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Micellar Formation of Poly(caprolactone-block-ethylene oxide-block-
caprolactone) and Its Enzymatic Biodegradation in Aqueous Dispersion
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ABSTRACT: The water-insoluble triblock copolymer poly(e-caprolactone-b-ethylene oxide-b-e-caprolactone)
(PCL-b-PEO-b-PCL) can form core—shell-like polymeric micelles in aqueous solution where the core and
shell are respectively made of collapsed hydrophobic PCL and swollen hydrophilic PEO blocks. Four PCL-
b-PEO-b-PCL triblock copolymers with different PEO/PCL molar ratios were prepared and characterized.
The degradation of these copolymer micelles in the presence of enzyme lipase PS was much faster than
the bulk PCL or PCL thin film. The degradation kinetics was investigated using a combination of laser
light scattering and pH measurements. The results revealed that the in-situ biodegradation of the
copolymer chains inside the micelle could be effectively monitored by a pH meter, while laser light
scattering measures the biodegradation-induced dissociation of the micelles in water. The effects of the
enzyme and copolymer concentrations as well as the PCL/PEO molar ratios on the biodegradation kinetics
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were studied.

Introduction

Biodegradable and biocompatible polymers have been
widely used in biomedical applications and colloidal
science,! including poly(lactic acid) (PLA), poly(glycolic
acid) (PGA), poly(e-caprolactone) (PCL), and their co-
polymers.2 One of the biomedical applications is control-
lable drug-delivery devices because they are completely
degradable inside the body after the interaction with
body fluid, enzyme, and cells.® The resultant low molar
mass molecules during the biodegradation can be either
absorbed by the body or removed by metabolism. For a
given type of polymers, the biodegradation rate and
releasing kinetics of loaded drugs can be adjusted by
its chemical composition and molar mass.* Therefore,
the study of the biodegradation Kinetics is essentially
important for applications of biodegradable polymers.
More specifically, for the application of injection, drugs
have to be encapsulated on wrapped inside biodegrad-
able polymeric microspheres with a uniform size smaller
than blood vessels.

The micellar formation of block or graft copolymers
in a selective solvent is one way to prepare polymeric
nanoparticles.>~8 It has been shown that the water-
insoluble triblock copolymer poly(e-caprolactone-b-eth-
ylene oxide-b-e-caprolactone) (PCL-b-PEO-b-PCL) can
form polymeric micelles stable in agueous solution. The
particles have a collapsed hydrophobic PCL core and a
swollen hydrated PEO shell.®0 In this follow-up study,
four PCL-b-PEO-b-PCL triblock copolymers with dif-
ferent PEO and PCL molar ratios were synthesized,
characterized, and micellized. The degradation of these
PCL-b-PEO-b-PCL micelles in the presence of enzyme
lipase PS can be investigated by laser light scattering
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(LLS).* In comparison with other traditional methods,
such as weighting or oxygen consumption, the LLS
method offers several advantages, such as nonintrusive,
fast, and accurate. Since the degradation of these
copolymers results in low molar mass acids, the values
of pH decrease as the degradation proceeds. Therefore,
we decided to monitor the degradation by a combination
of LLS and pH measurements, which provides a better
understanding of the biodegradation Kinetics.

Experimental Section

Sample Preparation. All chemicals, except otherwise
stated, were purchased from Aldrich Chemical Co. Lipase PS
from Psedomonas cepacia (courtesy of Amano Pharmaceutical,
Japan) was further purified by freeze-drying. *H NMR (Bruker
AM-300) spectra of the copolymers were recorded in CDCl; at
room temperature. The copolymer compositions were esti-
mated from the ratio of the peak areas assigned to PEO and
PCL blocks in the NMR spectrum. As the number-average
molar mass of the PEO blocks is known, we can estimate the
number-average molar mass of the two PCL blocks from the
NMR peaks. The values of pH of the polymeric micelle
dispersion were in situ recorded by a conventional pH meter
equipped with a digital recording device.

