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a  b  s  t  r  a  c  t

The  self-assembly  of  rod–coil  carboxymethyl  konjac  glucomannan-graft-poly(ethylene  glycol)  (CKGM-
g-PEG)  and  �-cyclodextrin  (�-CD)  complexes  were  investigated  and  used  as encapsulating  hollow
nanospheres  for  the  enzyme  glucose  oxidase  (GOX)  in  aqueous  solution.  These  hollow  nanospheres
exhibited  “cell-like”  semi-permeability  allowing  enzyme  substrates  to pass  through  the  surface  while
restricting  the  encapsulated  enzyme  (i.e.  GOX)  to  the  interior.  Encapsulated  GOX  exhibited  higher
eywords:
iocompatibility
arboxymethyl konjac glucomannan
nzyme encapsulation
anospheres
elf-assembly

thermostability,  optimal  enzymatic  activity  over  a wider  pH range  and  improved  storage  stability  in  com-
parison  to  free  un-encapsulated  GOX.  In  addition,  these  CKGM-g-PEG/�-CD  hollow  nanospheres  showed
in vitro  biocompatibility  when  exposed  to L929  cells  when  tested  using  MTT  viability  assay.  These  studies
suggested  that  self-assembly  of  CKGM-g-PEG  and  �-CD to  form  stable  nanospheres  may  be  an  effective
method  for  enzyme  encapsulation  with  numerous  biomedical  applications.

© 2011 Elsevier Ltd. All rights reserved.
. Introduction

Konjac glucomannan (KGM) is a high molecular weight, water-
oluble polysaccharide composed of (1 → 4) linked d-glucose and
-mannose units in the molar ratio 1:1.6 to 1:1.69. It is isolated

rom the tubers of the species Amorphophallus. konjac,  a major crop
ound in the mountain areas of China and Japan. KGM has been used
raditionally as a prophylactic remedy against diabetes and heart
isease (Chen, Cheng, Liu, Liu, & Wu,  2006; Li, Xia, Wang, & Xie,
005). Carboxymethylation of KGM produces an anionic polymer
CKGM) that has good water solubility and excellent gelation prop-
rties when mixed with a polymer of opposite charge. Because of
hese properties, its bioactivity and biocompatibility (Wu & Chen,
008), CKGM is considerd as a promising biomaterial for pharma-
eutical development (Du et al., 2004; Nakano, Takikawa, & Arita,
979; Wang & He, 2002) and enzyme encapsulation. While, large-

cale applications of CKGM are still rare, drug delivery and enzyme
ncapsulation vehicles made from CKGM have been prepared via
olyelectrolyte complexation. For instance, our group recently

∗ Corresponding author. Tel.: +86 28 85228831; fax: +86 28 85222384.
∗∗ Corresponding author. Tel.: +86 28 85400266; fax: +86 28 85400266.

E-mail addresses: libj@cib.ac.cn (B.-J. Li), zslbj@163.com (S. Zhang).

144-8617/$ – see front matter ©  2011 Elsevier Ltd. All rights reserved.
oi:10.1016/j.carbpol.2011.04.017
reported a novel form of nanocapsules made from CKGM–chitosan
for l-asparaginase encapsulation (Wang et al., 2008).

Polymeric hollow spheres may  be ideal structures for the
encapsulation of large quantities of guest molecules or for large-
sized guests within the core domain of the polymer (Du &
O’Reilly, 2009). Activity in this area of research has increased
since rigid–coil copolymer self-assembly and the direct formation
of hollow spheres in a selective solvent were described (Jenekhe
& Chen, 1998, 1999). This novel approach has aroused recent
investigations in our group and other using rigid/coil systems to
construct hollow spheres. Several reports have demonstrated the
use of hydrogen-bonding interactions between rod-like and coil-
like polymers which directly self-assemble into hollow spheres
(Chen & Jiang, 2005; Duan et al., 2001; Duan, Kuang, Wang, Chen,
& Jiang, 2004). These self-assembled hollow spheres, however,
lack biocompatibility and biodegradability because the rod-like
blocks were formed by synthetic methods. For biomedical and drug
delivery applications however, self-assembly and the formation of
hollow nanospheres that are biocompatible and non-toxic would
be most desirable.
Recently, we  developed a novel approach to prepare rod–coil
complexes by self-assembly using alginate-g-poly(ethylene gly-
col) and �-CD (Meng et al., 2010). These complexes did effectively
self-assemble into hollow spheres and showed good encapsulation

dx.doi.org/10.1016/j.carbpol.2011.04.017
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:libj@cib.ac.cn
mailto:zslbj@163.com
dx.doi.org/10.1016/j.carbpol.2011.04.017
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ehavior of l-asparaginase in aqueous solution (Ha et al., 2010).
ased upon these previous results we have prepared biocompatible
KGM-g-PEG/�-CD hollow nanospheres for glucose oxidase (GOX)
ncapsulation and characterization.

