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a  b  s  t  r  a  c  t

A  rigid-coil  �-cyclodextrin-poly  (�-caprolactone)  (CD-PCL)  copolymer  was  synthesized  in which
biodegradable  flexible  multi  PCL  arms  were  selectively  connected  onto  the  wide side  of  the  rigid
torus-shaped  �-CD  through  ring-opening  polymerization  (ROP)  of  �-caprolactone  (CL)  and  protec-
tion/deprotection  technique  of  �-cyclodextrin  (�-CD)  via  trimethylsilyl  groups. 1H  NMR,  FT-IR,  and  GPC
analysis  confirmed  the  “jellyfish-like”  branched  architecture  of  CD-PCL  copolymers.  The  self-assembled
eywords:
iodegradable
aprolactone
elf-assembly
-Cyclodextrin

structures  in  water  of  the  amphiphilic  CD-PCL  copolymer  were  investigated  by  transmission  electron
microscopy  (TEM),  dynamic  light  scattering  (DLC)  and  viscometry.  The  results  showed  that  CD-PCL  could
self-assemble  into  multi-morphological  aggregates  such  as  spheres,  rods,  vesicles,  vesicular  clusters  and
vesicular  network  in  water.  Interestingly,  hierarchical  stripe  structure  was  observed  in  the  formed  vesic-
ular  network,  which  was  driven  by  the  crystallization  of  PCL  segment  in  micelles.  Moreover,  the  inclusion

lles  w
igid-coil ability  of  copolymer  mice

. Introduction

Copolymers are widely explored for their ability to self-
ssemble into micellar aggregates with different morphologies in
elective solvents (Agut, Brûlet, Schatz, Taton, & Lecommandoux,
010; He et al., 2009; Hickey, Haynes, Kikkawa, & Park, 2011; Jain

 Bates, 2003; Neiser et al., 2004) as well as their applications in
he field of biotechnology and pharmaceutics (Discher & Eisenberg,
002; Ren, Feng, Zhang, Li, & Li, 2011; Rösler, Vandermeulen, & Klok,
001; Song et al., 2010). Besides the molecular composition of the
opolymers, the molecular topological architectures including lin-
arity, branching, rigidity and flexibility are very important factors
n determining the self-assembled micellar morphology. Indeed,
he self-assembly of rigid-coil copolymers is directed not only by
he microphase separation of the blocks but also by the tendency
f the rigid segments to form anisotropic liquid-crystalline or crys-
alline domains. This competition process can lead to morphologies
hat are distinctly different from those that are commonly observed
or conventional coil–coil copolymers (Chen, Thomas, Ober, & Mao,
996; Jenekhe & Chen, 1999; Liu, Lin, Kuo, Lin, & Chen, 2011; Park,

oon, Seo, Choi, & Kim, 2010). Thus, rigid-coil copolymers repre-

ent an attractive class of building blocks for the preparation of
elf-assembled nanostructures (Ho, Lee, Dai, Segalman, & Su, 2009;
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raduate University of the Chinese Academy of Sciences, 19A Yuquan Road, Beijing
00049, PR China. Tel.: +86 10 88256677; fax: +86 10 88256092.
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ith  ferrocenecarboxylic  acid  was  investigated  by  UV.
© 2012 Elsevier Ltd. All rights reserved.

Junnila et al., 2010; Klok & Lecommandoux, 2001; Lee, Cho, & Zin,
2001).

Branched copolymers as well as linear block copolymers can
self-organize into micelles in selective solvents. When compared
with linear block copolymers, branched copolymers can add
additional functionalities to that provided by the polymer back-
bone, which can be accessed following the self-assembly process
(Breitenkamp & Emrick, 2003; Sato et al., 2005). However, in most
cases, branched copolymers tend to form compound spherical
micelles (Akiyoshi, Deguchi, Tajima, Nishikawa, & Sunamoto, 1997;
Jeong, Kang, Yang, & Kim, 2003; Kuroda, Fujimoto, Sunamoto, &
Akiyoshi, 2002; Philippova et al., 2001) or unimolecular micelles
(Kikuchi & Nose, 1996; Yusa, Sakakibara, Yamamoto, & Morishima,
2002) whereas linear block copolymers can organize into abundant
morphologies such as spheres, rods, vesicles, etc. (Cheng, Huang,
Tang, Chen, & Xi, 2005; Jenekhe & Chen, 1998; Zhang & Eisenberg,
1996). It seems difficult for a branched copolymer to form dif-
ferent morphologies in a selective solvent and this creates the
impression that the branched structure of a branched copolymer
precludes morphological diversity. Actually, nearly all the earlier
studies on the synthesis and self-assembly of branched copoly-
mers focus on coil–coil branched copolymers with random branch
lengths and density. It is possible that the randomly branched
structure of a coil–coil branched copolymer precludes morpholog-
ical diversity. If the molecular structure of a branched copolymer

