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a  b  s  t  r  a  c  t

An  accelerated  blood  clearance  (ABC)  phenomenon  is  induced  by repeated  injections  of poly(ethylene
glycol)-modified  (PEGylated)  liposomes.  We  previously  indicated  that  the  phenomenon  was  induced  by
polymeric  micelles  possessing  PEG  chains  like  as liposomes,  although,  the  induction  mechanism  of the
ABC phenomenon  is not  fully  elucidated.  In  the  present  study,  we  investigate  whether  repeat-injection
of  the  polymeric  micelles  having  PEG  chains  trigger  the  phenomenon  or not.  Two  polymeric  micelles,
PM-30  (polymeric  micelles  with  33.6 nm  in  diameter)  and  PM-75  (76.2  nm),  were  prepared  with  PEG-
poly[Asp(pentyl)]  and  PEG-poly[Asp(nonyl)],  respectively.  We  firstly  examined  the  ABC-triggering  effect
of these  micelles,  and observed  that  both  polymeric  micelles,  especially  PM-75,  induced  the  production
of  anti-PEG  IgM  antibody  in  treated  mice.  Then,  PM-30  or PM-75  was  preadministered  into  mice  as  a
olymeric micelles preconditioning.  Seven  days  later,  AlexaFluor594-labeled  PM-30  or PM-75  was  administered  to deter-
mine  the  susceptibility  of  the phenomenon.  As  a result,  rapid  clearance  of AlexaFluor594-labeled  PM-75
from  the  bloodstream  and  accumulation  in  the  liver  were  observed  in PM-75  pretreated  mice.  Although,
the  ABC  phenomenon  of  AlexaFluor594-labeled  PM-30  was  less  obvious  in  PM-30  pretreated  mice.  Our
present  results  indicated  that the repeated  injections  of  polymeric  micelles  caused  the ABC  phenomenon
in  a  size-dependent  manner.
. Introduction

Polyethylene glycol (PEG)-modified nanoparticles exhibit long-
irculating characteristics in their injection into the bloodstream
wing to the avoidance of interactions with plasma proteins (Lasic
t al., 1991; Torchilin et al., 1994; van Rooijen and van Nieuwmegen,
980). Therefore, PEGylation has been widely used for preparations
f nanoparticles possessing the long-circulating characteristics in
he bloodstream. However, it has been reported that repeated
njections of PEGylated liposomes induce rapid clearance from

he bloodstream and enhanced accumulation in the liver of the
njected liposomes at the second and later injections (Dams et al.,
000; Ishida et al., 2003). This phenomenon is called “accelerated

Abbreviations: ABC phenomenon, accelerated blood clearance
henomenon; MPEG-DSPE, 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-n-
methoxy(polyethylene glycol)-2000]; PM-30, polymeric micelles composed
f  PEG-poly[Asp(pentyl)]; PM-75, polymeric micelles composed of PEG-
oly[Asp(nonyl)].
∗ Corresponding author. Tel.: +81 54 264 5701; fax: +81 54 264 5705.
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blood clearance (ABC) phenomenon”. Previous reports including
ours indicated that the ABC phenomenon is related to secretion of
IgM antibody against PEG chain from splenic B cells, however, the
detail of the immune response is not fully understood (Cheng et al.,
1999; Ishida et al., 2005, 2006, 2007).

Polymeric micelles, a kind of nanocarriers for drug delivery
system (DDS), are formed from block copolymers, and possess
a hydrophobic, cationic, or anionic cores and hydrophilic shells
(Gaucher et al., 2005). The hydrophilic shells usually consist of
PEG. At present, a number of polymeric micelles encapsulating
anticancer drugs are proceeding to clinical studies (Matsumura
et al., 2004; Matsumura, 2008; Hamaguchi et al., 2007;). However,
little has been known whether the polymeric micelles with the
PEG shells trigger and are susceptible to the ABC phenomenon
(Koide et al., 2008; Ma  et al., 2010) like PEGylated liposomes.
We previously reported that the mice preadministered with a
large-sized polymeric micelles showed rapid clearance from the
bloodstream and enhanced accumulation at liver of PEGylated

liposomes at the second dose. In contrast, a small-sized micelle
did not induce the ABC phenomenon (Koide et al., 2008). We
also reported that gadolinium-encapsulated polymeric micelles
lacked both induction and susceptible characteristics of the

dx.doi.org/10.1016/j.ijpharm.2012.04.049
http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
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Fig. 2. Anti-PEG IgM production by injection of polymeric micelles. BALB/c mice
were intravenously injected with PBS, PM-30 (33.6 nm)  or PM-75 (76.2 nm)  at the
concentration of 2.9 mg/kg. Seven days later, the mice were sacrificed and anti-
Fig. 1. Structure of block copolymers.

