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Abstract

Poly(e-caprolactone)-poly(ethylene glycol) (PECL)copolymers were synthesized from polyethylene glycol (PEG) and e-
caprolactone(e-CL) using stannous octoate as catalyst at 160°C by bulk polymerization. The effect of the molecular weight of
PEG and the copolymer ratio on the properties of the copolymers was investigated by "H-NMR, IR, DSC and GPC. PCL and
PECL microspheres containing human serum albumin were elaborated by solvent extraction method based on the formation of
double w/o/w emulsion. Microspheres were characterized in terms of morphology, size, loading efficiency, and the efficiency of
microspheres formation. The results show that the microspheres prepared from PECL-10 and PECL-15 copolymers achieved the
highest loading efficiency (about 50%) among all copolymers. These results indicate that the properties of copolymers could be
tailored by adjusting polymer composition. It is suggested that these matrix polymers may be optimized as carriers in the protein

(antigen) delivery system for different purposes.
© 2003 Elsevier Science Ltd. All rights reserved.
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1. Introduction

A few synthetic polymers, especially linear polyesters
such as poly(e-caprolactone) (PCL), polylactides (PLA),
and polyglycolide (PGA) are of great interest for
medical applications. In the family of polyesters, PCL
occupies a unique position: it is at the same time
biodegradable and miscible with a variety of polymers
and it crystallizes very readily [1]. A lack of toxicity and
great permeability has already found wide use for PCL
in medical applications [1].

However, the rather high crystallinity of PCL
decreases its compatibility with soft tissues and lowers
its biodegradability. These drawbacks may obstruct its
application in drug-controlled release systems. This
problem might be overcome by copolymerization of &-
caprolactone (¢-CL) with other monomers. It is well
known that polyether has the superior properties of
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nontoxicity, flexibility, hydrophilicity, and biocompat-
ibility. Poly(ethylene glycol) (PEG) is nontoxic and
cleared by the US Food and Drug Administration for
internal use in the human body [2]. These properties are
very useful for a polymer used as a drug delivery system.
In recent years, the synthesis of polyester—polyether type
block copolymer has attracted much attention, because
they can be used in future medical applications in
implantation and wound treatment, and as controlled-
release drug carriers [3-9]. In the past, we synthesized
the ABA-type block copolymers (PELA) comprising
poly(D,L-lactide) (A) and poly(ethylene glycol) (B)
segments obtained by ring-opening polymerization as
described previously [10]. The second component PEG
was widely used to improve the biocompatibility of the
blood contacting materials. Our further study has
confirmed that the hydrophilic domains of PELA
copolymers acting as a protein stabilizer or surface
modifier of hydrophobic PLA networks could promote
the stability of proteins, increase the drug and protein
loading efficiency and decrease the amount of emulsifier
used in preparation processes [11,12].
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In recent years, Some researchers have reported the
synthesis of multiblock copolymers of poly(e-caprolac-
tone)-poly(ethylene glycol) (PECL). Li et al. reported
the synthesis of PECL multiblock copolymers with high
molecular weight (M,: above 20000) by the polycon-
densation of PEG bearing two carboxylic end groups
and PCL diols in the presence of dicylclohexylcarbodii-
mide (DCC) as a condensing agent [13,14]. Zhu and
coworkers reported the synthesis of PECL triblock
copolymers covering a wide range of PEG lengths via
anionic polymerization of ¢CL with alkali metal
alkoxide derivatives of PEG [15]. Bogdanov et al.
reported the synthesis of PECL copolymer by ring-
opening polymerization of &CL and PEG using
stannous octoate as catalyst [16].

In this paper, we successfully synthesized a series of
PECL block copolymers with different content and M,,
of PEG, such as 6, 4, 2, 1.5 and 1.0kDa. We
characterized the PECL block copolymers by 'H-
NMR, IR, GPC, and DSC measurements, etc. Few
studies reported the PECL microspheres as a carrier in
drug-controlled release system. In the study, we
successfully prepared different kinds of PECL micro-
spheres containing human serum albumin (HSA) by a
double emulsion w/o/w based on the solvent extraction
methods. The microsphere size and distribution, and
surface morphology, and the amount of encapsulated
HSA (AE) in microspheres and the HSA encapsulation
efficiency (EE) of the process and so on, were
investigated.

