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a b s t r a c t

We incorporated an anticancer agent, camptothecin (CPT), into polymeric micelle carriers by using
two different solvents (TFE and chloroform) in the solvent-evaporation drug incorporation process. We
observed significant differences in the drug-incorporation behaviors, in the morphologies of the incorpo-
rated drug and the polymeric micelles, and in the pharmacokinetic behaviors between the two solvents’
cases. In particular, the CPT-incorporated polymeric micelles prepared with TFE as the incorporation
eywords:
olymeric micelle
amptothecin

ncorporation
nner core

solvent exhibited more stable circulation in blood than those prepared with chloroform. This contrast
indicates a novel technological perspective regarding the drug incorporation into polymeric micelle car-
riers. Morphological analyses of the inner core have revealed the presence of the directed alignment of
the CPT molecules and CPT crystals in the micelle inner core. This is the first report of the morpholo-
gies of the drug incorporated into the polymeric micelle inner cores. We believe these analyses are very

rmac
argeting
orphology

important for further pha

. Introduction

Polymeric micelles have attracted much attention as a nano-
ized drug carrier in drug delivery systems (DDS) (Yokoyama,
005; Aliabadi and Lavasanifar, 2006; Yokoyama, 2007). Polymeric
icelles are macromolecular assemblies that, formed from block

opolymers or graft copolymers, have a spherical inner core and an
uter shell (Tuzar and Kratochvil, 1976,). Most typically, polymeric
icelle drug carrier systems form from an AB type of block copoly-
er possessing a hydrophobic block and a hydrophilic block (Bader

t al., 1984; Yokoyama et al., 1989). Hydrophobic drugs are phys-
cally incorporated into the micelles’ hydrophobic inner cores by

eans of hydrophobic interactions (Kwon et al., 1994a; Yokoyama
t al., 1994; Molavi et al., 2008; Shin et al., 2009). Owing to their

dvantages such as very small size in a range of 10–100 nm and high
tructural stability, polymeric micelle carriers have been actively
pplied to drug targeting (Yokoyama et al., 1991; Yokoyama, 2005;
liabadi and Lavasanifar, 2006). In particular, polymeric micelle

∗ Corresponding author. Tel.: +81 3 3433 1111x2336; fax: +81 3 3459 6005.
E-mail address: masajun2093ryo@jikei.ac.jp (M. Yokoyama).

378-5173/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijpharm.2010.11.016
eutical developments of polymeric micelle drug-carrier systems.
© 2010 Elsevier B.V. All rights reserved.

systems have achieved successful tumor targeting (Kwon et al.,
1994b; Yokoyama et al., 1999; Nishiyama et al., 2003; Kawano
et al., 2006) through the enhanced permeability and retention (EPR)
effect (Matsumura and Maeda, 1986; Maeda et al., 1992), which
enables nano-sized carriers to deliver anti-cancer drugs selectively
to solid tumor sites. Presently, five clinical trials are underway for
tumor targeting with polymeric micelle systems (Matsumura et al.,
2004; Hamaguchi et al., 2005; Koizumi et al., 2006; Hamaguchi
et al., 2007; Nakajima et al., 2008a,b).

Among the several types of nano-sized carrier systems including
liposomes, nano-spheres, antibodies, and water-soluble synthetic
polymers, the polymeric micelle has exhibited strong advantages
in applications to hydrophobic low-molecular-weight drugs owing
to the micelle’s large drug-loading capacity and the micelle’s
ability to maintain the water solubility of the given carrier sys-
tem. Previous studies of polymeric micelle drug-carrier systems
have indicated that the stable incorporation of drugs into the

hydrophobic inner cores is essential for successful in vivo tar-
geting (Yokoyama et al., 1999; Yokoyama, 2005). If the stability
is low, the drug is very rapidly released (within a range of only
several minutes) from the carrier, resulting in unsuccessful target-
ing. Kwon et al. reported that extremely low diffusion constant

dx.doi.org/10.1016/j.ijpharm.2010.11.016
http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:masajun2093ryo@jikei.ac.jp
dx.doi.org/10.1016/j.ijpharm.2010.11.016
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alues in a 10−19 to 10−20 cm2/s order were necessary for sta-
le drug incorporation because the size of micelle inner cores is
ery small, being approximately 10 nm in diameter (Forrest et al.,
006a,b). Yokoyama et al. reported that a slight change in the chem-

cal structures of inner-core-forming hydrophobic polymer chains
ad substantial effects on incorporation stability (Yokoyama et al.,
004; Watanabe et al., 2006; Yamamoto et al., 2007). However,

ittle is known about key factors for stable incorporation. Further-
ore, physico-chemical characterizations of the incorporated drug
olecules have never been conducted even though these charac-

erizations would no double be useful both for the elucidation and
he achievement of incorporation stability. These characterizations

ay concern, for example, types of drug distribution (uniformly
istributed or localized at specific sites such as a boundary with
n outer shell), aggregation status (the dispersed individual drug
olecules or the aggregation of drug molecules into a cluster),

nd drug molecules’ polarity (randomly directed drug molecules
r molecules aligned to a specific direction owing to intermolec-
lar interactions). Researchers have reported that two successful
olymeric micelle systems physically incorporated drug molecules
ossessing planar chemical structures, doxorubicin (Yokoyama
t al., 1991, 1999) and camptothecin (CPT) (Watanabe et al., 2006;
amamoto et al., 2007). Doxorubicin possesses a planar anthracy-
line ring, and CPT molecules have a planar five-membered-ring
tructure. Planar molecules can exhibit strong polarity if they are
ligned in one direction through their intermolecular associations.
herefore, the polarity of incorporated drug molecules is a candi-
ate for determining factors that underlie stable incorporation.

