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Novel water-soluble amphiphilic graft copolymers (COS-g-PCL-b-MPEG) were synthesized by the coupling reaction between chi-
tooligosaccharide (COS) and MPEG-b-PCL-COOH, which was synthesized via ring-opening polymerization of e-caprolactone (CL)
using MPEG as an initiator and subsequent carboxylation by succinic anhydride. The chemical composition of the graft copolymers
was confirmed by 'H-NMR spectra and FT-IR spectrometry. The thermal properties and crystallinity of the copolymers were ob-
served by DSC and XRD measurements, which showed the existence of separate backbone and graft chain phases in the copolymer.
The micellar behavior via self-assembly of the graft copolymers in aqueous solution was studied using pyrene fluorescence dye
technique. AFM measurements showed that the micelles had a spherical morphology at the critical micelle concentration (CMC) and
ranged in size from 20—45 nm. The amphiphilic ternary biodegradable graft copolymer endows the hydrophilic outer shell of micelles
with structural and functional diversification, which might be desirable for drug delivery applications.
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1 Introduction

Amphiphilic copolymers can self-assemble into micelles
with core-shell structures in a selective solvent. The micelles
have thermodynamically stable nano-structures which can
be spherical, cylindrical or wormlike, depending on the
type of solvent and the block ratios of polymer (1-3). These
copolymers have been extensively studied in the biotechnol-
ogy and pharmaceutical fields to improve the therapeutic
efficiency of drugs or other agents that can be incorporated
into the inner core of polymeric micelles (4-7).

Recently, polymeric micelles with poly(ethylene glycol)
(PEG) as the hydrophilic, shell-forming block have at-
tracted interest in pharmaceutical applications due to their
prolonged blood circulation time (8, 9). As the hydropho-
bic, core-forming blocks, polyesters such as poly(lactic
acid) (PLA), poly(glycolic acid) (PGA), poly(lactic acid-
co-glycolic acid) (PLGA), and poly(e-caprolactone) (PCL)
have attracted special attention because of their biodegrad-
ability and biocompatibility, as well as high drug-loading
capacity due to their hydrophobic properties, all of which
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makes them attractive for drug delivery systems (10).
These poly(ether-ester) diblock or triblock copolymers
(AB, ABA, or BAB type) have successfully been studied
as carriers for many hydrophobic drugs (11-14).

For these amphiphilic block copolymers with long
polyester segments, the most common protocols for prepar-
ing aqueous solutions of micelles or drug-loaded micelles
involve the dissolution of the copolymer and drug in a mix-
ture of an organic solvent for the hydrophobic block and
water, followed by solvent evaporation or dialysis of the so-
lution against water (15, 16). However, it is difficult to com-
pletely remove organic solvents, which limits the potential
of these micelles for biomedical applications. Moreover, it
was demonstrated that a method using organic cosolvent
with water affected the self-assembly of the block copoly-
mer (17). A few researchers have developed solvent-free
methods to incorporate drugs into self-assembled poly-
meric micelles by simply dissolving amphiphilic copoly-
mers in water (18). The production of solvent-free drug-
loaded micelles is more favorable for in vivo applications.
An additional limitation of applications that use micelles
derived from poly(ether-ester) amphiphilic block copoly-
mers is the difficult structural modification of the PEG-
based shell (19). To address this issue, Shuai et al. (20) pre-
pared hyperbranched PEI-g-PCL-b-PEG for gene vectors
by combining the high transfection efficiency of branched
polyethylenimine (PEI) and the amphiphilic structure of
PCL-b-PEG block copolymers.
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The present study was concerned with the synthesis of
novel water-soluble ternary COS derivates via conjugation
of amphiphilic MPEG-b-PCL diblock copolymer onto chi-
tooligosaccharide backbone. Chitooligosaccharide (COS),
the oligomer of chitosan, is obtained by the chemical or en-
zymatic hydrolysis of chitosan, which is soluble in a neutral
aqueous solution. COS exhibits favorable biological activ-
ities such as anti-microbial and anti-tumor activities and
DNA complexation capability. Moreover, COS contains
hydroxyl and amino groups for further chemical modifica-
tion. These unique properties make COS attractive for use
in biomaterial applications (21, 22). MPEG-b-PCL grafts
endow COS with amphiphilicity, which is important for ef-
ficient drug loading. The amphiphilic graft copolymers are
expected to self-assemble into micelles with hydrophobic
PCL as the core-forming blocks and hydrophilic COS and
PEG as the double shell-forming blocks in aqueous solu-
tion. This cationic functional COS copolymer consisting of
PEG and readily biodegradable PCL might be more suit-
able for in vivo drug delivery applications. In this study,
we investigated the synthesis, micellar behavior of am-
phiphilic ternary COS derivatives, and morphology of the
micelles.

