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a  b  s  t  r  a  c  t

Chitosan  microspheres  loaded  with  transforming  growth  factor-�1  (TGF-�1)  were  first  prepared  with
an  emulsification  method  using  genipin  as  crosslinker,  and  the  selected  microspheres  were  then  embed-
ded into  porous  scaffolds  built  by  chitosan-polycaprolactone  with  polycaprolactone  content  of around
42 wt.%.  Some  optimized  chitosan-polycaprolactone  scaffolds  with  porosity  higher  than  80%  and  having
an initial  TGF-�1  load  of around  3 ng(TGF-�1)/mg(dry  scaffold)  were  capable  of  maintaining  sustained
eywords:
hitosan microsphere
ransforming growth factor
ontrolled release
caffold
ompressive property

release  of  TGF-�1  in a simulant  in  vivo  environment  at controlled  rates  over  a period  of  time  longer  than
four  weeks  without  severely  initial  burst.  The  chitosan-polycaprolactone  scaffolds  also  showed  well-
defined  compressive  properties  in  wet  state  with  compressive  stress  at  10%  strain  and  modulus  higher
than  100  kPa  and  1000  kPa,  respectively,  which  are  almost  ten-fold  higher  than  that  of  corresponding
microsphere-embedded  chitosan  scaffolds.  The  obtained  results  suggest  that  potential  applications  of
the scaffolds  in  articular  cartilage  repair.

© 2011 Elsevier Ltd. All rights reserved.
. Introduction

Lesions to articular cartilage occur very often due to sport
njuries and other joint traumas. Natural repair of articular cartilage
s very limited since articular cartilage has an extended extracellu-
ar matrix with very few cells and is lack of blood supply (Chiang
nd Jiang, 2009; Pearle, Warren & Rodeo, 2005). Although articular
artilage lesions involved with small lateral extent and confined
o the partial thickness could be healed by filling with a matrix
ontaining appropriate proteins and drugs at requisite concentra-
ions (Sterodimas, Faria, Correa & Pitanguy, 2009), repair of the
rticular cartilage with larger lateral extent and full thickness still
emains a major challenge in clinic practices (Haleem and Chu,
010; Muzzarelli, 2009a).

Many studies on articular cartilage have suggested that some
rowth factors can significantly improve the repair of articular car-

ilage with the aid of suitable scaffolds (Rutgersy, Pelty, Dhertyz,
reemersy & Saris, 2010). Of various growth factors, transforming
rowth factor-�1(TGF-�1) has been considered to be a favorable

∗ Corresponding author.
∗∗ Corresponding author. Tel.: +86 27 87792216; fax: +86 27 87792205.

E-mail addresses: nuozhou@hotmail.com (N. Zhou), ying x wan@yahoo.ca
Y. Wan).

144-8617/$ – see front matter ©  2011 Elsevier Ltd. All rights reserved.
oi:10.1016/j.carbpol.2011.05.060
one because of its functions in the growth and differentiation of
various cells. It has been reported that TGF-�1 can recruit some
kinds of cells, such as chondroblasts and bone marrow stromal
cells, from the synovial membrane, perichondrium and periosteum,
and promote them to differentiate into chondrocytes (Hunziker,
2001). Nevertheless, in vivo administration of ectogenic TGF-�1 is
frequently limited because TGF-�1 is short-lived if it is exposed to a
physiological environment (Whitaker, Quirk, Howdle & Shakesheff,
2001). To protect TGF-�1 from proteolysis and antibody neutraliza-
tion and to maintain its activity in vivo for the required period of
time, proper carriers for delivery of TGF-�1 are normally required
(Hoshiba et al., 2011; Shalaby, 1994).