Four triblock PCL-b-PEO-b-PCL copolymers with different
PEO/PCL mass ratios (10%—46%) were synthesized by ring-
opening polymerization of a prescribed amount of e-caprolac-
tone (CL) initiated by poly(ethylene glycol) (M, = 1.0 x 10*
g/mol) at 130 °C in the presence of stannous octoate as catalyst.
The reaction was carried for 27 h (Scheme 1). The synthetic
details can be found elsewhere.'? The copolymers were purified
and are denoted hereafter as PCL46, PCL35, PCL19, and
PCL10 according to their PCL mass percents. The values of
the mass ratio [PEO]/[PCL], the molar number of PEO and
PCL monomer units, and apparent weight-averaged molar
mass My, of these triblock copolymers are summarized in Table
1. The polydispersity index of PCL blocks is ~1.3.

The micellar formation involves a process of adding dropwise
1 mL of a dilute THF solution (1.0 x 1072 g/mL) of PCL-b-
PEO-b-PCL copolymer into 100 mL of water under a magnetic
stirring. As soon as the copolymer solution is added, THF
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Scheme 1. Schematic of Synthesis of
PCL-b-PEO-b-PCL Triblock Copolymer

Q Sn(Oct),
—_—

HO{CH,CH,O)H + 2n ~
130°C, 27h

PCL-b-PEO-b-PCL

0
HO(CHZCHZCHZCHchZCM-}n‘(CHZCHZO)n;(-v’lCHZCHZCHZCHzCHZ%H

Table 1. Laser Light Scattering Characterization of
Triblock Copolymers PCL-b-PEO-b-PCL Molecular
Parameters? as Well as Their Nanoparticles in
Water at 37 °C

sample PCL46  PCL35 PCL19  PCL10
Wpeo/Wecy 54/46 65/35 81/19 90/10
Npeo/NpcL 227/75 227147 227/20  227/9
Mu/(g/mol) 1.9 x 104 1.5 x 10 1.2 x 10* 1.1 x 10

MwpcL/(g/mol) 8.6 x 103 5.4 x 103 2.3 x 103 9.8 x 102
Mwpeo/(g/mol) 1.0 x 104 1.0 x 10* 1.0 x 10 1.0 x 10
Muw,particie/(@/mol) 6.9 x 107 1.2 x 107

RyZInm 107 78

Rpnm 95 74 80/10
RyUMRKO 1.1 1.1

Naggregation 3.6 x 103 8.0 x 102

aBy 'H NMR. The relative errors: My £5%; Rq[) £8%; RnL)
+2%.

quickly diffuses into and mixes with water because of their
mutual solubility. At the same time hydrophobic PCL blocks
are phased out and undergo intrachain contraction and
interchain association in water to form core—shell-like micelles
stabilized by the swollen hydrophilic PEO blocks. It is helpful
to note that there always exists a possibility of forming
intermicelle aggregates; namely, the two PCL blocks of a
copolymer chain insert into two different micelles to form a
bridge. This can be avoided or reduced by dilution. The small
amount of THF (1%) introduced in the process was removed
under a reduced pressure, which had no effect on the stability
and size of the resultant polymeric micelles.

Laser Light Scattering. A commercial LLS spectrometer
(ALV/SP-150 equipped with an ALV-5000 multi-z digital time
correlator) and a solid-state laser (ADLAS DPY 425 11, output
power is 400 MW at A = 532 nm) as the light source was used.
The primary beam is vertically polarized with respect to the
scattering plane. The details of the LLS instrumentation and
theory can be found elsewhere.**~% The following is outlined
for the convenience of the discussion. In static LLS, the
angular dependence of the absolute time-averaged scattered
light intensity, known as the excess Rayleigh radio (Rw(q)),
of a sufficiently dilute polymer solution at concentration C (g/
mL) and scattering angle 6 can be measured. Ry,(q) is related
to the weight-averaged molar mass M,, and the scattering
vector g as

