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ABSTRACT: Water-insoluble poly(ethylene oxide-b-ε-caprolactone) (PEO-b-PCL) diblock copolymer (Mw

) 1.71 × 104 g/mol and WPEO ) 20%) was successfully micronized into small polymeric core-shell
nanoparticles (micelles) stable in water via a microphase inversion method. Such formed PEO-b-PCL
nanoparticles are biodegradable in the presence of Lipase PS (enzyme). The biodegradation of the PEO-
b-PCL nanoparticles, actually, only the hydrophobic PCL core, was monitored by laser light scattering.
The biodegradation extent could be influenced by both the copolymer and enzyme concentrations, while
the biodegradation rate was mainly determined by the enzyme concentration. Using pyrene as an imitative
drug and fluorescence spectroscopy, we have shown that hydrophobic drugs can be easily loaded into the
PCL core in the micronization process, and the biodegradation of the PCL block results in the dissolution
of the nanoparticles and the releasing of pyrene molecules because the PEO block is soluble in water.
The potential biomedical application of the PEO-b-PCL nanoparticles as a controlled release device has
been demonstrated.

Introduction
Polymeric colloid particles have been widely used in

biomedical applications. One typical example is drug
delivery which can be either external or oral. In
intravenous administration, one of the primary objec-
tives is to design a device to deliver a drug to a specified
site and release it at a proper rate. Narrowly distributed
small polymeric nanoparticles in the size range 10-100
nm are ideal for intravenous injection because they are
much smaller than the inner diameter (g4 µm) of blood
capillaries.1 Consequently, polymeric nanoparticles can
be used in sustained-release injection or as a target
delivery to a specific organ. It has been shown that the
irritant reaction at the injection site can be minimized
by decreasing the particle size.2

Naturally, biodegradable and biocompatible polymer
nanoparticles are of special interest. The commonly used
biodegradable and biocompatible polymers are aliphatic
polyesters, such as poly(lactic acid) (PLA), poly(glycolic
acid) (PGA), poly(ε-caprolactone) (PCL) and their co-
polymers.3,4 The nanoparticles made of these polymers
can be directly absorbed by body or biodegraded into
nonharmful products.5,6 For a given type of polymer, the
biodegradation rate and the releasing kinetics of loaded
drugs can be adjusted by its chemical composition and
molar mass.7 The biomedical applications of polymeric
nanoparticles have been extensively studied.8-14 Dif-
ferent methods of preparing polymeric nanoparticles,
such as the solvent evaporation and solvent displace-
ment, have been reported.15 Often, surfactants were
used to stabilize the nanoparticles in aqueous solution
because the aggregation and/or precipitation of water-
insoluble polymers, such as PLA and PCL, would
prevent many applications. Unfortunately, low molar

mass surfactant molecules are sometimes harmful in
biomedical applications.

On the other hand, extensive fundamental studies
have shown that some block and graft copolymers could
form polymeric micelles in selective solvents.16-19 Am-
phiphilic block and/or graft copolymers with one poly-
(ethylene oxide) (PEO) block have attracted much
attention because PEO has some unique properties,
such as low protein adsorption and low cell adhesion.20,21

It has been reported that hydrophobic therapeutic
agents could be effectively encapsulated into the poly-
meric micelles.22,23 Langer et al.24,25 studied the struc-
tures and applications of the nanoparticles made of
amphiphilic biodegradable block copolymers.

In this study, we have shown that the PEO-b-PCL
diblock copolymer can be micronized into polymeric
nanoparticles stable in aqueous solution without the
help of any surfactant and studied the biodegradation
of such formed PEO-b-PCL nanoparticles in the pres-
ence of Lipase PS (enzyme) on the basis of our previous
investigation of the enzymatic biodegradation of PCL.26

Using pyrene as an imitative drug and fluorescence
spectroscopy, we have demonstrated that the PEO-b-
PCL nanoparticles can be used as a potential biomate-
rial to make controlled releasing devices.

Experimental Section

Sample Preparation. The poly(ethylene oxide-b-ε-capro-
lactone) (PEO-b-PCP) block copolymer (Mw ) 1.71 × 104 g/mol
and WPEO ) 20%) was synthesized by sequential ring-opening
polymerizations of ethylene oxide and ε-caprolactone mono-
mers in the presence of (5,10,15,20-tetraphenylporphinato)-
aluminum chloride as a catalyst.27 Lipase PS (enzyme) from
Pseudomonas cepacia (courtesy of Amano Pharmaceutical Co.,
Ltd., Nagoya, Japan) was further purified by freeze-drying.
Pyrene as an imitative hydrophobic drug was used without
purification. The micronization of the PEO-b-PCL block co-
polymer was made by adding 1 mL of tetrahydrofuran (THF)
solution of PEO-b-PCL dropwise into 99 mL of deionized water
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under ultrasonification. The initial copolymer concentration
in THF was 10-3 g/mL. It is not hard to imagine that when
one drop of the THF solution was added into an excess of
water, THF was immediately mixed with water, and the water-
insoluble PCL blocks started to aggregate to form small
polymeric core-shell nanoparticles with the insoluble PCL
blocks as the hydrophobic core and the soluble PEO blocks as
the hydrophilic shell. The final copolymer concentration in the
dispersion was 10-5 g/mL. The small amount of THF (1%) in
the dispersion was removed under low pressure, and the
resultant dispersion was transparent.