In the cases of protein delivery by means of scaffolds, directly
incorporating proteins into designated scaffolds seems to be fea-
sible since the resulting scaffolds could possibly function as
protein-carriers while supporting the growth of seeded cells.
However, there are several concerns about this kind of method
(Puppi, Chiellini, Piras & Chiellini, 2010; Muzzarelli, 2011): (1)
excess amount of protein is usually needed to reach a ther-
apeutic level due to the large volume of the scaffolds; (2)
administration of release dose of proteins becomes difficult

because the scaffolds usually have large pore sizes and high
porosity, resulting in significant initial burst; and (3) uncer-
tain protein compatibility stemmed from scaffolds may  attenuate
or even inactivate the bioactivity of proteins since the main

dx.doi.org/10.1016/j.carbpol.2011.05.060
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:nuozhou@hotmail.com
mailto:ying_x_wan@yahoo.ca
dx.doi.org/10.1016/j.carbpol.2011.05.060
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equirements for the scaffolds are focused on their biocompat-
bility, mechanical properties and biodegradable characteristics
n stead of their ability for maintaining the bioactivity of
roteins. To achieve sustained and controlled release of TGF-
1 from desirable scaffolds while maintaining the bioactivity
f TGF-�1, in the present study, TGF-�1 was  first loaded into
hitosan microspheres crosslinked by genipin, and the resulting
icrospheres were then incorporated into porous chitosan-

olycaprolactone (chitosan-PCL) scaffolds. It is expected that
GF-�1 could be controllably released from these scaffolds over

 longer period of time without significant burst whereas the scaf-
olds have desired compressive strength in wet state.

. Experimental

.1. Materials

Chitosan with medium molecular weight was received from
laddin Inc. To obtain highly deacetylated chitosan, the received
amples were deacetylated in a 50 wt.% NaOH solution for 2 h at
00 ◦C, and the alkali treatment was repeated once. Degree of
eacetylation of resulting chitosan was measured as 92.7(±1.8)%,
ollowing a reported method (Wan, Creber, Peppley & Bui, 2003).
he human recombinant TGF-�1 was supplied by PeproTech
nc. Lysozyme, genipin and caprolactone were purchased from
igma–Aldrich. All other chemicals were obtained from normal
ommercial channels in China and they all were of analytical grade.

.2. Preparation of TGF-ˇ1-loaded chitosan microspheres

TGF-�1-loaded microspheres were prepared with an emulsifi-
ation method using genipin as crosslinker. Chitosan was dissolved
n 1.0% aqueous acetic acid solution to produce 2 wt.% solutions. To
ach solution, a known amount of TGF-�1 dissolved in 4 mM HCl
as introduced and the mixtures were emulsified with n-octanol

ontaining 4 wt.% Span-80 under homogenization at 3000 rpm for
0 min. Afterwards, various amounts of aqueous genipin solution
2.5 wt.%) were dropwise added into the emulsions during stirring,
nd the mixtures were homogenized at 37 ◦C for additional 1.0 h.
he microspheres were collected by centrifugation, repeatedly
ashed with isopropyl alcohol and distilled water, and lyophilized

t −75 ◦C in a freeze-drier.

.3. Fabrication of microsphere-embedded chitosan-PCL scaffolds

Chitosan-PCLs were synthesized using reported methods (Liu,
hen & Fang, 2006; Wu et al., 2011). Some chitosan-PCLs with PCL
eight percentage of 42.8(±1.62) wt.% were selected for fabrication

f scaffolds. In a typical experiment, the employed chitosan-PCL
as dissolved in 1.0% aqueous acetic acid solution to produce

.0 wt.% chitosan-PCL solutions. To each solution, a known amount
f microspheres was added, and the resulting mixtures were
horoughly homogenized at 37 ◦C and concentrated into gel-like
uids under reduced pressure using a chamber equipped with

 regular air pump. The mixtures were then cast onto Teflon
ishes, frozen at −20 ◦C for a required duration and lyophilized at
75 ◦C. The resulting microsphere-embedded chitosan-PCL scaf-

olds were neutralized in NaOH–CH3CH2OH aqueous solution
NaOH was dissolved in 60% ethanol aqueous solution with a

.5 wt.% concentration), washed with distilled water until neutral
H and lyophilized again prior to further characterization. Some
icrosphere-embedded chitosan scaffolds were also prepared with

he same protocol and used as controls.
ers 86 (2011) 1048– 1054 1049

2.4. Characterization

The content of C, H, and N in chitosan-PCLs was measured using
an elemental analyzer and the weight percents of PCL in chitosan-
PCLs were calculated on the basis of elemental analysis.

The sizes and shapes of microspheres were viewed under a scan-
ning electron microscope and the average size was  determined
using a computed image analysis system by measuring the diam-
eters of 100 microspheres at 100 different lattices in a SEM image
for each specimen.