In this paper, we carry out the first physico-chemical examina-
ion of the incorporated drug molecules inside micelle inner cores
y means of fluorescence spectroscopy and AFM. Furthermore, we
valuate effects that solvents used in drug-incorporation proce-
ures can have on both the morphologies of inner cores and the
orphologies of micelle structures. Then, we compare two poly-
eric micelle formulations that are different from each other only

n the solvent used in the drug incorporation process, while the
ther factors, drug molecules and block copolymer structures, are
he same between the two formulations. We observed a substan-
ial difference in pharmacokinetic behaviors. This indicates that
olvents can be an important factor in successful drug incorpora-
ion through the control of morphologies, whether in relation to
ncorporated drugs or polymeric micelles.

. Materials and methods

.1. Materials

(s)-(+)-Camptothecin and 1,1,1-trifluoro-2-propanol were pur-
hased from Sigma-Aldrich (Tokyo branch, Japan) and were
sed as received. Reagent-grade solvents, chloroform, 2,2,2-
rifluoroethanol (TFE), tetrahydrofuran (THF), dimethylsulfoxide
DMSO), N,N-dimethylformamide (DMF), N,N-dimethylacetamide
DMAc), 1,4-dioxane, 1,1,1,3,3,3-hexafluoro isopropanol were pur-
hased from Wako Chemicals (Tokyo, Japan) and were used
s received. Poly(ethylene glycol)-b-poly(aspartic acid-co-benzyl
spartate) (PEG-P(Asp(Bzl 74))) was synthesized as previously
eported (Opanasopit et al., 2004; Yokoyama et al., 2004;
amamoto et al., 2007), and its chemical structure is shown in
ig. 1. The average molecular weight of PEG was 5200 (n = 118
n Fig. 1), and the average number of Asp units (m) was 27. The

urrent study converted 74% of the aspartic-acid units into benzyl-
spartate units through an esterification reaction of poly(ethylene
lycol)-b-poly(aspartic acid). Our group has investigated variations
f this type of block polymer by, for example, changing the percent-
ge of benzyl aspartate units or using hydrophobic ester groups
Fig. 1. Chemical structure of a block copolymer for micelle carriers.

other than benzyl ester, and so far PEG-P(Asp(Bzl 74) has worked
well for our efforts to incorporate camptothecin into polymeric
micelles (Yokoyama et al., 2004; Yamamoto et al., 2007) and to
incorporate retinoids into polymeric micelles (Chansri et al., 2008;
Okuda et al., 2008, 2009). The aspartate amide bond can be either �
or �, and our group previously had reported that PEG-P(Asp(Bzl))
with all � aspartate amide bonds did not result in the formation of
stable CPT-incorporated micelles. Therefore, in the current study,
we used a polymer that has the aspartate amide bond with an �/�
ratio of 1/3.

In some measurements, block copolymers possessing the same
chain lengths and similar benzyl-esterification degrees (70% and
82%) were used.

2.2. Preparation of camptothecin-incorporated polymeric
micelles

Camptothecin (CPT)-incorporated polymeric micelles were pre-
pared through a solvent evaporation method (Yokoyama et al.,
2004; Watanabe et al., 2006). In this method, 5 mg of PEG-P(Asp(Bzl
74)) and an appropriate amount of 1 mg/mL CPT solution (in TFE or
chloroform) were mixed in a 9 mL glass vial, followed by evapo-
ration of the solvent under a dry nitrogen-gas flow with stirring at
40–50 ◦C. After complete evaporation, a dried film was obtained. To
this film was added 4 mL of water, and the mixture was sonicated
with a probe type ultrasonication instrument (VCX-750 equipped
with a 5 mm tapered micro tip, Sonics & Materials, Newtown, CT,
USA). For removal of possible precipitates and large particles, the
obtained solution was centrifuged at 10,000 rpm (12,000 × g) for
10 min by the use of a centrifuge Himac CR21G equipped with an
R20A2 rotor (Hitachi Koki Co., Ltd., Tokyo, Japan) at 20 ◦C, and then
was filtered through a 0.45 �m Millex-HV PVDF filter (Millipore
Corp., Billerica, MA, USA), resulting in an aqueous solution of CPT-
incorporated polymeric micelles. Polymeric micelles prepared by
the use of TFE are denoted as “micelle A”, and those prepared by the
use of chloroform as “micelle B”. A blank experiment was conducted
in the absence of the block copolymer for estimating the amount
of free CPT that would not be incorporated into polymeric micelles
but that would be included in the solution. As the blank controls in
which no polymer was used, CPT in a 1 mg/mL solution was added
to an empty vial so that the total mass of CPT would be 0.5, 1.0,
2.0, or 5.0 mg, corresponding to 10, 20, 40, or 100 wt.% CPT with
respect to polymers if they were present. The solvent was removed
by evaporation, followed by an addition of water, sonication, cen-
trifugation, and filtration according to the same approach as that
adopted in the preparation of the CPT micelle solution. The con-
centration of CPT was measured with a UV–vis spectrometer. The
procedure for UV–vis measurements is described in the UV–-vis
spectroscopy Section 2.3.2.
2.3. Measurements

2.3.1. Dynamic light scattering (DLS)
Particle sizes of micelles were measured with a dynamic light

scattering (DLS) instrument DLS-7000 (Otsuka Electronics, Tokyo,
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apan). The DLS samples were prepared by dilution of the micelle
olutions with filtered Millipore water, while the polymer concen-
ration was kept above the critical micelle concentration (CMC)
eported in our previous paper (Yamamoto et al., 2007). The mea-
urements were made at 25 ◦C, and scattering was observed at a
0◦ angle with respect to the incident beam. The Cumulant average
article size and particle size distribution from a non-negative least
quare method were determined by the use of software provided
ith the instrument. The DLS sample concentration was adjusted

o that the scattering intensity would be within the measurable
ange, while the polymer concentration would be above its CMC.