GOX is a flavin containing dimeric glycoprotein (160 kDa) with
umerous potential applications in biosensor, bioreactor and drug
elivery technology (Lin, Lu, Tu, & Ren, 2004; Napoli et al., 2004;
iu & Park, 2001). Several methods of GOX encapsulation with the
im to enhance or preserve enzyme activity have been described
Pandey et al., 2007; Taylor, 1991; Trau & Renneberg, 2003; Zhu,
rivastava, Brown, & McShane, 2005), but to the best of our knowl-
dge, GOX encapsulation in hollow nanospheres prepared by the
od–coil self-assembly method has not been reported.

In this paper we describe the preparation, structural and biocat-
lytic properties of GOX-encapsulated CKGM-g-PEG/�-CD hollow
pheres. The percentage of enzyme encapsulation and leakage effi-
iency is also studied. Enzyme activity and stability under different
emperatures and pH conditions were carried out to evaluate the
ifference between the free and encapsulated enzyme. Use and
otential applications of these CKGM-g-PEG/�-CD hollow spheres

n various fields are discussed.

. Materials and methods

.1. Materials

KGM was purchased from Chengdu Root Industry
o., Ltd. (Chengdu, China). Methoxy poly(ethylene gly-
ol) (mPEG, Mn  = 2000), N-tert-butoxycarbonylglycine
N-t-Boc-glycine), 4-(dimethylamino) pyridine (DMAP),
-ethyl-3-[3-(dimethylamino)propyl]-carbodiimide (EDC), dicy-
lohexylcarbodiimide (DCC), morpholinoethane sulfonic acid
MES), N-hydroxysuccinimide (NHS) and trifluoroacetic acid (TFA)
ere procured from Sigma Aldrich (Shanghai, China). �-CD was
urchased from Tokyo Chemical Industry Co., Ltd. (Japan). CKGM
as prepared as described by Shinsaku et al. (Kabayashi, Tsujihata,
ibi, & Tsukamoto, 2002). The degree of substitution was found

o be 63.7% measured according to methods described in the
iterature (Smith, 1967). Glucose oxidase (50 U/mg) was  purchased
rom Aladdin Reagent Co., Ltd. (Shanghai, China) and prepared as a

 mg/mL  solution. All other reagents were of analytical grade and
ere used directly without further purification. All solvents and
ater were redistilled before use.

.2. Preparation and characterization of CKGM-g-PEG

CKGM-g-PEG was prepared using four [mPEG/CKGM] molar
atios (i.e. CP200 [2.0], CP180 [1.8], CP140 [1.4] and CP100 [1.0]) by
ur previously described method (Xia et al., 2010). The typical pro-
edure is illustrated for CP200: CKGM 2.5 g is dissolved in 100 mL  of

 solution containing 0.1 M MES  buffer and 0.5 M NaCl. The pH was
djusted to 6.0 with HCl or NaOH after complete mixing. Crosslink-
ng reagents EDC and NHS (molar ratio of EDC:NHS:COO− = 1:0.5:1)

ere then added to the CKGM solution. The solution was stirred
ontinuously while adding 6.0% (w/v) mPEG–OCOCH2NH2 in MES
uffer solution, which was then allowed to reaction at room tem-
erature for 10 h. The resulting mixture was dialyzed against pure
ater for 48 h and dried under vacuum. The dried product removed
as then washed 3 times with 5 mL  acetone and 5 mL  chloroform

o remove residual mPEG and the organic reagents. The washed
roduct was then dried under vacuum at room temperature until

haracterized by 1HNMR or TGA.