2 Experimental

2.1 Materials

Chitooligosaccharide (COS) with a 95% deacetylation and
number-average molecular weight of 10 Kg/mol (KITTO
LIFE, Korea) was dried at 60°C for 2 days under vacuum
before use. e-Caprolactone (99%, Aldrich, USA) was dried
over CaH2 for 2 days and distilled under vacuum just before
use. Mono-methoxy(polyethylene glycol) (MPEG, Aldrich,
USA) of Mn =2000 g/mol was used after drying under
vacuum at 100°C for 24 h. Stannous 2-ethyl hexanoate
(95%, Sigma, USA) was used as received.

4-Dimethylaminopyridine (DMAP, 99%), succinic an-
hydride (SA, 98%), and trimethylamine (TEA, 99%)
(TCI, Japan) were used as received. Dicyclohexylcarbodi-
imide (DCC, 99%) and N-hydroxysuccinimide (NHS, 99%)
were purchased from Aldrich (USA). Tetrahydrofuran
(THF) and dimethyl sulfoxide (DMSO) (HPLC grade)
were distilled over CaH2 before use. The other chemi-
cals were analytical grade and were used without further
purification.

2.2 Synthesis of MPEG-b-PCL-COOH

MPEG-b-PCL-OH was first synthesized via ring-
opening polymerization of e-caprolactone monomer using
hydroxyl-terminated MPEG as an initiator and stannous
2-ethyl hexanoate (Sn(Oct),) as a catalyst. Briefly, MPEG
(10 g, 5 mmol), e-caprolactone (3.42 g, 30 mmol), and
Sn(Oct); (13 mg) were introduced into a 100 mL single-
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necked round-bottom flask equipped with a magnetic
stirring bar in dry nitrogen atmosphere, which was degassed
by a vacuum pump for 20 min and purged with nitrogen
gas. The degassing and purging process was repeated three
times. The ring-opening polymerization was carried out at
125°C in a nitrogen atmosphere for 16 h. The product was
purified by precipitating into anhydrous diethyl ether from
chloroform solution and dried under vacuum at 40°C. The
yield was around 90 wt%.

Carboxyl-terminated MPEG-b-PCL monomer was pre-
pared with succinic anhydride in the presence of DMAP
and trimethylamine (TEA) following the method described
in the literature (23, 24). MPEG-b-PCL (10 g), succinic
anhydride (0.46 g), DMAP (0.47 g), and TEA (0.5 mL)
were dissolved in dried THF (120 mL) and left at room
temperature for 24 h. The product was precipitated using
anhydrous diethyl ether. The unreacted succinic anhydride
was removed by filtration after dissolving the mixture in
chilled methylene chloride. The product was purified by
precipitating into anhydrous diethyl ether from methylene
chloride solution twice, and then dried at 40°C under re-
duced pressure for 2 days.

2.3 Synthesis of COS-g-PCL-b-MPEG Copolymers

COS-g-PCL-b-MPEG graft copolymers with different
compositions were synthesized by coupling reactions
between chitooligosaccharide and carboxyl-terminated
MPEG-b-PCL using DCC as a coupling agent, as shown
in Scheme 1. Dried COS and carboxyl-terminated diblock
copolymers with different molar ratios were dissolved in
dried DMSO (0.5 g COS with 60 mL DMSO), followed
by the addition of DCC and NHS as coupling agents (4
and 2 mole equivalent to the carboxyl-terminated MPEG-
b-PCL copolymer, respectively) in a nitrogen atmosphere.
The reaction was maintained at room temperature for
48 h under continuous stirring. The mixture was precip-
itated by adding an excess of anhydrous diethyl ether. Af-
ter the precipitant was dissolved in DMSO, the solution
was dialyzed with a cellulose membrane (molecular weight
cut-off: 12,000-14,000 g/mol) against DMSO for 3 days
and distilled water for another 3 days to remove the un-
reacted MPEG-b-PCL-COOH and other impurities, and
the sample was then freeze-dried to obtain graft copolymer
powders.

2.4 '"H-NMR and FT-IR Measurements

'"H-NMR spectra were recorded on a Varian UI500 NMR
spectrometer at 500 MHz at room temperature with CDCI3
as the solvent for MPEG-b-PCL and MPEG-b-PCL-
COOH, and D20 for the graft copolymers. FT-IR spec-
tra were recorded using KBr discs on a Magna 750 FT-IR
spectrometer (Nicolet, USA) at room temperature.
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Sch. 1. Schematic illustration for synthesis of COS-g-PCL-b-MPEG graft copolymer.