could be properly manipulated or rigid segments introduced into a
branched copolymer, it should be possible for a branched copoly-
mer  to assemble into a wide range of morphologies in selective
solvents (Borisov & Zhulina, 2005; Duan, Kuang, Wang, Chen, &

dx.doi.org/10.1016/j.carbpol.2012.06.041
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:wang-caiqi@gucas.ac.cn
dx.doi.org/10.1016/j.carbpol.2012.06.041
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iang, 2003; Kim, Huh, & Jo, 2003). In contrast to those exten-
ive investigations on the micellization of flexible and linear block
opolymers, relatively few studies have been conducted on the
elf-assembled nanostructures of branched copolymers with well-
efined and rigid-coil molecular architectures (Cai, Lin, Chen, &
ian, 2009; Wang, Li, & Guo, 2005). Thus, we are particularly inter-
sted in branched copolymers consisting of controlled branched
tructures and rigid-coil chains. It is expected that the integration
f the above two factors may  lead to non-spherical self-assembled
orphologies.
Over the past few years, biodegradable and biocompatible

accharide-based branched copolymers have attracted much atten-
ion because of their potential application as biomimetic materials
Hu et al., 2002; Nouvel et al., 2004; Ouchi, Kontani, & Ohya,
003). �-Cyclodextrin (�-CD) is a cyclic oligosaccharide with seven
-glucose units linked by �-1,4-glucose bonds. This oligosac-
haride has a unique rigid architecture of truncated cone in
hich the primary hydroxyl groups are directed to the nar-

ow side and the secondary hydroxyl groups are on the wide
ide of the torus. Due to the arrangement of the functional
roups, the torus-shaped �-CD forms hydrophilic outer surface
nd hydrophobic cavity in which suited guest molecules can be
ncapsulated. So �-CD is not only a suitable backbone to design
ell-defined branched copolymers but also a suitable rigid build-

ng block to drive the formation of highly ordered structures.
owever, well-defined saccharide-based branched copolymers are
enerally difficult to synthesize due to the existence of primary
nd secondary hydroxyl groups. Recently, the protection and
eprotection of partial hydroxyl groups via trimethylsilyl (TMS)
nd tert-butyldimetylsilyl (TBDMS) groups have been success-
ully adopted in the preparation of saccharide-based branched
opolymers with controlled structures in a homogeneous sys-
em (Gou, Zhu, & Shen, 2010; Qiu, Wang, Shen, & Jiang, 2011;

ang, Dong, & Tan, 2003; Wang et al., 2005; Ydens et al.,
000).

Thus, in this paper, a facile strategy to prepare rigid-coil
iodegradable �-CD based branched copolymers with con-
rolled structures was  successfully developed through the
ombination of ring-opening polymerization (ROP) and pro-
ection/deprotection technique of �-CD via trimethylsilyl
roups. Herein, biodegradable poly (�-caprolactone) (PCL)
s flexible hydrophobic branch was selectively connected
nto the wide side of the rigid hydrophilic torus-shaped �-
yclodextrin. Various self-assembled morphologies were observed
ue to the unique rigid-coil branched structure. Such nano-
tructures are expected to be applicable as potential drug carrier
aterials.

. Experimental

.1. Materials and methods

.1.1. Materials
�-Cyclodextrin (Beijing Solarbio Science & Technology Co., Ltd.,

R China) was recrystallized twice from water and vacuum-dried at
0 ◦C under vacuum before use. �-Caprolactone (CL, Acros Organics,
9%) was dried over CaH2 for 48 h, distilled under reduced pressure
ith the fraction collected at 96–98 ◦C (5 mmHg), and stored under

n inert atmosphere. Stannous octoate (Sn(Oct)2) (Alfa-Aesar)
as used without any further purification. p-Xylene and DMSO
ere dried by refluxing over CaH2 and Na/benzophenone com-

lex and distilled just before use. Boron trifluoride diethyl etherate
BF3·Et2O, 48% BF3), 1,1,1,3,3,3-hexamethyldisilazane (HMDS), fer-
ocenecarboxylic acid (FcAc) and other regents were purchased
rom commercial sources and used as received.
lymers 90 (2012) 1046– 1054 1047

2.1.2. Methods
1H NMR  analysis was carried out on a JOEL JNM-ECA600 spec-

trometer in CDCl3, in DMSO-d6, or in D2O at room temperature
(solvents without TMS). FT-IR measurements were carried out on
AVATAR 360 FT-IR spectrometer (Thermo Nicolet). The samples for
FT-IR measurement were prepared by dispersing the powdered in
KBr and compressing the mixtures to form disks. Molecular weight
(Mn) and molecular weight distribution (Mw/Mn) were measured
with a Viscotek TDA GPC instrument equipped with tetrahydro-
furan (THF) as the mobile phase and polystyrene as calibration
standard. Fluorescence was measured with a Fluorolog-3, horiba
Jobin Yvon spectrofluorometer. The UV–vis spectra and kinet-
ics were recorded on a UV-2550 spectrophotometer (Shimadzu,
Japan), using 1-cm path length quartz cuvetts for measurements.

