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Abstract Hepatocyte-specific three-dimensional tissue-
engineeringed scaffold plays an important role for devel-
oping bioartificial liver devices. In the present study,
galactose moieties were covalently coupled with hyaluronic
acid through ethylenediamine. Highly porous sponge
composed of chitosan (CS) and galactosylated hyaluronic
acid (GHA) was prepared by freezing-drying technique.
The morphology of the scaffolds was observed via scanning
electron microscopy. Porosity and pore size of the sponge
were greatly dependent on the content of GHA and freezing
temperature. The addition of GHA not only improved the
wettability and changed their mechanical properties, but
also significantly influenced the cell attachment ratio.
Moreover, liver functions of the hepatocytes such as albu-
min secretion, urea synthesis and ammonia elimination in
the CS/GHA scaffolds were improved in comparison with
those in the chitosan scaffolds.

1 Introduction
In a typical tissue engineering approach, to control tissue

formation in three-dimensions (3D), a highly porous scaf-
fold is critical. It has been demonstrated that a 3D structure,
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which biomimicked architecture for promoting cell growth
and maintaining cell functions similar to that of naturally
occurring extracellular matrix (ECM), provides better
physical and mechanical microenvironmental surroundings
for cell proliferation and differentiation [1-5]. To design an
ideal scaffold, a highly open porous structure with well
interconnected pores is required, not only to achieve suf-
ficient cell seeding density within the scaffold, but also to
facilitate the free transport of nutrients and oxygen for
subsequent cell proliferation and differentiation [6, 7].

The scaffolds for liver need stable 3-D spatial micro-
environment to mimic the organized architectures of native
liver and highly open porous structures besides good bio-
compatibility and biodegradability [8]. In addition, scaf-
folds require specific interaction with extracellular matrix
components, growth factor, and the cell surface receptor to
culture anchorage-dependent cells such as hepatocytes
[9-11]. In order to adjust the interaction of hepatocytes
with the scaffold and promote hepatocytes to organize into
a three dimensional architecture while enhancing cellular
functions in scaffolds, we have modified materials such as
chitosan and alginate with galactose moieties as a specific
adhesive ligand to asialoglycoprotein receptor (ASGP-R)
of hepatocyte [12—16].

Biomaterials play a pivotal role as scaffolds to provide
three-dimensional templates and synthetic extracellular
matrix environments for tissue regeneration [5]. The extra-
cellullar matrix (ECM) components of the target tissue should
be mimicked by the scaffolds [17]. The structure of chitosan is
similar to glycosaminoglycans, the components of liver
ECM, which makes it an ideal scaffold material for hepatic
tissue engineering [18-22]. Hyaluronic acid is glycosami-
noglycans (GAGs) in the matrix of embryonic and fetal tis-
sues in the liver. So HA is candidate matrix component as 3-D
scaffolds for ex vivo cultures of hepatic cells [11, 23].

@ Springer



320

J Mater Sci: Mater Med (2010) 21:319-327

In this study, we first synthesized galactosylated hyal-
uronic acid (GHA) prepared through the covalent coupling
of lactobionic acid with HA. Then we prepared highly
porous three-dimensional sponges composed of chitosan
and GHA through the electrostatic interaction of carbox-
ylic groups of GHA with amine ones of chitosan. Final
we compared the liver-specific functions of hepatocytes
between chitosan and chitosan/GHA sponges.

2 Materials and methods
2.1 Materials

Chitosan was supplied by Haihui Bioengineering Co.
(Qingdao, China). The degree of deacetylation was 90%,
viscous average molecular weight was 2 x 10°. Hyaluronic
acid (HA) with viscous average molecular weight of 8 x 10°
was purchased from Freda Biochem Co. (Shandong, China).
Lactobionic acid (LA) was purchased from Sigma Chemical
Co. (MO, USA). 1-Ethyl-3-(3-dimethyl aminopropyl) car-
bodiimide (EDC) and Nhydroxy-sulfosuccinimide (sulfo-
NHS) were purchased from Medpep Co. (Shanghai, China).
All other chemicals were purchased from Shenggong Biol-
ogy Engineering Co. (Shanghai, China) unless otherwise
stated.