2.5 Thermal Analysis

A differential scanning calorimeter (DSC) (DSC-Q100, TA
Instrument, UK) was used to measure the thermal prop-
erties of the polymers. The DSC thermograms covered a
temperature range of —20 to 80°C at a scanning rate of
5°C/min.

2.6 XRD Analysis

X-ray diffraction (XRD) measurements were performed on
a Rigaku D/Max-2500/PC type X-ray diffractometer. The
radiation source was nickel-filtered Cu-Ka radiation with a
wavelength of 0.154 nm, and the voltage and current were
set to 40 kV and 40 mA, respectively. The proportional
counter detector collected data at a rate of 260 = 1°/min
over the range 260 = 5-35°.

2.7 Steady-State Fluorescence Measurements

Steady-state fluorescence spectra were recorded on an AB2
luminescence spectrometer (Aminco-Bowman, France).
Pyrene was used as a hydrophobic fluorescent probe (25,
26). A solution of pyrene in THF was added to distilled
water, and the THF was removed by stirring at 40°C for
4 h. The final concentration of pyrene was 1x107¢ M.
Graft copolymer concentrations ranging from 5x10~* to
1 mg/mL were prepared by dissolving and diluting the so-
lution. The solutions were kept at room temperature for
24 h to reach the solubilization equilibrium of pyrene in
the aqueous phase. Excitation spectra were monitored at

334 nm at 25°C and emission spectra ranging from 350 to
440 nm were recorded. Both excitation and emission band-
widths were 8 nm.

2.8 Atomic Force Microscopy Measurements

Atomic force microscopy (AFM) images were recorded
with a XE-100 (PSIA, Korea). The samples for AFM
measurement were prepared as follows. A COS-g-MPCL 4
solution was prepared by directly dissolving the graft
copolymer in distilled water (the concentration of graft
copolymer: 0.04 mg/mL, near the critical micelle concen-
tration (CMC)). The solution was dropped on a freshly
cleaved mica surface, and the mica was rapidly frozen in
liquid nitrogen. Then, the frozen micellar solution on the
mica wafer was lyophilized for 24 h to remove water.

3 Results and Discussion

3.1 Synthesis and Characterization of Graft Copolymers

Water-soluble graft copolymers with different MPEG-b-
PCL contents were synthesized via coupling reaction be-
tween COS and carboxyl-terminated amphiphilic MPEG-
b-PCL copolymer (Scheme 1). To obtain the carboxyl-
terminated MPEG-b-PCL copolymer, the MPEG-b-PCL
diblock copolymer was first synthesized via the ring-
opening polymerization of e-caprolactone using MPEG
as an initiator and stannous 2-ethyl hexanoate (Sn(Oct),)
as a catalyst. The product was then reacted with succinic
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Fig. 1. 'H-NMR spectra of MPEGys-b-PCLg diblock copolymer (a), carboxyl-terminated MPEGys-b-PCLg (b), and COS-g-

MPCL14 (C)
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anhydride using DMAP and TEA as catalysts. To make the
carboxyl-terminated diblock copolymer water-soluble, the
feed molar ratio of CL to MPEG was kept at 6. Figure 1a
and b exhibit the 'H-NMR spectra of the MPEGys-b-PCLg
diblock copolymer and MPEGys5-b-PCLs-COOH. The
small peak at 4.22 ppm belongs to methylene protons of
the PCL-CO-OCH,-CH;-O-MPEG segment (Figure 1a),
indicating the successful synthesis of diblock copolymer.
The composition of the diblock copolymer, calculated
from the peak intensities of the -CH,CH,- protons in
the MPEG block (~3.63 ppm) and the -CH,- protons in
the PCL block (~4.04 ppm), was found to be 5.7, which
nearly coincided with the feed molar ratio of CL to MPEG
(27). Moreover, the conjugation of the succinic anhydride
(SA) to the obtained MPEGys5-b-PCLs-OH was verified
by 'H-NMR as shown in Figure 1b. The singlet peak at
2.61 ppm is characteristic of the protons of an SA moiety
after ring opening (28). The ratio of the integration of
this peak to that of the peak for CH3;0O- in the MPEG
block (Figure 1b) suggested that ca. 90% of the diblock
copolymer chains had been functionalized.

