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Synthesis and degradation behavior of miktoarm
poly(e-caprolactone)2-b-poly(L-lactone)2 microspheres

Xi Zhang, Yan Xiao and Meidong Lang

Poly(e-caprolactone)2-b-poly(L-lactide)2 miktoarm block copolymers were successfully synthesized via ring-opening polymerization

using pentaerythritol as the initiator and a protection–deprotection procedure. 1H nuclear magnetic resonance (1H NMR) and size

exclusion chromatography (SEC) were employed to characterize the miktoarm structure, molecular weight and molecular weight

distribution. The microspheres of poly(e-caprolactone)2-b-poly(L-lactide)2 ((PCL)2-b-(PLLA)2) were produced by an oil-in-water

emulsion solvent extraction/evaporation method and studied with scanning electron microscopy (SEM). The hydrolytic degradation

of microspheres with different architectures and compositions was performed at 37 1C in a phosphate-buffered saline solution

(pH¼7.4). The weight loss of the microspheres was strongly affected by the molecular architecture, chain length and composition.

The compositional, or molar ratio, changes were monitored during the degradation using 1H NMR, SEC, differential scanning

calorimetry and SEM, all of which suggested that the degradation proceeded from the surface to the interior and could be

described using a combined degradation model with surface erosion and bulk degradation.
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INTRODUCTION

Biodegradable aliphatic polyesters, such as poly(e-caprolactone)
(PCL), polylactide (PLA) and polyglycolide, have attracted great
attention in the biomedical field1–3 for use in applications such as
degradable sutures, artificial prostheses, tissue engineering scaffolds
and drug delivery systems.4–9 However, the degradation rate of PCL
was too slow for certain biomedical applications due to its high
hydrophobicity and crystallinity. To enhance the degradation rate of
PCL, PLA or polyglycolide was usually copolymerized with CL to
decrease its crystallinity or increase its hydrophilicity. In particular,
PLA exhibited a rapid degradation rate and good mechanical
properties, compensating for the poor properties of PCL.10–15 The
linear block copolymers of PCL and PLA with well-defined structures
exhibited better mechanical strength.12–14

Compared with the linear polymers, star polymers exhibited some
unique properties, such as lower bulk viscosity and solution viscosity,
lower crystallinity, a variety of end groups, and a small hydrodynamic
radius. The core-arm structure of the star polymer was believed to be
the main reason for their interesting properties, and it also required
special preparation procedures. Generally, two methods were com-
monly employed to prepare the star polymers, that is, the ‘arm-first’
and ‘core-first’ methods. Compared with the ‘arm-first’ method, the
‘core-first’ method allowed for more control over the structure of star
polymers because the arms were initiated from the predesigned core.

Therefore, the ‘core-first’ method was applied in our work to ensure
the desired miktoarm structure. Well-defined star-shaped, dendritic
and cyclic PCL were studied due to their unique structures and
properties compared with those of the linear polymer.16–18 Xie et al.17

synthesized star-shaped PCL with one to five arms by ring-opening
polymerization (ROP). The multi-arm structure and limitations
on the chain mobility were considered to be the primary factors
influencing the characteristic crystallization and enzymatic degrada-
tion behavior of the star-shaped PCLs. Hao et al.19 has synthesized
star-shaped PLLAs with sugar alcohols as the initiators and studied
their crystallization kinetics. However, previous star polymers usually
consisted of multiple arms with the same chemical composition.
Therefore, studies on degradable miktoarm star polymers would be of
great interest due to their possible unique properties and degradation
behavior, which make them attractive for use in controlled release
systems.
PCL and its copolymers were usually fabricated into microspheres,

which had large surface areas beneficial for drug delivery. The
degradation behavior of these microspheres had an important role
in this controlled release system. Therefore, the microsphere degrada-
tion of PCL and its copolymers was extensively studied. Dong et al.20