.3.2. UV–vis spectroscopy
The CPT concentrations of the micelle solutions were deter-

ined with a UV–vis spectrometer (Jasco V-550, JASCO Corp.,
okyo, Japan). The path length of the quartz cell was 1 cm. The
can range was 250–600 nm; the band width was set at 0.5 nm.
PT concentrations were calculated from an equation obtained

rom a calibration plot. Typically, a 150 �L sample aqueous solu-
ion, 150 �L water, and 2.7 mL DMSO were mixed to provide a 9:1
vol./vol.) mixture of DMSO and water, and the peak top absorbance
t 365 nm (A365) and the absorbance at 600 nm (A600) were
ecorded. The subtracted values (A365–A600) were used for the
CPT] determination. The CPT recovery in the drug-incorporation
rocedure was calculated through division of the micelle solution’s
CPT amount” by the feed-added “CPT amount”. When water was
sed in relation to the DMSO-water mixture as the solvent for
V–vis measurements, the dilution was 1/10 instead of 1/20.

We investigated the solubility of CPT in several organic solvents
uch as THF, DMF, and 1,4-dioxane, as well as in fluorinated solvents
uch as TFE and 1,1,1,3,3,3-hexafluoro isopropanol. CPT was dis-
olved in each solvent (up to 5 mg/mL), and absorbance at 600 nm
as measured with a UV–vis spectrometer. We estimated the sol-
bility of CPT in each solvent by measuring turbidity at 600 nm,
ecause the CPT molecule has no absorption at 600 nm, and thus
he absorbance recorded at this wavelength is caused by the light
cattering of aggregated CPT.

.3.3. Fluorescence spectroscopy
We measured polarization degrees of CPT molecules in the poly-

eric micelles by using a fluorescence-spectroscopy instrument
Jasco FP-6500, JASCO Corp., Tokyo, Japan) equipped with a polar-
zation unit (JASCO Corp., Tokyo, Japan). Fluorescent spectra were
ecorded with excitation and emission at 351.5 nm and 433.0 nm,
espectively. Band widths of excitation and emission were set at
0 nm and 3 nm, respectively. A fluorescence anisotropy (r) value
as obtained by the formula r = (Ivv − G × Ivh)/(Ivv + G × Ivh), where
is equivalent to Ihv/Ihh, where Ivv is equivalent to fluorescence

ntensity at vertical (excitation, Ex) and vertical (emission, Em)
ositions, where Ivh is equivalent to fluorescence intensity at ver-
ical (Ex) and horizontal (Em) positions, where Ihv is equivalent to
uorescence intensity at horizontal (Ex) and vertical (Em) positions,
nd where Ihh is equivalent to fluorescence intensity at horizontal
Ex) and horizontal (Em) positions.

.3.4. Polarized fluorescence microscopy
Polarized fluorescence microscopy, featuring a hand-made

icroscope, was carried out for a dried polymeric micelle sample
n a quartz plate. An Ar-ion laser (351.1 nm; Innova 300, Coherent

nc., California, U.S.A.) with a polarization controller (SIGMA KOKI,
okyo, Japan) was used for excitation, and a perpendicularly polar-
zed component of the fluorescence signal was selectively observed

ith a supersensitive CCD camera (C4742-95ER, Hamamatsu Pho-
onics, Shizuoka, Japan).
harmaceutics 404 (2011) 271–280 273

2.3.5. Atomic force microscopy (AFM)
For imaging by atomic force microscopy (AFM), micellar solu-

tions were deposited on freshly cleaved mica, rinsed with water
after a few minutes, and air (or nitrogen) dried; in this way, films
were obtained. Height-contrast and phase-contrast images were
obtained in air with an atomic force microscope MFP-3D (Asylum
Research, Santa Barbara, CA, USA) in AC mode.

2.3.6. Determination of CPT concentrations in plasma
A CPT micelle solution in 0.9 wt.% NaCl was administered via

the tail vein to male ddY mice (5 weeks old) at 2.5 mg CPT/kg. At
4 h after injection, blood was collected with a heparinized syringe,
and the collected blood sample was centrifuged so that plasma
could be obtained. The plasma was acidified with a 0.15 M phos-
phoric acid aqueous solution, and CPT was extracted with 4/1
(vol./vol.) chloroform/methanol. The extracted CPT was analyzed
by the use of an HPLC system (LC-10AT, Shimadzu Corp., Kyoto,
Japan) equipped with a Tosoh TSK-gel ODS-80Ts column (Tosoh,
Corp., Tokyo, Japan), and a fluorescence detector set at �ex = 369 nm
and �em = 426 nm. The mobile phase was a 23/77 vol./vol. mixture
of acetonitrile/triethylamine acetate buffer (1.0% vol./vol., pH 5.5),
and the flow rate of 1.0 mL/min was used.

2.3.7. Calculation of cohesion parameters
The partial cohesion parameters (�D, �P, and �H) for CPT and

polymers were calculated from the molar volumes and the Hansen
parameters listed in a reference (Hansen, C.M., 2007), and the
total (Hildebrand) cohesion (solubility) parameter �t was obtained
with the equation �t = (�D2 + �P2 + �H2)1/2. The parameters for the
hydrophobic block, P(Asp(Bzl 74)), were calculated as molar-ratio-
averages of the two repeating units Asp (26%) and Asp(Bzl) (74%).

