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ABSTRACT: This study reports the successful synthesis
of amphiphilic MPEG-b-PCL based-block copolymers bear-
ing benzyloxy and hydroxyl side groups on the PCL block
by ring-opening polymerization of 4-benzyloxy-e-caprolac-
tone (4-BOCL) and g-caprolactone (e-CL) with methoxy
PEG (550 g mol ') as the initiator and Tin(II) 2-ethylhexa-
noate (SnOct,) as the catalyst. These copolymers were
characterlzed by differential scanning calorimetry (DSC),
'"H NMR, and gel permeation chromatography. The ther-
mal properties (T, and T,s) of the block copolymers
depend on the polymer composition. Incorporating a
greater amount of 4-BOCL and/or &e-CL was incorporated
into the macromolecular backbone causes a decrease T,
and an increase in T,,s. The micellar characteristics in the

aqueous phase were investigated by fluorescence spectros-
copy, transmission electron microscopy (TEM), and
dynamic light scattering (DLS). A lower critical micelle con-
centration (CMC) was observed in MPEG;,-b-PBOCL,-b-
PCL series, which have higher hydrophobic components in
the copolymers. However, contrasting results were
observed for MPEG;,-b-PBOCL,;-b-PCL systems. The mi-
celle exhibited a spindle shape, with an average size of less
than 200 nm. A weak drug entrapment efficiency and drug-
loading ability of these micelles were observed. © 2012 Wiley
Periodicals, Inc. ] Appl Polym Sci 125: 2902-2913, 2012
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INTRODUCTION

Amphiphilic copolymers are well known for self-as-
sembly into micelles or larger aggregates in selective
solvents for one block. In aqueous solution, they
commonly form a core-shell structure with a hydro-
phobic core surrounded by a hydrated hydrophilic
shell. The properties of block copolymer micelles in
biomedical applications, namely the efficacious
delivery of hydrophobic drugs sequestered within
micellar cores, have been studied extensively.k7
Introducing functional groups to the polyester seg-
ment of PEG-b-polyester block copolymers such as
PEG-b-poly(e-caprolactone) (PEG-b-PCL) may result
in the development of biodegradable self-assembling
biomaterials with a potential for attaching different
reactive compounds to the core-forming structure.®'?
On the other hand, the attachment of reactive

Correspondence to: R.-S. Lee (shen21@mail.cgu.edu.tw).

Contract grant sponsor: National Science Council;
contract grant number: NSC 96-2221-E-182-023.

Contract grant sponsor: Chang Gung University;
contract grant number: BMRP 123.

Journal of Applied Polymer Science, Vol. 125, 29022913 (2012)
© 2012 Wiley Periodicals, Inc.

groups to the core-forming segment of the PEG-b-
PCL block copolymers provides additional opportu-
nities to modify the thermodynamic and kinetic sta-
bility, biodegradation, drug solubility, and release
properties of PEG-b-PCL micelles.'"**® Recently,
PEO-b-PCL block copolymers with benzyl carboxy-
late or carboxylic groups have been prepared by
the ring-opening polymerization of 4-benzyl carbox-
ylate-e-caprolactone (4-BCCL) using PEO as the
macroinitiator.**  PEO-b-PBCL and PEO-b-PCCL
block copolymers assembled to spherical micelles
having average diameters of 62 and 20 nm. Biode-
gradable PEO-b-poly(ester) micelles with benzyl car-
boxylate and carboxyl groups in the micellar core
have tremendous potential in the design of opti-
mized carriers for the delivery of various therapeu-
tic agents.

Previous research,” reports the synthesis and mi-
cellar characterization of amphiphilic block copoly-
mers based on hydrophilic poly(ethylene glycol)
methyl ether macroinitiators and hydrophobic
poly(4-methyl-e-caprolactone) (PMCL) or poly(4-phe-
nyl-e-caprolactone) (PBCL). This article reports the
successful synthesis and self-assembly of MPEG-b-
PCL based-block copolymers bearing benzyloxy and
hydroxyl functional groups, ie., MPEG-b-poly
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(4-benzyloxy-e-caprolactone)s (MPEG-b-PBOCL)s di-
block copolymers, MPEG-b-poly(4-benzyloxy-¢- cap-
rolactone)-b-poly(e-caprolactone)s (MPEG-b-PBOCL-
b-PCL)s, and debenzylation MPEG-b-poly(4-hy-
droxyl-e-caprolactone)-b-poly(e-caprolactone) (MPEG-
b-PHOCL-b-PCL) triblock copolymers. The presence
of benzyloxy or hydroxyl groups on the core-forming
block makes it possible to modify the polymer’s
hydrophobicity, and crystallinity. This study investi-
gates the micellar characteristics of these functional
MPEG-b-PCL based-block copolymers in the aqueous
phase with fluorescence spectroscopy, dynamic light
scattering (DLS), and transmission electron micros-
copy (TEM).

