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Abstract: The partial inclusion complexes (ICs) between poly(L-lactic acid) (PLLA) with high molecular weight
and β-cyclodextrin (CD) were prepared and characterized by 1H nuclear magnetic resonance spectra (1H NMR),
X-ray diffraction (XRD), thermogravimetric analysis (TGA), differential scanning calorimetry (DSC) and polariz-
ing optical microscopy (POM), respectively. The thermal results demonstrated that the crystallization performance
of ICs were significantly improved, and the decomposition temperature of ICs were increased compared with PLLA.
The mechanical tests indicated that the mechanical performance of ICs was improved, and the β-CD-PLLA ICs
exhibited a higher non-Newtonian effect than PLLA. The degradation rate for the partial ICs in phosphate buffer
solution accelerated as the ratio of β-CD increased, meanwhile, the partial ICs had a good shape memory behavior.
The wetting measurements suggested the hydrophilicity of ICs was also enhanced markedly in comparison with the
bulk PLLA. 
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Introduction

Cyclodextrins (CD) are a series of cyclic oligosaccharides
consisting of more than six D (+)-glucose units joined by
α-1,4-linkages. According to the number of glucose unit in
CD macrocycles, from six to eight, the molecules are termed as
α-, β-, and γ-CD, respectively. The unique structure, like a trun-
cated cone including a hydrophilic outer surface and hydro-
phobic cavity, has the capacity to accommodate different guest
molecules.1-4 The formation of host-guest inclusion com-
pounds shows the importance in both designing and con-
structing the nanometer-scale ordered structures.5 In recent
years, due to potential applications in many areas, much atten-
tion has been given to the formation between linear polymeric
guests and CDs leading to the main chain pseudopolyrotax-
anes by several groups.5-7

As a synthetic biodegradable polyester, poly(L-latic acid)
(PLLA) have been of special interest in biomaterials such as
scaffolds engineering,8-12 surgical suture13 and shape memory
polymers (SMP)14 depending on its favourable chemical, biologi-
cal and mechanical characteristics including structural sim-
plicity and compatibility. However, these defects such as poor
wettability, brittleness, bad impact resistence and thermal sta-
bility, severely restrict its potential application in other aspects.8-14

It was worth noting that the introduction of good water-soluble

cyclodextrins threaded on polymer chains could not only
improve the hydrophilcity of polymer surfaces, but also show
some effect on its crystallization, degradation and thermal
stability performances, resulting from these facts that the
hydrophobic cavities would restrict the motion of macro-
molecular chains and increase the degree of crosslinking.15-18

To our best knowledge, there were some reports about the
inclusion complexes between poly(lactic acid) (PLA) and
cyclodextrins, for instance Oliveira et al.19 discovered that
α-cyclodextrin could form inclusion structures with poly(D,L-
lactic acid) (PDLLA), and bulk PDLLA presented a typical
Vogel-Fulcher-Tammann-Hesse (VFTH) behavior while the
ICs dynamics showed an Arrhenius trend; Zhang20 also pre-
pared the α-CD-PLA ICs and found that the presence of PLA-
IC significantly promoted the crystallization of PLA; Xie et
al.21 similarly reported that glass transition temperature (Tg)
value of ICs between PLA with high molecular weight and
β-CD decreased compared with PLA, furthermore, β-CD-PLLA
ICs had improved hydrophilicity, but the in-depth effects on
the structure and other properties of β-CD-PLLA ICs were
not investigated. In viewing the modification of PLA materials
through inclusion complex with cyclodextrin, it was very
necessary to investigate the effect of inclusion structure on
the performance of PLA. Meanwhile, the influences of the mole
inclusion ratios between cyclodextrin and other polymers
on their performances, such as thermal behavior22,23 surface
properties24 and so on, were also mentioned briefly in the previous
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work, but the systematic studies and how the supramolecular
structures of ICs with various stoichiometric ratios affect the
performances of the PLA polymer were rarely mentioned. 