Porosity of scaffolds was  calculated as follows (Wan, Wu,  Xiao,
Cao & Dalai, 2009):

Porosity = V − (W/�)
V

× 100% (1)

where V is the volume of scaffold (cm3), W is the mass of scaffold
(g), � is the density of nonporous film (g/cm3), and it was deter-
mined with a floating method using mixed solvents composed of
carbon tetrachloride (density: 1.586 g/cm3) and ethanol (density:
0.816 g/cm3).

The average pore-size of scaffolds was estimated by measur-
ing 100 different pores in a SEM image for each scaffold using the
computed image analyzer mentioned above.

2.5. Loading efficiency of microspheres

Loading efficiency of microspheres was determined by using an
extraction method. Microspheres were cryogenically ground into
powder. A precisely weighed quantity of powder was extracted
with 4 mM HCl solution at 37 ◦C for 2 h using a water bath shak-
ing at 100 rpm. The extraction of the same powder was repeated
three times and supernatants were collected by centrifugation.
The accumulated supernatants were assayed for TGF-�1 concentra-
tions using TGF-�1 ELISA Kit (eBioscience Inc., USA), as directed by
the manufacturer. Optical density was measured using a microplate
reader at 450 nm.  Loading efficiency was  calculated as follows:

Loading efficiency = Winitial

Wfeed
× 100% (2)

where Winitial is the measured weight of TGF-�1 in microspheres,
and Wfeed, the fed weight of TGF-�1 during microsphere prepara-
tion (ng (TGF-�1)/mg (dry chitosan powder)).

2.6. Swelling index

Swelling index of microspheres or scaffolds in lysozyme bearing
PBS (lysozyme: 104 U/mL) media was measured via a gravimetric
method. Weighed dry microspheres or scaffolds (weight: Wd) were
immersed in lysozyme bearing PBS solutions at ambient temper-
ature until swelling equilibrium was attained. Wet  samples were
then transferred into some thimbles and excess water was removed
by centrifugation at 2000 rpm for 1 min  prior to measuring their
weight (Ww). Swelling index was calculated as follows:

Swelling index = Ww − Wd

Wd
× 100% (3)

2.7. Measurements of compressive mechanical parameters

Compressive parameters of scaffolds in wet  state were mea-
sured using an Instron universal testing machine at ambient
temperature. The dry scaffolds were cut into circular pieces with

a dimension of 10 mm in diameter and around 5 mm  in thick-
ness, and immersed in PBS solution for 2 h prior to measurements.
After removal of excess water by centrifugation, these pieces were
compressed at a crosshead speed of 1 mm/min. The compressive
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Fig. 1. SEM micrographs of (A) TGF-�1-loaded chitosan microspheres prepared
050 J. Wu et al. / Carbohydrate

odulus (E) was defined as the initial linear modulus and the stress
t 10% strain was recorded as �10.

.8. In vitro release of TGF-ˇ1

TGF-�1 releases from microspheres or scaffolds were exam-
ned using lysozyme bearing PBS media (lysozyme: 104 U/mL).
n the cases of microspheres, carefully weighed amounts of

icrospheres were introduced into glass vials with a known
olume of buffer containing 0.02% sodium azide as the preser-
ative. These vials were vortexed on a shaker table at 37 ◦C,
0 rpm. The supernatants were retrieved at each time point,
nd meanwhile, each vial was replaced with the same volume
f fresh buffer. The amount of TGF-�1 was determined using
GF-�1 ELISA Kit mentioned earlier. The released amount of TGF-
1 was calculated by correlating to a standard curve. In the
ases of microsphere-embedded scaffolds, the same protocol was
sed.

.9. Statistical analysis

Analysis of variance was performed using statistical software
SPSS 15.0 for Windows) to determine whether there were sig-
ificant differences among the measured data. The threshold for
tatistical significance was set at p < 0.05.

. Results and discussion

.1. Morphology and parameters of TGF-ˇ1-loaded chitosan
icrospheres

The natural crosslinker, genipin, was selected for the prepa-
ation of microspheres in consideration of its low cytotoxicity.
or example, genipin is about 5000–10,000 times less cytotoxic
han commonly used glutaraldehyde (Muzzarelli, 2009b; Yuan
t al., 2007). Fig. 1(A) presents a representative SEM image
or TGF-�1-loaded chitosan microspheres. Morphology of these

icrospheres showed good sphericity and had smooth surface
ithout cracks or wrinkles, and they had various sizes chang-

ng from around 2 to about 40 �m.  To examine the effect of
rosslinker on the average sizes, loading efficiency and swelling
ndex of microspheres, several sets of microspheres were fabri-
ated using various amounts of genipin under the same processing
onditions, and relevant parameters for them are provided in
able 1.

