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Abstract

A well-timed delivery of bioactive macromolecules from the porous scaffolds is very important in tissue engineering. Tetrandrine (Ted) is one of
a large number of known plant derived bisbenzylisoquinoline alkaloids and is obtained from the roots of Stephania tetrandria. Ted can be used as a
modifier to poly(L-lactic acid) scaffolds to promote chondrocyte differentiation and secrete type II collagen. But the effect of Ted on chondrocyte’s
behavior strongly depends on the concentration of Ted in the culture media. Here amphiphilic diblock copolymer (PLAE) composed of L-lactide
and methoxy poly(ethylene glycol) (MePEG) was prepared and the Ted loaded copolymeric nanospheres were obtained by self-emulsification and
then solvent evaporation. The mean sizes of core/shell type PLAE nanospheres and Ted-loaded nanospheres are about 60 and 100 nm, respectively.
Chitosan—gelatin (Cs—Gel) porous scaffolds loaded with PLAE-Ted nanospheres were fabricated through freeze drying. Ted release behaviors
from PLAE-Ted nanospheres and porous scaffolds were investigated. The result shows that the Ted-loaded nanospheres could be embedded within
Cs—Gel scaffolds and no initial burst release could be observed in the release patterns. Here a room can be provided for the scaffolds to sustained

release bioactive component in tissue engineering.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The repair of damaged or worn out tissues is an increasing
concern. By combining different approaches taken from biotech-
nology, biology and material science, tissue engineering aims to
provide efficient tools to reach this goal (Griffith and Naughton,
2002). An approach in this field consists of combining porous
supportive structures with bioactive molecules to guide the
tissue regeneration more efficiently. A well-timed delivery of
the bioactive compounds from the scaffold is necessary to
reach the desired effect (Vasita and Katti, 2006; Zisch et al.,
2003).

Many methods of drug delivery from scaffolds have been
developed for use in engineering the different tissues. The
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method of drug delivery should be selected based on the applica-
tion, scaffold material and target drug. One of the most common
methods of creating controlled release is to utilize the physical
properties of the scaffold material to regulate the amount of drug
delivered. To create controlled release, the target drug is mixed
with the scaffold precursors during fabrication. In such systems,
the properties of the scaffold, such as pore size or crosslinking
density, could regulate the drug release rate by diffusion. The
rate of scaffold degradation also can affect how much drug is
released over time (Tachibana et al., 2006). Another method of
creating controlled release is to incorporating drugs into micro-
spheres (Benoit et al., 2000). The release kinetics of the target
drug can be altered by changing the polymer used as carrier, the
amount of drug loaded and the size of the microsphere (DeFail
et al., 2006). The microspheres can either be injected directly
into the desired location or incorporated into scaffolds made
from other materials. In the later case, the scaffolds are made
of different materials that contain pores large enough to allow
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axons and/or cells to migrate into the scaffolds (Goraltchouk
et al., 2006). Recently, self-assemblies or aggregation of poly-
meric amphiphiles in aqueous media have been studied with
respect to biological importance and pharmaceutical application.
There has been an increasing interest in the development of drug
delivery systems by using amphiphilic copolymer derived from
polylactide and poly(ethylene glycol) (PEG) as carriers (Lietal.,
2005; Liggins and Burt, 2002). Some micelles of poly(lactide-
b-ethylene glycol) loaded drug, e.g. Taxol (Genexo-PM) have
been available commercially (Kim et al., 2001; Liu et al.,
2001).

The herb components have multiple biological activities.
Some of them have showed the tissue regeneration potentials
(Ikezoe et al., 2002; Mundy et al., 1999; Niizawa et al., 2003;
Suk et al., 2003). Therefore, their delivery systems will provide
chemical cues in tissue engineering. However, these components
usually exhibit poor aqueous solubility, rendering delivery of
these compounds quite challenging. Tetrandrine (Ted) is one of
a large number of known plant derived bisbenzylisoquinoline
alkaloids and is obtained from the roots of Stephania tetran-
dria. It possesses anti-inflammatory, antiplatelet aggregation,
Ca”* channel block, immunosuppressive and free radical scav-
enging effects (Ho and Lai, 2004; Kim et al., 1999; Lai et al.,
1999; Wang et al., 2004), so it has been used as an analgesic,
diuretic and anti-inflammatory agent in China (Lai, 2002). Many
recent studies reported the influences of Ted to the behaviors of
different kinds of cells (Fu et al., 2002). Ted can also be used as
a modifier to poly(lactic acid) scaffold to promote chondrocytes
differentiation to secrete Type II collagen (Cui et al., 2005). A
chitosan—gelatin (Cs—Gel) scaffold has promising perspective in
cartilage tissue engineering (Xia et al., 2004).