Proton NMR  spectra were recorded in D2O using a 600 MHz
pectrometer (Avance Bruker-600, Switzerland). The degree of
PEG substitution (DS) to CKGM as a measure of graft mass-
ers 86 (2011) 120– 126 121

transition was  calculated according to thermal gravimetric analysis
(TGA). A TA Q500 thermo analyser (TA instruments, Delaware, USA)
was  used at the heating rate of 10 ◦C/min under N2 atmosphere in
the temperature range of 25–500 ◦C. The DS  was  calculated using
the following Eqs. (1) and (2), where 2000 is the number average
molecular weight of mPEG, and 212.9 is the molar mass of a CKGM
unit.

Percentage of CKGM component in CP (%)

= CKGM component weight loss + sample residue
1 − water weight loss

× 100 (1)

DS (%) = 212.9×(1−percentage of CKGM component in CP)
2000×percentage of CKGM component in CP

×100

(2)

2.3. Preparation of the hollow nanospheres and GOX
encapsulation procedure

CKGM-g-PEG solutions (1 mL  acetate buffer, pH = 6.5) in the
concentration range (0.1–0.5%, w/v) were prepared for enzyme
encapsulation studies. GOX (0.5 mg)  was then added to the CKGM-
g-PEG solutions and mixed continuously before dropwise addition
to the �-CD acetate buffer solution (2.5 mL, 6% (w/v), pH = 6.5)
while stirring at 10 ◦C. After continuous stirring for 1 h, the hol-
low nanospheres were collected by centrifugation at 13,000 rpm
for 10 min  (TGL-20M, Saite Centrifuge Co., Shanghai, China). The
supernatant liquids were then collected for determination of GOX
encapsulation efficiency via UV absorbance (see Section 2.6).

2.4. Characterization of the hollow nanospheres

The size of the nanospheres was  measured by dynamic light
scattering (DLS; BI-9000AT, BI-200SM, Brookhaven Instruments
Co., USA) in aqueous solution at 25 ◦C, wavelength 532 nm,  and
detection angle of 90◦. Each sample was  measured three times with
the results represented as the mean diameter for two replicate sam-
ples. Transmission electron microscopy (TEM) was performed on a
JEOL JEM-100CX instrument operating at an accelerating voltage
of 80 kV. Samples were placed onto a copper grid, dried at room
temperature, then examined without prior staining. Atomic force
microscopy (AFM) images were obtained in tapping mode with
a Nanoscope IIIa Digital Instrument. Mica was used as substrate
for the sample preparation. Crystalline structures of the hollow
nanospheres were characterized by X-ray powder diffraction, per-
formed using Cu-K alpha irradiation source with X’Pert MPD (20 kV;
35 mA;  2◦ theta/min).

2.5. In vitro biocompatibility test of nanospheres

Nanosphere biocompatibility was evaluated against L929 cells
by methyl tetrazolium (MTT) assay in a 96-well plate format. Cells
were cultured in 96-well culture plates at a density of 1 × 104 cells
per well in Dulbecco’s modified Eagle’s medium (DMEM, GIBCO
BRL, USA) supplemented with 10% fetal bovine serum (National
HyClone Bio-Engineering Co., Ltd., Lanzhou, China) at 37 ◦C in a
humidified environment of 5% CO2 for 24 h. The cells were then
exposed to nanospheres extracted with culture medium and incu-
bated for another 24 h at 37 ◦C in the humidified environment of
5% CO2. Polystyrene and 0.5% phenol were used as negative and

positive controls, respectively. After 24 h, the wells in one plate
were replenished with 100 �L DMEM containing 10% fetal bovine
serum. Then 50 �L of 1 mg/mL  MTT  solution was added to each well
and incubated for another 2 h. The MTT  solution was then replaced
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Table 1
The degree of PEG substitution (DS) of CKGM-g-PEGs and the mean diameter of the
nanospheres.