On the basis of these considerations, the partial β-CD-PLLA
inclusion compounds with different stoichiometric ratios were
obtained by co-precipitation method in this work; then the
crystallization performance and mechanical properties of
the two partial ICs were studied by differential scanning cal-
orimetry (DSC), polarized optical microscopy (POM), dynamic
mechanical analysis (DMA), and tensile measurements.
Then the potential relationships between the supramolecular
structures and the performances of the partial ICs were studied.
In addition, according to the proposed structures and the dif-
ferences of crystallization between the uncovered polymer
chain and the parts covered by cyclodextrin cavities in par-
tial ICs, their shape memory behaviors were investigated
and testified through theoretical proof, i.e., the modulus vari-
ation around Tg, ETg+20 oC/ETg-20oC. As it is well known, it is the
slow degradation behavior of bulk PLA polymer with high
molecular weight would bring some difficulty in recovery
and reprocessing for polymer composite materials, and thus
the degradation speed also became an important indicators
for evaluation of the polymer materials. In order to elaborate
the effects of β-CD host-guest inclusion interactions on the deg-
radation of PLLA, the degradation behaviors in phosphate
buffer solution (PBS) of the two partial ICs with different
inclusion ratios were investigated. 

Experimental

Materials. The injection grade PLLA (the weight-average
molecular weight was 1×105 g mol-1) used in the work was
obtained from Shengzhen Guanghua weiye Industrial Co.
(China); β-cyclodextrin, analytically pure, was purchased from
Tianjin Guangfu Fine Chemical Industry Research Institute
(China); Disodium hydrogen phosphate, sodium dihydrogen
phosphate, analytically pure, were obtained from Tianjin
Kemeng Chemical industry & trade Co., LTD (China); Normal
analytical pure chloroform, N,N-dimethylformamide and
sodium chloride were used without further purification.

Preparation of the β-CD-PLLA Inclusion Complexes.
A general procedure of preparation of β-CD inclusion com-
plexes with PLLA (β-CD-PLLA ICs) was as follows: PLLA
were dissolved in chloroform, and then PLLA solution was
dropwise added into the β-CD saturated aqueous solution with
strongly stirring at room temperature for predetermined inter-
vals, and the mixture turned turbid. Then the solution was
allowed to stand for 48 h. The precipitate was collected by
filtration and washed by CHCl3 and distilled water three times
to remove uncovered PLA and free β-CD, respectively. The
products were dried in vaccum oven at 50 oC for 48 h.

Shape Memory Behavior Test. 1.5 g of the β-CD-PLLA IC1
was dissolved in 50 mL of dimethylformamide (DMF) at
60 oC, after initial stirring for 2 h, then the solution was poured

into a glass dish slowly; in order to remove the solvent thor-
oughly, the glass dish was put in the fume hood for 48 h; finally
the film was placed in a vacuum drying oven at 50 oC for 48
h. Following this, the film was cut into several straight strips
(3.5×0.5×0.01 cm) to test the shape memory behavior. Accord-
ing to the testing method reported by Luo et al.,25 the straight
strip of ICs was deformed to an angle θo=90o at 100 oC under
external force and then cooled down to room temperature to
maintain the deformation θi. The deformed sample was rap-
idly heated again to 95 oC and the deformation angle θd was
recorded. The recovery ratio was defined as (θi-θd)/θi. The
fixity ratio was defined as θi/θo. The recovery time is the time
required for the deformed shape to recover its original shape.

In vitro Degradation. The PBS was prepared with 0.2 g
NaH2PO4, 2.2 g Na2HPO4 and 8.5 g NaCl, and then the speci-
mens were immersed into 800 mL of the buffer solution
with pH=7.4 in a incubator at 37 oC. The sampling operation
was performed every few days and the samples were washed
by distilled water three times to remove residual phosphate,
and dried to a constant weight in a vaccum at 50 oC for 48 h.
Meanwhile, the buffer solution needed to be changed regu-
larly to keep a constant pH value. The specimens were weighed
before and after degration, marked as W0, Wi respectively,
the mass retention ratio was caculated by this equation: Mt=
(Wi /W0)×100%.

Measurements.
1H NMR: 1H NMR spectra were recorded on INOVA 400

MHz spectrometer (VARIAN, Co., LTD, USA) in the sol-
vent DMSO-d6 at room temperature. 

XRD: X-Ray diffraction (XRD) patterns were recorded with
X-ray diffractometer (Philips X’Pert, Netherland), using CuKα

X-ray source at λ=0.1540 nm (50 Kv, 35 mA). Diffraction
spectra were obtained over 2θ range of 5o-40o with a step inter-
val of 0.1o/s. Samples were operated from the injection mold.
Before testing, the samples were dried to a constant weight
at 55 oC in a vacuum oven.