2. Materials and methods
2.1. Materials

PEG (M, =6 kDa) and polyvinyl alcohol (PVA, 88%
hydrolyzed, M, =130kDa) were purchased from
Guangzhou Chemical Reagents Department. PEG with
4kDa was purchased from Guangzhou Medicine Sta-
tion Chemical Reagents Company. PEG with 2, 1.5, and
1.0 kDa were produced by Gaonan Chemical Factory of
Shanghai Pudong. All these PEG monomers were
purified by precipitation from chloroform solution into
ether and dried to constant weight under vacuum at
30°C before use.

&-CL(from Aldrich) was dried over calcium hydride
for 48h at room temperature and then distilled under
reduced pressure prior to polymerization. Stannous
octoate (SnOct) (from Sigma Corp.) was used as
received.

HSA was purchased from Institute of Blood-
Transfusion, Chinese Academy of Medical Science.
All other chemicals and solvents were of reagent grade
or better.

2.2. Polymerization procedure

The reactants were prepared by introducing under a
nitrogen atmosphere a known volume of caprolactone
monomer into a glass ampoule previously dried con-
taining a pre-weighted amount of PEG. One drop
of SnOct was added. The ampoule was connected
to a vacuum line, evacuated, sealed off and placed
in oil bath at 160°C. A slow and progressive
viscosity increase of the bulk homogeneous mixture
was always observed during the polymerization and
the copolymers was achieved over 4h. After cooling
at room temperature, the ampoule was opened, and
the resulting block copolymers were dissolved in
methylene chloride and precipitated in excess of cold
methanol/hexane. They were dried at 40°C under
vacuum.

2.3. Characterization of the block copolymers

"H-NMR spectra were obtained with CDCl; as
solvent and TMS as internal standard, using a Bruker
AM 300 apparatus at 25°C. The actual PEG content
of PECL was calculated from the integral height
of hydrogen shown in 'H-NMR. IR spectra were
recorded on a Nicolet MX-1 IR spectrometer. The
samples were prepared by casting films from acetone
solution onto KBr plates. Average My, and its distri-
bution were determined by gel permeation chromato-
graphy (GPC, waters ALC/GPC 244,USA) operating
with THF and calibrated with polystyrene standards.
Intrinsic viscosity was measured with an Ubbelohde
viscometer on 0.2%(g/dl) solution of polymer at 30°C in
benzene, and the molecular weight (Mv) was calculated
using the equation [17]: [#]=9.94 x 107> Mv*%.
The transition temperatures and melting temperatures
of polymers were measured by DSC (SEIKO
EXSTARG6000) under a flow of nitrogen at a scanning
rate of 10°C/min. The thermograms covered from
—80 to 80°C.

2.4. Preparation of HSA-loaded polymer microspheres

PECL and PCL microspheres containing HSA
were prepared by the solvent extraction based on
the formation of a modified double emulsion w;/o/w,
reported previously [18]. Briefly, the w; phase, con-
taining an aqueous solution of HSA protein was
dispersed into the organic phase consisting of the
polymer dissolved in dichloromethane and ethyl acetate
(40.0 mg/ml), using a high speed stirrer for 60s at
room temperature. The primary water-in-oil emulsion
was immediately added to the external aqueous
phase (100ml of 2.0% PVA solution) and further
emulsified again by a high-speed homogenizer.
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The organic solvent was extracted by adding 100 ml of
6% isopropanol and the mixture was stirred at a
moderate speed at ambient temperature for 3 h. After
complete removal of organic solvent, the microspheres
were collected by centrifugation (Tomy Seiko Co.,
Japan). The resultant microspheres were rinsed with
distilled water and centrifuged three more times, then
lyophilized overnight and stored at 4°C.

2.5. Characterization of microspheres

The microsphere size and distribution were deter-
mined with a laser diffraction particle size analyzer
(MALVEN, MASTERSIZER 2000, British). The mi-
crospheres were evaluated for surface morphology by
scanning electron microscopy (SEM, Amray) and the
efficiency of microspheres forming (EMF) was obtained
by counting regular spherical microspheres of at least
200 particles shown in SEM.