Based on these opinions, here we constituted a Ted-loaded
nanosphere embedded in Cs—Gel scaffolds. Firstly, nano-
aggregates of poly(L-lactide)-b-poly(methoxy ethylene glycol)
(PLA/MePEG diblock copolymer, PLAE) were prepared. The
resulting core/shell nanospheres could be used to encapsu-
late Ted. Then PLAE copolymer micelles uploaded with Ted
were embedded in chitosan—gelatin scaffolds and the con-
trolled released behaviors of Ted from the scaffolds were
investigated.

2. Experimental
2.1. Materials

L-Lactide was prepared from L-lactic acid (Purac Chem-
icals, Netherlands) and recrystallized from ethyl acetate by
our lab. Methoxy poly(ethylene glycol) with molecular weight
2000 was purchased from Fluka. Stannous octoate was obtained
from Sinica Medicine Group Chemical. Chitosan (Cs) pow-
der (molecular weight 1.0 x 103, degree of deacetylation
being 85%) was provided by Haihui Bioengineering Ltd.
Co. (Qingdao, China). Gelatin (Gel, mean average molecular
weight 1.0 x 10°) was purchased from Sigma Chemical Co.
Tetrandrine (Ted) (cf. Fig. 1) was purchased from National
Institute for the Control of Pharmaceutical and Biological
Products.

Fig. 1. Structural formula of tetrandrine.

2.2. Preparation and characterization of PLAE diblock
copolymer

2.2.1. Preparation of PLAE diblock copolymer

PLA/MePEG (PLAE) diblock copolymer was synthesized
by ring-opening polymerization of lactide with MePEG in the
presence of stannous octoate as a catalyst at 140 °C for 36 h in
a vacuum (Huang et al., 1999). Prior to the polymerization, lac-
tide was recrystallized from ethyl acetate and washed with hot
diethyl ether. MePEG was purified by precipitation from an ace-
tone solution into petroleum ether. The mole ratio of Sn(Oct);
to MePEG was 4.16 x 1073, The obtained copolymers were
dissolved in acetone and subsequently precipitated with excess
diethyl ether at room temperature. The polymer was then dried
at 40 °C in a vacuum for 48 h.

2.2.2. Characterization of PLAE copolymer

PLAE copolymer was analyzed by 'H NMR, GPC. '"H NMR
spectra were recorded on a Varian Mercury Vx300 300 HZ
spectrometer using deuterated chloroform as a solvent. The
GPC system consisted of a Waters Alliance 2690 separation
module, a Waters 484 tunable absorbance detector, an on-line
multiangle laser light scattering (MALLS) detector (MiniDawn,
Wyatt Technology Inc.), an interferometric refractometer (Opti-
lab DSP, Wyatt Technology Inc.), and two 3 Im PLgel (Polymer
Laboratories Inc.) columns connected in series. The system used
THF as the mobile phase at a flow rate of 1 mL/min, and sample
concentrations ranged from 7 to 10 mg/mL.

2.3. Preparation and characterization of PLAE and
PLAE-Ted nanospheres

2.3.1. Preparation of PLAE and PLAE-Ted nanospheres

PLAE nanospheres were prepared via self-emulsifying and
solvent-evaporating method. Briefly, PLAE copolymer (150 mg)
was dissolved into 3 mL methylene dichloride. The solution
obtained was added into 15 mL ultra-purified water and agi-
tated overnight. Nanospheres were formed along with organic
solvent evaporation. Nanosphere dispersion was obtained after
filtration with a 0.45 pm filtered membrane (Millipore, USA).
As for PLAE-Ted nanospheres, the only different was adding a
certain amount of Ted into the PLAE copolymer CH;Cl; solu-
tion. The other processes were exactly same as that for PLAE
nanospheres.



A. Xiaoyan et al. / International Journal of Pharmaceutics 350 (2008) 257-264 259

2.3.2. Determination of size and size distribution of
nanospheres

To determine the size and size distribution of PLAE or
PLAE-Ted nanospheres, dynamic light scattering (DLS) mea-
surements were carried out using a dynamic light scattering
spectrometer (Model BI9OOOAT, Brookhaven, USA) at a wave-
length of 514 nm at 20 °C. The intensity of the scattered light was
detected at 90° to the incident beam. An average size distribution
of nanospheres was determined based on CONTIN programs of
Provencher et al.

2.3.3. Morphologies analysis of nanospheres

The sizes and shapes of nanospheres were observed with a
TEM (Model TEM-100CXII JEOL, Japan). A drop of solution
containing nanospheres was deposited on the grid and after the
excess has been taken off, a drop of the negative staining solution
(phosphotungstic acid) was then deposited on the grid. After a
few seconds the excess fluid was drain off by applying a narrow
tapered strip of filter paper to the edge of the grid and the grid
was allowed to dry before observation with the TEM.