EXPERIMENTAL
Materials

MPEG 550 g mol ™' (MPEG;,, DP = 12), 1,4-cyclo-
hexanediol, benzyl bromide, palladium-on-charcoal
(10 wt %), pyrene, amitriptyline hydrochloride (AM)
were obtained from Aldrich Chemical Co. m-Chloro-
peroxybenzoic acid (m-CPBA) was purchased from
Fluka Chemical Co. Tin(Il) 2-ethylhexanoate (SnOct,)
was obtained from Strem and used as received. e-CL
(Aldrich) was dried and vacuum-distilled over cal-
cium hydride. Organic solvents such as tetrahydro-
furan (THF), methanol, chloroform, and n-hexane of
high pressure liquid chromatography (HPLC) grade
were used without further purification. Ultrapure
water purified with a Milli-Q Plus (Waters) was
used.

Preparation of 4-benzyloxy-¢-caprolactone

The preparation of 4-benzyloxy-e-caprolactone was
according to the reported method from 1,4-dihy-
droxycyclohexane.”® The overall yield was 20.1%. 'H
NMR (CDCl;) 61.82-2.09 (m, 4H,—CH,CH(OBz)
CHy—), 2.41-2.48 (ddd, 1H, —CH,CO,—), 2.98-3.10
(ddd, 1H, —CH,CO,—), 3.79-3.83 (m, 1H, —CH(OBz)
—), 408 (ddd, 1H, —CO,CH,—), 4.57 (s, 2H,
—OCH,Ph—), 4.66 (m, 1H, —CO,CH,—), 7.31-7.39
(m, 5H, —Ph).

Synthesis of hydroxyl-terminated
MPEG,-b-PBOCL diblock copolymer

All glassware was oven dried and handled under a
dry nitrogen stream. The typical polymerization pro-
cess to produce MPEG;,-b-PBOCL,; is as follows.
MPEG;, (M,, = 550 g mol ') (0.32 g, 0.57 mmol) and
4-BOCL (3.76 g, 17.1 mmol) were introduced into a
flask and heated under a dry nitrogen stream to dis-
solve the 4-BOCL. Then, 61.2 mg (1.5 wt %) of
SnOct, was added to the flask. The flask was purged
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with nitrogen and reacted at 140°C for 48 h. The
resulting product was dissolved in CHCl;, and then
precipitated into excess n-hexane with stirring. The
purified polymer was dried in vacuo at 50°C for 24 h
and then analyzed. Figure 1(A) shows the "H NMR
spectrum of the MPEG;,-b-PBOCL,;.

Synthesis of MPEG,-b-PBOCL-b-PCL triblock
copolymers

MPEG;,-b-PBOCL,; with hydroxyl end groups ob-
tained above, various molar ratios of &-CL, and a dry
stirring bar were placed in a two-neck round-bot-
tomed flask. The polymerization was reacted at
110°C in the presence of a SnOct; (1.5 wt % based on
the weight of MPEG,-b-PBOCL,; and &-CL) catalyst
under a dry nitrogen stream for 24 h. The resulting
product was dissolved in CHCl;, and then precipi-
tated into excess n-hexane with stirring. The purified
polymer was dried in vacuo at 50°C for 24 h and then
analyzed. Figures 1(B) and 2(A) show the 'H NMR
and IR spectra of the MPEG;,-b-PBOCL,7-b-PCLygs.

Deprotection of the benzyloxy-protecting group
of new copolymer

A 10 wt % palladium-on-charcoal catalyst (0.1 g)
was added to a 10 mL solution of the MPEG;,-b-
PBOCL,-b-PCLgy (0.5 g) whose hydroxyl groups
were protected by benzyl in THF/CH3;OH (v/v =
3/1). After purging with nitrogen three times, the
reaction mixture was stirred under 1.0 atm hydrogen
pressure at 50°C for 24 h. After this deprotection
reaction, the catalyst was removed by filtration, and
the solution was concentrated to approximately one-
fourth its original volume under reduced pressure.
The concentrated solution was poured into diethyl
ether to precipitate, yielding deprotected polymer
MPEG12-b-PHOCL22/PBOCL5-b-PCL39 which was
then analyzed by "H NMR and FT-IR. Figures 1(C)
and 2(B) show the 'H NMR and IR spectra of
MPEG;,-b-PHOCL,,/PBOCL5-b-PCLgy.

Characterization

'"H NMR spectra were obtained using a Bruker WB/
DMX-500 spectrometer (Ettlingen, Germany) at 500
MHz with chloroform (8 = 7.24 ppm) as an internal
standard in chloroform-d (CDCl;). IR spectra were
measured using a Bruker TENSOR 27 Fourier trans-
form infrared (FTIR) spectrophotometer. Samples
were either neatly placed on NaCl plates or pressed
into KBr pellets. A DuPont 9900 system consisting of
DSC (Newcastle, DE) performed a thermal analysis
of the polymer. The heating rate was 20°C min .
The T,s were read at the middle of the change in the
heat capacity and were taken from the second

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 1 Representative
(C) MPEG12-b-PHOCL22/PBOCL5-b'PCL89_

heating scan after quick cooling. The number-aver-
age molecular weight (M,,) and weight-average mo-
lecular weights (M, respectively) of the polymer
were determined with a GPC system. It was carried
out on a Jasco HPLC system equipped with a model
PU-2031 refractive-index detector (Tokyo, Japan),
and Jordi Gel polydivinyl benzene (DVB) columns
with pore sizes of 100, 500, and 10° A. Chloroform
was used as the eluent at a flow rate of 0.5 mL

Journal of Applied Polymer Science DOI 10.1002/app

'H NMR spectroscopy of (A) MPEG-b-PBOCL,;, (B)MPEG;,-b-PBOCL,;-b-PCLyg, and

min~'. Polystyrene standards with a low dispersity
(Polymer Sciences) generated a calibration curve.
Data were recorded and manipulated with a Win-
dows-based software package (Scientific Information
Service Co.).