2.2 Synthesis of GHA

Firstly, primary amine was introduced into lactobionic acid
[13]. Briefly, lactobionic lactone prepared by dehydration
of lactobionic acid was refluxed with excess ethylenedia-
mine dissolved in anhydrous dimethyl sulfoxide (DMSO)
for 2 h. The monoamine terminated lactobionic lactone
(L-NH,) was precipitated with chloroform and the obtained
precipitate was vacuum-dried. Then, 1 g of the L-NH, was
reacted with 1 g of HA dissolved in 100 ml of 20 mM
TEMED (N,N,N-tetramethylethylenediamine, pH 4.7) for
24 h at room temperature using 1 g EDC and a co-reactant
0.1 g sulfo-NHS as the activation agents. The obtained
GHA was purified by dialysis against Milli Q for 1-week
and lyophilized. The reaction scheme is shown in Fig. 1.
Synthesis of GHA was confirmed through NMR and ele-
mental analyses.

2.3 Preparation of scaffolds and membranes

Chitosan and CS/GHA sponges were fabricated using
the freeze-drying technique. Briefly, Chitosan solution
(2 wt%) was prepared by dissolving chitosan in 0.5 M
acetic acid. Two percent chitosan acetate solution and
different concentrations of GHA aqueous solution (0%,
0.02 wt %, 0.1 wt %, 0.2 wt %) were mixed, to be in a
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Fig. 1 Synthesis scheme of galactosylated hyaluronic acid (GHA)

volumn ratio (r) of 1:1 and stirred with a magnetic bar at
37°C for 60 min. 0.5 ml solution was poured into each well
of 24-well polystyrene culture plates (Costar Co., Ltd). The
plates were frozen at —20°C, —80°C and liquid nitrogen,
respectively, then lyophilized in a freeze-dryer to form
porous structure. Lyophilized scaffolds were treated by
gradient ethanol process. Before cell seeding, the scaffolds
were sterilized by ultraviolet light for 12 h.

Chitosan, CS/HA, CS/GHA and collagen membranes
were prepared by pouring 1 ml mixing solutions in each
well of 6-well culture plate. Then the solutions were dec-
anted after 60 min and the surfaces were rinsed 3 times
with PBS. Before cell culture, it was sterilized.

2.4 Morphology of the scaffolds

The morphology of CS and CS/GHA scaffolds were
observed on a Hitachi (Japan) X-650 scanning electron
microscope (SEM). Mean pore diameters were estimated
by analysis of digital SEM images. Average pore sizes
were determined based on the sizes of 5 pores. Porosity
was determined by liquid displacement method.

2.5 X-Ray photoelectron spectroscopy (XPS) analysis
of the scaffolds

XPS analysis of the scaffolds of various proportions was
performed using a PerkinElmer 5600 electron spectroscopy
for chemical analysis (ESCA).

2.6 Wettability of the membranes

The static contact angles of chitosan, CS/GHA, and GHA
membranes were measured using a contact angle goniometer
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(Harke-Spca, Baoding, China). Deionized distilled water
was dropped onto the surface of the membranes before
measuring. Every data presented were the mean values of at
least five independent measurements.

2.7 Mechanical property of the sponges

Deflection-Force curves and the Young’s modulus of the
sponges were measured using an MS500-10AX testing
machine (Testometric Universal Tester, England). The
Young’s modulus was calculated from five specimens
(thickness, 12 mm; diameter, 15 mm; compress rate, 0.5
mm/min) in the dry state.

2.8 Rat primary hepatocyte isolation and culture

Hepatocytes were isolated from male Wistar rat by perfu-
sion the liver with a two-step collagenase perfusion tech-
nique of Seglen. The collagenase-perfused liver was
dissected, suspended in Hanks solution, and filtered
through 100 um nylon mesh. Hepatocytes were purified by
a density-gradient centrifugation (50 g force, 10 min)
using 45% Percoll solution (Pharmacia, Piscataway, NJ) at
4°C. Cell viability measured by trypan blue exclusion was
more than 90%.

Hepatocytes at a cell density of 2 x 10° cells pre one
sponge were absorbed into the dry sponges placed in a well
of the 24-well polystyrene (PS) plate filled with 1 ml of
William’s medium E (WE). The cells were cultured with
serum free WE containing antibiotics (50 pg/ml penicil-
lin, 50 pg/ml streptomycin and 100 pg/ml neomycin),
HEPES (18 mM), epidermal growth factor (EGF; 10 ng/ml),
insulin (100 nM), and incubated in a humidified atmosphere
of 5% CO, and 95% air, at 37°C, with medium changes every
48 h.