The graft copolymer was prepared by conjugation of
carboxyl-capped MPEGys-b-PCLg copolymer onto the
COS backbone under DCC and NHS in DMSO. Figure 1c
is the 'TH-NMR spectrum of the graft copolymer, which
shows the proton signals of COS at 3.0-5.0 ppm (29), the
methylene proton signals of carboxyl-terminated MPEGys-
b-PCLg diblock copolymer are also clearly confirmed. The
average number of MPEGys5-b-PCLg grafts per COS was
calculated from the ratio of the integrated areas of the
methyl signal (CH3-O-) of MPEG segment at 3.4 ppm
and H1 signal of COS at 4.6 ppm. The chemical composi-
tions could be varied by changing the feed molar ratio of
carboxyl-terminated MPEGy5-b-PCLg to COS (Table 1).

The FT-IR spectra of COS, carboxyl-capped MPEGys-
b-PCL¢ and the graft copolymers are shown in Figure 2.
The FT-IR spectrum of COS showed two characteristic
peaks (30) for amide I band and amide II band around 1657
and 1560 cm~!, respectively. In the spectra of graft copoly-
mers we observed the characteristic peaks from COS and
MPEGys5-b-PCL¢ branches, including the ester carbonyl
stretching band (C=0, around 1740cm™!), the C-O stretch-
ing band (around 1110 cm™') of the PEG segment, and
C-H stretching band (3000-2850 cm~') of PEG and PCL
segments. Moreover, the relative intensities of the peaks
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Fig. 2. FT-IR spectra of COS (a), COS-g-MPCL4 (b), COS-g-
MPCL3; (), and carboxyl-capped MPEGys-b-PCLg (d).

from the C=0 group (mainly from PCL segment), the C-O
group in the PEG segment and the C-H stretching of PCL
and PEG segments increased as the number of MPEGys-b-
PCLg grafts increased. All of our results suggested that we
had achieved a successful synthesis of the graft copolymers.

3.2 Thermal Properties and Crystallinity of Graft
Copolymers

Figure 3 shows the second melting curves of COS, graft
copolymers, and MPEGys-b-PCL¢-COOH. COS did not
show any melting transition over the experimental tem-
perature range. Therefore, the thermal behaviors detected
by DSC measurements could be attributed to MPEGys-b-
PCL side chains in the graft copolymers. The value of the
melting temperature (T,,) (Table 1) of MPEGys-b-PCL¢—
COOH shifted to a lower temperature after it was grafted
onto the COS backbone. This may be due to the fact that
the existence of COS in the graft copolymer hinders the
formation of more regular crystalline domains. For graft
copolymers, the value of AH increases and T,, shifts to
higher temperatures as the number of MPEGys-b-PCLg
grafts increases.

Figure 4 shows the X-ray diffraction patterns of
COS, graft copolymers and MPEGys-b-PCLs-COOH. The
broader weak peak of COS at around 260 = 19° indicates

Table 1. Synthesis and characteristic of COS-g-MPEG-b-PCL graft copolymers

cos MPEG5-b-PCLs-COOH yield cMCt T, AH
Designations mmol mmol No. of grafts” (%) mg/mL °C J/g
COS-g-MPCL 4 0.05 1 14 67.3 0.040 44.1 69.3
COS-g-MPCLj3, 0.05 31 72.2 0.030 46.4 82.2

MPEGys-b-PCLs-COOH - -

- 85.5 0.0034 50.4 136.4

“4Calculated from 'H-NMR.
bDetermined using the pyrene fluorescence dye technique (25, 26).
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Fig. 3. Second heating DSC curves for COS (a), COS-g-MPCL 4
(b), COS-g-MPCLj3; (¢), and carboxyl-capped MPEGys-b-PCLg
(d).

that COS has an amorphous structure, very different from
its precursor, chitosan, which has strong reflections at
26 = 10 and 20°.3! For the two graft copolymer samples,
two strong characteristic peaks appeared at 260 = 19.1°
and 26 = 23.3°, which could be attributed to the crystal
phase of the MPEGy5-b-PCL¢ grafts. In comparison with
the MPEGy5-b-PCLg-COOH diblock copolymer, the graft
copolymers had broader and weaker peaks, suggesting that
COS hindered the crystallization of MPEGys-b-PCLg seg-
ments, which is consistent with the DSC results. However,
as the number of grafts increased in the graft copolymers,
the peak intensity became stronger. These results reveal that

a
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Fig. 4. X-ray diffraction patterns for COS (a), COS-g-MPCL 4
(b), COS-g-MPCL3; (c), and carboxyl-capped MPEGys-b-PCLg
(d).
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Fig. 5. Emission spectra of pyrene in the COS-g-MPCL,4 copoly-
mer solution at a fixed excitation wavelength of 334 nm. The
concentration of pyrene was 1x 10~ M.

the graft copolymers have two separate phases; amorphous
COS and semicrystalline graft chain.