Ultraviolet-visible (UV-vis) spectra were obtained
with a Jasco V-550 spectrophotometer (Tokyo, Japan).
The pyrene fluorescence spectra were recorded on
a Hitachi F-4500 spectrofluorometer (Japan) using
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Figure 2 IR spectra of MPEG,-b-PBOCL;7-b-PCLgy

(A) before and (B) after deprotection.

square quartz cells (1.0 x 1.0 cm?). For fluorescence
excitation spectra, the detection wavelength Aoy
was set at 390 nm.

Preparation of polymeric micelles

Polymeric micelles of MPEG-b-PBOCL-b-PCL copoly-
mers were prepared using the dialysis method.
Briefly, a solution of MPEG-b-PBOCL-b-PCL copoly-
mer (30 mg) in DMF (5 mL) was placed in a dialysis
bag (MWCO = 3500) and dialyzed against deionized
(DI) water at ambient temperature for 24 h. The
water was replaced at 2 h intervals.

Measurements of fluorescence spectroscopy

To prove micelle formation, fluorescence measure-
ments were carried out using pyrene as a probe.”’
The fluorescence spectra of pyrene in aqueous solu-
tion were recorded at room temperature on a fluo-
rescence spectrophotometer. The sample solutions
were prepared by first adding known amounts of
pyrene in acetone to a series of flasks. After the ace-
tone had evaporated completely, measured amounts
of micelle solutions with various concentrations of
MPEG;,-b-PBOCL4,-b-PCL35 (75, 18.75, 9.38, 4.69,
0.29, and 0.018 mg L™') were added to each flasks
and mixed via vortexing. The concentration of py-
rene in the final solutions was 6.1 x 10~ M. The
flasks were allowed to stand overnight at room tem-
perature to equilibrate the pyrene and the micelles.
The excitation spectra for pyrene had an emission
wavelength of 390 nm.

Measurements of size and size distribution

The size distribution of micelles was estimated by a
dynamic light scattering (DLS) using a Particle-Size
Analyzer (Zetasizer nano ZS, Malvern, UK) at 20°C.
The scattered light intensity was detected at 90° to
an incident beam. Measurements were taken after
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the aqueous micellar solution (C = 0.3 g L") was fil-
tered by a microfilter with an average pore size of
0.2 pm (Advantec MFS). The average size distribu-
tion of the aqueous micellar solution was deter-
mined based on the CONTIN programs developed
by Provencher and Hendrix.”

Observation on transmission electron microscope

The morphology of the micelles was observed by
TEM (JEM 1200-EXII, Tokyo, Japan). Drops of mi-
celle solution (C = 0.3 g L ') were placed on a car-
bon film coated on a copper grid, and then were
dried at room temperature. Observations were made
at an accelerating voltage of 100 kV.

Zeta potential measurement

Zeta potential was measured by a laser Doppler ane-
mometer (Zetasizer nano ZS, Malvern, UK). Before
measurement, the particle suspension was diluted
with deionized water. The value was recorded as
the average of five measurements.

Determination of drug-loading content and
drug entrapment efficiency

Using the oil-in-water solvent evaporation method,
MPEG,-b-PBOCL-b-PCL (50-fold CMC value) was
dissolved in 6 mL methylene chloride, followed by
adding antitriptyline hydrochloride (AM) with vari-
ous weight ratios to polymer (1/10-1/1) as a model
drug. The solution was added dropwise to 150 mL
distilled water under vigorous stirring. The droplet
size was reduced by sonication at ambient tempera-
ture for 60 min. The emulsion was then stirred at
ambient temperature for overnight to evaporate the
methylene chloride. The aggregated AM-loaded
micelles were removed by centrifugation (3000 rpm
x 30 min). The aqueous micelles solution was then
dried at room temperature by a vacuum rotary
evaporator. The unloaded AM was eliminated by
washing three times with distilled water because of
the solubility of AM in water is much greater than
that of the block copolymer and micelle. The
micelles were then obtained by vacuum drying. A
weighed amount of micelle was disrupted by the
addition of acetonitrile (20 mL). Drug content was
assayed spectrophotometrically at 240 nm using a
Diode Array UV-vis Spectrophotometer. Equations
(1) and (2) calculate the drug-loading content and
drug entrapment efficiency of micelle, respectively:

Drug — loading content (%)
= (weight of drug in micelles/weight of micelles)
x 100 (1)