TGA: Thermogravimetric analysis (TGA) was conducted
on TA Q600 thermal-gravimetric analyzer (USA). 5 mg of
samples were performed by heating from room temperature to
700 oC at a heating speed of 10 oC/min on the condition of a
nitrogen flow. 

DSC: Differential scanning calorimetry (DSC) measurements
were performed with NETZSH differential scanning calo-
rimeter (DSC-204, Germany). In order to detect the glass
transition clearly, samples of 6 mg were performed by heating
from room temperature to 220 oC at a heating rate of 5 oC/min,
after erasing the thermal history at 220 oC within 5 min, then
cooled down to 20 oC at 5 oC/min under a nitrogen flow.

DMA: Dynamic mechanical analysis (DMA) was performed
using a DMA Q800 V7.5 instrument in the strain mode at a
fixed frequency of 1Hz and nitrogen gas purging. The mea-
sured specimens were heated from 30 to 140 oC. 

Tensile Measurements: The tensile tests were conducted
by a Universal Testing Machine (Instron 4302, USA) accord-
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ing to ASTM D412-80 at a crosshead speed of 50 mm/min.
The samples were injection molded and dried at 60 oC in vac-
uum oven for 24 h.

Rheological Properties: The rheological performance was
investigated by a Bohlin Gemini 200 instrument (Marlven,
Britain). The samples were molded into several wafers (the
diameter was 25 mm and thickness was 1 mm) by hot-press-
ing. The temperature went up to 200 oC with a speed of 3 oC/
min, stood for a few minutes until the wafers were completely
melted, then colded down to 25 oC at a speed of 3 oC/min under
the nitrogen flow. The complex/storage modulus curves over
frequency were recorded under different period of time.

POM Measurements: The spherulitic morphologies of the
samples were investigated on a Nikon FE Fil (Japan) polar-
izing microscope, equipped with a digital camera system and a
Linkam THMS 600hot stage. The samples were heated to
200 oC, and then stood for 5 min at the constant temperature,
cooled down to 120 oC quickly for isothermal crystallization.
To observe the spherulite growth rate, the pictures were taken
at different period of time in the crystallization process.

The Wetting Performance: Static contact angle of water
on the ICs surface was determined by a contact angle meter
(JJ2000B2, Zhongchen Digital Technology Co., China). The
specimen was pressed into small sheets with the 2 mm thick-
ness by a SSP-10 type tablet press before testing.

Results and Discussion

The Structures Characterization of the β-CD-PLLA
ICs. The 1H nuclear magnetic resonance (NMR) spectra of
β-CD-PLLA inclusion complexes compared with PLA and
β-CD were illustrated in Figure 1; in view of the ICs, the
characteristic resonances for PLLA and β-CD were clearly
discovered from Figure 1(c) and (d), The host-guest stoichi-
ometry (i.e. CD: PLLA, mol: mol) of ICs could be calculated
by the integration of NMR resonances belonging to CD blocks

at 4.83 ppm and to PLLA blocks at 1.5 ppm. The actual content
of CD in the β-CD-PLLA inclusion complexes were given
in Table I, respectively. The small molar inclusion ratios
between CD and PLLA with high molecular weight indicated
the strong steric hindrance effects of polymer chain would
be unfavorable for the inclusion formation significantly. 

The XRD patterns of β-CD, PLLA, β-CD-PLLA IC1 and
β-CD-PLLA IC2 were shown in Figure 2, respectively. The
major peaks at 2θ=12.5o and 22.5o were observed for pure β-
CD, and the only wide diffraction peak attributable to PLLA
was located at 2θ=15-22o.26,27 However, it could be found that
the XRD pattern of β-CD-PLLA ICs was not only totally dif-
ferent from that of pure PLLA and β-CD, but also not sim-
ple blends from Figure 2(c) and (d). It was indicated that the
inclusion interaction between PLLA and β-CD had occurred.28

Besides that, with the ratio of β-CD increasing, the intensities
of characteristic peaks were weakened and the peak areas broaden
in β-CD-PLLA IC2 compared to that of β-CD-PLLA IC1. This
might be due to the facts that PLLA chains were partially
included, so that the uncomplexed parts of polymer chains
were still able to aggregate to form a crystalline phase coexist-
ing with IC crystals,29 which would have an important effect
on the structure and properties of PLA after introduction of

Figure 1. 1H NMR patterns of (a) β-CD, (b) PLLA, (c) β-CD-
PLLA IC1, and (d) β-CD-PLLA IC2.