Transmission electron microscopy (TEM) was performed on a
TECNAI T20 electron microscope. Samples for TEM measurement
were prepared by ultrasonic dispersion of the micelle solution
onto 200-mesh gilder copper TEM grids and air-dried at room
temperature. All grids were negatively stained by 2 wt%  phospho-
tungstic acid. The size distribution of the aggregates was analyzed
by a Malvern 3000HS Zetasizer using a monochromatic coher-
ent He–Ne laser (633 nm)  as the light source and a detector that
detected the scattered light at an angle of 90◦. The viscosity mea-
surements were made in an Ubbelohde viscometer, which was
placed in a thermostatically controlled bath with a precision of
25 ± 0.1 ◦C. The measurements were repeated at least three times
and the times obtained were arithmetically averaged, and then
converted to the reduced viscosity (�sp/c) according to the equa-
tion of �sp/c = (t − t0)/t0C, where t and t0 are the flowing time of
copolymer water solution and solvent water, respectively. The con-
centration of the copolymer solution in water is in the range of
0.0005–0.2 mg/ml.

2.2. Synthesis of CD-PCL copolymers

2.2.1. Trimethylsilylation of ˇ-cyclodextrin
Trimethylsilylated cyclodextrin (TMSCD) was synthesized from

CD and HMDS and characterized, as described in our recent pub-
lication (Qiu et al., 2011). The TMS  substitution degree (DSTMS) of
TMSCD in the present study was  DS = 71.9%.

The trimethylsilyl substitution degree (DSTMS) of �-cyclodextrin
was  determined using the following equation:

DSTMS (%) = 7ISi(Me)3

9IH(1,2,3,4,5,6a,6b)

× 100 (1)

where ISi(Me)3
and IH(1,2,3,4,5,6a,6b)

are the integral areas of the methyl
proton signals of the TMS  groups and those of the methine proton
(H-1,2,3,4,5) and methylene proton (H-6a,6b) signals of the glucose
unit, respectively.

IR (KBr, powder, cm−1): 3440 (O H), 2960 (C H), 2901 (C H),
1250 (Si CH3), 1160–1000 (pyranose), 881, 845 (Si CH3). 1H NMR
(CDCl3, 600 MHz): 0.1–0.4 (9H, CH3 Si), 3.25 (1H, H-6a), 3.46 (1H,
H-5), 3.53 (2H, H-2, H-3), 3.69 (1H, H-6b), 3.78 (1H, H-4), 4.65 (1H,

O H3), 4.77 (1H, H-1). GPC(THF): Mn = 1646, Mw/Mn = 1.04.

2.2.2. ROP of CL from trimethylsilylated ˇ-cyclodextrin (TMSCD)
TMSCD-PCL copolymers were synthesized by ring-opening

polymerization (ROP) of �-caprolactone using TMSCDDS=71.9% as
the multifunctional initiator in the presence of Sn(Oct)2. A typi-
cal polymerization procedure was as follows. TMSCDDS=71.9% (1.0 g,
2.6 mmol  of OH group) was  dried at 70 ◦C under reduced pressure

overnight and transferred into a dried two-necked round-bottom
flask equipped with a stopcock and a rubber septum, purged with
nitrogen. Then dry p-xylene (concentration ∼20%) and varying
amounts of �-CL (3.56 g and 5.33 g respectively) and a magnetic
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Table  1
Characterization of CD-PCL copolymers.

Sample [CL]0/[OH] a (molar ratio) Conv. (%) DPPCLcal
b DPPCLNMR

c FPCL
b(grav%) Mn,Cal

b Mn,GPC
d (g mol−1) PDIb

TMSCD-PCL12 12 98.6 12 26 78.6 10,438 9893 1.30
TMSCD-PCL18 18 98.8 18 33 84.6 14,542 12,099 1.70
CD-PCL12 – – 12 21 87.8 9343 9218 1.70
CD-PCL18 – – 18 30 91.5 13,447 9342 1.32

CD-PCL with different PCL arm length were denoted CD-PCLs, wherein the suffix of s means the polymerization degree of a single PCL arm attached to glucose unit and
determined by the initial feed molar ratio of CL and every hydroxyl group of TMSCD. DS of the TMSCD employed was 71.9%.

a Calculated from the equation: [OH] = 21 × (1 − DS) × [TMSCD].
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b Calculated from the feeding molar ration of [CL]0/[OH]a.
c Calculated by the results of 1H NMR.
d Estimated.

tirring bar were added to the flask under a nitrogen atmosphere.
fter TMSCDDS=71.9% was completely dissolved in xylene, the flask
as connected to a Schlenk-line, where an exhausting-refilling pro-

ess was repeated three times. A total amount of 10 mg  Sn(Oct)2
n 1 ml  dry xylene was added to the mixture, and the exhausting-
efilling process was carried out again. The reactor was  heated in
n oil bath at 120 ◦C for 24 h solution polymerization. The crude
olymer was dissolved in CHCl3 and poured into excess methanol
o precipitate the product, which was dried in vacuo to constant
eight. Yield: 4.58 g (98%).