Data in Table 1 point out that average size and swelling index of
icrospheres showed significant decreasing trends until the feed

atio of genipin to chitosan reached around 1:8 mg/mg  (p < 0.05),
nd after that, microspheres only had small changes in their aver-
ge size and swelling index; on the other hand, loading efficiency of
icrospheres exhibited a reverse trend, revealing these parameters

an be effectively regulated by controlling the amount of genipin,
nd they would not substantially further change under the present
rocessing conditions even though an increasing feed ratio higher
han 1:8 was applied. The maximum feed ratio of genipin to chi-
osan was thus selected as 1:4 mg/mg. In addition, in considering
hat loading efficiency of chitosan-A and chitosan-B microspheres
as very low, only four sets of microspheres, namely, chitosan-
, chitosan-D, chitosan-E and chitosan-F, were selected for further

nvestigations.
It was noted that several main processing parameters could

arkedly influence the initial loading of TGF-�1 in microspheres

nd hence, processing parameters were carefully optimized by
ainly changing the fed amount of TGF-�1 and washing times

o ensure the initial TGF-�1 loading for these microspheres to be
round 30 ng(TGF-�1)/mg(dry microsphere) so that the effect of
under optimized processing conditions (feed ratio of genipin to chitosan was
1:6  mg/mg) and (B) microsphere-embedded chitosan-PCL scaffold (PCL content in
chitosan-PCL: around 42 wt.%).

the initial TGF-�1 load on the release properties of microspheres
could be greatly reduced.

3.2. Morphology and parameters of microsphere-embedded
chitosan-PCL scaffolds

TGF-�1-loaded chitosan microspheres had a quite wide size-
distribution, as indicated in Fig. 1(A), and meantime, data for the
average size in Table 1 also showed large differences among differ-
ent sets of microspheres. To diminish the effect of microsphere-size
on the release profiles of TGF-�1, each set of microspheres was
sieved into three groups using sifters with mesh sizes of 325 and
500, and the corresponding size for three groups of microspheres
in each set was less than 25 �m,  between 25 and 45 �m and larger
than 45 �m in order. Only those microspheres with sizes between
25 and 45 �m in each set were selected for the scaffold fabrication.

Fig. 1(B) shows a typical image of the chitosan-PCL scaffold.
It can be observed that the scaffold has interconnected pores in
irregular shapes, and TGF-�1-loaded chitosan microspheres were
randomly dispersed into the scaffold. The microspheres were either
mounted onto or just simply laid down the wall of pores, and some
of them already lost their originally well-defined sphericity due to
the coating effect arisen from chitosan-PCL, which is evidenced by
those agglutinated microspheres indicated by the white arrows in
Fig. 1(B).

Four sets of chitosan-PCL scaffolds with similar porosities and

average pore sizes were fabricated using chitosan-C, chitosan-D,
chitosan-E and chitosan-F microspheres in order to examine the
effect of microspheres on release profiles of the scaffolds, and rel-
evant parameters for the scaffolds are summarized in Table 2.
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Table  1
Parameters of TGF-�1-loaded chitosan microspheres.

Samples Feed ratio of
genipin to chitosan
(mg/mg)

Average size
(�m)

Swelling
index (%)

Loading
efficiency (%)

Chitosan-A 1:15 74.7(±7.2) 117.4(±6.7) 50.1(±5.6)
Chitosan-B 1:12 55.4(±5.3) 98.3(±5.9) 61.7(±3.8)
Chitosan-C 1:10 42.1(±4.1) 86.5(±4.8) 70.2(±2.6)
Chitosan-D 1:8 32.2(±2.4) 77.2(±3.5) 76.9(±2.8)
Chitosan-E 1:6 27.3(±2.1) 72.4(±3.3) 80.8(±2.4)
Chitosan-F 1:4 23.6(±1.9) 68.3(±3.1) 83.1(±2.7)

Table 2
Parameters of chitosan-PCL and chitosan scaffolds embedded with different kinds of microspheres.a