Sample DS of CKGM-g-PEG
(mol%)

Mean diametera

(nm)

CP200/�-CD 54.9 402 ± 50
CP180/�-CD  34.6 1016 ± 33
CP140/�-CD  27.6 1165 ± 152

because the �-CD molecules are able to pack more closely through
hydrogen bonding (Ceccato, Nostro, & Baglioni, 1997). Fig. 2 shows
the X-ray diffraction (XRD) patterns of the �-CD (a), PEG/�-CD
inclusion complex (b), CKGM-g-PEG/�-CD (c), and CKGM-g-PEG
22 Q. Li et al. / Carbohydrate

ith 100 �L isopropanol and the plate shaked for 1 min  to pro-
uce a homogeneously coloured solution. Optical absorbance was
hen read at wavelength 570 nm (650 nm reference) on a Bio-rad
50 Microplate Reader. The cell growth (RCG %) relative to con-
rol cells containing cell culture medium without nanospheres was
alculated from Eq. (3):

CG (%) = [OD]text
[OD]control

× 100 (3)

.6. Determination of GOX encapsulation efficiency and leakage
fficiency

In order to determine the encapsulation efficiency of the
anospheres, it is necessary to detect the free enzyme in the
upernatant. Free and encapsulated GOXs were separated by
entrifugation of the suspension at 13,000 rpm for 10 min. The
upernatant was diluted to 5.0 mL  and then assayed by UV spec-
rophotometry. The GOX encapsulation efficiency was calculated
sing Eq. (4):

Encapsulation effciency (%)

= mass of GOX used in formulation − mass of free GOX
mass of GOX used in formulation

×  100

(4)

To evaluate diffusion or leakage of GOX out of the hollow
anospheres, samples of the hollow nanospheres containing GOX
ere stored in 2 mL  acetate buffer (pH 6.5) at 4 ◦C for 48 h. This
ixture was again separated by centrifugation at 13,000 rpm for

0 min  and the clear supernatant was collected for determination
f GOX leakage efficiency using the following equation (5):

eakage efficiency (%) = mass of GOX in the supernatant
mass of GOX encapsulated

× 100 (5)

Total protein concentration in each sample was also assessed by
he Bradford method (Bradford, 1976).

.7. Determination of encapsulated vs. free GOX activity

The indigo carmine method (Dai, Li, & Jiang, 1998; Li, Du,
oullanger, & Jiang, 1999; Zhou, Chen, & Wang, 2008) was used to
tudy the enzymatic activity of GOX after encapsulation in hollow
anospheres. Briefly, a 0.2 M glucose solution was used as sub-
trate. After GOX catalyzed conversion of �-d-glucose to d-gluconic
cid, the released H2O2 oxidizes the indigo dye to effect change in
bsorbance. Optical absorbance of the solution at 615 nm was mon-
tored spectrophotometrically (APL-UV-2000, Shanghai, China) and
he absolute activities of the encapsulated and free enzyme were
alculated according to the standard curve. In these experiments
he activity unit (U) of GOX is defined as the amount of enzyme
equired to produce 1 �g hydrogen peroxide per minute at 37 ◦C.

.8. Turbidity experiment

Brief procedures: 0.5 mg  GOX was mixed with each of the
ollowing solutions, (a) 4 mL  6% �-CD solutions, (b) 4 mL  0.2%

KGM-g-PEG solutions, and (c) 4 mL  mixture of 6% �-CD plus 0.2%
KGM-g-PEG solutions. The absorbance of each solution at 615 nm
as recorded with a UV spectrophotometer (APL-UV-2000, Shang-
ai, China).
CP100/�-CD 18.7 1157 ± 112

a The nanospheres were formed by 0.2% CP and 6.0% �-CD.

3. Results and discussion

3.1. Characterization of CKGM-g-PEG

The formation of CKGM-g-PEG is evidenced by 1H NMR  (CP200
is shown as an example in Fig. S1). The strong –CH2– peaks of
PEG are present between 3.50 and 3.80 ppm. The methoxy group of
mPEG appears at about 3.30 ppm. The signal at 4.30 ppm demon-
strates the existence of terminated –CH2– linked to the glycine
segment of mPEG. The peak at 4.19 ppm is assigned to –CH2– of the
glycine segment, but before the formation of CKGM-g-PEG, this sig-
nal was  located at 3.91 ppm, which further confirms the connection
of CKGM and PEG (Xia et al., 2010).

The TGA thermograms of CKGM-g-PEG copolymers are shown
in Fig. S2.  These grafted copolymers displayed three main stages of
degradation, to include (1) a moisture loss at a temperature 100 ◦C,
followed by (2) a major weight loss of the CKGM component at
about 270 ◦C and (3) another subsequent weight loss of the PEG
component around 370 ◦C. Since the decomposition temperature
interval of the CKGM component and the PEG component is signif-
icant, the degree of PEG substitution (DS) can be calculated using
Eqs. (1) and (2) with the results summarized in Table 1. Degree of
substitution apparently increases with increasing [mPEG/CKGM]
molar ratios.