3. Results

3.1. Preparation of CPT-incorporated polymeric micelles

We used block copolymer PEG-P(Asp(Bzl 74)) for the incorpora-
tion of camptothecin (CPT) into the polymeric micelle. Our method
for the drug incorporation into the micelles proceeded in two steps:
solvent evaporation and sonication. We will denote micelles pre-
pared by evaporation of TFE as “micelle A”, and those prepared
by evaporation of chloroform as “micelle B”. Among them, sam-
ples containing different amounts of CPT were prepared, and they
will be represented by how much wt.% CPT/polymer was used in
the feed, i.e., 10% CPT, 20% CPT, and so on. Except for the solvent
used in the film preparation, all other process factors were iden-
tical between micelles A and B. We varied the CPT/polymer ratio
between 5 and 100% by weight, by adding an appropriate volume
of 1 mg/mL CPT solution. Therefore, the total volume of the solvent
was different for each sample, depending on the amount of CPT
required.

3.2. Solubility of CPT in various solvents

We evaluated solubility of CPT in several organic solvents. We
present the results with TFE, chloroform, and DMSO in Fig. 2 and
omit other solvents for presentation clarity. In chloroform, the mea-
sured absorbance was similar to that in THF or DMSO up to 1 mg/mL,
but it took a sudden jump at this concentration and went out of scale
for [CPT] > 1 mg/mL. The solubility of CPT in THF and 1,4-dioxane
was also poor as these solvents also gave high absorbance at 600 nm

for even [CPT] < 1 mg/mL, and CPT was practically insoluble at the
higher concentrations. On the other hand, CPT was well dissolved
in TFE, DMSO, DMF, and DMAc. CPT was moderately soluble in
1,1,1-trifluoro-2-propanol and 1,1,1,3,3,3-hexafluoro isopropanol
but not as soluble as TFE. From these results we concluded that
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Fig. 3. CPT incorporation behaviors of polymeric micelles. (a) Cumulant average
diameter of CPT micelles prepared with TFE(©, micelle A) or chloroform (�, micelle
B). Data are shown in the average ± standard deviation of three measurements of
the Cumulant average. (b) The CPT concentration recovered in an aqueous CPT
micelle solution. Preparations of the micelles rested on TFE (©, micelle A) or chlo-
roform (�, micelle B). Data are shown in the average ± standard deviation of three
measurements.
ig. 2. Turbidity of CPT solutions in DMSO (©), TFE (×), and chloroform (�) as
easured with a UV-VIS spectrometer.

he CPT solution used to prepare micelles should be in TFE or chlo-
oform, and that [CPT] ≤1 mg/mL. One might consider the use of
MSO; however in our evaporation method, the solvent needs to
e removed from the system. Therefore, solvents with a high boiling
oint are not preferred (b.p. DMSO = 189 ◦C, chloroform = 61 ◦C).

.3. Characterization of CPT-incorporated micelles

.3.1. Particle size determination by dynamic light scattering
DLS)

Fig. 3(a) shows the average Cumulant diameter of CPT micelles
or various CPT amounts in the feed (5–100 wt.% with respect to
olymers) as measured by DLS. The Cumulant average particle size
anged from ∼80 to ∼160 nm both for micelle A (prepared from TFE)
nd micelle B (prepared from CHCl3). The particle size of micelle B
ppeared to reach a limiting value of ∼160 nm for a CPT/polymer
eight ratio greater than 20%, whereas that of micelle A reached

he first plateau between 20 and 40 wt.% CPT at ∼110 nm, and then
ontinued to increase to ∼160 nm, reaching the second plateau
etween 40 and 60 wt.% CPT. Overall, the general tendency was
hat the particle size increased with the amount of CPT employed.

Fig. 4 shows the weight-weighted particle-size distribution of
icelles prepared from 10 wt.% CPT/polymer as representative

ata. In Fig. 4(a), micelle A was observed to possess two peaks at
2 nm and 130 nm. Similarly, Fig. 4(b) corresponding to micelle B
hows 2 peaks: one at 48 nm and the other at 168 nm, indicating
hat the aqueous micellar solutions contained two populations of
articles. We assumed that the latter was a secondary association
f micelles. In both of the micelle samples, the group of smaller par-
icles constituted the majority (89% and 86% in weight for micelle
and micelle B, respectively) in the two populations.

.3.2. CPT recovery in preparation of CPT-incorporated micelles
Fig. 3(b) shows CPT concentrations recovered in 4 mL of poly-

eric micelle aqueous solutions after the product was purified
hrough centrifugation and filtration, plotted against the weight

of CPT/polymer in the feed. The same behaviors were observed
etween the average diameters shown in Fig. 3(a) and the CPT con-

entrations shown in Fig. 3(b) for both micelle A and micelle B.
he CPT concentration in micelle B reached a plateau of ∼20 wt.%
PT/polymer in the feed, where the maximum [CPT] value was
80 �g/mL. This behavior was identical to the behavior of the
umulant diameter shown in Fig. 3(a). Micelle A reached two

Fig. 4. Weight-weighted diameter distributions measured by dynamic light scat-
tering for (a) micelle A (prepared from a solution in TFE) and (b) micelle B (prepared
from a solution in chloroform). The CPT/polymer wt. ratio in the feed was 10% for
the two cases. Values (%) shown in figures are weight proportions of the two peaks.
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Table 1
CPT concentrations recovered after each step.