The amount of HSA entrapment was measured

by placing 100mg of microspheres in 1.5ml of
dichloromethane and extracting the HSA three
times with 1.5ml of double distilled water. The

amount of HSA protein was measured by the Bradford’s
protein assay as described previously [19]. The
HSA content of the extraction solution was
determined, compared with a standard curve of
data obtained by assaying known concentrations of
HSA solutions. The amount of encapsulated HSA (AE)
in microspheres, given as a percentage, indicates the
amount (mg) of HSA encapsulated per 100mg of
microspheres. And the encapsulation efficiency (EE) of
the process indicates the percentage of HSA encapsu-
lated with respect to the total amount used for the
preparation of microspheres.
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3. Results and discussion
3.1. Characterization of PECL copolymers

PECL copolymer was synthesized and the structure of
copolymer had been characterized in a previous study
[15]. The homopolymer of PCL and copolymers of ¢-CL
and PEG were polymerized in bulk at 160°C using
stannous octoate as the catalyst. Triblock copolymers
(ABA) are formed by ring opening polymerization of &-
CL with biofunctional HO-PEG-OH.

IR and proton NMR spectra for a typical PECL
copolymer with a 10% content and M,, 2.0 kDa of PEG
are shown in Figs. 1 and 2, respectively. It is clearly seen
in Fig.1 that the PECL copolymer exhibits peaks
characteristic of both PEG and PCL. The absorption
band at 1729cm ™! is attributed to the C=0 stretching
vibrations of the ester carbonyl group. The absorption
bands at 1177 and 1240cm™' are attributed to the
characteristic C—O-C stretching vibrations of the re-
peated -OCH,CH, units of PEG and the -COO-bonds
stretching vibrations, respectively. The absorption band
at 3442cm ™! is assigned to terminal hydroxy groups in
the copolymer from which PEG homopolymer has been
removed. All the C—H stretching bonds are centered at
2946 and 2867cm™'. All these signals indicate that the
PECL block copolymer may be formed [15].

In order to further confirm the formation of block
copolymer, an "H-NMR spectrum is made and shown in
Fig. 2. Peaks at 1.42, 1.62, 2.34, and 4.09ppm are
assigned to methylene protons of —(CH,);—, -OCCH,—,
and CH,00C- in PCL units, respectively. The sharp
single peak at 3.66 ppm is attributed to the methylene
protons of homosequences of the PEG oxyethylene
units. The very weak peak at 4.3 ppm is attributed to the
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Fig. 1. FTIR spectrum of PECL-3 copolymer.
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Fig. 2. 'H-NMR spectrum of PECL-3 copolymer.

Table 1

Polymerization of ¢-CL with different ratio of PEG (M, =60kDa), and characterization of copolymers®

Sample no. Feed (PEG wt%) Calculated(NMR) Mv (x 1074 Moawmr® (x 107%) My gpc® (x 1074 M/ M,
(PEG wt%)®

PCL 0 0 9.96 — 17.8 1.22

PECL-5 5.0 4.2 7.67 14.2 16.5 1.26

PECL-10 10.0 9.4 3.87 7.0 8.4 1.37

PECL-15 15.0 13.8 3.04 44 5.2 1.29

PECL-30 30.0 26.5 2.61 2.9 4.0 1.41

PECL-50 50.0 43.2 1.23 14 2.2 1.36

#Reaction was carried out at 160°C in the presence of Sn(Oct), in bulk.

®Estimated from the integral height of hydrogen shown in 'H-NMR Spectrum.

°[n1=9.94 x 10> Mv°# (at 30°C in benzene).
4Number-average molecular weight calculated from '"H-NMR Spectrum.

