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ABSTRACT: Diblock copolymers with different poly(�-
caprolactone) (PCL) block lengths were synthesized by ring-
opening polymerization of �-caprolactone in the presence of
monomethoxy poly(ethylene glycol) (mPEG-OH, MW 2000)
as initiator. The self-aggregation behaviors and microscopic
characteristics of the diblock copolymer self-aggregates, pre-
pared by the diafiltration method, were investigated by
using 1H NMR, dynamic light scattering (DLS), and fluores-
cence spectroscopy. The PEG–PCL block copolymers formed
the self-aggregate in an aqueous environment by intra-
and/or intermolecular association between hydrophobic
PCL chains. The critical aggregation concentrations of the
block copolymer self-aggregate became lower with increas-
ing hydrophobic PCL block length. On the other hand, re-
verse trends of mean hydrodynamic diameters were mea-
sured by DLS owing to the increasing bulkiness of the

hydrophobic chains and hydrophobic interaction between
the PCL microdomains. The partition equilibrium constants
(Kv) of pyrene, measured by fluorescence spectroscopy, re-
vealed that the inner core hydrophobicity of the nanopar-
ticles increased with increasing PCL chain length. The ag-
gregation number of PCL chain per one hydrophobic mi-
crodomain, investigated by the fluorescence quenching
method using cetylpyridinium chloride as a quencher, re-
vealed that 4–20 block copolymer chains were needed to
form a hydrophobic microdomain, depending on PCL block
length. © 2006 Wiley Periodicals, Inc. J Appl Polym Sci 99:
3520–3527, 2006
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INTRODUCTION

Polymeric amphiphiles containing hydrophilic and
hydrophobic components have been extensively stud-
ied in biotechnology and pharmaceutical fields for
their unique properties of micelle or micelle-like self-
aggregate formation in aqueous milieu.1–4 Because of
the limited solubility of hydrophobic block in the
aqueous environment and the hydrophobic interac-
tion between the water-insoluble segments, the poly-
meric amphiphiles spontaneously form micelle or mi-
celle-like self-aggregates via intra- and/or intermolec-
ular segregation, mainly to achieve thermodynamic
stability by minimizing interfacial free energy.3,5

In particular, polymeric micelles have been consid-
ered as one of the promising candidates for drug
delivery systems owing more to the increment of drug
concentration in an aqueous milieu than to the solu-
bility limit of the hydrophobic free drug by partition-
ing the drugs into the hydrophobic core.1,3–7 The hy-
drophilic corona, mostly composed of poly(ethylene
glycol) (PEG), endowed the polymeric micelles with
escape from nonspecific uptake by reticuloendothelial
systems (RES). In the systemic circulation, the RES
plays a crucial role for clearance of colloidal particle
from the blood stream. Therefore, long systemic cir-
culation can be achieved by introducing the PEG com-
ponent into polymeric micelle systems.8,9 Coupled
with the long circulation effect, remarkably low criti-
cal micelle concentration is guaranteed to the poly-
meric micelle excellent stability owing to the rate of
micelle dissociation slower than small molecular sur-
factant micelles during the systemic circulation. Fur-
thermore, the enhanced permeation and retention ef-
fect at a tumor site gave the possibility of passive
targeting of the polymeric micelles into tumor site.10,11
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Therefore, a number of studies have focused on the
applications of polymeric micelles into cancer drug
delivery systems.8,10–14 As micelle forming materials,
amphiphilic block copolymers,4,6–9,11–13 hydrophobi-
cally modified water-soluble polymers,15–17 and hy-
drophobized polysaccharides3,14,18,19 have been exten-
sively investigated.

In this study, we focused on the PEG–poly(�-capro-
lactone) (PCL) diblock copolymer. The hydrophobic
block of PCL is well-known as a biodegradable poly-
ester with excellent biocompatibility and degradabil-
ity. Furthermore, it is recently reported that the PEG–
PCL block copolymer showed excellent potential for
internalization into cellular cytoplasm by endocyto-
sis.20–22 Although a number of studies of PCL-based
amphiphilic block copolymers have well documented
the synthesis and characterization,23–28 biodegrada-
tion,29–31 and application for drug delivery sys-
tems,32–34 the microscopic physicochemical properties
of the diblock copolymers with different hydrophilic/
hydrophobic balances still remain unclear. In this
study, we synthesized PEG–PCL diblock copolymers
that have different PCL lengths with the fixed PEG
chain length (MW 2000 Da), investigating their self-
aggregate formations and physicochemical properties
of the formed self-aggregate.