Journal of Applied Polymer Science DOI 10.1002/app
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Drug entrapment efficiency (%)
= (weight of drug in micelles/

weight of drug fed initially) x 100 (2)

In vitro drug release studies

The appropriate amounts of the AM-loaded micelles
(110.2 mg) were precisely weighed and suspended
in 10 mL of PBS (0.01 M, pH 7.4). the micellar solu-
tion was introduced into a dialysis membrane bag
(molecular weight cutoff = 3500), and the bag was
placed in 50 mL of PBS release media; the media
were shaken (30 rpm) at 37°C. At predetermined
time intervals, 3 mL aliquots of the aqueous solution
were withdrawn from the release media, and the
same volume of a fresh buffer solution was added.
The concentration of released AM was monitored
with a UV-vis spectrophotometer at a wavelength of
240 nm. The rate of controlled drug release was
measured by the accumulatively released weight of
AM according to the calibration curve of AM.

Journal of Applied Polymer Science DOI 10.1002/app

RESULTS AND DISCUSSION

Synthesis and characterization of
MPEG,-b-PBOCL diblock copolymers

Various MPEG;,-b-PBOCL diblock copolymers were
synthesized by the ring-opening polymerization
(ROP) of 4-benzyloxy-e-CL (4-BOCL) with the
hydroxyl-terminated macroinitiator MPEG;, (M,
= 550 g mol '). Scheme 1 illustrates the synthesis of
the amphiphilic MPEG;,-b-PBOCL block copolymers.
The MPEG;, hydroxyl group was used as the initia-
tion site for the ROP of 4-BOCL. The influence of the
polymerization time on the copolymerization of 4-
BOCL and MPEG;, (with molar ratio 10/1) was
investigated at 140°C in the presence of SnOct, (1.5
wt %) as a catalyst for various times. Figure 3
depicts the M, and M,,/M, of the copolymers. As
the polymerization time increased from 12 to 48 h,
the M, of the copolymers increased from 1350 to
2200 g mol '(M,, 4, = 2750 g mol™') and M, /M,
increased from 1.14 to 1.40. With a fixed macroinitia-
tor, copolymers with different compositions were
prepared by changing the comonomer 4-BOCL feed
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Figure 3 Effect of reaction time on the M, and M,,/M,
on MPEG-b-PBOCL polymer prepared by polymerization
of MPEG;, and 4-BOCL using 1.5 wt % SnOct, as a cata-
lyst at 140°C. [Color figure can be viewed in the online
issue, which is available at wileyonlinelibrary.com.]

ratio. Table I compiles the polymerization results,
showing high yields between 86 and 96%. The 4-
benzyloxy substitution of e-CL reduces the polymer-
ization rate, as also observed for other substituted
lactones.*® M,s of the block copolymers obtained
from the copolymerization of 4-BOCL and MPEG;,
increased with the increase of the molar ratios of 4-
BOCL to MPEG, in feed. When the molar ratios of
4-BOCL to MPEG; in feed increased from 10 to 50,
the M,s of the copolymer increased from 2210 to
7320 g mol ! with M,,/M,, between 1.26 and 1.58.
The molar ratio of the compositions in the block
copolymers was analyzed by '"H NMR [Fig. 1(A)].
The amounts of comonomer incorporated into the
copolymer can be calculated by comparing the inte-
gral area of the resonance peaks 6 = 4.51 ppm of the
methylene protons (H;) of PBOCL with the reso-
nance peaks 6 = 3.39 ppm of the terminal methoxy
protons (H,) in MPEG. The degree of polymerization
(DP) calculated by comparing the integral area of
the resonance peaks 3 Ij;/2 Iy. According to 'H
NMR spectroscopy, the conversion of copolymeriza-
tion in the monomers was lower than the corre-
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sponding feeds at higher the molar ratios of mono-
mer in feed. This is probably because the substituted
lactones polymerize significantly slower than e-cap-
rolactone, and stems from some transesterification.
When the molar ratio of [4-BOCL]/[MPEG;,] in feed
exceeds 50, a maximum limitation for polymeriza-
tion was observed. This suggests that the conjuga-
tive effect and the spatial hindrance of benzyloxy
group have a strong influence on polymerization.
The resulting polymer showed a broad polydisper-
sity (My/M,, = 1.57) compared with the unfunction-
alized PEO-b-PCL (M,,/M,, = 1.04) and tailing in its
GPC chromatogram [Fig. 4(A)], which may be attrib-
uted to the presence of traces of PBOCL homopoly-
mer in the reaction product.