2.4. Preparation and characterization of Cs—Gel scaffolds
containing nanospheres

2.4.1. Preparation of Cs—Gel scaffolds containing
PLAE-Ted nanospheres

The chitosan—gelatin (Cs—Gel) network scaffolds were fabri-
cated according the known method (Mao et al., 2003). Chitosan
(Cs, 0.2 g) was dissolved in 10 mL 2% (w/w) acetic acid aqueous
solution containing 0.4 g gelatin (Gel) at 37 °C under agitat-
ing for 12 h. Then 0.7 mL 0.25% (w/w) glutaraldehyde aqueous
solution was added. Afterward, PLAE-Ted nanosphere sus-
pension was added and continued stirring for 10 min. After
degassing, the mixture was cast into a model for further freez-
ing at —50°C for 12h and lyophilizing for 36h to yield the
PLAE-Ted nanospheres embedded chitosan—gelatin scaffolds
(Cs—Gel-PLAE-Ted). As control, Cs—Gel-Ted scaffolds were
prepared as the same, only Ted was added in the Cs—Gel acetic
acid aqueous solution directly not in the form of PLAE-Ted
nanospheres.

2.4.2. Morphologies of Cs—Gel-PLAE-Ted scaffolds

To observe the morphologies of the scaffolds, the specimens
were coated with gold—palladium and examined under a scan-
ning electron microscope. PhlilpsXL.30 environment scanning
electron microscope was used.

2.4.3. Determination of scaffold porosity

The porosity was measured by liquid substitution method.
The liquid used in this study was isopropanol. The porosity ¢
was calculated as follow:

Vi—V;
E =
Vo —V;
where Vj is the volume of isopropanol before the scaffold was

put in; V> the volume of the liquid after the scaffold was put
in; V3 is the volume of isopropanol after the liquid was pressed

into the pore of the scaffold and the scaffold was taken out of the
liquid. Eight specimens of each sample were tested. The average
and standard deviations were presented.

2.4.4. Mechanical analysis

For the characterization of mechanical properties, the porous
scaffolds were compressively tested to record the stress—strain
curves. The tests were performed using a Testmetric M350-25
KN materials testing system at room temperature. A testing
rate, that is, a crosshead speed was set as 1 mm/min. Cylindri-
cal specimens with dimensions of 10 mm in height and 10 mm
in diameter were used for the tests. Five specimens of each
sample were tested. The average and standard deviations were
presented.

2.5. Determination of Ted release behaviors

The PLAE-Ted nanospheres, Cs—Gel-Ted or Cs—Gel-
PLAE-Ted scaffolds were put into a dialysis bag containing
5mL PBS buffered solution (pH 7.4) against 250 mL PBS
buffered solution at 37 °C. At predetermined time intervals,
1.0 mL of released solution was withdrawn for measuring, which
was replenished by 1.0 mL of fresh PBS solution to maintain a
constant volume. The concentration of Ted released was mon-
itored, using a UV detector at 283 nm provided by a HPLC
(Aglient 1100) equipped with Kromasil C18 250 mm x 4.6 mm,
5 wm column and methanol-water—triethylamine (85:15:0.25
by volume) solution as a flow phase at 25 °C and flow rate of
I mL/min. Three specimens of each sample were tested. The
average and standard deviations were presented.

3. Results and discussion
3.1. Synthesis of PLAE diblock copolymer

PLAE copolymer was synthesized by a ring opening poly-
merization of L-lactide in the presence of MePEG prepolymer
using stannous octoate as a catalyst. The composition and molec-
ular weight of PLAE copolymer were evaluated by 'H NMR
spectroscopy and GPC measurement. Fig. 2 shows the '"H NMR
spectrum of PLAE copolymer. The peaks at 5.18 ppm (CH)
and 1.60 ppm (CH3) belong to PLA blocks and the peak at
3.56 ppm is the characteristic of main-chain methylene units in
PEG blocks. The signal at 3.38 ppm can be attributed to the three
chemically equivalent hydrogen atoms of the methyl group at the
end of the MePEG block in the polymer chains. Its integral serves
as an internal standard to calculate the number average chain
length of the MePEG. The unit ratio of MePEG and lactide could
be obtained from the peak intensities of the methylene proton
(6§ =3.56 ppm) of the ethylene in MePEG, and the methylidyne
proton (§=5.18 ppm) in lactide segments. While the number
average molecular weight of PLAE diblock copolymer can also
be calculated. The number average molecular weight of PLAE
here used for the preparation of PLAE nanospheres is 4850 (‘H
NMR), molar ratio of MePEG to lactic acid unit is 1:20 ('H
NMR) and the molecular weight polydispersity Mw/Mn = 1.04
(GPC).



260 A. Xiaoyan et al. / International Journal of Pharmaceutics 350 (2008) 257-264

a

CHy
b
H%O—&E—g —)ﬁ(O—CHgCI-h-)r—nO—CIaig

ppm
Fig. 2. 'H NMR spectrum of PLAE diblock copolymer in CDCl5.