2.9 Hepatocyte attachment

The isolated hepatocytes were suspended in different
membranes coated 6-well PS dish at 5 x 10* cells/ml in
Williams’ E medium without serum. The cultures were
incubated in a humidified air/CO, incubator (95/5, v/v).
After a prescribed time, the medium including free non-
adhered cells was thoroughly washed with PBS solution.
The MTT assay was used as a measure of relative cell
viability.

2.10 Observation of hepatocytes in sponges by SEM

The morphologies of hepatocytes within CS and CS/GHA
sponges were observated by SEM. The cell-seeded scaf-
folds were rinsed with PBS solution and fixed with 2.5%
glutaraldehyde in PBS at 4°C overnight, and then washed

with PBS three times each for 10 min. The sponges were
dehydrated in a graded ethanol solution (20%, 30%, 50%,
70%, 80%, 90% ethanol) each for 10 min, and finally in
pure ethanol twice for 10 min each. Samples were then
dried and sections were coated with ultrathin layer of gold
and examined by SEM (Hitachi X-650, Japan).

2.11 Measurement of hepatocytes functions

During the hepatocytes culture period, medium samples
were collected every 48 h and stored at —20°C until
assayed by using commercial Kits.

Urea synthesis was determined by the method described
as follow: Briefly, 96-well plates were added with 20 pl
standard pure urea (7.14 pmol/ml) and individual sample,
followed by the addition of 200 pul A liquid (containing
H,SO,, H3PO,, benzaldehyde, ammonium metavanadate)
and 20 pl B liquid (iodopyrine). After reaction at 37°C for
15 min, the color change was monitored spectrophoto-
metrically at 600 nm.

The amount of albumin in the medium was examined by
the method of spectrophotography. Briefly 24-well plates
were added with 5 pl physiological salt solution, stan-
dard pure albumin (4 mg/ml), and individual samples and
then shaken evenly, followed by the addition of 1.5 ml
succinate buffer (pH 4.2) containing bromocresol green
(0.15 mmol/l) and polyxyethylene lauroyl ether Brij-35
(30%). After reaction at 25°C for 5 min, the color change
was monitored spectrophotometrically at 630 nm. By
establishing a standard curve using the standard pure
albumin and analyzing the result, albumin secretion of
hepatocytes in the culture medium was determined.

Ammonia elimination was estimated as follows: hepa-
tocytes in the sponges were cultured with 1 mM NH,4CI in
Hanks solusion for 2 h, and then the ammonia concentra-
tion was measured with an ammonia test kit according to
the manufacturer’s instructions.

2.12 Statistical analysis

All data were presented as mean =+ standard deviation
(SD). The statistical significance of the data obtained was
analyzed by Student’s z-test.

3 Results and discussion

3.1 Synthesis of GHA

Galactose moieties were coupled to HA according to the
reaction scheme shown in Fig. 1. The first step was the

introduction of ethylenediamine into lactobionic acid by
reaction of lactobionic lactone dehydrated from lactobionic
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Table 1 Elemental analyses of GHA and HA

Sample N (%) C (%) H (%)
HA 3.18 36.20 5.19
GHA 3.55 40.90 6.47

acid with 30-fold excess of ethylenediamine. The purity of
the product was checked by mass spectrum and showed no
detectable free ethylenediamine in it. The second step was
the coupling of the L-NH, into HA using EDC and sulfo-
NHS as activation agents. The GHA was analyzed with
NMR; however, the peaks of galactose residue in the GHA
were difficult to be assigned due to the overlapping with
those of HA. The content of galactose moieties in the GHA
was evaluated by element analysis of carbon, hydrogen and
nitrogen content shown in Table 1 and it showed that 15%
of carboxylic acid in HA reacted with L-NH,.

3.2 Morphology of CS/GHA sponge

The CS/GHA solution was prepared through the electro-
static interaction of the amine group of chitosan with car-
boxylic group of HA. The highly porous three dimensional
sponges were fabricated using the procedure of freezing the

Fig. 2 Scanning electron
micrographs of CS/GHA
scaffolds as a function of the
freezing temperature (x200).
a liquid nitrogen; b —80°C;
¢ —20°C
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solution of CS/GHA, and subsequently lyophilizing the
frozen mixed solution. The freezing and lyophilization
techniques created openpore microstructures with a high
degree of interconnectivity. The diameter of scaffolds same
as the well diameter of 24-well plate, and the thickness of
scaffolds were 1.8 £ 0.1 mm when the sponges were
fabricated using the method 2.3, which measured by
analysis of digital SEM images. The morphologies of CS/
GHA sponges were investigated based on different content
of GHA, and freezing temperature [24].