Synthesis and characterization of
MPEG,-b-PBOCL-b-PCL block copolymer

According to Scheme 1, a series of functional
MPEG;,-b-PBOCL-b-PCL triblock copolymers were
obtained via the ROP of e-CL with the hydroxyl-ter-
minated diblock macroinitiator MPEG;,-b-PBOCL.
With a fixed amount of MPEG,-b-PBOCL macroini-
tiator, copolymers with different compositions were
prepared by changing the monomer &-CL feed ratios
for SnOct,-catalyzed polymerization at 110°C for 24
h. Table II compiles these polymerization results,
showing that yields were moderate. The M, values
of the obtained triblock copolymers increased with
an increase of the molar ratios of &-CL to MPEG;,-b-
PBOCL in feed. When the MPEG;,-b-PBOCL;, was
used as the macroinitiator, the molar ratios of -CL
to MPEG;,-b-PBOCL;; in feed increased from 30 to
90 and the M,s of the copolymers increased from
4480 to 7980 g mol !, with M,,/M,, between 1.49 and
1.66. Similarly, if MPEG;,-b-PBOCL,; was used as
the macroinitiator, the M,s of the block copolymers
increased with the increase of the molar ratios of e-
CL to MPEG;,-b-PBOCL,7 in feed. The molar ratios
of the compositions in the block copolymers were
analyzed with '"H NMR. The amounts of the

TABLE I
Results of the Block Copolymerization of 4-Benzyloxy-¢-Caprolactone (4-BOCL) Initiated with MPEG;, in Bulk
at 140°C with 1.5 wt % SnOct, as the Catalyst for 48 h

[MPEG;,]/[4-BOCL]  [MPEG;,]/[4-BOCL] M, nmr” M, &’ M, Grc” Yield ng
Copolymer molar ratio in feed molar ratio® (gmol™) (gmol™) (gmol™) M,/M;° (%) Q)
MPEG,-b-PBOCL» 1/10 1/12 3190 2750 2210 1.26 86 —-37.5
MPEG,-b-PBOCL,; 1/30 1/27 6490 7150 3640 1.57 93 —28.9
MPEG,-b-PBOCL3, 1/50 1/31 7370 11,530 7320 1.58 96 -

* Determine by "H NMR spectroscopy.

M, m = Mymrec + Mapocr X [4-BOCL]/[MPEG;,] (where M, ppeg is the number —average molecular weight of
MPEG, Mygocr is the molecular weight of 4-BOCL. [4-BOCL] is the monomer 4-BOCL molarity concentration, and

[MPEG;,] is the initiator MPEG molarity concentration).
¢ Determined by GPC.
4 Determined from DSC thermograms.

Journal of Applied Polymer Science DOI 10.1002/app
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nated MPEG;,-b-PBOCL,, macroinitiator and &-CL & j@ ﬁéﬁo :]-2 385 > g o g 9
using SnOct,-catalyst was successful under the ex- : 5| 999PPY K E T3 @ A
perimental conditions used. S Eledaddd QN H%g 2‘* £ Li g
= S| YRS RQ O
e E|9539958| 35025
E| Y|2822885| £5g82¢
Deprotection of the benzyl protecting group = AR AR AR | S ZE g EE
of the new copolymer 2 HELRERLYY % :“‘?4%%
The benzyl protective groups of MPEG,-b-PBOCL- 5 E-‘ID % LED E-‘ID EJD LED E-‘ID 55 % 8 UDS
b-PCL  can be removed by catalytic-transfer ~ === == =
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hydrogenation. The FT-IR results in Fig. 2(B) confirm
the deprotection of MPEG,-b-PBOCL7-b-PCLgg.
Compared with the IR spectrum of the benzyl pro-
tected copolymers, the most distinctive features of
the deprotected MPEG;,-b-PBOCL,;-b-PCLgg are the
almost complete absence of aromatic C—H (out-of-
plane bending) vibration absorption at 700 and 737
cm ™! from the benzyl protected group and the pres-
ence of a broad hydroxyl vibration band from 3100
to 3600 cm . This indicates the removal of the ben-
zyl group. Figure 4(C) shows the GPC trace of the
deprotected polymer. Compared with that of
MPEGlz-b-PBOCL27—b-PCL89 [Flg 4(B)], its peak
shifted to the lower molecular weight side due to
the removal of the protecting groups, and its M,/
M,, remains unchanged. This implies that the main-
chain degradation of the polymer is negligible. A
comparison with the '"H NMR spectrum of the pro-
tected copolymer shows that the peaks around & =
450 and 7.32 ppm, which were assigned to the
hydrogen atoms of the benzyl protecting group,
decreased in the spectrum of the deprotected copol-
ymer after 24 h of hydrogenation. However, the 'H
NMR spectrum data also reveals that about 19%
of the benzyl groups remain unremoved. This is
mainly due to the higher steric effect of copolymer
which might prevent benzyl group from coming into
contact with the Pd/C powder. As the reaction time
up to 30 h, the M,, decrease dramatically due to the
hydrogenolysis.