¢Number-average molecular weight measured by GPC (calibrated with polystyrene standards).

methylene proton of PEG end unit. These results are
consistent with those obtained from PECL triblock
copolymers prepared by the ring opening polymeriza-
tion of &-CL with alkali metal alkoxide derivatives of
poly(ethylene glycol) [15]. The M, of the PECL
copolymers and the PEG/PCL block ratios in the
triblock copolymers were all calculated by comparing
CL methylene (4.09ppm) and PEG methylene
(3.66 ppm) integrations as reported previously [15,20].
The PEG contents estimated from 'H-NMR spectrum
and the amount added before polymerization are
compared in Tables 1 and 2, which indicate that they
are almost identical. It can be seen from Tables 1 and 2
that both the amount and M, of PEG reacted with ¢-CL
monomers have a great effect on the My, of the resulting
PECL copolymers. Similarly, it was found that the M,’s
of copolymers increased with the increase of the M,,’s of
PEG from 1000 to 6000. The result is consistent with
conclusions from a previous study [21]. It also may be
proposed that initiators with high M, have less activity

than those with low M,,. Thus, it is possible to control
the M, and composition of copolymers simply by
changing the PEG M, and the ratio of monomer to
PEG. It is very significant to design polymer for
biomedical applications.

The copolymers had narrrow M, distributions with
My, /M, ratios varying from 1.22 to 1.51 (Tables 1 and
2). From GPC curve in Fig. 3, it can be seen that only a
single peak exists, which suggests the monodispersion of
M, and the absence of any homopolymer of CL and
PEG monomers. These indicate that no transesterifica-
tion and/or backbiting reactions occurred during the
copolymerization [22].

In order to check the dependence of the thermal
behaviour of the copolymers on their composition, DSC
measurements were employed. The glass transition (7%),
and the melting temperatures (7y,) of PECL copolymers
and PCL homopolymer are collected in Table 3.
Thermograms of copolymers with increasing M,, and
increasing content of PEG units together with a
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Table 2
Polymerization of e-CL with different M,, of PEG (wt% =10%), and characterization of copolymers®
Sample no. M, of PEG Feed Calculated Mv® (x 1074 Monmr® M, Gpct M,/ M,
(PEG wt%) (NMR) (x107% (x107%
(PEG wt%)®
PECL-10 6000 10.0 9.4 3.87 7.0 8.4 1.37
PECL-1 4000 10.0 9.2 2.81 4.3 5.1 1.41
PECL-2 2000 10.0 8.8 1.20 22 2.9 1.38
PECL-3 1500 10.0 8.1 0.85 1.8 2.6 1.51
PECL-4 1000 10.0 8.3 0.63 1.2 1.5 1.42
#Reaction was carried out at 160°C in the presence of Sn(Oct), in bulk.
®Estimated from the integral height of hydrogen shown in 'H-NMR Spectrum.
°[n1=9.94 x 10->Mv°#? (at 30°C in benzene).
4Number-average molecular weight calculated from '"H-NMR Spectrum.
¢Number-average molecular weight measured by GPC (calibrated with polystyrene standards).
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Fig. 3. CPC curve of PECL-3 copolymer.

The glass transition and melting temperatures of PECL copolymers
and PCL homopolymer
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Sample no. T,* (°C) Twmpec® (°C) TpcL” (°C)
PCL —63.0 — 62.5
PECL-5 —62.1 — 62.0
PECL-10 —61.8 28.9 61.0
PECL-15 —60.0 29.5 59.5
PECL-30 —-59.9 31.5 56.2
PECL-50 — 37.0 54.4
PECL-1 —62.0 31.7 62.1
PECL-2 —61.0 30.0 63.0
PECL-3 —58.9 28.6 59.7
PECL-4 —56.5 24.5 55.6

4 Glass transition temperature (7,) for PCL and PECL copolymers.

®Peak melting temperatures (7y,peg) for PEG units in PECL
copolymers.