Laser Light Scattering (LLS). A modified commercial
LLS spectrometer (ALV/SP-125) equipped with an ALV-5000
multi-τ digital time correlator and a solid-state laser (ADLAS
DPY425II, out power ) ∼400 mV at λ ) 532 nm) was used.
In static LLS, the angular dependence of the excess absolute
time-average scattered intensity, i.e., Rayleigh ratio Rvv(q), was
measured. For a dilute polymer solution at a relatively small
scattering angle θ, Rvv(q) can be related to the weight-average
molar mass Mw, the second virial coefficient A2, and the root-
mean square z-average radius 〈Rg

2〉z
1/2 (or simply as 〈Rg〉) by28

where K ) 4π2(dn/dc)2n2/(NAλ0
4) and q ) (4πn/λ0) sin(θ/2) with

NA, dn/dc, n, and λ0 being Avogadro’s number, the specific
refractive index increment, the solvent refractive index, and
the wavelength of light in a vacuum, respectively. At q f 0
and C f 0, Rvv(q) ≈ KCMw. In dynamic LLS, the intensity-
intensity time correlation function G(2)(t,q) in the self-beating
mode was measured.28 The analysis of G(2)(t,q) could lead to
the line-width distribution G(Γ).29 For a pure diffusive relax-
ation, Γ is related to the translational diffusion coefficient D
by Γ/q2 ) D at C f 0 and q f 0. In this case, G(Γ) can be
directly converted to a translational diffusion coefficient
distribution G(D) or a hydrodynamic radius distribution f(Rh)
by using the Stocks-Einstein equation: Rh ) kBT/(6πηD) with
kB, T, and η being the Boltzmann constant, the absolute
temperature, and the solvent viscosity, respectively.

Enzymatic Biodegradation. The biodegradation was in
situ conducted inside the LLS cuvette. The PEO-b-PCL nano-
particle dispersion and the Lipase PS aqueous solution were
respectively clarified by 0.45 and 0.5 µm Millipore filters. In
a typical experiment, a proper amount of dust-free Lipase PS
aqueous solution was directly added into 2 mL of dust-free
PEO-b-PCL dispersion to start the biodegradation. Both Rvv-
(q) and G(2)(t,q) were recorded during the enzymatic biodeg-
radation.

Fluorescence Measurement. Both pyrene and the PEO-
b-PCL block copolymers were completely soluble in THF. The
initial copolymer and pyrene concentrations were ∼10-3 and
∼10-5 g/mL, respectively. The nanoparticles were prepared by
the same micronization procedure used for the LLS experi-
ments. THF was removed by evaporation. Since pyrene has a
very low solubility in water, it is expected that in the
microphase inversion nearly all pyrene molecules were en-
capsulated (trapped) inside the hydrophobic PCL core. The
releasing of pyrene from the PEO-b-PCL nanoparticles was
followed in terms of the fluorescence intensity change recorded
by using a fluorescence spectrophotometer (model F-4500,
Japan). In each measurement, 2 mL of PEO-b-PCL nanopar-
ticle dispersion loaded with pyrene was placed in a 10 mm ×
10 mm square quartz cell. The excitation wavelength λex

selected was 335 nm. The widths of the excitation and emission
slits were 10 and 2.5 nm, respectively.

Results and Discussion
Figures 1 and 2 respectively show static and dynamic

characterization of the PEO-b-PCL nanoparticles. The
hydrodynamic radius distributions f(Rh) in Figure 1
reveal that the PEO-b-PCL nanoparticles are narrowly
distributed and have an average hydrodynamic radius