successfully fabricated blank and BSA-loaded microspheres based on
D,L-PLGA50 and PCL-b-D,L-PLGA50 copolymers. The four-arm star-
shaped D,L-PLGA50 copolymer degraded faster than the linear one.
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The BSA-loaded star-shaped PCL-b-D,L-PLGA50 microspheres showed
good release profiles with a nearly constant release from 20 to 110 days.
Microspheres with a diameter of approximately 100mm were prepared
by Garkhal et al.21 from different PLA-co-PCL copolymers, and the
degradation behaviors of the microspheres were studied for up to
108 days. Their results indicated that the PLA component degraded
faster than PCL. The thermal and mechanical properties, and the
degradation behavior of the copolymers could be tuned by adjusting
the composition of PCL and PLA. Therefore, incorporation of PLA or
the use of star-shaped polymers could accelerate the degradation of
PCL microspheres, thus improving its potential for application in
biomedical fields. Miktoarm star PCL–PLLA copolymers are expected
to combine the advantages of both the PCL and PLA components and
optimize the degradability of the biomaterials. However, the degra-
dation behavior of star-shaped polyesters, especially the miktoarm
polyester, has hardly been reported.
In this study, a series of (PCL)2-b-(PLLA)2 miktoarm copolymers

was synthesized by ROP with pentaerythritol as the initiator. Then,
the copolymer microspheres with diameters of approximately 300mm
were produced by an oil-in-water emulsion solvent extraction/
evaporation method. The hydrolytic degradation of these miktoarm
copolymers was carried out in phosphate-buffered saline (PBS)
(pH¼ 7.4) at 37 1C. The chemical composition, thermal properties
and surface morphology of the microspheres during degradation
were determined by 1H nuclear magnetic resonance (1H NMR), size
exclusion chromatography (SEC), differential scanning calorimetry
(DSC) and scanning electron microscopy (SEM).

MATERIALS AND METHODS

Materials
e-Caprolactone (e-CL) (Aldrich, Milwaukee, WI, USA) was dried by CaH2 at

ambient temperature and distilled under reduced pressure before use. L-Lactide

(L-LA) was recrystallized in ethyl acetate/toluene and dried under vacuum

before use. Pentaerythritol (Sinopharm Chemical Reagent Co., Ltd., Shanghai,

China) was purified by recrystallization in dried methanol three times.

Sn(Oct)2 was purchased from Acros (Geel, Belgium) and used without further

purification. The other reactants and solvents were purchased from Shanghai

Chemical Reagent Co. (Shanghai, China) and used after distillation.

Characterization

(a) 1H NMR spectra were recorded on a Bruker AM-400 (400MHz) spectro-

meter (Billerica, MA, USA) with tetramethylsilane as an internal standard

and deuterated chloroform (CDCl3) as the solvent.

(b) SEC measurements were conducted using a Waters 1515 HPLC solvent

pump (Waters, Shanghai, China) coupled to a Waters 2414 refractive

index detector. Tetrahydrofuran was used as the eluent and delivered at a

flow rate of 1.0mlmin�1 at 35 1C. The molecular weight was calibrated

using polystyrene standards.

(c) DSC was carried out using a DSC 200PC/1/H (NETZSCH, Bayern,

Germany) apparatus under a N2 flow of 10mlmin�1. The specimens

were heated in sealed aluminum pans and monitored from �100 to

200 1C twice at heating and cooling rates of 10Kmin�1.

(d) SEM was employed to study the microsphere morphologies. The (PCL)2-

b-(PLLA)2 microspheres were covered by an ultrathin layer of gold,

and then observed and micrographed with a JEOL JSM-6360LV scanning

electron microscope (JEOL, Tokyo, Japan).

Experiments

Synthesis of benzalpentaerythritol (a). Pentaerythritol (6.8 g, 0.05mol) was

dissolved in 100ml H2O at 50 1C. Benzaldehyde (5.3 g, 0.05ml) was added to

the solution followed by hydrochloric acid (2ml, 36%).22 The mixture was

stirred for 8 h and kept overnight. The white solid product was filtered and

then washed with distilled water and a sodium carbonate solution. Pure

benzalpentaerythritol was obtained by recrystallization with toluene twice.