Figure 2 shows cross-sectional structures of CS/GHA
sponges fabricated by the freeze-drying technique with
different freezing temperatures. The results indicated that
freezing temperature had a significant effect on the
porosity, pore size and distribution, which suggested that
the different morphologies in these sponges were estab-
lished by the growth rate of ice crystals formed in
the process of freezing CS/GHA solution at different
temperatures. The sponge prepared at —20°C was exhibited
three-dimensional and highly porous microstructure with
interconnected pores (Fig. 2c). Porosities and average pore
sizes of the CS/GHA sponges were greatly influenced by
the freezing temperatures (Table 2). The pore sizes of liver
tissue engineering scaffolds were proved that the pore size
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Table 2 Porosity and average pore size of CS/GHA scaffolds as a
function of freezing temperature. Date are represented as
mean =+ SD(n—l) (n = 5)

Table 3 Porosity and average pore size of CS/GHA scaffolds as a
function of the content of GHA (chitosan, 1 wt%). Date are repre-
sented as mean & SD,_;, (n = 5)

Freezing Porosity (%) Average pore
temperature (°C) size (pm)
-20 90.1 £ 1.6 140.2 +£ 62.3
—80 840+ 1.3 82.1 +23.5
Liquid nitrogen 60.2 £ 14 156 £5.2

large than 100 pm provided optimum viability and func-
tion, with no mass transfer limitations [6, 25, 26]. So,
—20°C was selected as freezing temperation.

Figure 3 shows SEM photographs of the cross sections of
chitosan and CS/GHA sponges subjected to varying GHA
content. The sponges exhibited porous, honey-like struc-
tures with interconnected pores. Porosities and pore size of
chitosan sponges increased after the reaction of GHA and
with an increase of GHA in the CS/GHA sponges as sum-
marized in Table 3. Polyelectrolyte complex was thought to
have formed between chitosan and GHA. The treatment of
chitosan with GHA changed the morphology of sponge to
have larger pores and more connected structure compared to
the chitosan sponge. The 0.1% GHA content in CS/GHA
scaffold was selected as test scaffold, which porosity was
90% and average pore size was 140 pm.

3.3 ESCA survey scan spectra analysis

The changes in surface chemical composition of the scaf-
folds were further investigated by examining ESCA

Fig. 3 Scanning electron
micrographs of CS/GHA
scaffolds as a function of the
content of GHA (x200).

a chitosan; b CS + 0.01%
GHA; ¢ CS + 0.05% GHA,;
d CS + 0.1% GHA (chitosan,
1 wt%)

GHA (%) Porosity (%) Average pore size (pm)
0 894 £ 1.1 112 £ 435
0.01 895+ 13 126 + 33.5
0.05 899 £ 1.2 135 + 50.2
0.1 90.1 £ 1.6 140 + 62.3

spectra. The control chitosan surface shows carbon (bind-
ing energy, 284 eV), oxygen (binding energy, 530 eV), and
nitrogen (binding energy, 397 eV) peaks (data not shown).
For the CS/GHA surfaces, decreased nitrogen peak was
observed. These changes correspond to the increased GHA
contents. The chemical compositions of the CS/GHA
sample and the controls, calculated from the ESCA survey
scan spectra, are shown in Table 4. The nitrogen content
(8.62%) of the chitosan was higher than that of the CS/

Table 4 Elemental composition of chitosan, GHA and CS/GHA
from XPS spectra

Sample Composition (%)

(0} N C S
CS 34.58 8.62 56.80 0
GHA 32.44 3.79 63.77 0
CS/GHA 39.29 6.36 54.35 0
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Fig. 7 SEM of hepatocytes
cultured in a chitosan
scaffold x 1,000; b CS/GHA
scaffold x 1,000
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GHA (6.36%). These results suggest that the scaffold
prepared process can retain GHA in the CS/GHA scaffolds.