Samplesb,c Porosity (%) Average pore ‘size (�m) Swelling index (%) E (kPa)d �10 (kPa)e

Chitosan-PCL(I) 91.7(±3.1) 152.5(±12.9) 44.1(±3.3) 1408.1(±121.6) 128.2(±14.5)
Chitosan-PCL(II) 90.3(±3.4) 142.7(±13.2) 43.5(±3.1) 1297.6(±116.2) 132.6(±15.2)
Chitosan-PCL(III) 91.2(±3.2) 146.1(±12.7) 46.2(±3.2) 1329.7(±109.8) 140.3(±17.9)
Chitosan-PCL(IV) 89.6(±2.9) 155.8(±14.1) 42.8(±2.6) 1386.5(±113.5) 139.6(±14.1)
Chitosan-(I) 90.9(±3.3) 143.6(±15.3) 70.6(±3.7) 137.1(±37.8) 13.4(±2.3)
Chitosan-(II) 88.6(±3.2) 149.2(±12.4) 71.1(±3.4) 123.8(±31.6) 12.9(±3.1)
Chitosan-(III) 92.2(±3.5) 154.3(±14.8) 73.5(±3.5) 135.6(±36.3) 14.3(±2.9)
Chitosan-(IV) 91.4(±3.1) 157.2(±12.5) 72.9(±3.8) 126.1(±32.1) 13.1(±2.7)

a Initial TGF-�1 load in these scaffolds was controlled as around 3 ng (TGF-�1)/mg (dry scaffold) by changing the amount of added microspheres.
b Chitosan-PCL(i) (i = I, II, III and IV) denotes scaffolds fabricated by using chitosan-PCL as matrix and chitosan-C, chitosan-D, chitosan-E and chitosan-F as embedded

microspheres, respectively;
c Chitosan (j) (j = I, II, III and IV) refers to scaffolds built by using chitosan as matrix and chitosan-C, chitosan-D, chitosan-E and chitosan-F as embedded microspheres,
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espectively.
d E was  measured for hydrated scaffolds.
e �10 was  measured for hydrated scaffolds.

ome reports have revealed that a dose of around 2 ng(TGF-
1)/mg(composite) or slightly higher is therapeutically effective

or the treatment of full and partial thickness rabbit and porcine
rticular cartilage defects (Giannoni and Hunziker, 2003; Hunziker,
001). In the present instance, the scaffolds were thus endowed
ith an initial load of TGF-�1 at around 3 ng(TGF-�1)/mg(dry scaf-

old) by using different amounts of microspheres. In addition, three
ets of chitosan-PCL scaffolds with various porosities and aver-
ge pore-sizes were also built by using chitosan-E as embedded
icrospheres to investigate the impact of pore parameters on the

roperties of scaffolds, and the relevant parameters are listed in
able 3.

Data in Table 2 indicate that there were no substantial differ-
nces (p > 0.05) in the pore parameters for chitosan-PCL scaffolds
r for chitosan scaffolds despite the fact that swelling index of
hitosan-PCL scaffolds was much lower than that of matched chi-
osan scaffolds. The notably lower swelling index of chitosan-PCL
caffolds can be ascribed to the hydrophobic PCL component in
hitosan-PCL (Wan  et al., 2009). In the cases of scaffolds listed in
able 3, it can be seen that pore parameters imposed a significant
mpact on swelling index of scaffolds. These results are reasonable if
ore details are figured out. As described in Section 2, chitosan-PCL
caffolds were built by using a 1.0% aqueous acetic acid solution. In
onsidering that chitosan-PCLs consisted of hydrophilic chitosan
ain chains and hydrophobic PCL side chains, it is rational to

able 3
arameters of chitosan-PCL scaffolds embedded with the same kind of microspheres.a,b

Samplesc Porosity (%) Average pore size (�m) 

Chitosan-PCL(a) 95.6(±3.9) 171.4(±16.7) 

Chitosan-PCL(b) 87.4(±3.1) 154.9(±12.1) 

Chitosan-PCL(c) 80.3(±3.4) 139.1(±14.6) 

a Initial TGF-�1 load in the scaffolds was selected as around 3 ng (TGF-�1)/mg (dry sca
b Pore parameters were controlled by mainly changing the concentrations of CH-PCL so
c Chitosan-PCL(k) (k = a, b and c) denotes scaffolds fabricated by using chitosan-PCL as 

d E was  measured for hydrated scaffolds.
e �10 was  measured for hydrated scaffolds.
believe that PCL side chains could turn inward and tangle together
to some extent while chitosan main chains would stretch outward
and enwrap those hydrophobic PCL domains during the prepara-
tion of chitosan-PCL scaffolds, as a result, the chitosan-PCL scaffolds
having bigger pore-size and higher porosity would provide a larger
hydrophilic surface area when exposed to aqueous media, con-
comitantly resulting in their higher swelling index, as manifested
in Table 3.