3.2. Preparation of CKGM-g-PEG/˛-CD hollow spheres for GOX
encapsulation

CKGM-g-PEGs are water-soluble copolymers, which form trans-
parent solutions in water. When aqueous solutions of �-CD were
added to solutions of CKGM-g-PEG at room temperature, grad-
ual increases in turbidity were observed (Fig. 1), that normally
indicates aggregate formation. This observation is consistent with
previous reports of PEG/�-CD inclusion complex formation in water
wherein the resulting rod-like crystallites are water-insoluble
Fig. 1. Turbidity plot at � = 615 nm (the mixture of �-CD and enzyme, inverse
squares; the mixture of CKGM-g-PEG and enzyme, squares; the mixture of CKGM-
g-PEG, �-CD and enzyme, triangles).
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ig. 2. X-ray diffraction patterns of (a) �-CD, (b) PEG/�-CD inclusion complex, (c)
KGM-g-PEG/�-CD particles, (d) CKGM-g-PEG.

d). It can be seen that the pattern of CKGM-g-PEG/�-CD differs
rom that of free CKGM-g-PEG or �-CD. The homoPEG crystalline
eaks (2 theta = 19.2◦ and 23.3◦) and �-CD crystalline peak (2
heta = 21.5◦) were absent. The peak at 2 theta = 19.9◦ is a typical
eak of PEG-�-CD channel-type crystallites (Harada & Kamachi,
990; Harada, Li, & Kamachi, 1993) indicating that CKGM-g-PEG/�-
D contained PEG-�-CD inclusion structures. During the formation
f insoluble PEG-�-CD inclusion blocks, water becomes a selective
olvent for the CKGM-g-PEG/�-CD, so that micelle-like aggregates
ere formed. The expected structure of CKGM-g-PEG/�-CD in

queous solution is an inner rod-like PEG-�-CD inclusion block sur-
ounded by a protonated coil-like CKGM shell. Jenekhe et al. and
iang et al. have confirmed that this rod-like block in rod–coil sys-
em preferred parallel packing which may  result in the formation
f hollow spheres promoted by efficient space-filling (Chen & Jiang,
005; Duan et al., 2001; Duan, Kuang, Wang, Chen, & Jiang, 2004;
enekhe & Chen, 1998, 1999).

Turbidity experiments indicated no increases in light-scattering
ntensity when GOX was mixed with CKGM-g-PEG or �-CD solu-
ions (Fig. 1), this suggests that GOX does not form aggregates
ith CKGM-g-PEG or �-CD molecules. After addition of GOX to the

olution during the process of self-assembly of CKGM-g-PEG and
-CD, and then separated by centrifugation, the amount of GOX in

he supernatant decreased significantly, again indicating entrap-
ent of the enzyme within the CKGM-g-PEG/�-CD aggregates. The

ncapsulation procedure can be illustrated schematically in Fig. 3.

.3. Morphology and sizes of the nanospheres

Aggregate morphology was studied by TEM and AFM. As shown
n Fig. 4a, the outer shell and central core of the particles are easily
istinguished; a typical TEM image of hollow sphere which appear

ike those reported for other types of hollow particles (Caroso,
aroso, & Möhwald, 1998; Xu & Asher, 2004).

After GOX encapsulation, bright domains could not be found

n these particles and the cores were slightly darker than the
utlines of spheres. The micrographs indicating that the hollow
pheres filled with the enzyme restricted them to the inner space
Fig. 4b). Similar conclusions were derived from the AFM exper-
Fig. 3. Construction of hollow nanospheres and the process of enzyme encapsula-
tion.