Table I. The Encapsulation Ratios of CD in the β-CD-PLLA
ICs Calculated by 1H NMR

Samples Mole Ratio of Monomer:
CD (mol:mol)

Mass Content of CD 
in ICs (wt%)a

PLLA
β-CD-PLLA IC1
 β-CD-PLLA IC2

-
1:0.07
1:0.18

0
53.47
73.94

aThe mass content of CD in ICs was calculated by the formula: W %
=1135×na/(1135×na+72×(1-na)), in which the molar molecular weight
for β-CD and the repeated unit was 1135 and 72 g mol-1, respectively;
na was the mole ratio for CD in ICs by 1H NMR.

Figure 2. XRD patterns of (a) β-CD, (b) PLLA, (c) β-CD-PLLA
IC1, and (d) β-CD-PLLA IC2.
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β-CD in PLA chain. 
The Thermal Properties of β-CD-PLLA ICs. According

to TGA curves of the β-CD-PLLA ICs and pure PLLA in
Figure 3(a) and (b), an increase of 3.8 oC in view of thermal
decomposition temperature was obviously seen for the inclu-
sion complexes compared to pure PLLA, and meanwhile,
owing to more addition of β-CD cavities on the polymer chain,
the peak value of the IC2 shifted to a higher thermal decom-
position temperature than that of IC1; these results showed
that after the introduction of β-CD on the polymer chains,
the thermal stability of PLLA had been improved to a certain
extent and the partial IC2 showed a better thermal behavior.
Similar results also had been reported in the literatures.30-32

Meanwhile, from the thermogravimetry (TG) and derivative
thermogravimetry (DTG) curves (Figure 3(a) and (b)), it was
found that the decomposition of ICs would undergo a two-step
process, in which it started to decompose at the decomposi-
tion temperature (Td=293.6 oC) assigned to β-CD, and then
another thermal decomposition peak occurred at Td=357.4 oC
for the PLLA segments in ICs. Depending on TGA curves, the
decomposition temperature of samples was listed in Table II.
The content of β-CD in ICs was also estimated roughly, namely
37.4 and 69.1 wt%, respectively, which were nearly consis-
tent with the results by 1H NMR. 

From DSC measurements of the β-CD-PLLA ICs in Figure 4,
it could been observed that there was a strong and broad-
ened melting peak at 149.8 oC for the partial ICs compared
to that of pure PLLA at 148.1 oC within the heating scans.
The crystallization degree of PLLA segments in the ICs could
be calculated by the formula: Xc=(Hm/HO)×100%, Xc was
the crystallization degree of composites, Hm respresents the

melting enthalpy of composite materials, and HO was the
melting enthalpy of PLLA with complete crystallization, namely
93.7 J g-1 33 (Table III). The results indicated that the crystal-
lization performances of ICs were significantly enhanced
compared with PLLA, and the partial IC2 revealed a better
crystallization behavior up to 10.28% compared with the
crystallization degree (Xc=9.86%) of IC1. Meanwhile, the
findings of ICs from DSC curves were also different from the
ICs with a column structure reported in the previous work.34,35

The explanation might be that PLLA with high molecular
weight merely formed a partial inclusion structure with
cyclodextrin, and it was attributable to the limited mobility
of uncovered part of polymer segments constrained by its
included part residing in the β-CD cavity, leading to the
acceleration of PLLA crystallization. 

Figure 3. TG and DTG curves of (a) PLLA, (b) β-CD-PLLA IC1, (c) β-CD-PLLA IC2, and (d) β-CD.