EXPERIMENTAL

Materials

Methoxy PEG (mPEG) with a molecular weight of
2000, �-caprolactone, stannous 2-ethyl hexanoate (st-
annous octoate, SnOct), pyrene, and cetylpyridinium
chloride (CPC) were purchased from Aldrich Chemi-
cal Co. The mPEG was purified by recrystallization
from the dichloromethane/diethyl ether system, and
�-caprolactone was dried using CaH2 and distilled
under reduced pressure. All other chemicals and sol-
vents were analytical and/or reagent grades and used
without further purification.

Synthesis of PEG–PCL block copolymers

PEG–PCL diblock copolymers (PEGCLs) with differ-
ent PCL block lengths were synthesized by ring-open-
ing polymerization of �-caprolactone in the presence
of methoxy-PEG (mPEG-OH, MW 2000) as an initiator
with a trace amount of stannous octoate (SnOct) as
catalyst. The target molecular weights of PCL blocks
were 1000, 2000, 3000, and 5000. Predetermined
amounts of PEG and toluene/xylene cosolvent (12.5
mL toluene/g PEG, and 5 mL xylene/g PEG) were
introduced into a flask, and moisture was removed by
azeotropic drying with evaporation of a small part of
the toluene at 120°C. After drying and cooling
(�60°C), one drop of SnOct (�100 �L) and a prede-

termined amount of �-caprolactone monomer were
added. Then, the polymerization reaction was per-
formed at 140°C for 24 h with vigorous stirring. After
the reaction, the diblock copolymers were obtained by
precipitating in excess amount of diethyl ether. The
obtained copolymers were dried in vacuo for 48 h.

Characterization of PEG–PCL block copolymers
1H nuclear magnetic resonance (1H NMR) spectra of
the diblock copolymers were recorded by using a
Bruker spectrometer operating at 400 MHz using
CDCl3 as solvent. Chemical shifts (�) were given in
ppm using tetramethylsilane (TMS) as internal refer-
ence. Average molecular weights and their distribu-
tion in the copolymers were measured by gel perme-
ation chromatography (Waters) using THF as an elu-
tion solvent.

Preparation of self-assembled nanoparticles

PEGCL self-aggregates were prepared by dissolving
the copolymers in DMF (10 mg/mL), followed by
dialysis against distilled water using dialysis mem-
branes of 15,000 molecular weight cut-off at 20°C for
24 h. After the nanoparticles were formed, the solu-
tions were filtered through a 0.8-�m pore-sized filter
to remove large aggregates, and the copolymer nano-
particles were obtained by freeze-drying. Among the
PEGCL copolymers, the PEGCL25 (PCL target MW of
5000) had a critical failure of re-suspension into water
or buffer solutions with a significant loss during the
filtration. Therefore, the PEGCL25 was withdrawn
from further characterization.

Measurement of fluorescence spectroscopy (pyrene)

The pyrene solution in acetone (6 � 10�5M, prepared
prior to use) was added to the deionized water to
make a pyrene concentration of 1.2 � 10�6M, and the
acetone was removed at reduced pressure at 40°C for
2 h. This solution was mixed with block copolymer
nanoparticle solutions to make a copolymer concen-
tration from 2 to 1 � 10�5 mg/mL, resulting in a
pyrene concentration of 6 � 10�7M. Pyrene fluores-
cence spectra were obtained by using a spectrofluoro-
photometer (RF-5301PC, Shimadzu). The excitation
and emission wavelengths were 339 and 390 nm, re-
spectively.