3.3. Compressive properties of microsphere-embedded
chitosan-PCL scaffolds

The compressive mechanical properties of porous scaffolds in
the wet  state are of particular importance in articular cartilage
repair since they are very closely linked to the durability and
dimension-maintaining ability of the scaffolds in practical oper-
ations and applications (Hutmacher, 2000; Shalaby, 1994). It can
be seen from Table 2 that (1) there were no significant differences
(p > 0.05) in E and �10 for chitosan-PCL scaffolds, and a similar
result was  also recorded for chitosan scaffolds even though vari-
ous amounts of microspheres were applied to these scaffolds; and

(2) the E and �10 of chitosan-PCL scaffolds were almost ten-fold
higher than that of chitosan scaffolds. The insignificant effect from
different microspheres may  be attributed to the lower percentage
of microspheres in the scaffolds since chitosan microspheres con-

Swelling index (%) E (kPa)d �10 (kPa)e

52.2(±3.4) 1082.7(±94.2) 107.1(±11.3)
44.7(±3.1) 1346.5(±107.9) 143.2(±12.1)
37.5(±2.7) 1672.3(±164.6) 176.4(±16.5)

ffold).
lutions and freeze temperatures.

matrix and chitosan-E as embedded microspheres.



1052 J. Wu et al. / Carbohydrate Polymers 86 (2011) 1048– 1054

1470
0

10

20

30

40

50

60

70

80

90

100

 chitosan-C
 chitosan-D
 chitosan-E
 chitosan-F

C
um

ul
at

iv
e 

re
le

as
e 

(%
)

Time (day)

t
m
o
s
�
d
f
r
w
d
r

c
c
(
o
1
t
c

3

3

t
i
m
fi
a
i
t
t
m
T
c
c
s
t
m
�
d
o
t
m
i

423528211470
0

10

20

30

40

50

60

70

80

90

100

C
um

ul
at

iv
e 

re
le

as
e 

(%
)

Time (day)

 chitosan-(I)
 chitosan-(II)
 chitosan-(III)
 chitosan-(IV)
 chitosan-PCL(I)
 chitosan-PCL(II)
 chitosan-PCL(III)
 chitosan-PCL(IV)
Fig. 2. Release profiles of TGF-�1-loaded chitosan microspheres.

ained their initial TGF-�1 load of around 30 ng(TGF-�1)/mg(dry
icrosphere) whereas chitosan-PCL or chitosan scaffolds were

nly endued with TGF-�1 content of about 3 ng(TGF-�1)/mg(dry
caffold). In comparison with chitosan scaffolds, the high E and
10 of chitosan-PCL scaffolds should be assigned to the function
erived from PCL component. Many hydrophobic PCL domains
ormed during fabrication of the scaffolds in aqueous media would
eside inside the scaffolds and act as physically crosslinked sites,
hich is somewhat similar to the cases of chitosan-polylactide gels
escribed elsewhere (Qu, Wirsen & Albertsson, 1999), resulting in
emarkably enhanced compressive strength in wet state.

Data in Table 3 reveal that the E and �10 of chitosan-PCL scaffolds
ould also be regulated by the pore parameters and they signifi-
antly increased as the porosity and average pore-size decreased
p < 0.05). In particular, chitosan-PCL(a) scaffolds with the porosity
f about 95% were still able to maintain their E and �10 at around
000 kPa and 100 kPa in the wet state, respectively, suggesting that
hese scaffolds are strong enough for in vivo applications in articular
artilage repair (Chung and Burdick, 2008).