The average polymerization degree (DPPCL) of �-caprolactone
onnected onto every hydroxyl group of the TMSCD backbone was
etermined by two methods. One is using the initial feed molar
atio of CL and every hydroxyl group of TMSCD. The other is by 1H
MR using the following equation:

PPCL = 9IHc

2ISi(Me)3

× DSTMS

1 − DSTMS
(2)

here IHc is 1H NMR  integral intensity of CL repeating units cal-
ulated from the methylene protons at 2.3 ppm ( O C(O) CH2 )
nd ISi(Me)3

is 1H NMR  integral intensity of trimethylsilyl units
alculated from the methyl protons at 0.1 ppm ( Si(CH3)3). The
orresponding results are shown in Table 1.

IR (KBr, powder, cm−1): 3430 (O H), 2950 (C H), 2866
C H), 1730 (C O), 1240 (Si CH3), 1180–1000 (pyranose), 880,
43 (C Si). 1H NMR  (600 MHz, CDCl3, ı, ppm): 4.1 (2H,
CH2 O C(O) ), 3.0–4.9 (H-1, -2, -3, -4, -5, and -6 of pyra-
ose), 2.3 (2H, O C(O) CH2 ), 1.6 (4H, O C(O) C CH2 ,
CH2 C O C(O) ), 1.3 (2H, C(O) C C CH2 C C O ), 0.1 (9H,
O Si(CH3)3).

.2.3. Deprotection of TMSCD-g-PCL
The protected hydroxyl groups on the �-CD backbone were

ecovered by desilylation of the trimethylsilyl ether groups in the
resence of BF3·Et2O. Typically, BF3·Et2O (0.5 ml,  2 mmol) in 10 ml
f anhydrous CH2Cl2 was added dropwise to a solution of TMSCD-
CL (1.0 g, 0.95 mmol  of TMS  group) in 80 ml  of anhydrous CH2Cl2
nder stirring. The reaction mixture was stirred at room tem-
erature for 12 h under a nitrogen atmosphere and then washed
uccessively with NaHCO3 (100 ml,  1 M)  and distilled water. The
rganic phase was dried over anhydrous MgSO4. The concentrated
olution was poured into cold methanol to precipitate the product.
he resulting white solid was dried in vacuo at room temperature
or 24 h. Yield: 0.8 g (80%).

IR (KBr, powder, cm−1): 3440 (O H), 2950 (C H), 2866 (C H),

730 (C O), 1180–1000 (pyranose). 1H NMR  (600 MHz, CDCl3, ı,
pm): 4.1 (2H, CH2 O C(O) ), 3.0–4.9 (H-1, -2, -3, -4, -5, and -6 of
yranose), 2.3 (2H, O C(O) CH2 ), 1.6 (4H, O C(O) C CH2 ,
CH2 C O C(O) ), 1.3 (2H, C(O) C C CH2 C C O ).
2.2.4. Preparation of CD-PCL Micelles and CD-PCL/FcA
The obtained CD-PCL18 copolymer was initially dissolved in

common solvent DMF  to form a series of copolymer solutions with
different initial concentrations (0.01–8.0 mg/ml) at room temper-
ature. 5 ml  Deionized water was  added dropwise to 2 ml CD-PCL18
solutions. The solution was stirred for another 2 h unless other-
wise noted, and then a twofold excess of water (5 ml) was added
to quench the resulting micelles before dialysis against water to
remove the remaining DMF  solvent. After 48 h, the volume of the
solution increased to about 12 ml.  The final concentration of the
obtained copolymer solution in water varied from 0.002 mg/ml
to1.3 mg/ml. Similarly, a 10 ml  solution of 2.0 mg/ml  CD-PCL18
in DMF  was  slowly dropped into 10 ml  of FcA aqueous media
(2.0 mg/ml) under sonication, followed by dialysis against deion-
ized water. After 48 h, the volume of the solution increased to 40 ml
with the addition of deionized water to obtain an aggregate solution
with a concentration of 1.0 mg/ml  for further experiments.

The critical aggregate concentration (CMC) of CD-PCL18 in
water was measured by the fluorescent probe method. 5 �l of
6 × 10−3 mg/ml  pyrene solution in acetone was added to CD-PCL18
aqueous solutions with different concentrations and the solutions
were sonicated for 10 min  before fluorescence emission measure-
ments.