3.2. Formation of PLAE nanospheres

In the past decades, polymeric micelles prepared from
amphiphilic block copolymers have been largely investigated for
sustained delivery of drugs (Gaucher et al., 2005). These copoly-
mers can form micelle-like structure with a core—shell structure
through auto-assembly in aqueous media: the hydrophobic seg-
ments aggregate to form an inner core able to accommodate
hydrophobic drugs with improved solubility; the hydrophilic
shell consists of a brush-like protective corona that stabilizes
the micelles in aqueous solution. The PLAE block copolymer is
susceptible to form micelles in aqueous media. The hydrophobic

Ol

* 100nm .

Table 1

Size and size polydispersity of PLAE and PLAE-Ted nanospheres

Samples Diameter (nm) Polydispersity (w/I'%)
PLAE 56.4 0.190

PLAE-Ted (5)* 82.1 0.223

PLAE-Ted (10) 95.5 0.165

PLAE-Ted (20) 110.2 0.196

PLAE-Ted (5) is Ted-loaded nanosphere and the Ted addition percentage in the
sphere is 5%.

core of the micelles consists of bioresorbable PLA segments, and
the hydrophilic shell of a PEG corona. The size and size poly-
dispersity of the obtained PLAE and PLAE-Ted nanospheres
were measured by DLS and summarized in Table 1. The mean
diameter of the PLAE nanospheres is about 60 nm. The polydis-
persity factor of the micelles is fairly low, suggesting a narrow
size distribution. The diameters of PLAE-Ted nanospheres are
significantly bigger than PLAE. Ted is a lipophilic compound
(cf. Fig. 1), and it can be solubilized in the hydrophobic interior
of PLAE nanospheres. So the volume of the core of core/shell
PLAE-Ted nanospheres would become larger when the loaded
drug amount increased.

In order to characterize the morphology of PLAE and
PLAE-Ted nanospheres, TEM measurement was carried out.
Fig. 3 shows the photographs of PLAE and PLAE-Ted
nanospheres under TEM observation. It could be seen that most
of the nanospheres have a regular spherical shape and the size
is in the range 40-100 nm. By close observation of TEM pho-
tographs, it could be found that bright and dark regions were
seen in these nanoparticles. The bright region should respond to
the PEG block and the dark region should be attributed to the

Fig. 3. TEM micrographs of PLAE and PLAE-Ted nanospheres staining with tungsten phosphate. *(a) PLAE diblock copolymer nanospheres; (b and c¢) Ted-loaded

nanospheres PLAE-Ted (20).
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Fig. 4. Variation of micellar size of PLAE-Ted (10) in buffered solutions with
different pH values.

hydrophobic block of PLA and Ted. Hydrophobic Ted is encap-
sulated in the core part of the nanospheres and their core/shell
type structure could be observed much more obviously.

3.3. Preparation and characterization of
Cs—Gel-PLAE-Ted porous scaffolds

Because chitosan can only be dissolved in acidic solution,
chitosan and gelatin acetic acid aqueous solution was used as
the Cs—Gel porous scaffolds precursor. In order to combine
Cs—Gel scaffolds with PLAE-Ted nanospheres, the fabrication
process must be carried out in an acidic solution. So the stability
of PLAE-Ted nanospheres in the acidic solution should play
an important role. Fig. 4 shows the relationship between the
diameter of PLAE-Ted nanospheres and pH value of the
dispersing solution.

Because there is no ionic group on the molecular chain of
PLAE, the size of PLAE-Ted nanospheres exhibits good pH
stability. That will be benefit for embedding the nanospheres
into some scaffolds in tissue engineering when the scaffolds
must be fabricated in different acidic or basic medium.

3.3.1. Porosities of scaffolds

A porous Cs—Gel scaffold was fabricated through four main
procedures including Cs—Gel polyelectrolyte complex hydrogel
formation, swelling, lyophilization with water in the network as
a porogen and crosslinking. Its porosity depends mainly on the
concentration of the original polymers in the acetic acid aqueous
solution. Moreover, pore size and characters relate to the heat
transfer performance. The mean pore size of the scaffolds
obtained here varies from approximately 150-250 pm, and it
can be controlled by the freezen temperature (Mao et al., 2003).
The freezing and lyophilizing process would generate in an
open microstructure with a high degree of interconnectivity.
The pore sizes of the obtained scaffolds are fit for cell in
growth and angiogenesis after transplantation. From Table 2
it can be seen that the porosity of Cs—Gel-PLAE scaffold is
significantly higher than that of Cs—Gel scaffold. PLAE was
introduced to Cs—Gel acetic acid aqueous solution in the form