BC phenomenon (Ma et al., 2010). Much more matters remain
nknown for the polymeric micelles than for PEGylated liposomes
oncerning the ABC phenomenon.

In the present study, we investigated the ABC triggering effect
f two kinds of polymeric micelles (PM-30, 33.6 nm and PM-75,
6.2 nm in diameter, respectively) in terms of anti-PEG IgM produc-
ion as well as these micelles’ susceptibility to the ABC phenomenon
y the use of AlexaFluor594-labeled micelles at the second (test)
oses.

. Materials and methods

.1. Materials

1,2-Distearoyl-sn-glycero-3-phosphoethanolamine-n-
methoxy(polyethylene glycol)-2000] (MPEG-DSPE) was kindly
ifted from Nippon Fine Chemical Co., Ltd. (Takasago, Hyogo,
apan). All other reagents were analytical grade.

.2. Experimental animals

Five-week-old male BALB/c mice were purchased from Japan
LC Inc. (Shizuoka, Japan). The animals were cared for according to
he Animal Facility Guidelines of the University of Shizuoka. All ani-

al  experiments were approved by the Animal and Ethics Review
ommittee of the University of Shizuoka.

.3. Preparation of polymeric micelles

Structures of block copolymers used for polymeric micelle
reparations are shown in Fig. 1. Around 70% esterified two block
opolymers, PEG-poly[Asp(pentyl)] and PEG-poly[Asp(nonyl)],
ere prepared by esterification of aspartic acid residues of PEG-

-poly(aspartic acid) block copolymer (Yamamoto et al., 2007).
riefly, aspartic acid residues of PEG-poly(Asp) were activated
ith an equivalent of 1,8-diazabicyclo[5,4,0]7-undecene (DBU),

ollowed by a reaction with pentyl iodide or nonyl iodide at 50 ◦C in
ry DMF. The reaction mixture was reprecipitated in diethyl ether
t 0 ◦C. The resulting precipitate was collected, and the polymer was
issolved in DMF, followed by the addition of 6 M HCl (1.0 equiv.
f DBU). This mixture solution was dialyzed against water, and the
olution was lyophilized. The number of esterification was  mea-
ured by 1H NMR  in DMSO-d6 containing 3% trifluoroacetic acid.

For fluorescence-labeling of polymeric micelles, AlexaFluor594-
onjugated block copolymers were also prepared. In brief,
lexaFluor594 (0.5 mg)  was conjugated to PEG-poly[Asp(pentyl)]

100.0 mg)  or PEG-poly[Asp(nonyl)] (101.0 mg)  by EDC activation

f aspartic acid residues in dry DMSO. The obtained AlexaFluor594
onjugated block copolymers were dialyzed against DMSO, and
hen dialyzed against H2O. Lyophilization gave AlexaFluor594 con-
ugated PEG-poly[Asp(pentyl)] or PEG-poly[Asp(nonyl)].
PEG  IgM in the serum was determined. Each value represents the mean ± S.D. of
3  separate experiments. Significant differences: *p < 0.05 and ***p < 0.001 vs. PBS;
#p < 0.05 vs. PM-30.

Polymeric micelles were prepared from these block copoly-
mers by a solvent evaporation method (Yamamoto et al., 2007)
as follows: non-labeled PEG-poly[Asp(pentyl)] (21.0 mg) and
AlexaFluor594-labeld PEG-poly[Asp(pentyl)] (9.0 mg)  were dis-
solved in chloroform (6.0 mL)  and the solutions were evaporated
at 40 ◦C with N2 flow. The obtained polymer films were further
dried under reduced pressure, and saline (3.5 mL)  was added to
the dried polymer film. Polymeric micelles were formed by sonica-
tion equipped with a 5 mm microtip of VCX-750 sonicator (Sonic &
Materials Inc., CT, USA). The obtained polymeric micelle solutions
were centrifuged and filtered through a 0.22 �m sterile PVDF mem-
brane (Millipore). The size of these polymeric micelles at 2.0 mg/mL
concentration was determined by means of dynamic light scat-
tering. Obtained polymeric micelles from PEG-poly[Asp(pentyl)]
and PEG-poly[Asp(nonyl)] block copolymers are coded the PM-30
(33.6 nm)  and the PM-75 (76.2 nm)  based on their size.

2.4. Stability of polymeric micelles in the presence of serum

Polymeric micelles, PM-30 or PM-75, were incubated in the
presence or absence of 50% fetal bovine serum (FBS; Sigma–Aldrich,
St. Louis, MO)  for 24 h at 37 ◦C. The particle size of the polymeric
micelles was measured by using a Zetasizer Nano ZS (Malvern,
Worcs, UK).