iments which determined different heights between un-loaded
and enzyme-loading spheres (Luo et al., 2010). In the AFM micro-
graphs, CKGM-g-PEG/�-CD nanospheres without GOX  also showed
rounded line shapes, but it should be noted that the height of the
aggregates (10 nm)  (Fig. 4c), was  about 30 times smaller than the
average diameter of horizontal direction. Such remarkable size dif-
ferences between the horizontal and vertical direction of spheres
may  be due to collapsing of the hollow spheres (Luo et al., 2010).
However, after the enzyme encapsulation, the height of aggregates
increased to approximately 57 nm (Fig. 4d), about 5-fold increase in
the height of hollow spheres without GOX. Increase of aggregates
height further demonstrated that the GOX has been encapsulated
into the CKGM-g-PEG/�-CD hollow spheres instead of merely asso-
ciated with its exterior. The AFM or TEM measured diameters of the
spheres in Fig. 4 is a bit smaller than that from DLS testing, which
maybe due to the shrinkage of particles during the process of the
solvent evaporation in sample preparation (Ha et al., 2010).

Particle sizes of the hollow spheres were also evaluated by
DLS and the results are displayed in Table 1. When the DS of
PEG decreased from 54.9% to 27.6%, the mean diameter of the
nanoparticles increased from approximately 400 nm to 1100 nm.
This trend of the size varying with “graft density” is consistent
with that reported for the other rod–coil complexes (Chen & Jiang,
2005; Duan et al., 2001; Duan, Kuang, Wang, Chen, & Jiang, 2004;
Meng et al., 2010). But it should be noted that when the DS of PEG
decreased further (from 27.6% to 18.7%), the sizes of the particles
did not change significantly.

3.4. Encapsulation efficiency of the CKGM-g-PEG/˛-CD particles

The enzyme encapsulation efficiency of the hollow nanospheres
was  investigated with a GOX loading of 0.5 mg. Table 2 reveals
that the encapsulation efficiency of GOX increased with increas-
ing the concentration of CKGM-g-PEG. This maybe due to the fact
that the number of hollow spheres formed increased as the con-
centration of polymer increased. The encapsulation efficiency was
highest (67.0%) when the concentration of CKGM-g-PEG was high-
est at 0.5%.

3.5. Leakage of GOX from the CKGM-g-PEG/˛-CD particles and
the semi-permeability of the matrix

The main goal behind enzyme encapsulation is to entrap the
protein in a semipermeable matrix, while allowing for penetra-
tion of substrate. Table 2 lists the GOX leakage data for different
CKGM-g-PEG/�-CD systems after 48 h at 4 ◦C. It can be seen that
the leakage efficiency was  low for all of the samples. The lowest
value of leakage efficiency was only 2%, which can be considered

negligible loss. Furthermore, the comparative activity of encapsu-
lated and free GOX indicated that glucose passes freely through the
membrane of CKGM-g-PEG/�-CD nanospheres and be oxidized by
the encapsulated enzyme.
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.6. The activities of the encapsulated and free GOX

.6.1. Effect of the reaction temperature on the activities of the
ncapsulated and free GOX

The activities of the free and encapsulated GOX were measured
y maintaining the reaction medium in a thermal bath at a con-
tant temperature from 25 to 45 ◦C. As shown in Fig. 5a, the optimal
emperature for attainment the highest activities of both free and

◦
ncapsulated GOX was 30 C. However, the relative activity of the
ncapsulated enzyme was higher than that of the free enzyme from
5 ◦C to 45 ◦C, presumably owing to the improved thermal stability
f the encapsulated enzyme in such microenvironments.

able 2
he mean diameter, encapsulation efficiency, leakage efficiency of the CKGM-g-
EG/�-CD particles.

Concentrations of
CP200 (w/v, %)

Mean
diametera (nm)

Encapsulation
efficiency (%)

Leakage
efficiency (%)

0.1 340 ± 35 52.73 12.35
0.2  402 ± 50 55.35 7.29
0.3  386 ± 39 66.22 2.04
0.4  487 ± 48 62.67 10.33
0.5  457 ± 36 67.09 5.30

a The nanospheres were formed by CP200 and 6.0% �-CD.
s (b) CKGM-g-PEG/�-CD (0.2% CP200/6% �-CD) particles with GOX. Cross section
 enzyme loaded spheres.