Table 2

Porosity of the scaffolds

Code Scaffold PLAE Ted Porosity (%)

(Wt%) (Wt%)

Scaffold-1 Cs—Gel 0 0 93.23+£0.32
Scaffold-2 Cs—Gel-Ted 0 0.21 93.24+0.26
Scaffold-3 Cs—Gel-Ted 0 1.23 93.04 £0.45
Scaffold-4 Cs—Gel-Ted 0 1.93 93.32+£0.28
Scaffold-5 Cs—Gel-Ted-PLAE 2.44 0 95.4140.25
Scaffold-6 Cs—Gel-Ted-PLAE 4.92 0 96.05+0.31
Scaffold-7 Cs—Gel-Ted-PLAE 6.97 0 96.68 +0.36
Scaffold-8 Cs—Gel-Ted-PLAE 9.09 0 97.25+£0.24
Scaffold-9 Cs—Gel-Ted-PLAE-Ted 4.92 0.20 96.35+0.26
Scaffold-10  Cs—Gel-Ted—PLAE-Ted 4.92 1.23 96.04 +0.32
Scaffold-11  Cs—Gel-Ted-PLAE-Ted  4.92 1.92 96.11 £0.34

of nanosphere suspension. That resulted in the decreasing of the
concentration of Cs—Gel network in Cs—Gel-PLAE scaffold’s
fabrication precursor solution compared with Cs—Gel scaffold.
On the other hand, the increasing of water (playing the role of
porogen) during the formation of the porous scaffolds, made the
porosity of Cs—Gel-PLAE scaffolds relatively higher. Because
the dosage of Ted was very little compared with Cs—Gel or
Cs—Gel-PLAE solution, it could hardly take any effects on the
porosity of the scaffolds.

3.3.2. Morphologies of scaffolds

Fig. 5 shows the morphologies of Cs—Gel-Ted and
Cs—Gel-PLAE-Ted scaffolds. Compared with Cs—Gel-Ted
scaffold, the adding of PLAE-Ted nanospheres made the pore
size of the Cs—Gel-PLAE-Ted scaffolds more homogeneously,
and also resulted in the increasing of the porosity (Table 2). That
may be because PLAE could play as a kind of surfactant and ice
crystal nuclei. The existence of PLAE resulting in the porogen
distributing more homogeneously and the amount of initially
formed ice crystal nuclei enhanced.

As for the distribution of PLAE-Ted nanospheres in the scaf-
folds, ¢ and d in Fig. 5 shows that the nanospheres have been
well embedded in the scaffolds and distributed evenly. The sizes
of the particles on the wall surface of the pores reflected that
some of PLAE-Ted nanospheres aggregated in the fabrication
process of Cs—Gel-PLAE-Ted scaffolds.

3.3.3. Mechanical properties of scaffolds

During cell cultivation, 3D porous scaffolds need to have
appropriate strength for cell attachment. Fig. 6 shows the com-
pressive stress—strain curves of Cs—Gel and Cs—Gel-PLAE
scaffolds. From the diagram, we could see that Cs—Gel scaffold
has stronger mechanical strength than Cs—Gel-PLAE scaffolds
(cf. Table 3). The interactions, such as hydrogen bond, between
chitosan and gelatin or themselves would decline because of the
joining of PLAE. So the bulk strength of Cs—Gel network should
be higher than that of the blend composed of Cs—Gel complex
and PLAE. So the more the PLAE was introduced, the lower the
compressive strength of Cs—Gel-PLAE scaffold was. On the
other hand, Cs—Gel scaffold has a relatively lower porosity than
Cs—Gel-PLAE scaffolds (cf. Table 2), that also resulting in the
Cs—Gel scaffold could withstand stronger compression force.
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Fig. 5. SEM photographs of porous scaffolds: (a) cross-section of Cs—Gel-Ted scaffold; (b) cross-section of Cs—Gel-PLAE-Ted scaffold; (c) wall surface of pores

of Cs—Gel-Ted scaffold; (d) wall surface of pores of Cs—Gel-PLAE-Ted scaffold.
3.4. Drug release behaviors

3.4.1. Drug loading performance

Apply the following equations to calculate drug encapsula-
tion efficiency (EE) and drug loading content (LC) of PLAE-Ted
nanospheres.

0.7
0.6 —
0.5
0a]

0.3 4

stress (MPa)

0.2

. . ——— . . .
00 01 02 03 04 05 06 07 08 09
Strain (%)

Fig. 6. Compressive stress—strain curves of Cs—Gel and Cs—Gel-PLAE scaf-
folds: (a) Scaffold-5; (b) Scaffold-6; (c) Scaffold-8; (d) Scaffold-1.

total amount of drug — amount of free drug

EE =
total amount of drug

LC =

total amount of drug — amount of free drug

x 100%

x 100%

polymer weight

Fig. 7 shows the effects of Ted addition amount on the
entrapment efficiency and drug loading content of PLAE-Ted
nanospheres. When the initial added amount of Ted versus the
constant amount of PLAE was increased, both drug loading
content and drug encapsulation efficiency were enhanced.