KC . 10 4 Ly 2
e Mw(l + IR ) +2A,C 1)

where K = 4z(dn/dc)?/(Nat%) and q = (47/A) sin(6/2) with Na
and Ao being Avogadro’s number and the wavelength of light
in a vacuum, respectively, A; is the second virial coefficient,
and [RP2HY2 (or written as Ry is the root-mean-square
z-average radius of gyration of the polymer. By measuring
Rw(q) at different C and q, we can determine My, Ry, and A;
from a Zimm plot which incorporates both the extrapolations
of g — 0 and C — 0 on a single grid.

In dynamic LLS, the intensity—intensity—time correlation
function [G@(t) = O(0) I(t)J in the self-beating mode can be
measured, which is further related to the normalized first-
order electric field—electric field time correlation function
gi(t) = [E(0) E(Y)IE() EX(0)J as GA(t) = A[L + BlgM(1)[].
The cumulant analysis of G@(t) can result in an accurate
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average characteristic line width (I'). For a pure diffusive
relaxation, I'0is of narrowly distributed micelles related to
the average translational diffusion coefficient ID[by T'= [DLd?
or further to the average hydrodynamic radius (Rn[1by the
Stokes—Einstein equation.

Both the PCL-b-PEO-b-PCL micelle dispersion and the
lipase PS aqueous solution were clarified by a 0.45 um
Millipore filter. In a typical enzymatic biodegradation experi-
ment, a proper amount of dust-free lipase PS aqueous solution
was added into 2 mL of dust-free polymeric micelles dispersion
to start biodegradation. All biodegradation were conducted
inside the LLS cuvette at T = 37 °C. Rw(q), G@(t), and pH
values were simultaneously and in situ measured during the
enzymatic biodegradation.

Results and Discussion

Table 1 summarizes the values of My, and [RgOof
different resultant copolymer micelles. The values of My
are apparent because they were obtained with a dilute
concentration (1074 g/mL). For such micellar disper-
sions, the value of the second virial coefficient A; is fairly
small because water is not a good solvent. The estimated
error of g — 0 and C — 0 is no more than 5%. It is
helpful to note that there exist two types of possible
particle structures for AnBnAn triblock copolymers
when the solvent is selectively good for the middle block.
One is a well-defined flowerlike micelle formed by a
close association of all A blocks inside the core—shell-
like micelle, while another involves intermicelle associa-
tion in which the two A blocks of one copolymer chain
are inserted into two different micelles.16.7

In the close association, it is also likely that some of
the A blocks are not in center, but stick out, on the shell.
When the B and two A blocks are sufficiently long, the
intrachain associations can become dominate in dilute
dispersion because the loss of entropy can be compen-
sated by the decrease of enthalpy. This explains the
increase of MRpOwith the length of the PCL block.
However, when the PCL block is too short to provide a
sufficiently strong interaction to match the entropy loss
in the intrachain association, the possibility of the
intermicelle association increases. This is why there
exist two different kinds of aggregations for PCL19. The
larger particles are formed due to the intermicelle
association, while the smaller ones contain only the
intrachain association of the PCL blocks. As expected,
the number of the polymeric micelles increases with the
copolymer concentration.

On the other hand, it is well-known that the ratio of
radius of gyration to hydrodynamic radius (RqRn0) is
related to the spatial density distribution and the degree
of draining of a scattering object in solution or disper-
sion; namely, [RyUIRO~ 0.774 for a uniform and
nondraining hard sphere, ~1.0 for a thin-wall hollow
sphere, ~1.0—1.3 for a branching chain, ~1.5 for a linear
random-coil chain in good solvent, and ~2 for a worm-
like or rodlike chain.® For a nondraining core—shell
particle, Ry[IRy[is less than 0.774 if the core is denser
than the shell.® As shown in Table 1, the values of
[RyURO~ 1.1 indicate that the micelles do not have
an expected perfect core—shell structure, but a branch-
ing structure in which not every PCL block is folded
back into the core. The stretching out of these PCL
blocks increases Ryg[but has little effect on [RnOdue to
the draining, which leads to a higher Ry[RnL]