3.6.2. The thermostability of the encapsulated and free GOX
Proteins are readily denaturated by heat which includes irre-

versible lose of enzymatic activity. To determine the effect of
encapsulation on enzyme thermostability, free and encapsulated
GOX were incubated at a fixed temperature of 47 ◦C and monitored
for relative activities over time. As shown in Fig. 5b a significant
decrease in activity for both enzyme systems occurred with the
increasing incubation time, yet the stability profiles of the free
and encapsulated GOX were clearly different. After 150 min  ther-
moincubation, the relative activity of the encapsulated enzyme
remained nearly 90%, while that of the free enzyme was well below
70%. This observed increase in thermostability after encapsulation
is probably due to nanosphere reducing the mobility of the enzyme
and effectively shielding it from thermoeffects of the environment
(Taqieddin & Amiji, 2004).

3.6.3. Effect of pH on the activities of the encapsulated and free
GOX

Since the microenvironments of the encapsulated matrix may
be altered by pH, we measured enzymatic activity of the free and

encapsulated GOX as a function of changing pH conditions. The
reaction medium pH value was  adjusted in the range from 3.0 to
9.0. As shown in Fig. 5c, the free GOX showed maximum activity at
pH 5.0, while the optimal pH of the encapsulated enzyme occurred
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Fig. 5. (a) Temperature effect on activities of immobilized and free GOX. Immobilized and free GOX were stored in 0.2 M pH 6.5 acetate buffer. (b) Thermostability of
the  immobilized and free GOX at 47 ◦C. The immobilized and free GOX were stored in 0.2 M pH 6.5 acetate buffer. (c) Effect of the reaction pH on the activities of
the  immobilized and free GOX. (d) Storage stabilities of the immobilized and free GOX. The immobilized and free GOX were stored in 0.2 M acetate buffer (pH 6.5) at
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Fig. 6. Relative cell growth of L929 cells against the hollow nanospheres after cul-
tured for 24 h with different nanosphere concentrations. Cell viability was  estimated
by  MTT  assay and expressed as percent of the blank control cells containing cell
◦C.

ver a broader range i.e. pH 4.0–7.0. Encapsulation is expected to
lter the optimum pH of the enzyme (Vikartovská et al., 2007), as
e found in agreement the pH-activity profile of encapsulated GOX

ncreased slightly toward the alkaline side. These results indicate
hat encapsulation of GOX in CKGM-g-PEG/�-CD nanospheres sta-
ilizes its enzymatic activity over a broader pH range compared
ith the free enzyme.

.6.4. Storage stability of the encapsulated and free GOX
The long-term stability of encapsulated enzymes is an important

riterion for most practical applications. Storage stability of encap-
ulated and free GOX at 4 ◦C was therefore investigated with the
orresponding results illustrated in Fig. 5d. After one week, encap-
ulated GOX exhibited almost full activity, while free GOX retained
nly 75% activity. Even after 21 days, the encapsulated GOX exhib-
ted nearly 90% of its initial activity, as activity of the free GOX

as reduced to only 68%. These results confirm that our CKGM-g-
EG/�-CD encapsulation technique significantly improved the GOX
torage stability.

.7. Biocompatibility of the CKGM-g-PEG/˛-CD particles

MTT  is a pale yellow reagent, which is reduced by enzymes
o a dark blue formazan product when incubated with viable
ells. Therefore, the conversion of MTT  into formazan can be used
s a measure of cellular metabolism and viability. Fig. 6 shows
ffects of CKGM-g-PEG/�-CD concentrations on relative L929 cell
rowth after 24 h. Cell viability remained near 100% at concentra-
ions ranging from 0.125 to 1.0 mg/mL  after 24 h. From results of

hese MTT  assays, it appears that CKGM-g-PEG/�-CD nanospheres
re sufficiently biocompatible for use as a biological matrix but
ore comprehensive studies in specific organisms may  be still

eeded.
culture medium without nanospheres.

4. Conclusion

In summary, self-assembled CKGM-g-PEG/�-CD hollow
nanospheres were prepared as a novel biocompatible matrix for
glucose oxidase encapsulation. The strategy for fabrication was
based on the self-assembly of rod–coil complexes, in which rod-
like segments were formed by cyclodextrin inclusion. These hollow
nanospheres showed semi-permeability and the encapsulated
GOX exhibited significantly higher stability and sustained enzyme
activity over a greater range of pH and temperature environments
when compared with the free enzyme. In addition to these rele-
vant attributes, the biocompatibility of CKGM-g-PEG/�-CD hollow

nanospheres described in this study indicate that they are suitable
for certain applications in enzyme encapsulation, bioreactors, or
as biosensor devices.
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