Yield: 75%. 1H NMR (d, p.p.m., CDCl3): 3.57 (2H, CH2OH, d), 3.75 (2H,

CH2OH, d), 3.80 (2H, CH2OH, d), 4.16 (4H, CCH2, d), 5.45 (1H, C6H5CH, s),

7.37–7.48 (5H, C6H5CH, m).

Synthesis of benzalpentaerythritol-(PCL)2 (bzl-(PCL)2) (b). A typical ROP of

e-CL was performed using benzalpentaerythritol as the initiator and Sn(Oct)2
as the catalyst. Briefly, the benzalpentaerythritol (initiator) was added to a

10-ml flask and kept for 1 h under reduced pressure. Then, dried e-CL was

injected into the flask to dissolve the initiator. The mixture was allowed to sit

in an oil bath at 100 1C for 0.5 h. Sn(Oct)2 was transferred into the flask, and

the reaction was carried out at 130 1C. After 24h, the reaction was stopped

by dissolving the mixture in tetrahydrofuran. The polymer solution was

precipitated in cold petroleum ether. The white solid product was collected by

filtration and then dried overnight under vacuum.

Yield: 490%. 1H-NMR (d, p.p.m., CDCl3): 1.39 (2H, CH2CH2CH2O, m),

1.66 (4H, COCH2CH2, CH2CH2O, m), 2.33 (2H, COCH2, t), 3.65 (2H,

CH2OH, t), 3.93 (2H, CHOCH2, s), 4.06 (2H, CH2CH2O, CCH2O, t), 5.45

(1H, C6H5CH, s), 7.37–7.48 (5H, C6H5CH, m).

Terminal modification of the hydroxyls on bzl-(PCL)2 (c). Bzl-(PCL)2 and

triethylamine were dissolved in dichloromethane (DCM) and placed in a

100-ml flask in an ice-water bath. Although the mixture was stirred for 1 h,

bromoacetyl bromide was dropped slowly into the flask. The reaction was

continued for 48h under a nitrogen atmosphere. Then, the mixture was

washed by a saturated sodium bicarbonate solution three times. The crude

product was precipitated from the DCM solution in cold diethyl ether. Then,

the white product, bzl-(PCL-Br)2, was collected by filtration and dried under

vacuum.

Yield: 496%. 1H-NMR (d, p.p.m., CDCl3): 1.39 (2H, CH2CH2CH2O, m),

1.66 (4H, COCH2CH2, CH2CH2O, m), 2.33 (2H, COCH2, t), 3.83 (2H,

CHOCH2, s), 4.06 (2H, CH2CH2O, CCH2O, t), 4.25 (2H, COCH2Br, s), 5.45

(1H, C6H5CH, s), 7.37–7.48 (5H, C6H5CH, m).

Deprotection of bzl-(PCL-Br)2 (d). Bzl-(PCL-Br)2 was dissolved in a tetra-

hydrofuran/methanol mixture (4:1 v/v), and then Pd(OH)2/C (10%) was

added into the mixture under N2. Then, the reaction was flushed with H2 and

allowed to proceed for 48h at 40–50 1C under H2. Pd(OH)2/C was removed by

centrifugation three times. The polymer solution was precipitated in cold

diethyl ether, and the white solid product, hydroxyl-(PCL-Br)2 (d), was

obtained. The product was dried under vacuum at room temperature.

Yield: 30–50%. 1H-NMR (d, p.p.m., CDCl3): 1.39 (2H, CH2CH2CH2O, m),

1.66 (4H, COCH2CH2, CH2CH2O, m), 2.32 (2H, COCH2, t), 3.60 (2H,

CCH2OH, s), 3.84 (2H, CHOCH2, s), 4.07 (2H, CH2CH2O, CCH2O, t), 4.25

(2H, COCH2Br, s).