〈Rh〉 of 77 nm. According to eq 1, the extrapolation of
[KC/Rvv(q)]Cf0,qf0, the slopes of [KC/Rvv(q)]Cf0 vs q2, and
[KC/Rvv(q)]qf0 vs C in Figure 2 respectively lead to Mw,
〈Rg〉, and A2. The results are summarized in Table 1.
The negative A2 is expected because the PCL block is
insoluble in water. The ratio of 〈Rg〉/〈Rh〉 ∼ 0.74 indicates
that the PEO-b-PCL nanoparticles are spherical. Using
the results in Table 1, we estimate that, on average,
each PEO-b-PCL nanoparticles contains ∼3000 PEO-
b-PCL chains and each PEO-b-PCL chains occupies a
surface area of ∼25 nm2. Using 〈F〉 ) Mw/(4π〈Rh〉2/3), we
also estimated the average density 〈F〉 of the PEO-b-
PCL chains before and after the microphase inversion
to be 0.0035 and 0.045 g/cm3, respectively. It is clear
that even 〈F〉 increases more than 10-fold; the average
density of the PEO-b-PCL nanoparticles is still much
less than the density (∼1 g/cm3) of bulk PEO-b-PCL
copolymer, indicating that the PEO-b-PCL nanoparticles
were swollen, probably due to the stretching of the PEO
blocks in the shell.

Figure 1. Concentration independence of the hydrodynamic
radius distribution of the PEO-b-PCL nanoparticles in aqueous
solution at 25 °C.

Figure 2. Typical Zimm plot of the PEO-b-PCL nanoparticles
in aqueous solution at 25 °C, where C ranges from 1.351 ×
10-5 to 5.392 × 10-5 g/mL.

Table 1. Characterization of the PEO-b-PCL Copolymer
Chains and Nanoparticles at 25 °C

solvent
molar
mass

〈Rg〉/
nm

A2/
mol cm3/g2

〈Rh〉/
nm

PEO-b-PCL
chain

THF 1.71 × 104 10.9

PEO-b-PCL
nanoparticles

H2O 5.05 × 107 57.1 -1.84 × 10-5 77.2

KC
Rvv(q)

≈ 1
Mw

(1 + 1
3

〈Rg
2〉zq

2) + 2A2C (1)
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Figure 3 shows a schematic of the PEO-b-PCL nano-
particle. The core-shell nanostructure resembles the
micelle made of low molar mass surfactant molecules.
It should be noted that, just as in the case of low molar
mass surfactant, the onset of the intermolecular as-
sociation of block or graft copolymers in a selective
solvent can also be defined as critical micelle concentra-
tion (cmc) below which the copolymers exist as indi-
vidual chains (unimer). When the copolymer concen-
tration is higher than its cmc, the copolymer micelles
are in a dynamic equilibrium with the unimers. In
comparison with low molar mass surfactant molecules,
block copolymers usually have a much lower cmc which
is often imperceptible.16 Our LLS results showed that
the PEO-b-PCL copolymer has a cmc lower than 10-7

g/mL. Therefore, in the present study, the intensity of
the light scattered from the unimer and enzyme can be
ignored in comparison with that from the PEO-b-PCL
nanoparticles.

Previously, we found that a combination of the
enzymatic hydrolysis with the micronization not only
greatly speeded up the biodegradation of PCL but also
allowed us to follow the biodegradation kinetics by using
laser light scattering.26 In this study, we also found the
average hydrodynamic radius 〈Rh〉 of the nanoparticles
to be a constant during the biodegradation, indicating
that the molar mass of the remaining PEO-b-PCL
nanoparticles was a constant. Therefore, on the basis
of eq 1, we know that the decrease of Rvv(q) is only
related to the decrease of the copolymer concentration
C, i.e., Rvv(q) ∝ C, so that Ct/C0 ) [Rvv(q)]t/[Rvv(q)]0.
Figure 4 shows the enzyme concentration (E) depen-
dence of the biodegradation of the PEO-b-PCL nano-
particles, where C0 is the initial copolymer concentra-
tion, and the subscripts “0” and “t” represent t ) 0 and
t ) t, respectively. In Figure 4, the initial slope leads to
the initial biodegradation rate (v0) defined as [dCt/dt]tf0.
The inset shows the enzyme concentration dependence
of v0 and the line represents a least-squares fitting of
v0 (g/mL.min) ) 6.327 × 10-5E02.0 ( 0.1. However, we
still do not understand why v0 is much dependent on
the enzyme concentration E by the second order.

On the other hand, Figure 5 shows that, for a given
Lipase PS concentration E0, the biodegradation rate is
nearly a constant, independent of the initial copolymer
concentration C0. As shown in a previous paper,26 the
biodegradation of PCL in the presence of enzyme
involves the adsorption of enzymes onto the nanopar-
ticles and the enzymatic hydrolysis of the PCL chains.
At this moment, we do not know a detailed degradation

mechanism but qualitatively know that the degradation
of individual nanoparticles is fast as long as the hy-
drolysis starts and the nanoparticles were “eaten” by
Lipase PS in a one-by-one fashion. For a given polymer
concentration, more enzyme molecules can “eat” more
nanoparticles per unit time, so that the biodegradation
rate is mainly determined by the enzyme concentration.
The results in Figure 5 once again suggest that the
biodegradation of the PEO-b-PCL nanoparticles follows
the one-by-one fashion.