Solvent CPT amounts in the feeda [CPT] �g/mL after each step

Sonication→ Centrifugation→ Filtration

TFE 0.5 mg 10 wt.% 120 ± 13 110 38 ± 5 31 5± 5 27
2.0 mg 40 wt.% 470 ± 13 490 71 ±45 95 17 ±10 86
5.0 mg 100 wt.% I 1030 ±110 1100 66 ±10 170 27 ±12 160

CHCl3 0.5 mg 10 wt.% 89±23 140 8± 3 27 3± 0 27
2.0 mg 40 wt.% 400 ± 44 560 18 ± 4 26 3± 1 25

V age ±
ymer

p
s
t
F
o
b
e
t
t
h
p
w
e
d
o

a
s
t

F
h

5.0 mg 100 wt.% 730 ± 24

alues at the left hand side are obtained without polymer and shown with the aver
a CPT amounts are shown by weight for “without polymer” cases, and by CPT/pol

lateaus: the first one around 50 �g/mL at 20 wt.% CPT, and the
econd plateau around 190 �g/mL at 80 wt.% CPT. This was also
he same behavior of the recovered CPT concentration shown in
ig. 3(a). In terms of efficiency (amount of CPT recovered/amount
f CPT used), for micelle A, CPT was most efficiently recovered
etween levels of 5 and 10 wt.% CPT/polymer (∼30% recovery), and
fficiency of CPT recovery dropped to ∼15% around 40 wt.% CPT, and
hen slightly improved in the 60–80 wt.% CPT range, and finally set-
led ∼15% at 100 wt.% CPT/polymer. For micelle B, CPT recovery was
ighest at 10 wt.% CPT where ∼45% of CPT used was recovered in the
roduct, and then the efficiency of CPT recovery decreased steadily
ith the amount of CPT used. The lowest value in the range we

xamined in this study was only ∼5% at 100 wt.% CPT. We treat the
rop in the CPT recovery efficiency as a result of the precipitation
f unincorporated CPT, as described below.
A series of experiments were conducted for estimation of the
mount of unincorporated CPT. Concentrations of CPT in aqueous
olutions were measured with a UV spectrometer after each step of
he preparation procedure, namely, (1) the sonication step, (2) the

ig. 5. AFM images of micelle A (prepared from a solution in TFE). The CPT/polymer wt.
eight, while (b) and (d) concern phases.
1200 29 ±22 24 2± 1 23

S.D. (n = 3).Values at the right hand side are obtained with polymer (n = 1).
weight ratio in the feed for “with polymer” cases.

centrifugation step, and (3) the filtration step. In these experiments,
the procedure used for the CPT micelle preparation was carried
out with and without the polymer. Table 1 summarizes results.
The amount of CPT 0.5, 1.0, 2.0, or 5.0 mg in “without polymer”
cases corresponded to 10, 20, 40, or 100% CPT/polymer ratios in
“with polymer” cases. After the sonication step, considerably high
amounts of CPT (ca. 60–100%) were recovered in both “with poly-
mer” and “without polymer” cases, as revealed by the large values
in Table 1’s sonication columns. For “without polymer” cases, most
of the recovered CPT seemed to be present as dispersion of small
insoluble aggregates because the obtained solutions were turbid.
Therefore, after the centrifugation step, the recovered CPT concen-
trations substantially dropped to 8–29 �g/mL for CHCl3 solvent
cases and 38–71 �g/mL for TFE solvent cases owing to precipita-
tion of the insoluble aggregates. In contrast, for “with polymer”

cases, the recovered CPT amounts exhibited little change through
the filtration step, while a considerable drop was observed in the
“without polymer” cases after the filtration step possibly because
of adsorption of the insoluble aggregates on a filter membrane

% in the feed was either 10% (a and b) or 100% (c and d). Images (a) and (c) are of
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ig. 6. AFM images of micelle B (prepared from a solution in chloroform). The CPT/
f height, while (b) and (d) concern phases.

hrough hydrophobic interactions. These results indicate that most
f the recovered CPT in the micelle solutions was incorporated into
he polymeric micelles, and that low efficiency of the CPT incor-
oration at high CPT-polymer ratios resulted from the presence of

arge amounts of unincorporated CPT.

.3.3. Morphological observation of CPT-incorporated polymeric
icelles by AFM

AFM images of micelles are shown in Figs. 5 and 6. We obtained
mages by using dried films: aqueous micelle solutions were
eposited on mica, and then the mica surfaces were rinsed with Mil-

ipore water for removal of excess sample, and finally dry nitrogen
as served to dry the surfaces. These dried films may not repre-
ent the real status of micelles in solution, but still provide useful
opographical information on the samples.

A 5 �m × 5 �m scan of a film prepared from micelle A (10 wt.%
PT/polymer) shows patches of high contrast areas (Fig. 5, both
eight (a) and phase (b) images). The patches varied in size, but
ost of them occupied several hundred nm by several hundred

m to a few microns of area. The patches were relatively flat areas
urrounded by small round-shaped islands less than 30 nm in diam-
ter. Some islands were found also within patches; these spots were
5–20 nm tall with respect to the surrounding flat area, whereas

he flat area was <5 nm high with respect to the lowest part of the
ample. In these images, we could not assign polymer locations or
PT locations.