3. Results and discussion

3.1. Synthesis and characterization of CD-PCL copolymers

The preparation of biodegradable CD-PCL copolymers with
controlled branched structures was  carried out according to the
following three steps illustrated in Scheme 1. TMSCD was  firstly
synthesized from �-CD and hexamethyldisilazane (HMDS) in
DMSO at 80 ◦C, in which the number of OH groups substituted
by trimethylsilyl groups (defined as DSTMS) was controlled by the
adjustment of the molar ratio of HMDS and CD. When the molar
ratio of HMDS and CD reached 0.7, TMSCD with high DS (DS = 71.9%)
was  obtained, which indicated that about 15 hydroxyl groups on
the �-CD backbone were substituted by TMS  groups and there
remained about 6 free secondary hydroxyl groups at the third posi-
tion (3-OH) on the �-CD backbone, due to the relatively weak
reactivity. These remaining secondary hydroxyl groups may  pro-
vide the initiating sites for the next copolymerization.

The chemical structure of TMSCDDS=71.9% was confirmed by 1H
NMR. As shown in Fig. 1a, it clearly shows that there are additional
methyl proton signals ( O Si(CH3)3, 0.1–0.4 ppm) of TMS  groups
besides the methine proton signals (H-1, 4.8 ppm) and the methy-
lene protons signals (H-2, 3, 4, 5, 6a, 6b, 3.0–4.0 ppm) of the parent
�-CD glucose unit. At the same time, only the signal of hydroxyl

proton at the third position (3-OH, 4.5 ppm) can be observed while
the signals derived from the hydroxyl protons at the second and
sixth position (2, 6-OH, 5.7∼5.8 ppm) on the �-CD backbone disap-
pear. This observation confirms that the 2-OH and 6-OH groups of
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as is depicted in Table 1. The discrepancy is more evident for copoly-
mers rich in PCL. The result is consistent with that of the poly
(�-caprolactone)-grafted dextran copolymers reported by Isabelle

CD-PCL
18

TMSCD-PCL
18

CD-PCL
12

TMSCD-PCL
12
cheme 1. Synthetic route of biodegradable cyclydextrin-poly(�-caprolactone)
opolymer.

-CD glucose units were successfully substituted by TMS groups.
ccording to the integral ratio of peak areas of the methyl protons
f the TMS  groups and those of the protons (H-1,2,3,4,5, 6a,6b) of
he �-CD monosaccharide residue, the DSTMS of TMSCD is calcu-
ated as about 71.9%, meaning that there remain six free secondary
ydroxyl groups (3-OH) on the wide side of the torus-shaped �-CD.

�-CD only dissolves in polar solvents such as DMSO and water.
ut the obtained TMSCDDS=71.9% achieved solubility in a variety of
rganic solvents, such as chloroform, acetone, THF and p-xylene.
herefore, the ring-opening polymerization of �-caprolactone con-
ected onto the wide side of the TMSCDDS=71.9% was  carried out

n a homogeneous xylene solution with the remained 6 free sec-
ndary hydroxyl groups (3-OH) as initiating sites and Sn(Oct)2
s catalyst. The reaction temperature was selected at 120 ◦C to
educe the transesterification and nearly all the CL were ring-
pening polymerized (yields > 98%) when the reacting time reached
4 hour. Assuming that all the remaining free hydroxyl groups of
he TMSCDDS=71.9% can effectively initiates the ROP of CL, the aver-
ge length of PCL branches can be calculated. And two TMSCD-PCLs

opolymers with different PCL branch lengths (s = DPPCL) were
repared by tuning the molar ratio of CL and hydroxyl group of
MSCDDS=71.9% and characterized by 1H NMR  and GPC. The corre-
ponding results are shown in Figs. 1 and 2 and Table 1.

Fig. 1c exhibits a representative TMSCD-PCL18
1H NMR  spec-

rum. It clearly shows that besides the methlene proton signals of
CL chains (Hc-f, 3.9 ppm, 2.5 ppm, 1.5 ppm, 1.2 ppm), there are
dditional proton signals of the TMSCD moiety (H of pyranose
nd O Si(CH3)3, 3.0–5.0 ppm and 0.1 ppm). The average poly-
erization degree (DPPCL) of �-caprolactone connected onto every

ydroxyl group of the TMSCDDS=71.9% backbone was determined
y two methods. One is using the integral ratio of peak areas of
he methylene protons ( O C(O) CH2 , 2.35 ppm) of CL repeat-

ng units to those of the methyl protons of trimethylsilyl units

 Si(CH3)3, 0.1 ppm) in the TMSCD-PCL 1H NMR  spectrum. The
ther is using the initial feed molar ratio of CL and hydroxyl group
f TMSCDDS=71.9%. It can be observed that DPPCL determined by 1H
Fig. 1. 1H NMR  spectrum. (a) TMSCD (in CDCl3); (b) �-CD (in DMSO-d6); (c) TMSCD-
PCL18 (in CDCl3); and (d) CD-PCL18 (in CDCl3).