Synthesis of (PCL)2-b-(PLLA)2 (e). Hydroxyl-(PCL-Br)2 and L-LA were dissolved

in dried toluene under Ar2 in a predetermined ratio and then transferred to a

25-ml flask. The mixture was kept at 60 1C for 0.5h before Sn(Oct)2 was added.

The reaction was carried out at 80–100 1C for 48h. The obtained solution was

precipitated in excess cold methanol. The white solid product was collected by

filtration and dried overnight under vacuum at room temperature.

Yield: 482%. 1H-NMR (d, p.p.m., CDCl3): 1.40 (2H, CH2CH2CH2O, m),

1.58 (3H, CHCH3, d) 1.67, (4H, COCH2CH2, CH2CH2O, m), 2.32 (2H,

COCH2, t), 3.60 (2H, CCH2OH, s), 4.07 (2H, CH2CH2O, CCH2O, t), 4.25

(2H, COCH2Br, s), 5.20 (1H, CHCH3, t).

Preparation of (PCL)2-b-(PLLA)2 microspheres. A modified oil-in-water

emulsion solvent extraction/evaporation method23,24 was employed to

fabricate the (PCL)2-b-(PLLA)2 microspheres. Briefly, 50mg PVA was

dispersed in 100ml distilled water, whereas 1 g (PCL)2-b-(PLLA)2 was

dissolved in 10ml DCM for the oil phase. Then, the oil phase was slowly

dropped into the PVA solution with a stirring rate of 350 r.p.m. at room

temperature to produce an oil-in-water emulsion. The mixture were set for 2 h

to allow DCM to evaporate. The resulting (PCL)2-b-(PLLA)2 microspheres
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were filtered out and washed three times with deionized water. Then, the

microspheres were vacuum-dried overnight.

Degradation of (PCL)2-b-(PLLA)2. Microspheres samples (50mg) encap-

sulated in dialysis bags were subjected to hydrolytic degradation in a PBS

solution (pH¼ 7.4). Samples were removed at certain times for the SEM, DSC

and TGA measurements and weight loss analysis. The weight loss (DM%) of

each sample was calculated as follows:

DM% ¼ mi �mt

mi
�100% ;

where mi and mt are the initial sample weight and the dried sample weight at

degradation time t, respectively.

Synthesis of linear PCL-b-PLLA. To compare the degradation behavior of the

miktoarm (PCL)2-b-(PLLA)2 samples to that of linear polymers, linear bzl-

PCL-b-PLLA was synthesized by ROP with benzyl alcohol as the initiator and

Sn(Oct)2 as the catalyst. A typical ROP was carried out as described previously,

and the product was precipitated in excess cold methanol and dried under

vacuum overnight.

RESULTS AND DISCUSSION

Miktoarm (PCL)2-b-(PLLA)2 and its particle formation
The ‘double-block’ miktoarm (PCL)2-b-(PLLA)2 copolymer was
successfully synthesized with a pentaerythritol core by ROP and a
protection–deprotection reaction. The four-step synthetic route is
shown in Scheme 1. The products for each step were marked as (a) to
(e) and characterized by 1H NMR as shown in Figure 1.
Polymerization of bzl-(PCL)2 (b) was carried out in a typical

bulk ROP with Sn(Oct)2 as the catalyst. Then, bzl-(PCL-Br)2 (c)
was synthesized from bzl-(PCL)2 (b) and bromoacetyl bromide by
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(PCL)2-b-(PLLA)2. A full color version of this figure is available at Polymer Journal online.
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esterification in the presence of triethylamine. In Figure 1b, the peak r,
which is the characteristic signal of the terminal hydroxyl group of
bzl-PCL2, disappeared. Meanwhile, the peak k corresponding to the
methylene group in bromoacetyl bromide appeared at 4.25 p.p.m.
in Figure 1c. The absence of the signal of the terminal hydroxyl
group indicated that the esterification reaction reached a high conver-
sion of more than 96%. Hydroxyl-(PCL-Br)2 (d) was obtained by
the deprotection of bzl-(PCL-Br)2 (c). Two catalysts, Pd/C and
Pd(OH)2/C, were employed in the deprotection reaction with
conversions of 78 and 98%, respectively. Therefore, Pd(OH)2/C
exhibited excellent catalytic efficiency due to its high reactivity.
A comparison of Figures 1c and d showed that the disappearance
of peaks i and j was accompanied by the appearance of peak s,
indicating that the deprotection of the benzyl group was complete.
However, it should be noted that the yields were lower than 50% due
to losses during the purification process. Furthermore, the number
average molecular weight (Mn) of polymer (d) slightly decreased if the
reaction time was longer than 3 days. The decrease in the molecular
weight might be attributed to chain cleavage by transesterification.25