2.5. Detection of anti-PEG IgM antibody

Mice were intravenously injected with PM-30 (2.9 mg/kg), PM-
75 (2.9 mg/kg), or PBS. Seven days after the injection of each sample,
these mice were sacrificed under deep anesthesia for the collec-
tion of the blood. Serum was  collected after centrifugation (700 × g,
15 min, 4 ◦C) of the blood. To prepare the ELISA plates, 10 �g of
mPEG-DSPE in 20 �L ethanol was  added onto 96-well plates (Nunc,
Roskilde, Denmark). Then, the plates were air dried for 2 h to com-
plete dryness and subsequently blocked with 10% fetal bovine
serum (FBS, Sigma–Aldrich, St. Louis, MO)  in PBS for 1 h. The 50-
time diluted serum samples (100 �L) were added to the plates,
incubated for 1 h, and washed 5 times with 1% FBS–PBS. Antibod-
ies bound to mPEG-DSPE were detected with HRP-conjugated goat
anti-mouse IgM antibody (Bethyl Laboratories, TX, USA). After incu-
bation with the anti-IgM antibody for 1 h, each well was  washed 5
times with 1% FBS–PBS. The coloration was  initiated by the addi-
tion of o-phenylene diamine dihydrochloride (Sigma, St. Louis, MO,

USA) that had been diluted with distilled water. After a 15-min
incubation, the reaction was stopped by adding 100 �L of 2 M
H2SO4, and the absorbance was recorded with a Tecan Infinite
M200 micro plate reader at a test wavelength of 490 nm.
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.6. Near-infrared fluorescence imaging of AlexaFluor594-labeled
olymeric micelles ex vivo

Mice were received an intravenous injection of PM-30
2.9 mg/kg), PM-75 (2.9 mg/kg) or PBS. Seven days later,
lexaFluor594-labeled PM-30 (2.9 mg/kg) or AlexaFluor594-

abeled PM-75 (2.9 mg/kg) were injected into them via a tail vein.
wenty-four hours after the test-dose administration, the mice
ere sacrificed for the collection of the blood from the carotid
rtery. Then the blood was centrifugally separated to obtain the
erum. Then, the organs (heart, lungs, liver, spleen, and kidneys)
ere collected. The biodistribution of AlexaFluor594-labeled

ig. 3. Biodistribution of test-dose AlexaFluor594-labeled PM-30 or PM-75 after preadmin
ith  PBS, PM-30 (33.6 nm)  or PM-75 (76.2 nm)  at the concentration of 2.9 mg/kg. Seven da

 tail vein. Twenty-four hours later, the mice were sacrificed, and fluorescence intensity in
nd  test-dose: for example, PBS-PM-30eans preconditioning with PBS and test-dose with
C),  kidney (D) and spleen (E). Total photon count of AlexaFluor594 in the liver (F) and fl
re  shown with asterisks: *p < 0.05 and ***p < 0.001.
Pharmaceutics 432 (2012) 75– 79 77

PM-30 or AlexaFluor594-labeled PM-75 was assessed by near-
infrared fluorescence (NIRF) imaging with a Xenogen IVIS Lumina
System coupled to Living Image software for data acquisition
(Xenogen Corp., Alameda, CA). The fluorescence activity in the
serum was  measured a with a Tecan Infinite M200 micro plate
reader (Ex; 590 nm,  Em; 630 nm). Mice were fed an alfalfa-free feed
(Oriental Yeast Co. Ltd., Tokyo, Japan) to reduce the influence of
background fluorescence.
2.7. Statistics

Differences in groups were evaluated by analysis of variance
(ANOVA) with the Tukey post hoc test.

istration of PM-30 or PM-75, respectively. BALB/c mice were intravenously injected
ys later, AlexaFluor594-labeled PM-30 or PM-75 (2.9 mg/kg) were administered via

 each organ was determined ex vivo by IVIS. Descriptions indicate preconditioning
 PM-30. Data represent image and fluorescence activity of heart (A), lung (B), liver

uorescence intensity of it in the serum (G) was determined. Significant differences
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Table 1
Stability of polymer micelles.

Size (nm)

PBS 50% serum

PM-30 33.6 ± 2.8 42.4 ± 3.3
PM-75 76.2 ± 1.3 70.4 ± 3.1
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article size of polymer micelles incubated with PBS or 50% serum for 24 h at 37 ◦C
ere measured by using the Zetasizer Nano ZS.

