VEGFR2 tyrosine kinase, The chemical
structure of SU1498 [(E}-3-(3.5-diisopropyl-4-hydroxyphenyl)-
2-](3-phenyl-n-propyljJaminocarbonyl]acrylonitrile] is shown in
Fig. 1. We examined liposomal composition for effective
entrapment of SU1498 into liposomes and determined the
basic lipid component as follows; DPPC:POPC:DPPG:cholesterol:
SU1498 = 10:10:2:2:1. Then, the entrapment efficiency of SU1498
into PEG- or APRPG-PEG-modified liposomes was measured.
Approximately 75% of SU1498 was detected in liposome fractions
(fractions 1 and 2) but not detected in other fractions (Fig. 2,
Table 1). In addition, each liposome size and {-potential after extru-
sion was approximately 160 nm and —3mV, respectively (Table 1).

3.2. Cell proliferation assay

Next, to examine the antiangiogenic activity of liposomal
SU1498, cell proliferation assay of VEGF-stimulated HUVECs was
performed. APRPG-PEG-Lip-SU 1498 strongly suppressed endothe-
lial cell proliferation induced by the treatment with VEGF, while
PEG-Lip-SU1498 suppressed partially as well as free SU1498

Table 1
Characteristics of liposomal SU1498

Entrapment (%) Particle size (nm) {-potential (mV)
PEG-Lip-SU1498 746 178 -2.32
APRPG-Lip-5U1498 787 160 ~4.50
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Fig. 2. Entrapment efficiency of SU1498 into the liposomes. Liposomal SU1498 was
prepared as described in Section 2, and the prepared liposomes were fractionated
by gel filtration chromatography. The fractionated samples were measured with the
turbidity. Liposomes were eluted at fractions 1 and 2. The liposomes were solubilized
with reduced Triton X-100, and the amount of 51498 in the liposome [ractions was
determined with absorbance at 350 nm
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Fig. 3. Suppression of VEGF-induced endothelial cell proliferation by the treatment
with APRPG-PEG-Lip-SU1498. (A) HUVECs were seeded (1.0 » 10° cells) on gelatin-
coated dishes and incubated overnight at 37 ' C. After the change of medium to EBM-
2 containing 0.5% FBS, the cells were treated with free SU1498, PEG-Lip-5U1498. and
APRPG-PEG-Lip-5U1498 (1 uM as SU1498) for 3 h. VEGF (20 ng/ml) was added to
the cells, and the cells were further incubated for 48 h, (B) Colon26 NL-17 cells were
seeded (3.0 « 10% cells) and incubated overnight. Then, the cells were treated with
free SU1498, PEG-Lip-5U1498, and APRPG-PEG-LIp-5UT498 (1 uM as 5U1498) and
incubated for 48 h, Finally, the survival cell density was determined by crystal violet
staining {absorbance at 570nm). The cell growth ratio induced by the treatment
with VEGF was calculated. The data show the mean = S.0. (n =4 ). The asterisks show
significantly differences: *p<0.05: **p<0.01