Table II. The Decomposition Temperature and CD Content
of the β-CD-PLLA ICs Determined by TGA

Samples Td (oC) CD Content (wt%)

PLA
β-CD

β-CD-PLA IC1
β-CD-PLA IC2

354.8
308.3
357.4
358.6

-
100
37.4
69.1

Table III. The Crystallization Parameters of the β-CD-PLLA
ICs Calculated by DSC

Samples Tm (oC) Hm (J/g) Xc (%)

PLLA
β-CD-PLLA IC1
β-CD-PLLA IC2

148.1
149.5
149.8

2.42
9.24
9.64

2.58
9.86
10.28

Figure 4. DSC curves of (a) PLA, (b) β-CD-PLLA IC1, and (c)
β-CD-PLLA IC2.
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Spherulitic Morphology of the β-CD-PLLA ICs. The polar-
ized optical microscopy (POM) was used to record the growth
speed and size of the spherulites of PLA. Figure 5 showed
the grain morphologies of pure PLLA and β-CD-PLLA ICs
crystallized at 120 oC after quenched directly from 200 oC
within different periods. It could be observed clearly that the
diameter of pure PLLA spherical grains reached up to 100 m.
However, after PLLA formed an inclusion structure with β-
CD cavities, the crystallization speed of all the ICs acceler-
ated and the sizes of IC2 grains began to become smaller
and the surface morphology also turned irregular, but the
nucleation density increased significantly compared with PLLA
and IC1. POM analysis further confirmed that inclusion struc-
tures of PLLA had more prominent efficiency on inducing
the crystallization of PLLA, which were also in good accor-
dance with the DSC results.

As it is well known, two main mechanisms, namely
chemical nucleation and epitaxial nucleation have been widely
accepted to elucidate the nature of nucleation phenomena of
nucleating agent addition in polymers.36 As regards the chem-
ical nucleation, the nucleating agent dissolves in the polymer
melts and reacts with it, leading to the scission of polymer
chains and the formation of ionic end groups which consti-
tute the true nucleating species.37 In our work, POM observa-
tion found that β-CD did not dissolve in the molten PLLA.
Furthermore, β-CD was not able to react with PLLA chains,

which indicated that chain scission of PLLA was not able to be
caused by chemical reaction happening during the inclusion
process between PLLA and β-CD. Consequently, the nucle-
ation mechanism of PLLA induced by the chemical mecha-
nism between PLLA and β-CD was eliminated. In view of
epitaxial nucleation, the polymer chains epitaxially grow on
the surface of nucleating agent substrate through a physical
interaction, and what is more, a good lattice matching between
the two crystal structures of polymer and nucleating agent
does matter.38-41 As regarding to our work, the hydrogen bond
interaction between PLLA and β-CD might play an import-
ant role in the nucleation process. However, additional informa-
tion is still needed for an in-depth investigation of the exact
nucleation mechanism.

Mechanical Performance of the β-CD-PLLA ICs. As known,
from the DMA curves, we could know some information
about the mobility of polymer segments in ICs and measure
the Tg of polymers. Besides that, more information about
the storage modulus, loss modulus and damping behavior
could be obtained. As illustrated in Figure 6(a) and (b), the
curves of the storage modulus and tanδ as a function of tem-
perature of pure PLLA and β-CD-PLLA ICs were given,
respectively. All the storage modulus curves exhibited a decreas-
ing trend as temperature increased. And the values of PLLA
were higher than that of ICs before the temperature went up
to Tg, but the ICs showed a reverse trend after Tg of PLLA.

Figure 5. The POM images of (a) PLLA, (b) β-CD-PLLA IC1, and (c) β-CD-PLLA IC2 at the 10 min during crystallization process.

Figure 6. The dynamic mechanical analysis curves of β-CD-PLLA ICs.
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The partial IC2 with higher β-CD ratio had the smaller storage
modulus compared to the IC1. These phenomenon might be
explained by the facts that the β-CD -PLLA ICs showed a
complete elastic behavior because of lower loss modulus
before Tg, and while PLLA chains were encapsulated in CD
cavities, the motility of PLLA chains were greatly constrained
leading to the storage modulus decreasing quickly, and the
behavior of the material began to change from a complete elastic
state to viscous flow state as the temperature increased beyond
Tg. From the curves of tanδ as the temperature, with the reducing
storage modulus, the sharp peaks of loss modulus for the ICs
and neat PLLA occurred around the glass transition temperature,
and meanwhile, the Tg was estimated as 74.6 and 79.0 oC for
PLLA and IC1, respectively, an 4.4 oC increase of Tg for the
inclusion complex as compared with the bulk was found,
which was also similarly reported by Viciosa.42 The DMA
results also evidenced that the confinement effect imposed by
β-CD rings highly restricted the conformational dynamics
of the PLLA chains in the ICs in agreement with the DSC
results. 