3.4.2. Drug release from PLAE-Ted nanospheres
The Ted release properties from PLAE-Ted nanospheres
were investigated using a dialysis membrane in phosphate

Table 3
Compressive modulus of different scaffolds

Code Compressive modulus (MPa)
Scaffold-1 0.3208 £ 0.0036
Scaffold-5 0.2261 £ 0.0032
Scaffold-6 0.2248 £ 0.0028
Scaftold-7 0.2194 £ 0.0026
Scaffold-8 0.1743 £ 0.0024
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Fig. 7. Effects of the initial Ted addition amount on the Ted entrapment effi-
ciency and Ted loading content of PLAE-Ted nanospheres.

buffered solution (pH 7.4, 37 °C). Plots of accumulative release
percentage of Ted based on loading amount versus time are
shown in Fig. 8. Since the initial burst effect was not observed in
all examined samples, it confirmed that PLAE-Ted nanospheres
could be prepared without any residual drug on their surfaces.
While the free Ted exhibited rapid release behavior of above
90% within about 15h, the Ted loaded into the inner core of
nanospheres showed significant sustained release characteristics
of less than 50% after 7 days.

The effect of drug loading amount on the drug release
rate from the microspheres may vary when different drugs or
polymers are used. Even in the case of the same system, i.e.
paclitaxel-encapsulated PLA of PLGA microspheres, the results
reported from different laboratories could be different (Liggins
et al., 2000; Ruan and Feng, 2003). Fig. 8 shows the in vitro
release curves of our PLAE-Ted nanospheres which had dif-
ferent Ted loading amounts. It can be seen that higher loading
resulted in slower release. Because the drug dissolution in PLAE
nanospheres and the degradation rate of PLAE should be similar
for these samples, the effect of drug loading amount on the in
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Fig. 8. Release profiles of Ted from PLAE-Ted nanospheres in pH 7.4 PBS at
37°C.
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Fig. 9. Release curves of Ted from Cs—Gel-Ted and Cs—Gel-PLAE-Ted scaf-
folds.

vitro release profile could be attributed to the change of drug
diffusivity caused by the different drug loading levels. Different
amount of Ted might affect the microstructure in the PLAE-Ted
nanospheres, which can be thus lead to different drug diffusion
rate.

3.4.3. Drug release from porous scaffolds

In order to control the release behavior of Ted from scaffolds,
here a Ted-loaded nanosphere embedded in chitosan—gelatin
scaffolds was constituted (cf. Table 2, Scaffold-9 and Scaffold-
11). As a control, Ted was also added into the scaffolds
through mixing Ted with chitosan and gelatin solution directly
in Cs—Gel-Ted scaffolds (cf. Table 2, Scaffold-2 and Scaffold-
4). Fig. 9 displays release patterns of Ted from different kinds
of 3D porous scaffolds. It can be seen that the release rate of
Ted from Cs—Gel-PLAE-Ted scaffolds is slower and smoother
than Cs—Gel-Ted scaffolds. Ted release rate from the scaffolds
decreases when the drug loading content increases. The initial
burst release was not observed in both kinds of the scaffolds. Itis
generally assumed that a drug is released by several mechanics:
(a) Fickian diffusion through the polymer matrix, (b) diffusion
through pores in the matrix, and (c) drug liberation by poly-
mer erosion. For Cs—Gel-Ted or Cs—Gel-PLAE-Ted scaffolds,
Ted is physically entrapped in Cs—Gel matrix. And in our case,
degradation of chitosan or gelatin during the experiment period
is ignorable. Therefore, it is speculated that the drug release
from the scaffolds is carried out mainly through Fickian dif-
fusion. For Cs—Gel-Ted scaffold, the main diffusion barrier is
chitosan—gelatin network. Due to multiple delivering processes
including barrier from both PLAE and Cs—Gel matrix, the drug
release from Cs—Gel-PLAE-Ted scaffold became even more
slowly than that of Cs—Gel-Ted scaffold. On the other hand, Ted
is a kind of bisbenzylisoquinoline alkaloids; its methoxy groups
could form hydrogen bond with hydroxyl, amine and carboxyl
groups of chitosan and gelatin. This hydrogen bond interaction
between Ted and the scaffolds limits the diffusion of Ted from
the scaffolds to the release medium. So the burst release of Ted
from Cs—Gel-Ted scaffolds does not appear. Although the com-
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plex network of chitosan and gelatin can swell in water solution
and that should be a positive factor to improve the Ted’s diffu-
sion, but Ted is a lipophilic alkaloid and its solubility in water
is very low. That will result in the decrease of Ted’s release rate
from both kinds of the scaffolds along with the increase of drug
loading amount in the scaffolds.