The aggregation number of PCL block per one hy-
drophobic domain was determined by the steady-state
fluorescence quenching method, with CPC as a pyrene
fluorescence quencher.35 In microheterogeneous sys-
tems such as aqueous micellar solution of amphiphilic
block copolymers, the decrease in the probe fluores-
cence intensity is dependent upon the concentration of
the quenching molecule in the system ([Q]). The
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steady-state quenching data is widely accepted to fit in
the quenching kinetics as follows35:

ln�I0/I) � [Q]/[M] (1)

where I0 and I are the fluorescence intensity with the
absence and presence of the quencher, [Q] is the con-
centration of the quencher, and [M] is the concentra-
tion of hydrophobic microdomains in the solution.
Therefore, the number of hydrophobic group (PCL
blocks in this system) in a hydrophobic microdomain
(NPCL) can be calculated by eq. (2).

NPCL � [PCLblock]/[M] (2)

Measurement of dynamic light scattering

The particle size and size distribution of PEGCL
diblock copolymer self-aggregates were investigated
on a dynamic light scattering (DLS) instrument. The
DLS measurements were carried out using an ELS-
8000 electrophoretic LS spectrophotometer (Otsuka
Electronics Co., Japan) equipped with a He–Ne laser
operating at 632.8 nm at 25°C and at a fixed scattering
angle of 90°. Before measurement, the nanoparticles
were re-dispersed in deionized water (1 mg/mL), son-
icated for 30 s, and filtered through a 0.8-�m pore-
sized filter. Measurements were carried out at a higher
concentration of the critical aggregation concentration
(cac) measured by fluorescence spectroscopy. The hy-
drodynamic diameters of the block copolymer nano-
particles were calculated by the Stokes-Einstein equa-
tion, and the polydispersity factors represented as
�2/�2 were evaluated with the cumulant method (�2;
second cumulant of the decay function, �2; average
characteristic line width).36,37

The shapes of the nanoparticles were also charac-
terized by DLS (Malvern Instrument LTD., Series
4700) with an argon ion laser system at 488 nm with a
digital autocorrelator. The scattering angle varied
from 30° to 150° at the constant temperature of
25°C.18,19,37 The PEGCL block copolymer concentra-
tions of the samples were fixed at 1 mg/mL in deion-
ized water.

RESULTS AND DISCUSSION

Synthesis and characterization of PEG–PCL
diblock copolymers

The block copolymers of PEG–PCL (PEGCLs) with
different hydrophobic PCL block lengths were synthe-
sized by ring-opening polymerization as shown in
Figure 1. To make sure the ring-opening polymeriza-
tion of �-caprolactone occurred, the synthesized copol-
ymers were investigated by 1H NMR spectroscopy.
Typical 1H NMR spectrum of the PEGCL block copol-

ymer (PEGCL21) is illustrated in Figure 2(B). The
chemical shifts of the PEGCL copolymers are as fol-
lowed. PEGCL21 1H NMR (CDCl3, ppm, TMS): 3.27
ppm (a in Fig. 2, s, CH3OO in PEG end), 3.54 ppm
(b, s, OCH2CH2OO in PEG), 4.11 ppm (c, t, CH2
CH2OOCOO in PEG end), 2.20 ppm (d, t, OCOCH2
(CH2)4 in PCL), 1.54 ppm (e, m, OCOCH2CH2CH2
CH2CH2 in PCL), 1.28 ppm (f, m, OCOCH2CH2
CH2CH2CH2 in PCL), 3.96 ppm (g, t, OCOCH2CH2
CH2CH2CH2 in PCL), and 3.44 ppm (h, t, OCOCH2
CH2CH2CH2CH2OH in PCL end). The number aver-
age molecular weights of PEGCLs and PCL block
lengths were calculated from the integration data of
1H NMR spectra (DPPCL � g/c � 1, MnPCL � DPPCL�
114.14, and Mn � MnPCL � 2000). The results are
summarized in Table I.

The average molecular weights and polydispersity
indexes (PDIs) of the PEGCLs were also measured by
GPC using THF as an elution solvent and monodis-
perse poly(styrene) as standards. The GPC results and
chromatograms clearly show the formation of diblock
copolymer by increasing MW and shifting chromato-
grams to a high MW range with increasing PCL length
(chromatograms not shown). The PEGCLs show nar-
row molecular distributions with PDI values around
1.23–1.46. The GPC results are listed in Table I.