“Peak melting temperatures (7Ty,pcr) for PCL units in PECL
copolymers.

reference mixture of &-CL units and PCL homopolymer
are shown in Figs. 4 and 5, respectively. It can be seen
from Table 3 that the 7,’s of all copolymers are shifted
slightly to higher temperature in comparison to the 7, of
PCL homopolymer. Furthermore, T,’s tend to decrease
with increasing PCL/PEG ratios. The result resembles
the conclusion reported previously [23]. This is mainly

-16.00f

-80.0 -600 -400 -20.0 00 200 400 60.0 800

Temp.C

Fig. 4. DSC curves of PCL homopolymer and PECL copolymers:
(A) PCL, (B) PECL-5, (C) PECL-10, (D) PECL-15, (E) PECL-30,
(F) PECL-50. The experimental conditions were the same as those in
Table 3.

due to the increase in mobility of &-CL units in the
copolymer chain, in which the five methylene groups act
as soft segments. From Table 3, we also can see that T,’s
increase slightly with decreasing M,, of PEG units in
copolymers. The reason was very complex. It may be
that the low M,, of PEG unit in PECL copolymer can
increase pliancy of polymer chain more easily than the
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Fig. 5. DSC curves of PECL copolymers: (A) PECL-1, (B) PECL-2,
(C) PECL-3, (D) PECL-4. The experimental conditions were the same
as those in Table 3.

high M,, of PEG units. It can also be seen from Table 3
that Ty,peg’s for PEG units in PECL copolymers
increase and work up to the Ty, of crystalline PEG
homopolymer of comparable molecular mass, and
Tm,pcL’s for PCL units in PECL copolymers decrease
with decreasing PCL/PEG ratios, thus indicating a
melting-point depression. The result is in very good
agreement with previous study [24]. The observed
melting depression of PEG units may be explained in
the following way. The sequence which crystallizes first,
namely PCL unit, has a tendency to freeze the following
whole structure, thus imposing either imperfect crystal-
lization or smaller crystallites onto the PEG unit. With
decreasing M,, of PEG, both Tp,,peg’s and Tp,pcL’s
decrease. It is well known that M, of polymer has a
great effect on its melting temperature. This is mainly
due to the decrease of M, for each unit.

Fig. 4 illustrates the DSC patterns for PCL homo-
polymer and PECL copolymers with changing PCL/
PEG ratios. All the DSC curves display only one T,
(about —60°C) being close to T, of PCL homopolymer,
which probably could prove the immiscibility of the
PEG and PCL constituents. The T,’s of copolymers are
shifted slightly to higher temperature in comparison to
the T, of PCL homopolymer. The DSC curves exhibit
two endotherms, and the T},’s are listed in Table 3. The
higher temperature endotherm from 54°C to 64°C can
be attributed to melting of the PCL crystal phase. The
low temperature peaks in the range of 20-40°C
correspond to the melting of the PEG crystal phase. It
can be seen from Fig.4 that the melting peaks and
melting temperatures of PEG units tend to turn strong
with increasing content of PEG units in copolymers.
However, the melting temperatures of PCL units are
shifted slightly to lower temperature with increasing
content of PEG units in copolymers. The reason is in
agreement with those reported previously [20]. It may be

Fig. 6. The dispersion pattern and morphology determined by
scanning electron microscope of (a) HSA/PECL-10, (b) HSA/PECL-
30, (c) HSA/PECL-3 microspheres.

that the series with high PEG content forms the
crystalline structure of the dominant PEG block, which
prevents crystallization of the PCL block.

Fig. 5 exhibits the DSC curves for PECL copolymers
of increasing M,, of PEG units in copolymers. The T,’s
and Ty,’s are listed in Table 3. All the DSC curves show
only one glass transition temperature and two en-
dotherms. Their analyses are the same as those obtained
from Fig. 4. The T1,’s of PEG units and PCL units are
influenced by M\, of PEG units. It is well known that the
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Table 4
The characteristics of PECL and PCL microspheres
Sample no. Mean diameter Size range HSA entrapment Loading efficiency EMF
(nm) (nm) (%) (%) (%)
PCL 5.4 0.5-12 25.8 0.42 90
PECL-5 4.2 0.5-10 35.7 0.56 92
PECL-10 2.0 0.5-8 48.9 0.78 97
PECL-15 1.6 0.2-8 50.1 0.86 97
PECL-30 1.1 0.1-5 42.6 0.67 90
PECL-50 0.5 0.05-3 39.8 0.60 85
PECL-1 2.0 0.3-8 452 0.74 91
PECL-2 1.8 0.3-8 40.9 0.63 81
PECL-3 1.9 0.3-8 37.8 0.58 78
PECL-4 1.7 0.2-8 35.4 0.55 70

melting temperature falls with decreasing M,, of PEG.
So it results in Ty,’s decreasing of PEG units and PCL
units in copolymers.