4. Conclusion

PLA/MePEG (PLAE) diblock copolymer was synthesized
and its nanospheres were prepared by self-emulsification and
solvent evaporating. The mean size of core/shell type PLAE
nanosphere is about 60 nm. Lipophilic drug, e.g. tetrandrine
was entrapped in nanovehicles with a relative high drug-loaded
efficiency. The Ted-loaded nanospheres could be well embed-
ded within Cs—Gel porous scaffold. The release rate of Ted
from Cs—Gel-PLAE-Ted scaffolds is slower and smoother than
that of Cs—Gel-Ted scaffolds. Ted release rate of Ted from
Cs—Gel-Ted or Cs—Gel-PLAE-Ted scaffolds decreases along
with the drug loading content increases. The initial burst release
was not observed in both kinds of the scaffolds. That provides a
room for sustained release lipophilic bioactive component from
porous scaffold. That will offer a considerable potential in tis-
sue engineering. The effects of the release behavior of Ted from
Cs—Gel-PLAE-Ted scaffolds on different kinds of cells will be
published in other place.

Acknowledgements

This research was performed with support from the National
Basic Science Research and Development (973) Grant via grant
G 199954305, National Nature Science Foundation of China
30470482, 50773050 and 30670567, and Tianjin Municipal
National Science Foundation Key Project 043803211.

References

Benoit, J.P., Faisant, N., Venier-Julienne, M.C., Menei, P., 2000. Development of
microspheres for neurological disorders: from basics to clinical applications.
J. Control. Release 65, 285-296.

Cui, Y.L., Qi, A.D., Li, K.E, Yao, K.D., 2005. Effect of tetrandrine-contained
biomaterials on chondrocytes in vitro. Tianjin J. Tradit. Chin. Med. 22,
236-239.

DeFail, A.J., Chu, C.R,, Izzo, N., Marra, K.G., 2006. Controlled release of
bioactive TGF-beta(1) from microspheres embedded within biodegradable
hydrogels. Biomaterials 27, 1579-1585.

Fu, L.W.,, Zhang, Y.M., Liang, Y.J., Yang, X.P.,, Pan, Q.C., 2002. The mul-
tidrug resistance of tumour cells was reversed by tetrandrine in vitro and
in xenografts derived from human breast adenocarcinoma MCF-7/adr cells.
Eur. J. Cancer 38, 418-426.

Gaucher, G., Dufresne, M.H., Sant, V.P.,, Kang, N., Maysinger, D., Leroux, J.C.,
2005. Block copolymer micelles: preparation, characterization and applica-
tion in drug delivery. J. Control. Release 109, 169—188.

Goraltchouk, A., Scanga, V., Morshead, C.M., Shoichet, M.S., 2006. Incorpo-
ration of protein-eluting microspheres into biodegradable nerve guidance
channels for controlled release. J. Control. Release 110, 400—407.

Griffith, L.G., Naughton, G., 2002. Tissue engineering—current challenges and
expanding opportunities. Science 295, 1009-1014.

Ho, L.J., Lai, J.H., 2004. Chinese herbs as immunomodulators and potential
disease-modifying antirheumatic drugs in autoimmune disorders. Curr. Drug
Metab. 5, 181-192.

Huang, Y.Y., Chung, T.W., Tzeng, T.W., 1999. A method using biodegradable
polylactides polyethylene glycol for drug release with reduced initial burst.
Int. J. Pharm. 182, 93-100.

Ikezoe, T., Chen, S.S., Heber, D., Taguchi, H., Koeffler, H.P., 2002. Baicalin is
a major component of PC-SPES which inhibits the proliferation of human
cancer cells via apoptosis and cell cycle arrest. J. Urol. 168, 379-380.

Kim, H.S., Zhang, Y.H., Yun, Y.P., 1999. Effects of tetrandrine and fangchinoline
on experimental thrombosis in mice and human platelet aggregation. Planta
Med. 65, 135-138.

Kim, S.C., Kim, D.W., Shim, Y.H., Bang,J.S., Oh, H.S., et al., 2001. In vivo eval-
uation of polymeric micellar paclitaxel formulation: toxicity and efficacy. J.
Control. Release 72, 191-202.

Lai, J.H., 2002. Immunomodulatory effects and mechanisms of plant alkaloid
tetrandrine in autoimmune diseases. Acta Pharmacol. Sin. 23, 1093-1101.

Lai, J.H., Ho, LJ., Kwan, C.Y., Chang, D.M., Lee, T.C., 1999. Plant alka-
loid tetrandrine and its analog block CD28-costimulated activities of human
peripheral blood T cells—potential immunosuppressants in transplantation
immunology. Transplantation 68, 1383-1392.