Self aggregation of PEG–PCL diblock copolymers

The amphiphilic PEGCLs with hydrophilic PEG
blocks and hydrophobic PCL blocks can self-associate

Figure 1 Synthetic scheme for mPEG-b-PCL diblock copol-
ymers.
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to form micelle-like self-aggregates in an aqueous en-
vironment. The formation of the hydrophobic PCL
domain of the PEGCLs in an aqueous environment
can easily be verified by 1H NMR spectra with differ-
ent NMR locking solvents of D2O and CDCl3. The
results, demonstrated in Figure 2, show that in CDCl3,
a nonselective solvent for the PEGCL copolymers, the
completed structural resolution of PEG and PCL
blocks were observed. However, in D2O, only the PEG
signals were detected, which mainly originated from
the selective hydration of exterior hydrophilic PEG
corona through hydrogen bond formation with D2O.
The results clearly revealed that the PCL blocks in
PEGCLs were self-aggregated into a hydrophobic do-
main and remained in a solid and/or semisolid state,
which resulted in the disappearance of PCL peaks

with D2O. Similar trends of 1H NMR spectra are con-
sistent with other amphiphilic block copolymer sys-
tems and hydrophobized polysaccharides.3,6,38

The mean diameters of PEGCL copolymer nanopar-
ticles, prepared by the dialysis method and measured by
the DLS technique, were in the range of 50–300 nm
(Table II, Fig. 3). The particle size increased as the PCL
block length increased. The increase of particle size, with
increasing PCL block length, originated mainly from the
increase of hydrophobic property by the longer hydro-
phobic PCL chain in the aqueous milieu. Furthermore,
the fairly low polydispersity factors (�2/�,2 0.19–0.21),
estimated by the cumulant method, suggest that the
nanoparticles showed a narrow size distribution.

The PEGCL block copolymers formed stable and
unimodal nanoparticles in the concentration ranges of

Figure 2 1H NMR spectra of PEGCL21 in (A) D2O and (B) CDCl3 at 25°C and peak assignment of the synthesized copolymer.

TABLE I
Characterizations of PEGCL Block Copolymers

Samples PEG MW PCL MWa PCL MWb PCL wt %b Mnb Mnc PDIc

PEGCL21d 2000 1000 890 30.1 2890 3160 1.23
PEGCL22 2000 2000 1910 48.8 3910 4840 1.37
PEGCL23 2000 3000 2780 58.2 4780 6100 1.42
PEGCL25 2000 5000 3950 66.4 5950 7570 1.46

a Theoretical PCL MW based on feed ratio.
b Calculated from 1H NMR data.
c Number average MW and polydispersity index measured by GPC.
d PEGCL21 is PEG2K-block-PCL1K.
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0.1–5 mg/mL without interparticle aggregations. As
shown in Figure 4, the independence of the particle
size of PEGCL nanoparticles suggested a stable nano-
particle formation with negligible interparticle aggre-
gation. Further increase of the polymer concentration
(�5 mg/mL) resulted in the large particle formation
owing to the interparticle aggregation, with a ten-
dency for increased interparticle aggregation by
higher PCL block length. The PEGCL nanoparticles
(1 mg/mL) also showed superior long term stabilities,
maintaining their size and size distribution in aqueous
environment at 37°C up to 1 week, without any PCL
chain length dependencies.

The shapes of PEGCL nanoparticles, in an aqueous
environment, were investigated in a DLS study by
adopting different scattering angles. In the case of
spherical particles, there is no angular dependence of
the translational diffusion coefficient (D).18,19,37,39 As
shown in Figure 5, the PEGCL nanoparticles showed

linear relationships between the relaxation rates (�)
and the square of the scattering vector (K) according
to:

� � DK2 (3)

K � 4�no sin(�/2)/�0 (4)

where n0 is the solvent refractive index, �0 is the
wavelength of incident light in vacuo, and � is the
scattering angle. The linear relationship due to the
consistent translational diffusion coefficient with var-
ious detection angles, caused by undetectable rota-