The rheological properties of β-CD-PLLA ICs and PLLA

were showed in Figure 7. From the curves of complex mod-
ulus, the β-CD-PLLA ICs exhibited a higher non-Newtonian
effect than PLLA, and a remarkable effect of frequency on
the complex modulus was observed. As the frequency increased
gradually, the complex modulus curve of pure PLLA was
significantly improved while the ICs showed a reverse trend
down the curve of polymer; the curve of IC2 was always
located below that of IC1. The lower complex modulus values
of ICs might be associated with the molecular chain entan-
glement in composite materials. Owing to the introduction
of more β-CD cavities on the polymer chains, the entangle-
ment effects were enhanced significantly, thus leading to a
decreasing elasticity of the composite materials.

Figure 8 showed the tensile strength and elongation at
break values of β-CD-PLLA ICs and PLLA. It could be observed
that the tensile strength value of ICs decreased markedly
from 51.8 to 42.68 MPa compared to that of PLLA with the
ratio of β-CD increasing in the ICs. Meanwhile, the elonga-
tion at beak of ICs also had a similar variation trend, but the
value of IC2 was slightly higher than IC1. These results mani-
fested that the host-guest interactions between β-CD and PLLA
and hydrogen bond effects reduced the intermolecular inter-
action force of PLLA, and led to its extension of relaxed
process, thus changed the flexibility of PLLA segments. On
the other hand, the partial β-CD-PLLA IC still contained some
amount of β-CD, consequently, the interfacial interaction between
the PLLA matrix and the β-CD was damaged by the hydro-
philic β-CD, which resulted in the discontinuous PLLA matrix,
so the above factors were responsible for the decrease of the
tensile strength and elongation at break of the β-CD-PLLA ICs.

Surface Properties of β-CD-PLLA ICs. As shown in Figure
9, in order to characterize the surface wettability and hydro-
philic property of the materials, the static contact angles on the
surface for the β-CD-PLLA ICs and neat PLLA were mea-
sured, separately. According to the contact angle values of the
ICs listed in Table IV, a marketable decrease was observed
compared to pure PLLA, and with the increasing content of
CD in the partial ICs, the IC2 had a lower contact angle than
that of IC1. It could be concluded that the complexes had a

Figure 7. The rheological properties of β-CD-PLLA ICs and
neat PLLA.

Figure 8. The tensile strength and elongation at break of β-CD-PLLA ICs and PLLA.
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higher hydrophilicity than PLLA and the different stoichio-
metric ratios of ICs would have a significant impact on sur-
face properties of PLLA. The results might be ascribed to these
facts that PLLA belongs to the polyester family, and lack of
the hydrophilic functional groups in the chain structures tends
to make PLLA a hydropholic surface; however, the cyclo-
dextrin cavities containing a large number hydroxyl groups
threading on the PLLA chain could improve interfacial compati-
bility between PLLA and other materials i.e. water molecules,
leading to its surface from the hydropholic one to a hydro-
philic one or the active surface translating into a inactive form
due to reducing the surface active energy of PLLA during
the information of inclusion complexes.

Shape Memory Behavior of the β-CD-PLLA ICs. In recent
years, thermal responsive shape memory polymers had been
of interest due to their attractive properties and potential
applications in sensors, transducers and biomaterials.43-45 As
it is well known to us, the shape memory polymers (SMPs)

should possess two separated phases: a fixing phase and a ther-
mally reversible phase. The fixing phase with the higher phase
transition temperature was responsible for the permanent
shape, while the reversible phase had a lower Ttrans and served
as a thermal “switch” to fix the temporary shape under Ttrans.
In the study, the partial β-CD-PLLA ICs were used for shape
memory testing in which the naked PLLA segment and the
PLLA parts encapsulated by β-CD cavities accounted for the
reversible phase and fixing phase, respectively. As demon-
strated in Figure 10, the straight splines of the partial ICs were
changed into a spiral shape at 100 oC, and then cooled rapidly
to room temperature in order to keep the deformation. When
heated again to 95 oC, the complex nearly recovered its origi-
nal shape within 10 s. The recovery ratios and the variation
of storage modulus above and below Tg for the β-CD-PLLA
ICs were listed in Table V. The difference in storage modu-
lus around Tg=75 oC (ETg+20 oC/ETg-20 oC) was a significant property
to describe the shape memory behavior of the partial inclusion
compounds, a dramatic drop in the modulus (E) appeared for
the ICs and the IC2 exhbited a higher modulus ratio and recov-
ery ratio compared with IC1. The results demonstrated that the
uncovered PLLA segments undergo through a large scale
motion and the ICs became soft and flexible under heating
above Tg, and the partial IC2 showed a good shape memory
behavior consistent with its high storage modulus ratio.