Finally, bulk and solution ROP of LLA were performed using
Sn(Oct)2 as the catalyst to obtain (PCL)2-b-(PLLA)2 (e). However,
in the bulk polymerization, PLLA was partially solidified because
the reaction temperature of 130 1C was lower than its melting
temperature of 160 1C. Thus, the Mn of the product was relatively
low, and the PDI was high. If the reaction temperature was more
than 160 1C, transesterification and thermal degradation might occur
during polymerization. Therefore, in the final step, (PCL)2-b-(PLLA)2
was synthesized by solution polymerization, which was carried out at
a lower reaction temperature (80 1C) without reactant solidification,
transesterification or thermal degradation.
Table 1 shows the parameters of the designed copolymers (e) with

different chain lengths of PCL and PLA. The miktoarm samples were
named mikto 1, 2 and 3 corresponding to CL/LA molar ratios of
1:0.5, 1:1 and 1:1.5, respectively. The linear PCL-b-PLLA copolymer
was named linear. The CL/LA molar ratio in these copolymers was
determined by integrating the bands assigned to PCL at 4.0 p.p.m.
(peak a) and PLLA at 5.2 p.p.m. (peak p) in the 1H NMR spectra. The
actual CL/LA molar ratios of each sample were 1:0.43, 1:0.89 and
1:1.38, which were nearly consistent with the theoretical values and
indicated that the polymerization was carried out in a controlled
manner. The miktoarm samples were prepared with number average
molecular weights ranging from 12000 to 20 000 gmol�1. The PDIs
of mikto 1, 2 and 3 were in the range of 1.2 to 1.4. Figure 2 shows

typical SEC traces of bzl-(PCL)2 (c) and mikto 2. As illustrated, the
peak of mikto 2 shifted towards the higher molecular weight region,
indicating that ROP of LA occurred.
The surface morphologies of the PCL and (PCL)2-b-(PLLA)2

microspheres before the degradation study were characterized by
SEM as shown in Figure 3. Consistent with the literature results, the
surfaces of the PCL microspheres were smooth and without fissures
(Figures 3a and c),21,26 which limited its release efficiency for drug
delivery. The hydrophobicity of PCL resulted in the smooth surface of
the produced microspheres.27,28 Compared with the PCL microspheres,
the (PCL)2-b-(PLLA)2 microspheres had rough morphologies full of
channels. It was proposed that during the frozen-pumped process,
moisture was removed from the PLLA segments, and brittle ruptures
might have occurred as shown in detail in Figures 3b and d. The
channels on the surface could probably provide more surface area to
accelerate the surface erosion in potential controlled release systems.

In vitro degradation study of (PCL)2-b-(PLLA)2 microspheres
The degradation behaviors of the microspheres formed from linear
PCL-b-PLLA and (PCL)2-b-(PLLA)2 mikto 1, 2 and 3 were investi-
gated using a PBS buffer solution (pH¼ 7.4). Various techniques,
including 1H NMR, SEC, DSC and SEM, were used to monitor the
degradation process. Figure 4 presents the weight loss of all samples
versus degradation time. The mikto 1, 2 and 3 lost 30% of their initial
weight after 150 days. The linear polymer microspheres underwent a
similar weight loss as the miktos. The weight loss was linearly
proportional to the degradation time in all cases. However, mikto 1
had a 5% lower weight loss than the other samples in the first 63 days.
It was suggested that high LA content might result in fast degradation
in the early stage of the degradation. Moreover, it was reported21 that
no weight loss was observed for the microspheres of a PCL
homopolymer within a degradation time of 108 days. Therefore,
the introduction of PLLA could dramatically enhance the degradation
rate of the PCL homopolymer.
In Figure 5, five SEC curves are shown corresponding to the