Figures 4 and 5 reveal that the biodegradation rate
of the PEO-b-PCL nanoparticles can be well controlled
by both the copolymer and enzyme concentrations.
Therefore, we thought that the PEO-b-PCL nanopar-
ticles could be used as a potential controlled drug
delivery device because hydrophobic drugs could be
loaded into the PCL core and the biodegradation of the
PCL core would lead to the dissolution of the PEO-b-
PCL nanoparticles, resulting in a drug releasing. To test
this idea, pyrene was chosen as an imitative drug
because of its unique fluorescence characters and other
properties. It is hydrophobic and has a very low solubil-
ity in water (7 × 10-7 M). Pyrene is preferentially
solubilized into the hydrophobic region or microphase.
When its environment changes from a polar to a

Figure 3. Schematic of the PEO-b-PCL core-shell polymeric
nanoparticles.

Figure 4. Enzyme concentration dependence of the biodeg-
radation kinetics of the PEO-b-PCL nanoparticles at 25 °C,
where C0 ) 5.392 × 10-3 g/mL and the inset shows the enzyme
concentration dependence of the initial biodegradation rate
(v0).

Figure 5. Copolymer concentration dependence of the bio-
degradation kinetics of the PEO-b-PCL nanoparticles at 25 °C,
where E0 ) 4.905 × 10-7 g/mL and the inset shows the
copolymer concentration dependence of the initial biodegrada-
tion rate (v0).
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nonpolar one, there is a remarkable change in its
emission spectra, such as an increase in the quantum
yield and a decrease in its intensity ratio (I1/I3) of the
first and third highest emission peaks. The ratio can
change from ∼1.8 in water to ∼1.0 in the presence of
anionic surfactant micelles or even lower values (∼0.6)
in organic solvents.30,31 Thus, the ratio can be used as
an indicator of where pyrene is located.

Figure 6 shows the fluorescence spectra of pyrene free
in pure water and in the presence of the PEO-b-PCL
nanoparticles, where the copolymer and pyrene concen-
trations were 5.39 × 10-5 g/mL and 6 × 10-7 M,
respectively. The pyrene concentration is lower than its
saturated concentration in water in order to prevent the
formation of microcrystals. Pyrene in water has a lower
fluorescence intensity because of its short lifetime (200
ns) and low quantum yield. In the presence of the
nanoparticles, pyrene shows a higher intensity, indicat-
ing that pyrene was loaded into the hydrophobic PCL
core because pyrene has a longer lifetime (∼400 ns) and
a higher quantum yield in a nonpolar environment.32

In Figure 6, the intensity ratio (I1/I3) for pyrene in water
is 1.75, close to the literature value. However, the ratio
for pyrene in the presence of the nanoparticles is ∼1.4,
higher than the expected values in a hydrophobic
environment, which can be attributed to the low poly-

mer concentration (∼5 × 10-5 g/mL) and the polar
surface of PCE micelles.31

Figure 7 shows that the fluorescence intensity gradu-
ally decreases as the biodegradation time increases.
Note that the enzyme had no effect on the fluorescence
intensity for pyrene free in pure water. Hence, the
decrease of the intensity is related to the release of
pyrene from a less polar PCL core to water. This agrees
well with the LLS results; namely, the scattering light
intensity decreases during the biodegradation.

Figure 8 shows the time dependence of the fluores-
cence intensity and the intensity ratio I1/I3 of pyrene
during the biodegradation. The decrease of the intensity
ratio I1/I3 during the biodegradation is a surprise, which
indicates the overall polarity of the environment de-
creases. One of the possible explanations is that the
biodegradation produces a lot of small aliphatic acids
which have a relatively low polarity in comparison with
that of water. Figure 8 also shows that the decrease of
the fluorescence intensity is a linear function of the
biodegradation time and becomes fast when the enzyme
concentration is higher.

In summary, the PEO-b-PCL block copolymer (Mw )
1.71 × 104 g/mol and WPEO ) 0.2) can be micronized
into small narrowly distributed core-shell nanoparticles
stable in water via a microphase inversion method. Such
formed nanoparticles were biodegradable in the pres-
ence of Lipase PS (enzyme). The biodegradation extent
can be influenced by both the copolymer and enzyme
concentrations, and the biodegradation rate is mainly
determined by the enzyme concentration. Using pyrene
as an imitative drug, we have shown that hydrophobic
drugs could be loaded into the hydrophobic PCL core,
and the controllable biodegradation makes the PEO-b-
PCL nanoparticles a potential biomedical material for
the controlled releasing of hydrophobic drugs. Further
studies in this direction are under way.
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