In vitro Degradation Performance of β-CD-PLLA ICs.
The quality change was an important indicator to measure

Figure 9. The contact angles of (a) PLLA, (b) β-CD-PLLA IC1, and β-CD-PLLA IC2.

Table IV. The Static Contact Angle Values for the β-CD-PLLA
ICs with PLLA

Contact Angle (º)
Samples

PLLA β-CD-PLA IC1 β-CD-PLA IC2

Theta(R) [deg]
Theta(L) [deg]
Theta(M) [deg]

71.1
71.1
71.1

66.7
66.7
66.7

52.0
52.0
52.0

Figure 10. The images of the macroscopic shape memory behavior for the β-CD-PLLA IC2: (a) Original shape, (b) the deformed shape
under external stress, and (c) the recovered shape obtained by heating to 95 oC.

Table V. The Shape Memory Properties of β-CD-PLLA ICs

Samples Fixing Ratios (%) Recovery Ratios (%) ETg+20oC (MPa) ETg-20oC (MPa) ETg+20oC/ETg-20oC

β-CD-PLLA IC1
β-CD-PLLA IC2

91.0
93.5

80.5
88.8

3090.38
3231.53

32.18
16.51

96.03
195.73
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the degradation situation for the samples. In this work, the
in vitro degradation behaviors of the β-CD-PLLA ICs and neat
PLLA were investigated in the phosphate buffer solution (PBS)
with pH=7.4 at 37 oC during two months, as illustrated in Fig-
ure 11. From the degradation curves of ICs with bulk PLLA, it
was shown that the ICs had an obvious mass change during
the whole process; in terms of PLLA, a weight retention of
98.2% had been monitored after 10 days, meanwhile the weight
retention of β-CD-PLLA IC1 and β-CD-PLLA IC2 was 81.0%
and 25.5%, respectively. The degradation of PLLA acceler-
ated to a certain extent and the quality loss came to 20% in
the 60 days.46 It was worth noting that the weight retention
of β-CD-PLLA ICs2 with more CD contents was higher than
that of β-CD-PLLA IC1. The mass loss had been nearly more
than 50% during the first week compared with 16% for the
IC1, which means that the formation of the inclusion accel-
erated the degradation of PLLA. The results might be explained
in two aspects: the formation of hydrogen bonds between
hydroxyl groups contained in the cyclodextrins and H2O in
the phosphate buffer solution speeding up the hydrolytic
process of polymer or the cyclodextrin rings gradually slided
down from the PLA chain leading to the large mass loss of
ICs during the degradation process. 

Conclusions

The PLLA chains with high molecular weight possessed a
stronger steric-hinerance effect and were not easily penetrated by
β-CD cavities, thus the polymer chains tended to form the par-
tial inclusion complexes with small stoichiometric ratios.
However, it was this conformation difference between the
polymer segments covered by CD cavites and the uncovered
polymer chains that lead to the significant difference of
crystallization performance for the ICs in comparison with
bulk PLLA, in which the covered polymer segments by β-CD
might play the role of nucleating agent and thus accelerate
the crystallization of PLLA. Meanwhile, the decreasing storage

modulus of the partial ICs compared with PLLA indicated
that the polymer chain had gradually changed from the rigid
state to an elastic state, which was also consistent with the
results of the rheological measurements. Besides, the β-CD
cavities with several hydroxyl groups could also enhance the
surface hydrophilicity of PLLA markedly through decreasing
intermolecular surface energy. The enormous difference in
storage modulus around Tg of the partial IC2 allowed it with
good shape memory behavior, which would provide some
theoretical basis for PLLA composite materials in other
applications. With the increasing ratio of CD, the IC2 exhib-
ited a better degradation performance than bulk PLLA due
to the difference in crystallization performance. The results
also indicated the large effects of structures of the ICs on the
properties of PLA, which could help us to understand the mecha-
nism of the formation of inclusion complexation compre-
hensively. 
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