degradation samples of mikto 2 after 7, 28, 49, 91 and 147 days.
During the degradation period from 7 to 147 days, the molecular
weight of mikto 2 decreased from 15000 to 4000 gmol�1, and the
PDI increased from 1.2 to 2.0. It should be noted that two stages
were observed during the degradation. In the first 49 days, the
macromolecular weight of mikto 2 was approximately constant with a
value of 15 000 gmol�1, whereas the weight loss increased linearly.
This stage was considered to consist of typical surface erosion of the

Figure 2 SEC trace of bzl-b-(PCL)2 and mikto-2.

Table 1 Characterization of samples

CL/LA molar ratio

Entry Actualb Theoreticalc

Yield

(%)

Mn
a

(gmol�1)

PDI

(Mw/Mn)

Linear PCL60-b-PLA55 1:0.95 1:1 93 16000 1.3

Mikto 1 (PCL34)2-b-

(PLA14)2

1:0.41 1:0.5 89 12000 1.2

Mikto 2 (PCL34)2-b-

(PLA30)2

1:0.88 1:1 82 15000 1.2

Mikto 3 (PCL34)2-b-

(PLA47)2

1:1.38 1:1.5 85 20000 1.4

aMeasured by SEC using the tetrahydrofuran as the eluent and the polystyrene as the
calibration standard.
bMeasured by 1H NMR.
cDetermined by monomer feeding.
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microspheres.29 After 91 days, the molecular weight of mikto 2 ranged
from 4000 to 7000 gmol�1, indicating that bulk degradation behavior
of the microspheres occurred.29,30

To study the variation of the PCL and PLLA components during
the degradation, 1H NMR was used to monitor the CL/LA molar
ratio. The integral ratios of peak a (CL) to peak p (LA) in Figure 1e
were used to calculate the CL/LA molar ratio. Figure 6 shows the trace
of the CL/LA molar ratio of mikto 2 versus degradation time. In the
first 63 days, the rapid increase in the CL/LA molar ratio from 1.1 to
1.6 demonstrated that the PLLA chains degraded faster and earlier
than PCL. However, during the next 90 days, the CL/LA molar ratio
increased slowly from 1.6 to 1.8, indicating an accelerated degradation
of PCL, which might be explained by the autocatalytic effect caused
by the fast degradation of the PLLA chains.

Figure 3 SEM photographs of the morphologies of PCL (a, c) and (PCL)2-b-(PLLA)2 microspheres (b, d).

Figure 4 Weight loss of linear and mikto 1, 2 and 3 microspheres versus

degradation time. A full color version of this figure is available at Polymer

Journal online.

Figure 5 SEC traces showing the degradation of mikto 2. A full color

version of this figure is available at Polymer Journal online.

Figure 6 Changes in the CL/LA molar ratio of mikto 2 during degradation.
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The thermal properties of mikto 2 during degradation are
presented in Figure 7. The Tm and DHm values of mikto 2 at different
degradation times are summarized in Table 2. As shown in Figure 7,
the Tm of the PCL segments was in the range from 45 to 51 1C, which
deviated from the melting point (63.2 1C) of the PCL homopoly-
mer.21 This result indicated that the Tm of PCL was influenced by the
PLLA block. Moreover, a continuous decrease in the Tm of the PLLA
chains from 160.7 to 145.7 1C was detected. The reduction in the PCL
and PLLA crystallinity during degradation could be the main reason
for the decreasing Tm, which was also confirmed by the decrease in
the DHm values of the PCL and PLLA chains. In the work of Garkhal
et al.21, the Tm of PCL was approximately 39 1C for a linear block
copolymer with a CL/LA molar ratio at 1:1, while that of PLLA
increased from 103 to 108 1C during the degradation. However, the
Tm of PLLA decreased during the degradation in our study. The
decrease in the PLLA Tm might be attributed to the star-shaped
structure of the miktoarm block copolymer17,19 and could probably
be explained by the conclusion from Hao et al.19 that an increase in
the arm number of star copolymers led to less-ordered crystalline
regions, which formed at lower growth rates. Thus, the crystallinity
of mikto 2 decreased, which finally led to the reduction in the Tm of
PLLA.
SEM provided a direct overview of the morphology changes of the