Thermal properties

Figure 5 shows the thermal behaviors of the block
copolymers and DSC curves of MPEG;,-b-PBOCL
and MPEG;,-b-PBOCL-b-PCL. The DSC curves show
that fixing the length of the MPEG block (M,, = 550
g mol ') and increasing the length of PBOCL block
produces an increase in Tgs. The Tgs of MPEG-b-
PBOCL is higher than that in MPEG-b-PCL. This is
due to the steric hindrance of 4-BOCL containing the
benzyl substituents, which reduces the flexibility of
the backbone. Incorporating larger amounts of 4-
BOCL into the macromolecular backbone causes a
slight increase in T,. For the MPEG,-b-PBOCL-b-
PCL system, an increased amount of &-CL incorpo-
rated into the copolymers caused a decreased in T,
and an increase in T,,s of the copolymers. The val-
ues of T,, decreased from —45.2 to —50.8°C, while
T,.s increased from 39.4 to 54.6°C when the [¢-CL]/
[MPEG5,-b-PBOCL;,] molar ratios increased from 33
to 146. Similarly, T, decreased and T,s increased in
the copolymers when the [e-CL]/[MPEG;-b-
PBOCL,;] molar ratios increased from 8 to 89. This
is due to the fact that the copolymers have a higher
molecular weight when larger amounts of &-CL are
incorporated into the macromolecular backbone,
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Figure 5 DSC curves of (1) MPEG;,-b-PBOCL;,, (2)
MPEG»-b-PBOCL,-b-PCL33, (3) MPEG;,-b-PBOCL,-b-
PCLs9, (4) MPEG,-b-PBOCL-b-PCL146, (5) MPEG,-b-
PBOCL,;, (6) MPEG,-b-PBOCL,,-b-PCLg, (7) MPEG;,-b-
PBOCL,-b-PCLyg, (8) MPEG,-b-PBOCL,,-b-PCLgy, (9)
deprotected MPEG;,-b-PHOCL,,/PBOCL5-b-PCLg9. [Color
figure can be viewed in the online issue, which is available
at wileyonlinelibrary.com.]

causing a decrease in T,, and an increased in T,s.
The existence of two melting temperature very close
together might be the primary and secondary crys-
tallization of PCL. However, the T, of the copoly-
mers was slightly lower than that of the PCL (T,
= 58.3°C),*! indicating that the presence of MPEG,-
b-PBOCL blocks decreases the crystallinity of the co-
polymer with respect to the PCL homopolymer by
reducing the PCL chain mobility. The crystallinity of
PCL is suppressed when its molecular weight is too
low for MPEG12-b-PBOCL27-b-PCL8.

Micelles of block copolymers

The amphiphilic nature of the block copolymers,
consisting of hydrophilic MPEG, and hydrophobic
PBOCL as well as PCL blocks, provides an opportu-
nity to form micelles in water. The characteristics of
the block copolymer micelles in an aqueous phase
were investigated by fluorescence techniques. The
critical micelle concentrations (CMCs) values of the
block copolymers in an aqueous phase were deter-
mined by a fluorescence technique using pyrene as a
probe.

Figure 6 shows the excitation spectra of pyrene in
MPEG,-b-PBOCL,-b-PCL35; solutions with various
concentrations. As it can be seen, the fluorescence
intensity increases with the increase in the concen-
tration of MPEG;,-b-PBOCL,-b-PCL3;. The charac-
teristic feature of pyrene excitation spectra, a red
shift of the (0, 0) band from 334 to 338 nm upon py-
rene partition into micellar hydrophobic core, was

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 6 Excitation spectra of pyrene as a function of
MPEG,-b-PBOCL;,-b-PCL33 concentration in deionized
water (Aem = 390 nm). [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

utilized to determine the CMC values of MPEG;,-b-
PBOCL, and MPEG;,-b-PBOCL-b-PCL block copoly-
mers. Figure 7 shows the intensity ratios (Iszs/Is34)
of pyrene excitation spectra versus the logarithm of
MPEG;,-b-PBOCL-b-PCL, and deprotected MPEG;,-
b-PHOCL,,/PBOCL5-b-PCLgg block copolymers’ con-
centration. As the polymer concentration reached a
certain concentration (i.e., the CMC), the value of
I338/I334 increased dramatically in a sigmoid manner.
The CMC was determined from the intersection of
straight line segments, drawn through the points at
the lowest polymer concentrations, which lie on a
nearly horizontal line, with that going through the
points on the rapidly rising part of the plot. Table III
shows the CMC values of the block copolymers
depending on the block composition. At the fixed
length of the hydrophilic block, the CMC values
decreased from 1.74 to 1.07 mg L~! for MPEG;,-b-
PBOCL, and from 1.29 to 0.80 mg L~! for MPEG,-b-
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Figure 7 Plot of the I335/I334 intensity ratio (from pyrene
excitation spectra; pyrene concentration = 6.1 X 10’7M)
versus the logarithm of the concentration (log C) for
MPEG-b-PBOCL-b-PCL and deprotecting MPEG-b-PBOCL-
b-PCL triblock copolymers (Aemy = 390 nm). [Color figure
can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

PBOCL15-b-PCL33146, respectively, with increasing
of hydrophobic PBOCL and/or PCL chain length.
The lower CMC values for MPEG-b-PBOCL based-
block polymers clearly show that introducing hydro-
phobic benzyloxy groups to the poly(e-caprolactone)
encourages the self-association of block copolymers.
In contrast, the CMC values of the block copolymers
increased from 0.76 to 9.77 mg L' for MPEG,-b-
PBOCL,;-b-PCLg_g9, as the hydrophobic PCL chain
length increased. Until now, we did not know the
reason clearly. A probable reason is that the micelli-
zation ability reduces with increasing length of the
hydrophobic PCL segment. More importantly, the
presence of an aromatic group on the PCL block
seems to be even more effective than elongating the
PCL block in pushing the CMC to lower