3.4 Mechanical properties of the matrices

The mechanical properties of the scaffolds in tissue engi-
neering applications are of great importance due to the
necessity of structural stability to withstand stresses incurred
during culturing in vitro and implanting in vivo. The
mechanical properties can also significantly affect the spe-
cific biological functions of cells within the engineered tis-
sue. The Young’s modulus of the sponges is shown in Fig. 4.
The data showed that the mechanical strength of the chitosan
is higher than that of the CS/GHA. The addition of GHA in
chitosan networks can reduce mechanical strength, while
increase the flexibility of the sponges. However, there were
slight differences of mechanical properties between CS/
GHA sponges fabricated with different concentrations of
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GHA. The result implied that the degree of heterogeneity of
CS/GHA is larger than that of chitosan, which led to
decrease in mechanical strength.

3.5 Wettability

There are a number of carboxyl groups and hydroxyl groups
in the GHA molecules which can combine much water by
forming hydrogen bonds. Because of the hydrophilicity of
GHA, it can be obviously found that the static contact
angles against water of the CS/GHA membranes were much
lower than that of the chitosan membranes and they became
smaller with the increase in contents of GHA (Fig. 5). The
results suggested that the hydrophilicity of CS/GHA
membranes was much improved by addition of GHA.

3.6 Hepatocyte attachment

To understand the specific interaction between galactose
ligands in GHA and ASGPRs on hepatocytes, we examined
whether the CS/GHA material is adhesive to primary
hepatocytes by an ASGPR-specific manner. The cell
attachment to chitosan-coated PS dish was low, while the
cell attachment slightly increased with the addition of HA
to CS. When adding GHA to CS, the cell adhesion has a
remarkable increase compared with CS-coated dishs. The
MTT test is an indirect method of assaying cell attachment
since the A49o values can be correlated to the cell number
(Fig. 6). The hepatocytes adhesion to collagen-coated PS
dish was defined as 100%. The results indicated that
hepatocytes adhesion to the CS + 0.1% GHA-coated PS
dish became as high as 88% after 4 h incubation, while
hepatocytes adhesion to chitosan-coated PS dish was only
56%. It was already reported that hepatocytes adhesion to
galactosylated material-coated dish was galactose-specific
recognition between material molecules and the ASGPR of
hepatocytes [13, 15, 16]. Therefore, it can be said that
hepatocytes adhesion to CS/GHA-coated dish was galact-
ose-specific recognition between GHA molecules and
ASGPR of hepatocytes.

3.7 Observation of hepatocytes within CS/GHA
sponge

Cell morphology was observed to understand behavior of
the hepatocytes in the sponges. Figure 7 shows the scan-
ning electron micrographs of hepatocytes attached into the
CS/GHA and chitosan sponges after culturing 3 days. The
results showed that the number of cells within CS/GHA
scaffold was more than that of chitosan scaffold. In addi-
tion, more hepatocytes aggregated to form multicellular
spheroids in CS/GHA sponge. The formation of hepatocyte
spheroids in CS/GHA scaffolds is attributed to introduction

of galactose ligands into the chitosan system, indicating
that spheroids occurred in the GHA-containing sponges
after ASGPR-mediated adhesion. It has already been
reported that rat hepatocytes attached on galactose-derived
substratum required the specific interaction between
ASGPRs and galactose ligands to form anchored multi-
cellular spheroids [27-29].

— —&— chitosan
3 6f —e— CS/GHA
8
= 5
b
=
g 4L
E 4
% 3t
S
= ol
g
o5 17
0 1 1 1 1 1 1 1 J
1 3 5 7 9 11 13 15
Culture time(d)
22 -
20 —&— chitosan

—&— CS/GHA

Albumin secretion (pg/lO6 cells/d)

Culture time(d)

120
chitosan
100 - r CS/GHA

Ammonia elimination (pg/lO6 cells/d)

Culture time(d)

Fig. 8 Comparision of liver-specific functions: urea synthesis, albu-
min secretion, and ammonia elimination in chitosan and CS/GHA
sponges. Date are represented as mean & SD,_;) (n = 5)
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3.8 Metabolic activities