3.2. Characterization of microspheres

The PECL copolymers and PCL hopolymer micro-
spheres containing HSA were prepared by a double
emulsion w;/o/w, based on the solvent evaporation
method under the same condition. The surface mor-
phology of all microspheres was determined by SEM.
The scanning electronic micrograph of PECL micro-
spheres containing HSA is shown in Fig. 6. The AE, EE,
EMF, the mean diameter and their size distribution of
PCL and PECL microspheres containing HSA are
summarized in Table 4. Fig. 6a shows that PECL-10
microspheres containing HSA had smooth spherical
surface structure and there was no evidence of collap-
sing. Fig. 6b displays that PELA-30 microspheres
containing HSA appear to adhere to each other. This
may be as a result of the hydrophilicity of PECL
copolymers increasing with increasing content of PEG
units in copolymers. Fig. 6¢c exhibits that PECL-3
microspheres containing HSA appear to be pitted and
some irregular shapes are mingled with them. This may
be due to the My, of PECL which greatly affects the
quality of the formed microspheres under the experi-
mental conditions. The copolymer with higher M, is
more beneficial to form solid microspheres than that
with lower M,, during the solvent evaporation process.
As seen from Table 4, the results indicate that only
PECL-10 and PECL-15 had good EMF (>95%)
compared to PCL and other PECL microspheres that
the M, and ratios of PCL/PEG of copolymers have a
great effect on the EMF. Except for PCL and PECL-5
microspheres, the size of PECL microspheres containing
HSA was less than 2.0 um, which is critical for micro-
spheres to reach the immunization-related tissues
following oral administration [25]. Furthermore, the
size of the microspheres of copolymers tends to decrease

with increasing content of PEG units. Nanoparticls
could be prepared on the basis of PECL-50 copolymer.
This may be as a result of the improvement of PECL
hydrophilicity. As seen from Table 4, all the PECL
microspheres resulted in high HSA loading efficiency
compared with PCL microspheres. It may be a result of
the existence of certain amount of hydrophilic PEG
segments in the polymers chains, which improved the
affinity of polymer with protein molecules. The micro-
spheres prepared from PECL-10 and PECL-15 copoly-
mers achieved the highest EE (about 50%) among all the
copolymers. This may be on account of the hydro-
philicity and the M, of PECL that greatly affects the
quality of the formed microspheres under the experi-
mental conditions. The copolymer with higher M, is
more beneficial to form solid microspheres with regular
shape than that with lower M, during the solvent
evaporation process. It is beneficial to improve the EE
of water-soluble protein for polymers with appropriate
hydrophilicity [11,12,26]. From the above-mentioned
results, we could draw a conclusion that PECL-10 and
PECL-15 microspheres containing HSA would act as a
suitable antigen delivery system with appropriate
particle size (about 2.0 um), particle size distribution
(0.5-8 um) and high protein loading efficiency.

4. Conclusions

In conclusion, a series of PECL block copolymers
were synthesized by ring opening polymerization. The
M,, of PEG and the ratios of PCL/PEG had a great
effect on the M, and composition of the resulting
copolymers. PCL and PECL microspheres containing
HSA were prepared by a double emulsion w/o/w based
on solvent extraction methods. All PECL copolymers
could form microspheres containing HSA. Furthermore,
all the PECL microspheres achieved high HSA loading
efficiency compared with PCL microspheres. These
materials might be used as drug delivery carriers in
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medical applications. The properties of HSA-loaded
microspheres were influenced by the M, and hydro-
philicity of polymer. However, it is clear that more
detailed investigations are necessary to clarify the effect
of polymer matrix on protein stability and antigen
immunogenicity during microspheres preparation and
antigen releasing procedure, the in vitro degradation
mechanism and influence factors and drug release
profiles.
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