Interesting images were observed in a film of micelle A pre-

ared from a 100 wt.% CPT/polymer ratio (Fig. 5(c) and (d)). In
he height image (Fig. 5(c)), round objects of various sizes rang-
ng from ∼10 nm to several hundred nm in diameter were present,
long with larger elliptical objects. The cross-section of this image
howed that the height difference between the dark area and the
er wt.% in the feed was either 10% (a and b) or 40% (c and d). Images (a) and (c) are

top of the largest island (pointed at with arrow A) was approxi-
mately 30 nm. In some other areas, smaller objects with brighter
contrast were observed (pointed at with arrow B), indicating the
existence of a different species from that of the round area. In the
corresponding phase image (Fig. 5(d)), round objects in bright con-
trast were found at the same positions and in the same sizes as those
in the height image, and in addition to these islands were observed
rectangular objects of dark contrast on top of those islands. Judg-
ing from this image’s phase intensity (gray scale bar on the side),
the hardness of the rectangular areas was similar to that of the
background (most likely bare mica, possible with some polymer
coating), while the bright area was softer than the dark areas. We
believe that the bright areas represent the polymer, and the dark
rectangular areas represent the crystals of CPT. These crystal-like
rods were ∼0.1 �m × 1 �m or smaller, and were positioned on top
of the polymer islands.

Fig. 6 shows AFM images of micelle B prepared from either
10 wt.% (a,b) CPT/polymer or 40 wt.% (c,d) CPT/polymer in the feed.
Fig. 6(a) represents a height image obtained from micelle B pre-
pared at a 10 wt.% CPT/polymer ratio. In this 5 �m × 5 �m image,
the sample appears to have two distinct areas: string-like struc-
tures that are <5 nm tall with respect to the lowest point of the
substrate, and areas of much higher contrast, ∼50 nm tall with
respect to the surrounding area. In the phase image, the latter
structure seems to be a collection of smaller lumps whose contrast
differs from the string-like structures. When the height contrast
was optimized for these tall lumps (image not shown here), the

rectangular rods were the same shape as that of the crystal-like
structure in Fig. 5(d). Although these AFM measurements with the
dried films may cause artifacts in the film preparation process, these
results suggest two matters. One, CPT molecules formed crystals in
a high CPR/polymer feed ratio. Second, empty (incorporating no
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Fig. 7. Normalized UV spectra of CPT-incorporated micelles in aqueous solutions:
(a) micelle A (prepared from a solution in TFE), and (b) micelle B (prepared from a
solution in chloroform). The percentages shown in figures indicate the CPT/polymer
wt.% in the feed.
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PT molecules) polymeric micelles may be present more probably
n a high CPR/polymer feed ratio.

Fig. 6(c) and (d) were obtained from micelle B prepared in
PT/polymer 40 wt.%. These images were similar to Fig. 5(a) and
b) obtained from micelle A prepared from 10 wt.% CPT/polymer
n TFE. The patches that were <5 nm in height with respect to the
owest part of the substrate were ubiquitous and were similar to
hose of micelle A; however, in addition to these patches, rod-like
tructures of ∼10–40 nm thickness compared to the surroundings
ere found. These rod-like objects were the same as those seen

n Fig. 6(a) and (b). These results suggest that aggregation of CPT
olecules occurred in micelle B in a more drastic manner than
icelle A, and that the empty micelles were present in micelle B in
higher proportion than micelle A.

.3.4. CPT in micelle solutions monitored by UV–vis spectroscopy
As described earlier, the amount of CPT contained in a micelle

olution was determined in a mixture of DMSO and water (9:1,
ol./vol.) by UV–vis spectroscopy. This mixed solvent dissolves both
PT and the hydrophobic block of the copolymer. Therefore, CPT
olecules that were released from the polymeric micelles were
easured in this mixed solvent. For such a measurement only the

eak intensity was necessary, but we now turn to the spectrum
tself measured in water to examine the environment that sur-
ounds CPT. Fig. 7 shows UV spectra of aqueous CPT-incorporated
icelle solutions prepared at various CPT/polymer ratios by the use

f (a) TFE and (b) chloroform as a solvent in the micelle prepara-
ion. CPT micelle solutions were diluted to a 1/10 concentration
n water, corresponding to a CPT concentration of ∼2–20 �g/mL
nd corresponding to a polymer concentration of ∼0.1 mg/mL that
as much higher than polymer’s critical micelle concentration

Yamamoto et al., 2007). The spectra were normalized at a peak
ntensity of 351.5 nm. There were two main peaks in the spec-
ra, as shown in Fig. 7: 351.5 nm and 367.5 nm. The shoulder peak
round 395 nm, which was prominent in 60–100 wt.% CPT/polymer
n micelle A, suggests intermolecular association of CPT molecules.
he same shoulder was also observed in micelle B for a CPT/polymer
t.% range of 20–100%, but to a lesser degree than micelle A. The
ypochromic effect was also observed at 367.5 nm, where the peak

ntensity decreased for some of the samples, compared with that
f 5% CPT/polymer samples. This also indicates the intermolecular
ssociation of CPTs’ aromatic chromophores.

.3.5. Polarization degree of CPT molecules in the polymeric
icelles

We evaluated the polarization degree of CPT molecules in the
olymeric micelles by measuring the fluorescence anisotropy value
r). Fig. 8 shows the fluorescence anisotropy of CPT molecules in
arious CPT concentrations. The polarization degree reflects envi-
onments of incorporated CPT molecules. For polymeric micelle
amples PEG-P(Asp(Bzl 70)) and PEG-P(Asp(Bzl 82)), the con-
entration of polymer was constant at 1.67 mg/mL, while CPT
oncentrations were varied through adjustments of CPT quan-
ity used in the incorporation procedure into the micelles. Two
nfluencing factors are present for the polarization degree; mobil-
ty/rigidity of environments where fluorescence molecules are
resent, and fluorescence extinction by the other fluorescence
olecules. A greater polarization degree is observed for the fluo-

escence molecules in the more rigid (=less mobile) environments,
hile the polarization degree can change (raised or lowered)

hrough the extinction by the other fluorescence molecules.