Li, F, Li, S.M., Vert, M., 2005. Synthesis and rheological properties of poly-
lactide/poly(ethylene glycol) multiblock copolymers. Macromol. Biosci. 5,
1125-1131.

Liggins, R.T., Burt, H.M., 2002. Polyether—polyester diblock copolymers for
the preparation of paclitaxel loaded polymeric micelle formulations. Adv.
Drug Deliv. Rev. 54, 191-202.

Liggins, R.T., D’ Amours, S., Demetrick, J.S., Machan, L.S., Burt, H.M., 2000.
Paclitaxel loaded poly(L-lactic acid) microspheres for the prevention of
intraperitoneal carcinomatosis after a surgical repair and tumor cell spill.
Biomaterials 21, 1959-1969.

Liu, L., Li, C.X., Li, X.C., Yuan, Z., An, Y.L., He, B.L., 2001. Biodegradable
polylactide/poly(ethylene glycol)/polylactide triblock copolymer micelles
as anticancer drug carriers. J. Appl. Polym. Sci. 80, 1976-1982.

Mao, J.S., Zhao, L.G., Yin, Y.J., Yao, K.D., 2003. Structure and properties of
bilayer chitosan—gelatin scaffolds. Biomaterials 24, 1067-1074.

Mundy, G., Garrett, R., Harris, S., Chan, J., Chen, D., et al., 1999. Stimu-
lation of bone formation in vitro and in rodents by statins. Science 286,
1946-1949.

Niizawa, A., Kogure, T., Hai, L.X., Fujinaga, H., Takahashi, K., et al., 2003.
Clinical and immunomodulatory effects of Fun-boi, an herbal medicine, on
collagen-induced arthritis in vivo. Clin. Exp. Rheumatol. 21, 57-62.

Ruan, G., Feng, S.S., 2003. Preparation and characterization of poly(lactic
acid)-poly(ethylene glycol)—poly(lactic acid) (PLA-PEG-PLA) micro-
spheres for controlled release of paclitaxel. Biomaterials 24, 5037-5044.

Suk, K., Lee, H., Kang, S.S., Cho, G.J., Choi, W.S., 2003. Flavonoid baicalein
attenuates activation-induced cell death of brain microglia. J. Pharmacol.
Exp. Ther. 305, 638-645.

Tachibana, A., Nishikawa, Y., Nishino, M., Kaneko, S., Tanabe, T., Yamauchi,
K., 2006. Modified keratin sponge: binding of bone morphogenetic protein-2
and osteoblast differentiation. J. Biosci. Bioeng. 102, 425-429.

Vasita, R., Katti, D.S., 2006. Growth factor-delivery systems for tissue engineer-
ing: a materials perspective. Expert Rev. Med. Devices 3, 29-47.

Wang, G., Lemos, J.R., Iadecola, C., 2004. Herbal alkaloid tetrandrine: from an
ion channel blocker to inhibitor of tumor proliferation. Trends Pharmacol.
Sci. 25, 120-123.

Xia, W.Y., Liu, W., Cui, L., Liu, Y.C., Zhong, W., Liu, D.L., et al., 2004. Tissue
engineering of cartilage with the use of chitosan—gelatin complex scaffolds.
J. Biomed. Mater. Res. Part B-Appl. Biomater. 71B, 373-380.

Zisch, A.H., Lutolf, M.P., Hubbell, J.A., 2003. Biopolymeric delivery matrices
for angiogenic growth factors. Cardiovasc. Pathol. 12, 295-310.



	Preparation of chitosan-gelatin scaffold containing tetrandrine-loaded nano-aggregates and its controlled release behavior
	Introduction
	Experimental
	Materials
	Preparation and characterization of PLAE diblock copolymer
	Preparation of PLAE diblock copolymer
	Characterization of PLAE copolymer

	Preparation and characterization of PLAE and PLAE-Ted nanospheres
	Preparation of PLAE and PLAE-Ted nanospheres
	Determination of size and size distribution of nanospheres
	Morphologies analysis of nanospheres

	Preparation and characterization of Cs-Gel scaffolds containing nanospheres
	Preparation of Cs-Gel scaffolds containing PLAE-Ted nanospheres
	Morphologies of Cs-Gel-PLAE-Ted scaffolds
	Determination of scaffold porosity
	Mechanical analysis

	Determination of Ted release behaviors

	Results and discussion
	Synthesis of PLAE diblock copolymer
	Formation of PLAE nanospheres
	Preparation and characterization of Cs-Gel-PLAE-Ted porous scaffolds
	Porosities of scaffolds
	Morphologies of scaffolds
	Mechanical properties of scaffolds

	Drug release behaviors
	Drug loading performance
	Drug release from PLAE-Ted nanospheres
	Drug release from porous scaffolds


	Conclusion
	Acknowledgements
	References