.4. In vitro release of TGF-ˇ1

.4.1. Release profiles of TGF-ˇ1-loaded chitosan microspheres
The measurements for TGF-�1 releases were carried out in

he lysozyme bearing PBS system which functions as a simulant
n vivo environment (Ozbas-Turan, Akbuga & Aral, 2002) since these

icrospheres will be potentially used in vivo. The release pro-
les of TGF-�1 from different microspheres as function of time
re shown in Fig. 2. The microspheres released around 40% of
nitially loaded TGF-�1 during the first day and after that, more
han 70% of TGF-�1 was released within the first week, and the
otal accumulative amount of TGF-�1 was higher than 80% for all

icrospheres after two-week release. As described in Section 2,
GF-�1-loaded chitosan microspheres were built via an interface-
rosslinking pathway through dispersed aqueous phases and a
ontinuous octanol phase. It is reasonable to believe that only the
urface or superficial layers of microspheres had been crosslinked
o a certain extent and the internal layers and interior of the

icrospheres are freed from crosslinking, and consequently, TGF-
1 in microspheres was only physically entangled chitosan chains
uring the fabrication of the microspheres. Once exposed to aque-

us media, the microspheres were swollen to some extent and
he physical entanglement between chitosan chains and TGF-�1

olecules would be easily disentangled because of the hydrophilic-
ty of both chitosan and TGF-�1, leading to significantly initial
Fig. 3. Release profiles of microsphere-embedded scaffolds with similar pore
parameters.

burst and followed fast release of entrapped TGF-�1. In addition,
although these microspheres were already crosslinked by using
various amounts of genipin (see Table 1) they showed quite similar
the release behavior with small differences in their release patterns
(p > 0.05), meaning that the amount of crosslinker can not effec-
tively regulate the release profiles of the microspheres. Based on
the results illustrated in Fig. 2, it can be reached that the presently
built chitosan microspheres are not suitable for a sustained and
prolonged release of TGF-�1 due to their high release rates and
severe initial burst.

3.4.2. Release profiles of microsphere-embedded scaffolds
The release patterns of TGF-�1 from different scaffolds with

similar pore parameters are presented in Fig. 3. In the cases of
chitosan-PCL scaffolds, less than 8% of TGF-�1 was released in the
first day, and afterwards, their release patterns followed approx-
imately linear behavior longer than four weeks at various release
rates. On the other hand, chitosan scaffolds showed typical burst
release and most of TGF-�1 was released from these scaffolds
within two weeks. In comparison with the cases of chitosan micro-
spheres shown in Fig. 2, chitosan scaffolds still had the same
characteristics of fast release and initial burst even though the
release of TGF-�1 from chitosan scaffolds was  relatively delayed.
In addition, release rates of chitosan scaffolds were not signifi-
cantly influenced by embedded microspheres. In contrast to this
observations, the initial burst from chitosan-PCL scaffolds was
greatly reduced, and the corresponding release rates were clearly
down-regulated by the microspheres crosslinked with increasing
amounts of crosslinker (p < 0.05). The SEM image shown in Fig. 1(B)
demonstrated that the chitosan microspheres were coated to a
certain extent by some chitosan-PCLs during the fabrication of scaf-
folds. It is known that PCL is highly hydrophobic and has a very low
degradation rate under physiological conditions (Shalaby, 1994),
and thus, the coating layer formed by chitosan-PCLs would retard
the release of TGF-�1 because chitosan-PCLs had around 42 wt.% of
PCL component which can partially prevent water from penetrat-
ing into microspheres and also resist the erosion from lysozyme.
With respect to chitosan scaffolds, the coating effect of chitosan
molecules on the microspheres might not be great enough because
of the high sensitivity to lysozyme and hydrophilic characteristics

of chitosan, leading to their similar release patterns as compared
to the chitosan microspheres.

Fig. 4 presents the release behavior of TGF-�1 from chitosan-PCL
scaffolds with different pore parameters. Like other chitosan-PCL
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ig. 4. Release profiles of microsphere-embedded scaffolds with different pore
arameters.

caffolds illustrated in Fig. 3, chitosan-PCL(a), chitosan-PCL(b) and
H-PCL(c) scaffolds showed low initial release of TGF-�1 and their
elease patterns also followed approximately linear characteris-
ics for a period longer than four weeks. In addition, the plots in
ig. 4 indicate that pore parameters of the scaffolds can signifi-
antly modulate the release rates of the scaffolds (p < 0.01) and the
caffolds with higher porosity and larger average pore-size would
ave a higher release rate.