(PCL)2-b-(PLLA)2 microspheres during degradation. The surface of
the microspheres initially had channels (Figure 8a). After 28 days,

Figure 7 DSC thermograms of mikto 2 during degradation. A full color

version of this figure is available at Polymer Journal online.

Table 2 Thermo property changes of mikto 2 during degradation

Time (day) Tm, PCL (oC) DHm, PCL (J g�1) Tm, PLLA (oC) DHm, PCL (J g�1)

0 44.6 23.3 160.7 51.4

49 45.6 17.7 157.1 42.0

91 51.6 7.2 151.9 19.3

119 49.4 4.5 148.1 12.2

147 45.9 4.5 145.7 15.1

Figure 8 SEM photographs of a microsphere during degradation: (a, e) 0 day; (b) 28 days; (c) 49 days; (d, f) 91 days.
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the surface became more rugged as shown in Figure 8b. Pores and
holes were densely distributed on the surface of the microspheres. The
holes in Figure 8b were probably attributed to the degradation of
the PLLA domains because PLLA degraded faster than PCL.31 The
microsphere matrix did not undergo any obvious changes at this
early stage. It was suggested that the surface erosion might take place
in this period. As shown in Figure 8c, the surface of the microspheres
degraded into shell-like pieces after 49 days. The hydrolysis activity
occurred in the interior of the microspheres. It was conjectured that
the surface erosion occurred on the external part of the microsphere
matrix, whereas bulk degradation of the matrix took place at the
same time. After 91 days, the deformation of the microsphere shape
was observed as shown in Figure 8d. The microspheres could not
maintain their original morphologies and collapsed into pieces. At the
same time, the SEC curve exhibited a multi-peak feature with a PDI
value above 2.0.
The morphologies of the microspheres were observed to change

from spheres to irregular broken parts during the degradation as
shown in Figure 8e (0 day) and Figure 8f (91 days). The molecular
weight decreased from 15000 to 4000 gmol�1, and the PDI value was
large. The results suggested that a combination of surface erosion and
bulk degradation was observed in our degradation study.29,31

CONCLUSIONS

(PCL)2-b-(PLLA)2 miktoarm block copolymers were successfully synthe-
sized via protection–deprotection and ROP using pentaerythritol as the
initiator. 1H NMR and SEC analyses confirmed the miktoarm structure.
Microspheres of (PCL)2-b-(PLLA)2 were produced by an oil-in-water
emulsion solvent extraction/evaporation method. SEM photographs
showed that the morphologies of the (PCL)2-b-(PLLA)2 microspheres
were rough and full of channels in contrast to the smooth surfaces of
the PCL microspheres synthesized in this study.
The hydrolytic degradation of the copolymers was performed at

37 1C in a PBS solution (pH¼ 7.4). The weight loss of the micro-
spheres was linearly proportional to the degradation time. The Mn

value of mikto 2 decreased from 15000 to 4000 gmol�1 during two
degradation stages, which suggested that the degradation proceeded
from the surface to the interior and could be described by a combined
degradation model of surface erosion and bulk degradation. This
result was also confirmed by SEM photographs, which showed
that the morphologies of the microspheres changed from spheroid
particles to irregular broken parts during the degradation. Moreover,
the compositional changes revealed the autocatalytic effect caused
by the fast degradation of the PLLA chains. The reductions in Tm
and DHm observed by DSC suggested that the miktoarm structure
decreased the crystallinity of PCL and PLLA during the degradation.
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