TABLE III
Properties of Copolymer Micelles

Unloaded AM micelle

AM-loaded micelle

cMC? Zeta
Copolymer (mg LY Size® (nm) PDI po’cen‘rialb (mv) Size® (nm) PDI

MPEG;,-b-PBOCL;, 1.74 1559 = 3.1 0.12 += 0.02 -16.8 £ 0.8 1348 + 1.3 0.12 = 0.01
MPEG;,-b-PBOCL,; 1.07 145.1 + 1.8 0.04 + 0.02 -20.7 = 1.0 120.7 = 0.3 0.17 = 0.01
MPEG ,-b-PBOCL,-b-PCL33 1.29 175.1 = 1.1 0.07 = 0.02 —-125 = 0.8 120.1 £ 1.0 0.14 £ 0.01
MPEG5-b-PBOCL,,-b-PCLso 0.95 143.8 + 0.1 0.17 + 0.01 58+ 03 894 +05 012 = 0.01
MPEG;,-b-PBOCL,-b-PCL1 44 0.80 1344 + 4.6 0.26 * 0.03 —2.6 =02 90.3 = 2.6 0.11 = 0.02
MPEG,-b-PBOCL,,-b-PCLg 0.76 1685 = 03  0.04 + 0.01 —98 +02 1052 =09  0.11 = 0.01
MPEG5-b-PBOCL,-b-PCL g 5.01 119.8 £ 2.7 0.16 = 0.02 —45 =04 102.3 = 0.7 0.10 = 0.01
MPEG;,-b-PBOCL,;-b-PCLgg 9.77 87.0 = 0.7 0.12 = 0.01 —-23 *+ 0.1 97.8 =22 0.29 = 0.01
MPEG,-b-PHOCL,,/ 2.14 1932 £ 6.4 0.25 = 0.06 -57 =05 - -

PBOCLs5-b-PCLgo

@ Determined by fluorescence.

" Determined by DLS.
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Figure 8 TEM photograph of the micelles formed by (A) MPEG;,-b-PBOCL;,-b-PCLs59 and (B) AM-loaded MPEG;,-b-

PBOCL,-b-PCLsg.

concentrations. However, note that the rigidity of
the micellar core over a limit, the micelle was con-
verted into less stable. When the MPEG,-b-
PBOCL,7-b-PCLgy was deprotected, the CMC values
of the copolymer decreased from 9.77 to 2.14 mg
L~". This demonstrated that hydrophilicity increases
when the protecting groups of PBOCL are
deprotected.

The mean hydrodynamic diameters of micelles
from DLS ranged from 87 to 200 nm, showing a
monodisperse unimodel size distribution pattern.
These results indicate that the micelles size depends
on the polymer composition. Fixing the concentra-
tion of micelle at 50-fold CMC (50 x CMC) value,
the size of micelles decreases as the ratio of hydro-
phobic segment to the hydrophilic segment in copol-
ymer increases. The micellar population showed a
small distribution (PDI = 0.04-0.29) for unloaded
and loaded AM micelles. In contrast to the micelle
size of the deprotected MPEG;,-b-PHOCL,,/
PBOCLs-b-PCLgo was bigger than that of the pro-
tected MPEG,-b-PBOCL,7-b-PCLg9. This may be
attributed to the enhancement of dipole-dipole
repulsion of hydroxyl groups or the enlargement of
hydrated diameter after deprotecting. Comparing
the sizes of loaded and unloaded AM drug micelles
shows that the size decreases when AM in loaded in
MPEG,-b-PBOCL-b-PCL micelles. This is attributed
to the AM-loaded reduce the hydrophobic/hydro-
phobic repulsion of PCL that result the constrin-
gency of core. Figure 8 shows the morphology of
the micelles formed by MPEG;,-b-PBOCL-b-PCL.
Amphiphilic block copolymers with the length of
the core-forming block much greater than the co-
rona-forming block form crew cut aggregates have
been shown to produce a wide range of morpholo-
gies.”” These images confirm that the copolymers
formed almost nanoparticle with spindle shapes due
to the degree of stretching of the core-forming block

too larger to support the spherical morphology, at
which form the spindle morphology.*

Zeta potential, ie., the surface charge, greatly
influences particle stability in suspension through
the electrostatic repulsion between particles. The
general dividing line between stable and unstable
suspensions is generally taken at either +30 mV or
—30 mV. The zeta potential in the range —20.7 mV
to —2.3 mV demonstrated the resulting micelles are
instable to moderate stable. When the length of PCL
increased, the zeta potential reduced rapidly. This
may be due to the less electron density PCL segment
was incorporated into the backbone.