TABLE II
Characterization of PEGCL Self-Aggregates by DLS and

Fluorescence Probe Method

Samples xPCL
a

CAC
(mg/L)

Kv
(10�5)b NPCL

d
(nm)d �/�2e

PEGCL21 0.301 5.95 3.89 19.12 49.7 0.21
PEGCL22 0.488 2.06 5.35 7.05 192.3 0.19
PEGCL23 0.582 0.83 6.07 4.53 266.2 0.15

a PCL weight fraction calculated from 1H NMR data.
b Binding equilibrium constant of pyrene in water in the

presence of PEGCL nanoparticles.
c Aggregation number of PCL blocks per one hydrophobic

microdomain.
d Mean diameter in water measured by DLS.
e Polydispersity factor estimated by cumulant method.

Figure 3 Distribution of PEGCL nanoparticles in aqueous
environment (intensity average particle size, [PEGCL] � 1.0
mg/mL, � � 90°, � � 632.8 nm, and T � 25°C). (F)
PEGCL21, (f) PEGCL22, and (Œ) PEGCL23.

Figure 4 Concentration-dependent particle sizes of PEGCL
nanoparticles in water. Data represents mean 	 standard
deviations (n � 3). (F) PEGCL21, (f) PEGCL22, and (Œ)
PEGCL23.

Figure 5 Relationship between relaxation rate (�) versus
scattering angle (sin2(�/2)) at 25°C ([PEGCL] � 1.0 mg/mL).
The regression lines indicate the best fit to the data accord-
ing to eq. (3). (F) PEGCL21, (f) PEGCL22, and (Œ)
PEGCL23.
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tional motion, indicated that the PEGCL nanoparticles
in aqueous milieu are spherical.37 Furthermore, the
decreasing diffusion coefficients with increasing PCL
block lengths indicated that particle size of the nano-
particles increased with increasing the hydrophobic
PCL block.

To investigate the self-aggregation behavior of
PEGCL block copolymers in an aqueous milieu,
pyrene was used as a fluorescence probe. When ex-
posed to a polymeric micelle aqueous solution, pyrene
molecules preferably participated in the hydrophobic
microdomains of micelles rather than the aqueous
phase. Combined with strong fluorescence illumina-
tion of pyrene in a nonpolar environment, the local-
ization showed different photo-physical characteris-
tics depending on the concentration of micelle forming
materials.3,40,41 Therefore, to investigate the cac, the
self-aggregation behaviors of the PEGCL copolymers
in an aqueous phase were investigated by using fluo-
rescence excitation spectra of the copolymer solutions,
with various concentrations, in the presence of 6.0
� 10�7M pyrene, and the results are illustrated in
Figure 6. At a low concentration (c 
 cac), there were
small or negligible changes in total fluorescence inten-
sity and a shift of (0,0) band at 335 nm. As the con-
centration increased, a remarkable increase of the total
fluorescence intensity and a red shift of the (0,0) band
from 335 to 338 nm were observed. Figure 7 shows the
intensity ratio (I338/I335) of the pyrene excitation spec-
tra versus the logarithm of the PEGCL concentrations.
On the basis of the intensity ratio data, the cac values
of PEGCLs were calculated by the crossover point at
low concentration ranges. The cac values of PEGCL
block copolymers were in the range of 0.83–5.95 mg/L
(Table II). The cac values obtained from pyrene emis-
sion spectra showed similar trends (data not shown).

The cac values of PEGCLs were similar to the reported
values of amphiphilic block copolymers such as PEG–
PLA, poly(2-ethyl-2-oxazoline)–PCL, and PVP–PCL
block copolymers.23,27,40

Characteristics of PEG–PCL self-aggregates

To determine the microscopic character of the inner
core of the PEGCL self-aggregates, we investigated the
hydrophobic nature of the interior microdomain of
PEGCL block copolymer self-aggregates. The hydro-
phobic natures of the self-aggregate with different
PCL block lengths were investigated by estimating the
pyrene equilibrium constant (Kv), which resulted from
the localization of pyrene between aqueous and hy-
drophobic microdomain.41 Assuming a simplified
equilibrium state, the molar ratio of pyrene in the
micellar phase to the water phase can be expressed
with the following equation:

�Py�m/[Py]w � KvVm/Vw (5)

where Vm and Vw are the micellar and water phase
volumes, respectively. In the micellar association sen-
sitive case, the eq. (5) can be expressed as

�Py�m/[Py]w � KvxPCL(c-cac)/1000�PCL (6)

where xPCL is the weight fraction of PCL block, c is the
concentration of the PEGCLs, and �PCL is the density
of the inner core of self-aggregates. �PCL was assumed
the bulk density of PCL (1.073–1.146 in Aldrich cata-
logue, used the average value of 1.10). In the interme-
diate range of PEGCL concentration, the [Py]m/[Py]w

values can be calculated by:

�Py�m/[Py]w � (F –Fmin)/(Fmax –F) (7)

Figure 7 Intensity ratio (I338/I335) from pyrene excitation
spectra as a function of PEGCL concentration in H2O.

Figure 6 Pyrene excitation spectra ([Py] � 6.0 � 10�7M) in
PEGCL self-aggregates aqueous solutions (emission wave-
length was 390 nm).
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where Fmax and Fmin are the intensity ratio (I338/I335) at
high and low polymer concentration ranges, and F is
the intensity ratio in the intermediate concentration
range. Therefore, the equilibrium constant (Kv) values
of pyrene in aqueous PEGCL micelle suspensions can
be easily calculated from the slopes of (F –Fmin)/(Fmax
–F) versus polymer concentration graph (Fig. 8). As
summarized in Table II, the Kv values were in the
range of 3.89–6.07 � 105. Increasing the Kv values, by
increasing the PCL block length, revealed that the
hydrophobicity of the inner-core of the self-aggregate
was increased as the PCL block increased. Compared
to the PEGCL diblock copolymers, the amphiphilic
copolymers, such as PEG–PLLA, poly(2-ethyl-2-ox-
azoline)–PCL, and PVP–PCL block copolymers,
showed similar Kv values (1–6 � 105), depending on
the hydrophilic–hydrophobic balance.23,40 On the
other hand, the hydrophobized polysaccharides, such
as glycochitosan–colanic acid conjugates and pullu-
lan–cholesterol conjugates, showed Kv values higher
than that of PEGCLs owing to the difficulty of hydro-
phobic aggregation among the randomly distributed
hydrophobic moieties in large polysaccharide mole-
cules.3,42

To determine the aggregation number of PCL
chains in a hydrophobic microdomain, self-aggregates
were investigated by using a fluorescence quenching
method with various quencher concentrations.35 As
shown in Figure 9, the ln(I0/I) versus CPC concentra-
tion plots showed linear relationships, and the aggre-
gation numbers of PEGCLs can be calculated using the
slope of the straight line of eq. (2). The numbers of
PCL blocks (aggregation numbers) to form a hydro-
phobic microdomain were in the range of 4–20, de-
pending on the PCL block lengths, as summarized in
Table II. The results revealed that the copolymers with

longer hydrophobic PCL blocks (PEGCL23, NPCL
� 4.53) required a relatively smaller number of PCL
blocks to form a hydrophobic microdomain than did
the block copolymer with shorter PCL block
(PEGCL21, NPCL � 19.12). In comparison with the
particle size and hydrophobicity data represented by
the Kv values, the copolymers with short PCL blocks
(PEGCL21) may form a nanoparticle with one or a few
of hydrophobic microdomains, while the copolymer
with relatively longer PCL blocks needed intermi-
crodomain interactions such as hydrophobic interac-
tion in an aqueous environment to form nanopar-
ticles.7,18

CONCLUSIONS

The present study demonstrated the synthesis and
self-aggregation behavior of PEG–PCL diblock copol-
ymer in an aqueous environment. Applying various
technical procedures such as 1H NMR, DLS, and flu-
orescence spectroscopy, we found that the physico-
chemical characteristics of PEG–PCL block copolymer
self-aggregates are closely related to the hydropho-
bic/hydrophilic balance, resulting from different PCL
block lengths. These findings open the possibility of
introducing the PEGCL self-aggregates into various
biomedical fields such as drug delivery and imaging.
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