NMR  even exceeds that calculated from the initial feed molar ratio,
111098765

Elution time (min)

Fig. 2. GPC traces of TMSCD-PCL18, CD-PCL18, TMSCD-PCL12 and CD-PCL12.
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talline polymer (Mn = 5000, the melting temperature Tm = 58.8 ◦C).
Since �-CD did not show any melting transition, the detected ther-
mal  phenomenon in DSC can only be attributed to the PCL segment

90807060504030

55.0

55.8

56.6

CD-PCL
12

CD-PC L
18

PCL
Scheme 2. A proposed mechanism leading to the self-assemble

dens (Ydens et al., 2000). One may  assume that the voluminous
CL branches of the obtained TMSCD-PCLs spread all around the
MSCD backbone in CDCl3 solution. So TMSCD glucose protons
ere partially screened in 1H NMR  spectra. Therefore, higher PCL

ontent will lead to overestimated DPPCL values measured by 1H
MR  spectroscopy, as observed in Table 1. The experimental condi-

ions (120 ◦C and 24 h) allow high and sometimes even quantitative
olymerization yields (Table 1), so it can thus be concluded that the

nitial feed molar ratio of CL and hydroxyl group of TMSCDDS=71.9%
s better suited than 1H NMR  to determine DPPCL, especially when
he initial CL weight fraction is over 0.3.

In order to recover the protected hydroxyl groups on the �-CD
ackbone and avoid any damage to PCL moieties, the trimethylsi-

yl (TMS) ether groups had to be removed under mild condition.
erein, boron trifluoride diethyl etherate (BF3·Et2O) was  employed

n the third step to cleave the trimethylsilyl groups of the TMSCD-
CL copolymers at room temperature. Thus, a series of CD-PCLs with
ifferent PCL branch lengths (DPPCL) were prepared and character-

zed by IR, 1H NMR  and GPC.
Fig. 1d exhibits a representative CD-PCL18

1H NMR  spectrum.
t clearly shows that the proton signal of the O Si(CH3)3 groups
t 0.1 ppm was not detected and the major proton signals of PCL
hains and �-CD glucose residues remain essentially intact, sug-
esting that no degradation of the �-CD backbone and the PCL
ranches occurred.

The resulting TMSCD-PCL and CD-PCL in the above-mentioned
hree steps were characterized by GPC with tetrahydrofuran (THF)
s the mobile phase and linear polystyrene as calibration standard.
n Fig. 2 and Table 1, the GPC curves of the resulting TMSCD-PCLs

nd CD-PCLs copolymers with different PCL branch lengths reveal
nimodal elution peaks, which suggest that no linear PCL formed.

t should be noticed that Mn,GPC values of the TMSCD-PCLs and
D-PCLs are also less than that of Mn,cal. It is well known that the
olecular size of a polymer with cyclic or branched conformation is

ess than that of linear polymers with the same molecular weight. In
ur experiment, the molecular weight of the branched TMSCD-PCL

nd CD-PCL copolymers were measured with linear polystyrene as
alibration standard. So it can be assumed that the resulting Mn

GPC

alues are less than the Mn,cal values when linear polystyrene was
sed as calibration standard.
phologies of amphiphilic rigid-coil copolymer CD-PCL in water.

Thus, a rigid-coil CD-PCL copolymer with controlled branched
structure was synthesized, in which flexible and hydrophobic
PCL branches were selectively connected onto the wide side of
the rigid and hydrophilic torus-shaped �-CD. Due to the protec-
tion/deprotection of TMS  groups to the hydroxyl groups of the
�-CD, the outer surface of the �-CD remains hydrophilic and the
whole CD-PCL copolymer is amphiphilic, with a jellyfish-like topo-
logical structure as shown in Scheme 2.

It is reported that the crystalline property of amphiphilic
copolymer influences hierarchical structure of its formed nanopar-
ticles (Lin & Gast, 1996; Portinha, Bouteiller, Pensec, Richez, &
Chassenieux, 2004; Richter et al., 1997; Wang, Li, Tao, Guo, & Yan,
2006). So the crystalline behavior of the obtained branched copoly-
mers was investigated by DSC. Fig. 3 shows the second melting
curves of the branched copolymers. PCL homopolymer is a crys-
Temperature (
0
C)

Fig. 3. DCS curves of the copolymers and PCL homopolymer with a rate of 10 ◦C/min
at second heating run. (a) PCL homopolymer, (b) CD-PCL18 and (c) CD-PCL12.
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Fig. 4. The self-assembled properties of CD-PCL18 in water. (a) Determination of
CMC  using the fluorescent method with pyrene as a probe; (b) the DLS size dis-
tribution in water of the micelles with different initial DMF concentrations, (b-1)
M.-W. Jiang et al. / Carbohydr

n CD-PCLs. It was observed that the two branched copolymers can
lso form crystal and the Tm values are lower than that of PCL
omopolymer.