.5. Kinetics of TGF-ˇ1 release from microsphere-embedded
caffolds

Many different bioactive drugs have been delivered by using
arious polymer vehicles so far. Despite the diversity and com-
lexity of various release systems some empirical models have
een established to describe kinetics of release (Kumar, Muzzarelli,
uzzarelli, Sashiwa & Domb, 2004). In the case of swellable poly-
er  matrices, the kinetic behavior of drug release can be estimated

sing following empirical equation (Yu and Xiao, 2008):

Mt

M∞
= ktn or log

(
Mt

M∞

)
= log k + nlog t (4)

here Mt/M∞ is the amount of released drug (%) at time t (d), k
%/dn) is a constant incorporating structural and geometric charac-
eristics of drug-loaded devices as well as the release rate, and n is
he release exponent, indicative of the mechanism of drug release.
ased on the linear regression method, n and k can be calculated

rom the plots of log (Mt/M∞) versus log t. Kinetic parameters for

ifferent chitosan-PCL scaffolds listed in Tables 2 and 3 are sum-
arized in Table 4.
In the cases of slab or film systems, several specific values for

 in Eq. (4) have distinct meanings. n = 0.5, drug-release follows a

able 4
stimated kinetic parameters of different chitosan-PCL scaffolds.

Samplea k (%/dn) n r2

Chitosan-PCL(I) 5.9 0.74 0.9937
Chitosan-PCL(II) 5.4 0.73 0.9959
Chitosan-PCL(III) 4.9 0.72 0.9908
Chitosan-PCL(IV) 3.9 0.72 0.9914
Chitosan-PCL(a) 6.7 0.72 0.9956
Chitosan-PCL(b) 5.1 0.72 0.9971
Chitosan-PCL(c) 3.6 0.73 0.9925

a See Tables 2 and 3 for the definition of sample names.
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diffusion-controlled mechanism which is commonly regarded as
Higuchi model; and n = 1.0, the rate of drug-release would be inde-
pendent of time and this case is usually known as case-II transport
or zero-order release kinetics. Values of n changed between 0.5
and 1.0 can be regarded as superposition of two apparently inde-
pendent mechanisms, a Fickian diffusion and a case-II transport,
and this kind of mechanism is commonly referred to as anoma-
lous transport. In the case of a spherical carrier, the threshold of
n-value differentiating between Fickian and non-Fickian diffusion
is around 0.43, and n-values changed between 0.43 and 0.85 can be
associated with anomalous transport.

In the present cases, data in Table 4 indicate that n-values
of scaffolds were slightly higher than 0.7 with correlation coef-
ficients higher than 0.99, suggesting that release of TGF-�1 from
these chitosan-PCL scaffolds is involved in an anomalous transport
related to Fickian diffusion and case-II transport. It is also observed
from Table 4 that the pore parameters exerted significant impacts
on k-values of scaffolds while the embedded microspheres only
slightly regulated the release rates of the scaffolds.

On the basis of above examinations, it can be reached that
presently fabricated microsphere- embedded chitosan-PCL scaf-
folds are able to maintain required strength in wet state and
also function as desirable carriers for the sustained and controlled
release of TGF-�1 without severe initial burst over an extended
period, suggesting their potential applications in articular cartilage
repair.

4. Conclusions

The present study supports the sustained delivery of trans-
forming growth factor-�1 using microsphere-embedded chitosan-
polycaprolactone scaffolds as carriers. Some selected scaffolds built
by chitosan-polycaprolactone with a proper weight percentage of
polycaprolactone could administrate the release of transforming
growth factor-�1 in an approximately linear manner longer than
four weeks without severe initial burst. The release patterns of
transforming growth factor-�1 from the scaffolds were governed
by an anomalous transport mechanism, and the release rates of
the scaffolds could be effectively regulated by the pore parameters
of the scaffolds instead of the embedded microspheres. In addi-
tion, the presently fabricated chitosan-polycaprolactone scaffolds
also showed desirable compressive properties in the wet state, sug-
gesting that these scaffolds would be useful for the applications in
articular cartilage repair where the local presence of transform-
ing growth factor-�1 at a therapeutic level and the maintenance of
required compressive strength of the scaffolds may  be concurrently
required.
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