Metabolic activities were investigated in terms of albumin
secretion which is specific to liver, urea synthesis which
represents the function of detoxification and ammonia
elimination which supposes the ability to cope with the
microenvironment. It is well known that multicellular
spheroids of hepatocytes with 3D structures maintain hepatic
functions to a great extent [30-32]. The hepatocyte spher-
oids were observed within CS/GHA sponges (Fig. 7b) while
not in chitosan sponges in same culture conditions. A com-
parison of hepatocyte metabolic activities between the
chitosan sponges and the CS/GHA ones is shown in Fig. 8.
The results indicated that the albumin secretion and urea
synthesis of the chitosan sponge rapidly decreased with
culture time whereas those of the CS/GHA sponge slowly
decreased and maintained higher levels than those of the
chitosan. During the first 3 days, the albumin secretion
increased within CS/GHA scaffolds to a peak value, fol-
lowing the secretion slowly decreased with time. While the
albumin secretion decreased in chitosan sponges without
peak value in culture period. As shown in Fig. 8, cells on CS/
GHA scaffolds had much higher activity for urea synthesis
and ammonia elimination than those on chitosan scaffolds.

4 Conclusion

Galactose moieties were covalently coupled with hyalu-
ronic acid in order to enhance the interaction of hepatocyte
with scaffold materials. Hepatocyte specific porous scaf-
fold of CS/GHA sponges were fabricated by freeze-drying
technique. Morphology of CS/GHA sponge could be con-
trolled by content of GHA and freezing temperature. The
addition of GHA significantly improved the wettability and
flexibility of chitosan scaffold system. And the CS/GHA
scaffold induced the formation of cellular aggregates with
enhancing liver specific metabolic activities and improved
cell density to a higher level. So the CS/GHA porous
scaffolds would be a promising scaffold system for the
artificial liver support system.

Acknowledgements This research was performed with support
from Hi-Tech Research and Development (863) Program of China
2006AA02A140, the National Nature Science Foundation of China
30670567, and Tianjin Municipal Science Foundation Key Project
07JCZDIC 06900.

References

1. Fiegel H, Kaufmann P, Bruns H, et al. Hepatic tissue engineering:
from transplantation to customized cell-based liver directed
therapies from the laboratory. J Cell Mol Med. 2008;12:56—66.

@ Springer

10.

11.

12.

13.

14.

15.

16.

17.

19.

20.

21.

22.

23.

24.

25.

26.

. Katherine M, Joseph P. Hepatic tissue engineering. Transpl

Immunol. 2004;12:303-10.

. Hammond J, Beckingham I, Shakesheff K. Scaffolds for liver

tissue engineering. Expert Rev Med Devices. 2006;3:21-7.

. Khor E, Lim L. Implantable applications of chitin and chitosan.

Biomaterials. 2003;24:2339-49.

. Ma PX. Biomimetic materials for tissue engineering. Adv Drug

Deliv Rev. 2008;60:184-98.

. Madihally S, Matthew H. Porous chitosan scaffolds for tissue

engineering. Biomaterials. 1999;20:1133-42.

. Norman JJ, Desai TA. Methods for fabrication of nanoscale

topography for tissue engineering scaffolds. Ann Biomed Eng.
2006;34:89-101.

. Kim TG, Chung HJ, Park TG. Macroporous and nanofibrous

hyaluronic acid/collagen hybrid scaffold fabricated by concurrent
electrospinning and deposition/leaching of salt particles. Acta
Biomater. 2008;4:1611-9.

. Onishi H, Machida Y. Biodegradation and distribution of water-

soluble chitosan in mice. Biomaterials. 1999;20:175-82.

Mao J, Liu H, Yin Y, et al. The properties of chitosan-gelatin
membranes and scaffolds modified with hyaluronic acid by dif-
ferent methods. Biomaterials. 2003;24:1621-9.

Kogan G, Soltes L, Stern R, et al. Hyaluronic acid: a natural
biopolymer with a broad range of biomedical and industrial
applications. Biotechnol Lett. 2007;29:17-25.

Cho C, Seo S, Park I, et al. Galactose-carrying polymers as
extracellular matrices for liver tissue engineering. Biomaterials.
2006;27:576-85.

Yang J, Goto M, Ise H, et al. Galactosylated alginate as a scaffold
for hepatocytes entrapment. Biomaterials. 2002;23:471-9.

Seoa S, Akaikeb T, Shirakawac M, et al. Alginate microcapsules
prepared with xyloglucan as a synthetic extracellular matrix for
hepatocyte attachment. Biomaterials. 2005;26:3607-15.