Drug-loading content and drug entrapment
efficiency

The antidepressant drug AM was selected as a model
drug. Table IV summarizes the drug-loading content
and drug entrapment efficiency of MPEG-b-PBOCL,
MPEG,-b-PBOCL-b-PCL and deprotected MPEG;»-b-
PHOCL-b-PCL block copolymeric micelles. The drug-
loading content and drug entrapment efficiency
depends mainly on the composition of the copolymer
and the AM to polymer feed weight ratio. For pro-
tected MPEG,-b-PBOCL,-b-PCL3;5, as the feed
weight ratio of AM to polymer increased from 0.1 to
1, the drug entrapment efficiency increased from 2.4
to 4.1%. For protected MPEG,-b-PBOCL;,-b-PCL33,
the drug-loading content increased with an increas-
ing weight ratio of drug to polymer. The reason for
this is rather complicated, and can be affected by
many factors, such as molecular weight, the ratio of
hydrophobic segment to hydrophilic segment, crys-
tallinity, and so on.* For an AM to polymer feed
weight ratio fixed at 1, the drug entrapment effi-
ciency and the drug-loading content increased as the
length of hydrophobic segment increased. The drug
entrapment efficiency of the MPEG;,-b-PBOCL;7-b-
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TABLE IV
Drug Entrapment Efficiency and Drug Loading of AM-Loaded Copolymer Micelles

Feed weight ratio

Drug entrapment Drug

Copolymer (AM/polymer) efficiency (%) loading (%)
MPEG,-b-PBOCL;, 1/1 1.72 = 0.03 0.86 = 0.01
MPEG;,-b-PBOCL,; 1/1 5.34 = 0.08 2.67 = 0.04
MPEG;,-b-PBOCL-b-PCL33 1/10 2.41 = 0.09 0.21 = 0.01

1/4 248 = 0.35 0.49 = 0.07
1/2 3.88 = 0.14 1.28 = 0.05
1/1 413 £ 0.24 2.07 = 0.12
MPEG y-b-PBOCL,,-b-PCLso 1/1 10.06 = 0.43 5.03 + 0.21
MPEG;-b-PBOCL-b-PCL14¢ 1/1 1.59 = 0.15 0.80 = 0.08
MPEG;,-b-PBOCL,;-b-PCLg 1/1 1.35 = 0.21 0.68 = 0.11
MPEG 5-b-PBOCL,-b-PCL 5 1/1 487 * 0.04 243 + 0.02
MPEG;,-b-PBOCL,7-b-PCLgq 1/1 17.03 = 0.90 8.52 + 0.46
MPEG;,-b-PHOCL,,/ 1/1 246 = 0.03 1.23 = 0.01

PBOCLs-b-PCLgo

PCL4g is significantly lower than the MPEGys-b-
PCL4s? This due to have more steric hindrance
hydrophobic segment in MPEG;,-b-PBOCL,;-b-PCLys
block copolymers, hinder the less amount of drug
entrapped in micelles.

Preliminary in vitro drug release study

The antidepressant drug AM was selected as a
model drug to investigate the controlled drug
release property of the MPEG;,-b-PBOCL,;-b-PCLgg
and deprotected MPEG;,-b-PHOCL,,/PBOCLs-b-
PCLgo micelles in vitro. The release rate was moni-
tored by the determination of the concentration of
the accumulatively released drug. Release profiles of
AM from the MPEGlz-b-PBOCL27-b-PCLSQ and
deprotected MPEGlZ—b—PHOCLZZ/PBOCL5-b-PCL89
micelles are shown in Figure 9. The cumulative
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20
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Figure 9 AM release profiles of (#) the MPEG,-b-
PBOCL,;.b-PCLgy and (M) the deprotected MPEG;,-b-
PHOCL,,/PBOCLs-b-PCLg9 micelles in PBS solution at
37°C.

Journal of Applied Polymer Science DOI 10.1002/app

release of AM was around 95% within 8 h. Two
phases of release can be distinguished: an initial
drug burst, where AM located close to the surface of
microparticles is released and secondly a phase in
which AM is released, probably by passive pore-dif-
fusion mechanism. The initial release amount (burst
release) of AM from the micelles of deprotected
MPEGlz-b-PHOCLzz/PBOCL5-b-PCL89 was Sllght
lower compared with that from the micelles of
MPEG,-b-PBOCL,7-b-PCLg9. This is due to the
strong interaction of AM with the deprotected
MPEG ,-b-PHOCL,,/PBOCLs5-b-PCLsgo.

CONCLUSIONS

A series of novel MPEG-b-PCL based-block copoly-
mers with functional 4-benzyloxy or hydroxyl
groups was synthesized through the successful ROP
of MPEG with 4-BOCL and e-CL. The resulting
MPEG-b-PBOCL diblock copolymers were amor-
phous, exhibited only T,. Incorporating larger
amounts of 4-BOCL into the macromolecular back-
bone caused a slight increase in T,. However, incor-
porating an increased amount of &-CL into the
copolymers caused a decrease in T, and an increase
in T,s in the triblock copolymers. These functional
copolymers can easily form micelles in aqueous so-
lution. The amphiphilic nature of the block copoly-
mer can be tuned by the chain lengths of PBOCL/
PCL block segments. The mean hydrodynamic diam-
eter of the micelles ranges from 87 to 200 nm, and
they exhibit a spindle shape. The drug-loading con-
tent and drug entrapment efficiency of these micelles
depends mainly on the composition of the copoly-
mer and the AM to polymer feed weight ratio.
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