sually, the mobility/rigidity is the determining factor for the polar-

zation degree of molecules incorporated in polymeric micelle inner
ores, since it is obvious that the CPT molecules incorporated into
he micelle inner core exist in a more rigid environment than
he one where free CPT molecules dissolved in DMSO. (DMSO

Fig. 8. Polarization degree of CPT fluorescence. CPT in polymeric micelles forming
from PEG-P(Asp(Bzl 70): �, in polymeric micelles forming from PEG-P(Asp(Bzl 82):
�, and CPT just dissolved in DMSO: �.
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s a good solvent as proven in Fig. 2.) Unexpectedly, for these
wo polymeric micelle samples, the CPT polarization degrees were
lmost the same as or lower than the polarization degrees of free
unincorporated) CPT molecules dissolved in DMSO at high CPT
oncentrations of 1.7 × 10−1 and 1.7 × 10−2 mg/mL. This indicates
hat the fluorescence extinction was the determining factor in this
PT concentration range in a different manner from the usual poly-
eric micelle cases where the mobility/rigidity is the determining

actor. In fact, the polarization degrees of the polymeric micelle
amples were observed to become greater as the CPT concen-
ration was lowered, while the polarization degrees were almost
onstant for the free CPT solution in DMSO in the whole measure-
ent range. This tells two matters. One, the rigid micelle inner core

nvironment was confirmed, as already reported with a dipyrene
uorescence probe (Yamamoto et al., 2007). Second, the polariza-
ion of CPT molecules can be detected, but only in much lower
PT concentration ranges than those used in actual formulations

or in vitro and in vivo evaluations where a high CPT content (ca.
–40 CPT wt. %) is preferably applied. Irrespective of this gap in
he CPT concentration range, these results are the first information
oncerning drug molecule’s incorporation status in the polymeric
icelle inner core. By referring to this fact, we carried out the fol-

owing polarized fluorescence microscopy measurements in this
ow CPT concentration range as described in the next section.

.3.6. Polarized fluorescence microscopy
In order to detect the polarized fluorescence of CPT molecules,

e carried out polarized fluorescence microscopy measurements
n a quartz plate with a dried micelle sample having a low
PT/polymer ratio (0.001%, which corresponds to the micelle pre-
ared at 1.7 × 10−5 mg/kg [CPT] in Fig. 8). At the emission side,
he perpendicularly polarized component of the fluorescence signal
as selectively observed with a supersensitive CCD camera, while

t the excitation side an Ar-ion laser was applied with a polariza-
ion controller. As shown in Fig. 9, two bright spots were observed
n this area, and fluorescence intensities of these two spots were
ound to change in accordance with the polarization controller
ngle. For spots A and B, both the brightest and darkest signals
ppeared with exactly 180◦ intervals. Therefore, it was revealed
hat this measurement detected the polarized fluorescence of the
PT molecules. This is the first direct visualization of the polarity of
he drug molecules incorporated in polymeric micelles. Bright spots
ere not observed at higher CPT/polymer ratios (0.1%, 1%, and 10%,
ata not shown) owing to the florescence extinction observed in
he polarized fluorescence spectra shown in Fig. 8. Therefore, this

ethod could not reveal morphologies of the CPT molecules at the
igh CPT/polymer ratios that were used for in vitro and in vivo
valuations. The fluorescence extinction behaviors are dependent

n excitation/emission characteristics of molecules; therefore, this
ethod may be applied to drug molecules exhibiting prominent

xtinction behaviors. This polarized fluorescence technique can be
powerful and direct method to analyze morphologies of drug
olecules in the micelle inner core.

able 2
PT concentrations in blood 4 h after intravenous injection of polymeric micelles.

polymer CPT/polymer  
wt. ratio in feed

solvent used  
for incorporation

CPT in blood 
(% dose)

PEG-P(Asp(Bzl 74)) 
PEG-P(Asp(Bzl 74)) 
PEG-P(Asp(Bzl 75)) 
PEG-P(Asp(Bzl 57)) 
PEG-P(Asp(Bzl 57)) 

10% 
5% 

40% 
40% 
10% 

TFE 
TFE 

Chloroform 
Chloroform 
Chloroform 

r

Wa
Fig. 9. Polarization fluorescence microscopic image (a) and its intensity change
relative to the rotation of polarized emission light (b).

3.4. Determination of CPT concentrations in plasma

In Table 2, we summarize results of CPT concentrations in
plasma at 4 h after intravenous injection of the CPT-incorporated
polymeric micelles. We previously examined time course pro-
files in blood of [CPT] in polymeric micelles, and reported that
CPT micelles prepared from PEG-P(Asp(Bzl 75)) exhibited the best
in vivo stability value (9.3% dose) among similar polymers of vari-
ous percentages of benzyl groups attached at the hydroxyl groups
of P(Asp) (Watanabe et al., 2006). In this Table, we compare the val-
ues obtained from this previous report with our new results. In the

previous method, CPT was incorporated by the use of chloroform
as the evaporation solvent. We also observed that the CPT/polymer
ratio did not affect so much (7.6 and 5.3% doses) the CPT con-
centrations in blood when we were using PEG-P(Asp(Bzl 57)), and

eference

tanabe et al., 2006
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Table 3
Cohesion parameters of CPT, solvents, and an inner-core-forming polymer block.