.2. Self-assembled nanostructures of CD-PCL copolymer

The self-assembled aggregation in water of the amphiphilic
igid-coil CD-PCL copolymer with a unique jellyfish-like branched
rchitecture was studied by an indirect method, where CD-PCL18
ith long PCL branches was considered. CD-PCL18 copolymer was
rstly dissolved in common solvent DMF  to form a series of
opolymer solution with different initial concentrations. Deion-
zed water was then added dropwise to the CD-PCL18 solution
nder vigorous stirring until a desired amount of water was
eached. After that, a large amount of water was added to the solu-
ion in order to quench the resulting morphologies. The solution
as then dialyzed against water to remove the organic solvent.

he critical aggregate concentration (CMC) of CD-PCL18 in water
as measured by the fluorescent probe method (Fig. 4a). The
MC  was chosen as the concentration when pyrene exhibited
n apparent increase in the I3/I1 ratio with increasing concen-
ration of the copolymer, indicating that the aggregation of the
opolymer occurred. The results show that the CMC  was about
.2 × 10−3 mg/ml.

The morphology of the CD-PCL18 aggregates was observed
y TEM. When the initial concentrations of CD-PCL18 in DMF
aried from 0.01 to 8.0 mg/ml  and the final concentration of
he obtained aggregates solution in water was about in the
ange of 0.002–1.3 mg/ml, multiple self-assembled nanostruc-
ures were obtained (Fig. 5). When the initial concentration was
.01 mg/ml, spherical micelles concomitant with a few short-rods
ere observed, as shown in Fig. 5a. The size of the CD-PCL18

ggregates was determined by DLS measurements, which gave a
esult of about 125 nm in average diameter (Fig. 4b). The spher-
cal micelle is comprised of a shell of the hydrophilic �-CD and

 dense core of hydrophobic PCL branches. This observation also
howed that the copolymer tended to transform into rod-like
icelles from spherical micelles, even at a low initial concentration.
ith increasing initial concentration, the CD-PCL18 aggregated into
orm-like short rods and then long rods with an average diame-

ers of 100 nm (Fig. 5b–d). After continuing to increase the initial
oncentration of 1.0 mg/ml, the micelles were converted to vesi-
les. The size of the CD-PCL18 aggregates was further determined
y DLS measurements, which gave an average diameter of about
69 nm (Fig. 4b). It was observed that different vesicles trended
o aggregate into vesicular clusters, as shown in Fig. 5e–g. And
he vesicular clusters continued to aggregate into vesicular net-
ork (Fig. 5h and i) with further increase of the copolymer initial

oncentration (6.0–8.0 mg/ml). At this time, copolymer micelles
recipitate out easily from the water. Interestingly, hierarchical
tructure formed in the vesicular network. At high magnifica-
ion, the stripe structure of the vesicles could be clearly seen
Fig. 5j).

To get complementary information about the CD-PCL18 aggre-
ates water solution, viscosity measurements were carried out
25 ± 0.1 ◦C). As shown in Fig. 4c, the wave-like variation of �sp/c
as observed with the increase of CD-PCL18 copolymers concen-

ration in water. This behavior is similar to that of conventional
ow molecular mass surfactants and amphphilic copolymer. It
s well known that �sp/c of a conventional polymer in dilute
olution increase monotonously with the increase of the poly-
er  concentration. CD-PCL18 presents a “normal” variation of
olymer solution in the first increase of �sp/c as a function
f c, showed that it is monomolecular in the region of very
ow concentrations. However, the insoluble PCL chains of CD-
CL copolymer in water begin to associate and form spherical
0.01 mg/ml, (b-2) 1.0 mg/ml; (c) the �sp/c of CD-PCL18 copolymers in water with
different concentrations (25 ± 0.1 ◦C).

micelles and lead to this initial decrease of �sp/c, as the copoly-
mer  concentration increases. During this process, the solvent is
progressively driven out of the micelle core, which would explain

the swelling of the micelle near CMC. The plot then showed a
slight variation of increase–decrease–increase–decrease when the
copolymer concentration increases continuously, suggesting that
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Fig. 5. TEM images of CD-PCL18 self-assembled micelles in water with different initial concentrations in DMF. (a) 0.01 mg/ml; (b) 0.05 mg/ml; (c) 0.1 mg/ml; (d) 0.5 mg/ml;
(e)  1.0 mg/ml; (f) 5.0 mg/ml; (g) 6.0 mg/ml; (h) 6.0 mg/ml; (i)8.0 mg/ml; (j) 8.0 mg/ml.
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he morphology of CD-PCL18 transfer from sphere to rod and then
esicle. The above results of viscometry gave additional validation
n the micellar formation and the transformation of micel-
ar morphology, which was corresponded with the obersvation
f TEM.