3.3 Micellar Behaviors of Graft Copolymers in Aqueous
Solution

COS, the oligomer of chitosan, is soluble in neutral aqueous
solution, but chitosan is only soluble in acid aqueous so-
lution. Herein, by grafting water-soluble MPEGys5-b-PCLg
diblock copolymer with a relatively shorter PCL segment
to a COS backbone, the obtained graft copolymers can
dissolve in neutral aqueous media at room temperature.
Since the structure of ternary graft copolymers is com-
posed of hydrophobic and hydrophilic moieties, polymeric
micelles are expected to form by the direct dissolution of
graft copolymers in distilled water.

In this study, the fluorescence probe, pyrene, was used
to evaluate the critical micelle concentration (CMC) values
of obtained graft copolymers. Figure 5 shows the emission
spectra of pyrene in the presence of graft copolymer. The
pyrene quantum yield increases due to the decreased po-
larity of the environment, and the CMC can be determined
using the characteristic peak shifts (25, 26). Because the
intensity of the /; peak gradually decreases with the incor-
poration of pyrene into the hydrophobic core region of the
micelles from water, the intensity ratio of I3/, indicates the
change in micelle concentration.

Figure 6 shows the intensity ratio of /3/1; of the pyrene
excitation spectra as a function of the logarithm of graft
copolymer concentration. Below the CMC, the intensity
ratio was low and the slope was negligible. When the
concentration reached the CMC, the intensity ratio sharply
increased. As shown in Figure 6, the intersection of the two
tangent curves, a horizontal curve at low graft copolymer
concentrations and the inflection, was determined to be
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Fig. 6. Intensity ratio /3/I; in the emission spectra as a function
of copolymer concentration, C.

the CMC. The CMC values for COS-g-PECL14 and
COS-g-PECL31 were 4.0 x 1072 and 3.0 x 10> mg/mL,
respectively, both of which are lower than that of the
MPEGys-b-PCLg diblock copolymer (3.4 x 1073 mg/mL)
(32). This difference can be attributed to the direct covalent
connection that produces a strong interaction between the
two blocks. The values are quite low in comparison with
those of linear amphiphilic block copolymers (33, 34).
This is attributed to the architecture of the graft copoly-
mers. The high graft degree of the copolymer and strong
hydrophobic character of the PCL segments led to a very
strong tendency towards formation of micelles in aqueous
solution, despite a relatively short PCL segment. The
CMC values of the graft copolymers slightly decreased as
the graft degree in the copolymer increased because of the
presence of more hydrophobic PCL segments.

3.4 Morphologies of the Micelles at the CMC

To investigate the morphology of micelles at the CMC,
freeze-dried samples were prepared for AFM measurement.
The freeze-drying method was adopted to retain the most
natural micelle morphology possible in aqueous solution
(35). The micelles were formed by directly dissolving the
graft copolymer into distilled water to avoid the effects
of organic solvents on the morphology of the polymeric
micelle (17).

Figure 7 shows the height (a) and phase images (b) of
COS-g-MPCL 4 micelles at a concentration of 0.04 mg/mL
(near the CMC). The micelles are separately dispersed on
the surface of the mica with an almost spherical morphol-
ogy. The nano-sized micelles observed on the surface were
not uniform, averaging 20-45 nm in diameter. When the
concentration of the graft copolymer solution is near the
CMC, the hydrophobic segments of the graft copolymer
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solution at 0.04 mg/mL (near CMC): (a) height and (b) phase
image.

begin to aggregate, resulting in micelle formation. At this
stage, we found that a large amount of solvent was trapped
in the loose micellar cores and coronas (36).

4 Conclusions

Water-soluble ternary graft copolymers composed of COS
as a hydrophilic backbone and amphiphilic MPEGys-
b-PCL¢ diblock copolymers as grafts were successfully
synthesized via conjugation between COS and carboxyl-
terminated MPEGys5-b-PCLg under DCC and NHS. In
solid state, the copolymers had separate phases of COS
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and graft chains, and in aqueous solution, spherical mi-
celles of 2045 nm formed at the CMC. The CMC values
measured by the steady-state pyrene fluorescence technique
decreased as the graft degree of the copolymers increased.
These biodegradable ternary graft copolymers can poten-
tially be used as nanocarriers for delivery of hydrophobic
drugs or other agents.
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