�D �P �H �t

CPT 25.8 6.8 8.9 28.1
TFE 15.4 8.3 16.4 24.0
chloroform 17.8 3.1 5.7 18.9
DMSO 18.4 16.4 10.2 26.7
P(Asp) block 23.2 22.2 13.4 34.8
P(Asp (Bzl 74)) block 24.9 10.4 8.1 28.2

�D: dispersion solubility parameter.�P: Polar solubility parameter.�H: hydro-
gen bonding solubility parameter.�t: total (hildebrand) solubility parameter; �t =
(
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�D2 + �P2 + �H2)1/2.Parameters are calculated according to methods and values of a
eference (Hansen, 2007 Parameters of TFE, chloroform, and DMSO were taken from
he reference. The units are: (J cm−3)1/2.

hat the CPT concentration did not exceed a 10% dose for the CPT-
ncorporated micelles prepared with chloroform. In contrast, with
he polymeric micelles prepared from TFE, we obtained signifi-
antly higher CPT concentrations around the 28% dose. When we
aried the CPT/polymer levels between 5% and 10%, no change in
he CPT concentrations was observed. All these results indicate that
he choice of organic solvent is an important key to obtaining the
table circulation of incorporated drugs in blood.

. Discussion

In polymeric micelle research for drug delivery systems, most
fforts have been made in carrier polymer design and prefer-
ble choice of the carrier polymer-drug combinations for the
argetable carrier systems. The drug-incorporation process may
e a very important step in preparing various polymeric micelle
rug carrier systems; however, examinations of the topic are
carce. In this paper, we reported that the solvent used for the
rug-incorporation process into polymeric micelles had substantial
ffects on drug-incorporation efficiency, micelle diameter, mor-
hologies of the micelles and of the incorporated drug, and in vivo
harmacokinetic behavior of the incorporated drug. In particu-

ar, considerable prolongation of circulation in the bloodstream,
hich is essential for passive tumor targeting, was successfully

btained by the choice of an appropriate organic solvent used in
he evaporation-“drug incorporation” method. As far as we know,
his is the first indication of the solvent’s importance for the pro-
ongation of circulation in blood of polymeric micelle targeting
ystems.

When we used 2,2,2-trifluoroethanol (TFE) for the incorporation
olvent, we obtained smaller average diameters of the micelles (in
drug/polymer ratio range from 5 wt.% to 40 wt.%) and more stable
irculation in blood than the micelles did when prepared by the use
f chloroform as the incorporation solvent. We think that the higher
PT solubility of TFE at CPT concentrations higher than 1 mg/mL is
he reason for the preferable micelle formulation that exhibited the

ore stable circulation in blood than that of the chloroform case.
ere, we conducted solubility and miscibility estimations by calcu-

ating solubility parameters. Table 3 lists the cohesion parameters
f the materials: CPT, the solvents used in our experiment, and
he hydrophobic block of the polymer. Theoretically, the smaller
he difference between the �t of the drug and the solvent, the

ore soluble the drug is in the solvent (Huynh et al., 2008). If
hat is the case, the solubility of the three solvents’ CPT is, from
reater to smaller, DMSO > TFE > chloroform. This is in agreement
ith the results obtained from the turbidity experiment. Further-
ore, the cohesion parameters of CPT are quite similar to those
f the P(Asp(Bzl 74)) block of the polymer. This block copolymer
EG-P(Asp(Bzl 74) has been chosen from among several composi-
ions and other hydrophobic moiety structures in terms of stable
rug incorporation of CPT (Yokoyama et al., 2004; Yamamoto et al.,
harmaceutics 404 (2011) 271–280 279

2007). Therefore, the calculated value agrees well with this fact.
It is expected that the drug incorporation into the micelle inner
core is of higher efficiency and is more stable when the drug is
more miscible with the inner core-forming hydrophobic polymer
block. However, more examinations with various combinations of
the drug and the inner core-forming block are required for valuable
applications of solubility-parameter calculations to reliable estima-
tions of the optimized combination of a given drug and with a given
carrier polymer.

We consider that the TFE’s higher solubility of CPT efficiently
inhibits large aggregates’ formation of CPT molecules, resulting in
higher CPT-incorporation yields and in the smaller micelle diame-
ters than is the case with chloroform. AFM images in Fig. 6 indicate
the presence of many empty micelles that do not contain CPT. This
can be because large CPT aggregates formed aggressively during
the solvent evaporation of chloroform, resulting in a large amount
of unincorporated CPT aggregates.

As discussed above, this paper presents a novel methodol-
ogy in polymeric micelle carrier systems for better formulations
regarding the choice of an appropriate solvent in the evapora-
tion drug-incorporation process. This is a very simple approach,
but is no less important for being simple because the choice con-
siderably changed pharmacokinetic behavior, as demonstrated in
Table 3.

In addition to the importance of the solvent choice, this paper
provided the first morphological information on incorporated
drugs in polymeric micelles’ inner cores. In general, morphologi-
cal analyses of incorporated drugs are very difficult owing to the
very small size of micelle inner cores (several nm). In this paper,
we have shown the presence of the polarized CPT molecules in
the inner cores by measuring fluorescence polarization spectra and
microscopic images, as well as by measuring the formation of CPT
crystals through AFM observations. We believe these morpholog-
ical factors are very important for optimized drug incorporation
into the polymeric micelle carriers although technical difficulties
prevented us from identifying direct morphological evidence for
stable CPT incorporation in the TFE case.

5. Conclusion

We observed substantial effects that solvents used in drug-
incorporation processes can have on drug-incorporation behaviors,
on the morphologies of both the incorporated drug and the poly-
meric micelles, and on pharmacokinetic behaviors. Simply through
an appropriate choice of solvent, the circulation of an incorporated
drug in blood was greatly improved for tumor targeting. Morpho-
logical analyses of the inner core revealed the directed alignment
of the CPT molecules and CPT crystals in the micelle inner core
at a low and high CPT/polymer ratio, respectively. These analy-
ses are important for further developments of polymeric micelle
drug-carrier systems.
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