Scheme 2 displays a possible self-assembled mechanism of the
opolymers in aqueous solution. The synthesized amphiphilic CD-
CL18 has a unique rigid-coil branched structure, in which the
exible hydrophobic PCL branches were tied onto the wide side
f rigid hydrophilic �-CD. Before the addition of water, the CD-
CL18 is unwound unimolecules in DMF  and showed a jellyfish
ike morphology (Scheme 2A and B). Upon addition of the poor
olvent water to the DMF  solution of the copolymer, the solvent
rogressively becomes incompatible with the PCL branches. It is
asy to understand that the PCL branches tied to a ring of �-CD
rstly trend to aggregate together to form an intermediate state C

n the dilute solution. At this time, the amphiphile behaves like a
ighly asymmetric diblock copolymer as shown in Scheme 2 C, in
hich the PCL chains tied to the ring of �-CD as a whole is treated

s hydrophobic block and �-CD as hydrophilic block. Apparently,
he formation of the intermediate state C increases the Flory-
uggins � parameter of �-CD backbone and PCL branches and

urther drives the microphase separation of �-CD and PCL chains.
t the same time, the self-assembly of the rigid-coil branched
opolymers is directed not only by the microphase separation of
he �-CD backbone and PCL branches but also by the tendency of
he rigid �-CD to form crystalline domains. This competition pro-
ess leads to the formation of self-assembled “crew-cut” micelles
n which long PCL chains as hydrophobic core and short �-CD as
ydrophilic shell. And with the increase of the initial concentra-
ion of CD-PCL18 copolymer in DMF, not only spherical micelles
ut also rod and vesicle nanostructures formed. Simultaneously,
ue to the protection/deprotection of TMS  groups to the hydroxyl
roups of the �-CD, there remain plenty of hydroxyl groups on
he �-CD backbone on the vesicular shell so that hydrogen bonds
mong the vesicles may  form when the initial concentration of
he copolymer are increased to a certain extent. Consequently,
he vesicles connected with each other to form cluster or network
tructure.

Interestingly, hierarchical structure formed in the vesicular
etwork. It can be clearly seen that the strip of PCL segments
Fig. 5j). Similar hierarchical structure was also observed during
he studies on self-assembly behavior of amphiphilic copoly-

er  in a selective solvent. It is found that, if flexible blocks
an crystallize, organized structure could form within the core
f the formed micelles (Lin & Gast, 1996; Portinha et al., 2004;
ichter et al., 1997; Wang et al., 2006). For example, poly(ethylene
xide)–polystyrene diblock copolymers in hydrocarbon solvents
orm thin platelet structures consisting of chain-folded crystalline
omains of the insoluble block polystyrene. PCL homopolymer
nd CD-PCL copolymers are crystalline polymers whose melt-
ng temperatures are about 60 ◦C (Fig. 3). The fact suggests
hat the strong tendency of PCL to crystallize may  be the main
eason for the formation of the observed hierarchical stripe
tructure.

.3. Inclusion of CD-PCL micelles to FcA

The inclusion of CD-PCL micelles to FcA was monitored by
V–vis spectroscopy. As shown in Fig. 6, the characteristic
ands of FcA appear at 270 and 320 nm (Fig. 6a) and CD-
CL18 shows no peak at 270 and 320 nm.  Compared with the

pectrum of FcA and CD-PCL18, the peak at 320 (Fig. 6b) of CD-
CL18/FcA almost disappears and the peak at 270 nm becomes
eak, suggesting that FcA was successfully encapsulated into the
icelles.
Wavelen gth/nm

Fig. 6. UV–vis absorption spectra of FcA (a); CD-PCL18/FcA (b); CD-PCL18 (c).

4. Conclusions

In this paper, a facile strategy to prepare biodegradable
branched copolymers (CD-PCLs) was successfully developed
through the combination of controlled ring-opening polymer-
ization (CROP) and protection/deprotection technique of �-CD
via trimethylsilyl groups. Here, biodegradable PCL as hydropho-
bic flexible branches was  selectively connected onto the wide
side of the hydrophilic rigid torus-shaped �-CD. The topologi-
cal structure of the resulting rigid-coil CD-PCL copolymers looks
like a jellyfish. The rigid-coil branched copolymers with unique
“jellyfish-like” branched structures could self-assemble into multi-
morphological aggregates in water such as spheres, rods, vesicles,
vesicular clusters and vesicular network. Interestingly, hierarchi-
cal stripe structure was  observed in the formed vesicular network,
as being driven by the crystallization of PCL segment in micelles.
Thus, a new route to form multi-morphological self-assembled
structures was  developed using amphiphilic cyclodextrin-based
branched copolymer in water with biodegradable properties. These
branched copolymers bearing reactive hydroxyl groups and ability
to include guest molecules into the hydrophobic cavity of �-CD,
which as well as the formed supramolecular aggregates should be
useful as functional biomaterials for many potential applications
such as drug delivery.
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