The decrease of the relative scattering intensities
[Rw(a)]¢[Rw(d)]o in Figure 1 reveals the biodegradation.
On the basis of eq 1, the decrease of Ry(q) can be
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Figure 1. Biodegradation time dependence of relative Ray-
leigh ratio [Rw(Q)]¢/[Rw(a)]o of PCL19 micelles at 37 °C, where
the subscripts “0” and “t” represent timet = 0 and t = ¢,
respectively, and E is the enzyme concentration.
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Figure 2. Biodegradation time dependence of average hy-
drodynamic radius [Rnof PCL19 micelles at 37 °C, where the
subscripts “0” and “t” represent time t = 0 and t = t,
respectively.

attributed to the decrease of either the molar mass (M)
or concentration (C) of the polymeric micelles if we
ensure that the micelles are monodisperse. It is helpful
to note that C is further proportional to M and the
number of the micelles (N), i.e., Rw(q) 0 M2N. Therefore,
in the presence of a mixture of large micelles and small
acids generated from the biodegradation, LLS can only
detect the remaining nondegraded micelles with a much
higher molar mass. In Figure 2, the time-independent
average hydrodynamic radius Rp0Oof the remaining
nondegraded micelles indirectly shows that there is no
change in their molar mass (M) during the biodegrada-
tion. Therefore, the decrease of R\(q) in Figure 1 can
only be attributed to the decrease of the particle
concentration or number; namely, [Rw(9)]¢[Rw(@)]o =
N/No.

Figure 3 reveals that the initial rate of the degrada-
tion (voLLs) determined from [Rw(Q)]t vs t linearly
increases with the enzyme concentration. The line
represents a least-squares fitting of vo s (ug/mL/min)
= 3.98 x 1072E¢ (ug/mL). A combination of Figures 1
and 3 shows that not only vg, but also the extent of the
degradation, increase with the enzyme concentration,
suggesting that some lipase PS enzyme molecules
gradually lose their activity during the biodegradation,
presumably surrounded by the remaining PEO chains
which act as surfactant. On the other hand, Figure 4
shows that, for a given lipase PS concentration Eo, the
initial rate v is nearly independent of Cy, indicating
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Figure 3. Enzyme concentration dependence of initial bio-
degradation rate (vo) of PCL19 micelles at 37 °C, where Vq is
defined as [dC/dt]i—o.
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Figure 4. Initial copolymer concentration dependence of
relative Rayleigh ratio [Ruw(q)]¢[Rw(a)]o of PCL19 micelles. The
inset shows initial copolymer concentration dependence of
initial biodegradation rate (vo).

that the initial degradation follows the zeroth-order
kinetics in terms of the polymer concentration. There-
fore, vo,LLs O Eo. A combination of Figures 2—4 reveals
that the biodegradation is not an all-or-none, but a
random one-by-one process, because there is no change
in the hydrodynamic radius [RnOof the remaining
micelles. This is just like chemical reaction of small
molecules in solution; namely, the degradation occurs
when an enzyme molecule meets a micelle, and the
degradation of each micelle is too fast to be followed by
LLS. Otherwise, we would detect the decrease of Ry[lif
all the micelles start to degrade at the same time.
Figure 5 shows that the initial degradation rate
(vo.LLs) increases with an increasing PCL content. This
is expected because lipase PS can only interact with the
PCL core, and the hydrophilic PEO shell should have
no effect on the biodegradation. It implies a loose
structure of the PEO shell so that lipase PS can
penetrate the shell to react with the core to induce the
degradation. Note that the PEO shell should have a
steric hindrance toward the lipase PS. The lack of the
PEO effect on the biodegradation indicates that the
hindrance is not a rate-determining factor and signifi-
cant compared to a chemical barrier for the bioreaction
of lipase PS itself. Since LLS detects the degradation
only when a micelle is completely broken and disinte-
grated, we have no information about the degradation
inside each micelle. Therefore, we further studied the
degradation in terms of the change of acidity of the
dispersion by a pH meter. This is because the degrada-
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Figure 5. Copolymer composition dependence normalized
initial biodegradation rate (vo) of PCL19, PCL35, and PCL46
micelles at 37 °C.
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Figure 6. Biodegradation time dependence of relative pH and
Rayleigh ratio changes of PCL19 micelles, where Y is —pH
value or Rw/(q).