. Results and discussion

To examine the stability of the polymeric micelles, we  measured
he size change of both PM-30 and PM-75 in the presence of 50%
erum for 24 h at 37 ◦C (Table 1) before in vivo studies. The notable
article size changes of both PM-30 and PM-75 were not observed

n the presence of serum. It has been indicated that induction of
he ABC phenomenon is related to the secretion of anti-PEG IgM
rom splenic B cells (Ishida et al., 2006; Koide et al., 2010). There-
ore, we firstly demonstrated whether the PM-30 or PM-75 induced
nti-PEG IgM production in mice. Mice were administrated with
BS (control), PM-30, or PM-75 at a concentration of 2.9 mg/kg.
even days after the injection, the amount of anti-PEG IgM was
easured by ELISA. As shown in Fig. 2, anti-PEG IgM was notably

ecreted by the administration of the PM-30 and PM-75. In addi-
ion, the amount of the anti-PEG IgM by the injection of PM-75 was
igher than that of PM-30. The result indicated that these polymeric
icelles having PEG chains triggered the induction of ABC phe-

omenon. In addition, size was revealed to be an important factor
or the ABC phenomenon-triggering action. These results are con-
istent with our previous study that the size of polymeric micelles is
mportant factor for inducing ABC phenomenon (Koide et al., 2008).

Since, both polymeric micelles induced anti-PEG IgM secre-
ion, the ABC phenomenon was expected to be induced in
retreated mice with both micelles. Therefore, we next mea-
ured biodistribution of the second dose (test-dose) by the use
f AlexaFluor594-labeled PM-30 or PM-75 in the mice pretreated
ith PBS (control), the PM-30, or the PM-75 (Fig. 3). In the PM-30
retreated mice, the biodistribution of the AlexaFluor594-labeled
M-30 had no significant difference from the PBS-pretreated mice.
n the other hand, fluorescence intensity in the serum was  slightly
ut significantly decreased compared with the PBS treated mice.
his difference is considered to result from differences in sensitiv-
ty of the liver and serum measurements; The ABC phenomenon
an be more sensitively detected in serum than in liver due to

 considerably high accumulation amount in liver of the control
PBS-pretreated). On the other hand, the PM-75-treated mice sig-
ificantly increased the accumulation of the AlexaFluor594-labeled
M-75 in the liver compared with the PBS-treated mice. In addition,
he mice pretreated with the PM-75 showed a significant decrease
f test-dose AlexaFluor594-labeled PM-75 in the serum compared
ith the PBS pretreated mice. Biodistribution of AlexaFluor594-

abeled PM-30 or PM-75 in other organs such as heart, lung, spleen
nd kidney was not significantly difference between PBS- or poly-
eric micelle-treated mice. Another important finding of this study
as long-circulating properties of both the micelles. Fluorescence

ntensity values of serum shown in Fig. 3(G) indicated 8.5% dose
or PBS-PM-30 and 18.2% for PBS-PM-75 at 24 h after intravenous
njection. Both these dose % values represent characteristics of typ-
cal long-circulating carriers. Therefore, the weak induction of ABC
henomenon by PM-30 is not due to the rapid clearance from the
loodstream.
These results reveal that repeated injections of the polymeric
icelles may  induce the ABC phenomenon as PEGylated lipo-

omes do, and that the ABC phenomenon of the polymeric micelles
s substantially dependent on their size. In fact, we  previously
Pharmaceutics 432 (2012) 75– 79

demonstrated that the mice pretreated with relatively large poly-
meric micelles (50.2 nm)  showed rapid clearance of the test-dose
PEGylated liposomes (100 nm), and induced the ABC phenomenon.
However, the mice pretreated with relatively small polymeric
micelles (31.5 nm)  did not induce the phenomenon (Koide et al.,
2008). Moreover, to consider the present and previous results, it is
suggested that the chemical structure of the hydrophobic inner core
polymer block is not important for the ABC induction, since small
polymeric micelles, which did not induce ABC phenomenon in the
previous study, consisted with the same kinds of the hydrophobic
moieties to the polymeric micelles used in the present study.

Therefore, our results strongly suggest that the induction of and
susceptibility to the ABC phenomenon is determined with the par-
ticle sizes.

4. Conclusions

This study is first report that repeated injections (both pre-
treatment and test doses) of polymeric micelles induce the ABC
phenomenon induction like as PEGylated liposomes. In addition,
this study reveals that triggering of and susceptibility to the ABC
phenomenon should be micelle size-dependent, since the ABC
phenomenon was  more greatly induced for the larger polymeric
micelles. Since PEGylated nanocarriers such as polymeric micelles
and liposomes are now used as carriers for drugs and nucleic acid
medicines, this study should provide important information for the
development of the DDS medicines using PEGylated carriers.
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