Park I, Yang J, Jeong H, et al. Galactosylated chitosan as a
synthetic extracellular matrix for hepatocytes attachment. Bio-
materials. 2003;24:2331-7.

Chung T, Yang J, Akaike T. Preparation of alginate/galactosy-
lated chitosan scaffold for hepatocyte attachment. Biomaterials.
2002;23:2827-34.

Hoque ME, Mao HQ, Ramakrishna S. Hybrid braided 3-D scaf-
fold for bioartificial liver assist devices. J Biomater Sci Polym
Ed. 2007;18:45-57.

. He JK, Li DC, Yao B, et al. Preparation of chitosan—gelatin

hybrid scaffolds with well-organized microstructures for hepatic
tissue engineering. Acta Biomater. 2009;5:453-61.

Li JL, Pan JL, Zhang LG, et al. Culture of primary rat hepatocytes
within porous chitosan scaffolds. J Biomed Mater Res A.
2003;67:938-43.

Li JL, Pan JL, Zhang LG, et al. Culture of hepatocytes on fruc-
tosemodified chitosan scaffolds. Biomaterials. 2003;24:2317-22.
Shi CM, Zhu y, Ran XZ, et al. Therapeutic potential of chitosan
and its derivatives in regenerative medicine. J Surg Res.
2006;133:185-92.

Prabaharan M. Chitosan derivatives as promising materials for
controlled drug delivery. J Biomater Appl. 2008;23:5-36.
Turner WS, Schmelzer S, Reid LM, et al. Human hepatoblast
phenotype maintained by hyaluronan hydrogels. J Biomed Mater
Res B. 2007;82B:156-68.

Cohen S, Shapiro L. Novel alginate sponges for cell culture and
transplantation. Biomaterials. 1997;18:583-90.

Hanthamrongwit M, Grant M, Wilkison R. Confocal laser scan-
ning microscopy (CLSM) for the study of collagen sponge
microstructure. J Biomed Mater Res A. 1994;28:213-6.

Kang H, Tabata Y, Ikada Y. Fabrication of porous gelatin scaf-
folds for tissue engineering. Biomaterials. 1999;20:1339-44.



J Mater Sci: Mater Med (2010) 21:319-327

327

217.

28.

29.

30.

Chen J, Lin T. Loofa sponge as a scaffold for culture of rat
hepatocytes. Biotechnol Prog. 2005;21:315-9.

Hansen L, Wilhelm J, Fassett J. Regulation of hepatocyte cell
cycle progression and differentiation by type I collagen structure.
Curr Top Dev Biol. 2006;72:205-36.

Du Y, Han R, Wen F, et al. Synthetic sandwich culture of 3D
hepatocyte monolayer. Biomaterials. 2008;29:290-301.

Kan P, Miyoshi H, Ohshima N. Perfusion of medium with sup-
plemented growth factors changes metabolic activities and cell

31.

32.

morphology of hepatocyte-nonparenchymal cell coculture. Tissue
Eng. 2004;10:1297-307.

Nahmias Y, Berthiaume F, Yarmush M. Integration of technol-
ogies for hepatic tissue engineering. Adv Biochem Eng Bio-
technol. 2007;103:309-29.

Seo S, Kim I, Ciho Y, et al. Enhanced liver functions of hepa-
tocytes cocultured with NIH 3T3 in the alginate/galactosylated
chitosan scaffold. Biomaterials. 2006;27:1487-95.

@ Springer



	Preparation and characterization of chitosan/galactosylated hyaluronic acid scaffolds for primary hepatocytes culture
	Abstract
	Introduction
	Materials and methods
	Materials
	Synthesis of GHA
	Preparation of scaffolds and membranes
	Morphology of the scaffolds
	X-Ray photoelectron spectroscopy (XPS) analysis of the scaffolds
	Wettability of the membranes
	Mechanical property of the sponges
	Rat primary hepatocyte isolation and culture
	Hepatocyte attachment
	Observation of hepatocytes in sponges by SEM
	Measurement of hepatocytes functions
	Statistical analysis

	Results and discussion
	Synthesis of GHA
	Morphology of CS/GHA sponge
	ESCA survey scan spectra analysis
	Mechanical properties of the matrices
	Wettability
	Hepatocyte attachment
	Observation of hepatocytes within CS/GHA sponge
	Metabolic activities

	Conclusion
	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