tion of each ester bond on the copolymer chain will
produce an acid.

Figure 6 shows that the biodegradation monitored by
the change of pH is much faster than that by the change
of Rw(g) under the same experimental condition. The
apparent discrepancy is due to different natures of the
two methods. The value of pH directly reflects how
many ester bonds on the PCL chains have degraded into
small acids. It is expected that only when the degrada-
tion of the chains inside each micelle reaches a certain
extent, the micelle starts to break or disintegrate. This
is why the biodegradation observed in LLS is “slower”.
The apparent discrepancy reveals that the PCL blocks
in the copolymer chains are first degraded, and then
the dissociation of the chains slowly follows. This is
reasonable because the degradation of the PCL blocks
reduces the attractive interaction between the chains
inside the micelle. Figure 7 shows that the initial rate
Vo,pH determined by a pH meter is also a linear function
of the enzyme concentration. The line represents a least-
squares fitting of vopn (Mol/L/min) = 9.79 x 1073[E(]
(g/mL). On the other hand, Figure 8 shows that the
initial degradation rate (vopH) linearly increases with
the PCL content, revealing that vo 1 = [PCL]Eq. Figure
9 shows that for a given lipase PS concentration [Eq],
the initial rate vo, defined as d(pH)/dt, increases with
the initial copolymer concentration Coy, which is appar-
ently different from the result from laser light scattering
in Figure 4. The difference indicates that the degrada-
tion of the PCL blocks follows the first-order kinetics
in terms of Cy while the degradation-and-dissociation
rate of the polymeric micelles is independent of the
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Figure 7. Enzyme concentration dependence of initial bio-
degradation rate (vo) of PCL19 micelles at 37 °C.
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Figure 8. Copolymer composition dependence of initial
biodegradation rate (vo) of PCL19, PCL35, and PCL46 micelles
at 37 °C.
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Figure 9. Copolymer concentration dependence of initial
biodegradation rate (vo) of PCL19, PCL35, and PCL46 micelles
at 37 °C.

initial copolymer concentration. This can be attributed
to the fact that the initial number of the micelles
increases with the copolymer concentration.

Conclusions

Four PCL-b-PEO-b-PCL triblock copolymers with
different PEO/PCL molar ratios were synthesized. The
copolymers can form core—shell-like polymeric micelles
in aqueous solution. Using a combination of laser light
scattering and pH measurements, we characterized
these PCL-b-PEO-b-PCL micelles and studied their
biodegradation in water. The results revealed that the
biodegradation of such copolymer micelles can be ef-
fectively monitored by a pH meter, while laser light
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scattering only detects the overall disintegration of the
copolymer micelles after the degradation of the PCL core
made of the PCL blocks. Early LLS results on the
biodegradation of PCL homopolymer/copolymers should
be reconsidered. The change of pH provides a direct and
simple detection of the biodegradation of polymer chains
as long as it releases —COOH during the degradation.
Our Kinetic study of the degradation of PCL-b-PEO-b-
PCL micelles reveals that the initial degradation rate
is proportional to the PCL content and the enzyme and
copolymer concentrations.
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