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a b s t r a c t

Lyophilized chitosan scaffolds (Cs) and alginate scaffolds crosslinked with calcium (Alg/Ca), chitosan (Alg/
Cs), and calcium and chitosan together (Alg/Cs/Ca) were tested for their contact angles, drug release prop-
erties, degradability, and compressional moduli. In vitro tests were done to observe how degrees of cross-
linking changed the effectiveness of pentoxifylline released from the scaffolds.

Cs had the highest contact angle (83o), followed by Alg/Cs/Ca (70�), Alg/Cs (63�), and Alg/Ca (52�). Alg/
Cs/Ca had the highest compressional modulus (9.8 kPa), followed by Alg/Cs (6.3 kPa), Alg/Ca (2.7 kPa) and
Cs (2.3 kPa). After 21 days, 2.4% Alg/Cs/Ca degraded in buffered saline while 8.7% of Alg/Ca degraded. The
release efficacy of Alg/Cs/Ca was at least 11% less than those of the rest of other scaffolds. In vitro tests
showed that activated macrophage cells cultured with Alg/Cs/Ca that released pentoxifylline produced
54–62% less TNF-a and 24–33% less IL-6 compared to cells cultured with other pentoxifylline-releasing
scaffolds.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Alginate is a polyanionic copolymer derived from brown sea al-
gae. It is comprised of 1,4-linked b-D-mannuronic (M) a-L-guluronic
(G) residues. Alginate aqueous solution forms stable gels in the
presence of certain divalent ions such Ca ions. Alginate beads have
been reported to promote phenotype expression (Li, Ramay, Hauch,
Xiao, & Zhang, 2005; Li & Zhang, 2005). The anionic property of
alginate does not provide a proper microenvironment for fast cell
attachment (Pokrywczynska, Drewa, Jundzill, & Lysik, 2008). A cat-
ionic polymer such as chitosan can help cell adhesion when added
to alginate (Jin, Lee, Park, Park, & Yoon, 2007). Chitosan has been
studied as a material for sustained drug release and for use as tissue
engineered scaffolds (Chandy & Sharma, 1993; Chung et al., 2002;
Illum, 1998; Illum, Jabbal-Gill, Hinchcliffe, Fisher, & Davis, 2001;
Olmez, Korkusuz, Bilgili, & Senel, 2007). When mixed with alginate,
the opposite charges on chitosan and alginate units form a polyelec-
trolyte complex. Polyelectrolyte complexes have been used to
encapsulate cells and to make devices for controlled drug release
(Gåserød, Jolliffe, Hampson, Dettmar, & Skjåk-Bræk, 1998; Kim
et al., 1999; Ribeiro, Silva, Ferreira, & Veiga, 2005).
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Alginate crosslinked with calcium and/or chitosan have fre-
quently been used to make scaffolds for orthopedic repairs (Jin
et al., 2007; Li & Zhang, 2005; Li et al., 2005; Xu et al., 2007;)
and skin wound dressings (Goh, Heng, Huang, Li, & Chan, 2008;
Kim et al., 2008; Murakami et al., 2010) because of their excellent
biocompatibility. Anti-inflammatory medicines have been added
to these alginate scaffolds to suppress inflammation in the wound
(Is�iklan, Inal, & Yig�itog�lu, 2008; Kulkarni & Sa, 2009; Saxena &
Bajpai, 2009). Reduced inflammation around an implant can re-
duce the chance of implant failure (Revell, 2008). The anti-inflam-
matory medicines in use have varying strengths and
concentrations, which affects how consistently they perform and
any side effects that they may cause (Benyamin, Vallejo, Kramer,
& Rafeyan, 2008; Cağdas�, Paç, & Cakal, 2008; Dhawan et al.,
2009; Rajabalian, Meimandi, & Badinloo, 2009). Hence it is impor-
tant to characterize the drug release properties of these crosslinked
alginate scaffolds. However, to the authors’ knowledge, drug re-
lease behaviors of the crosslinked alginate scaffolds were never
quantitatively studied and compared.

Pentoxifylline (PTX) was used as a model drug in this test. It is
an anti-inflammatory drug that has been known to inhibit immune
cells from producing inflammatory cytokines as well as to treat or
prevent fibrosis (Berman & Duncan, 1989; Berman, Wietzerbin,
Sanceau, Merlin, & Duncan, 1992; Pardakhti, Alavi, Kheshti,
Eshaghi, & Safaeian, 2009). PTX is known to exert its effects
through phosphodiesterase inhibition, resulting in an increase in
intracellular levels of cAMP. PTX acts through both protein kinase
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A (PKA) dependent and independent pathways (Costantini et al.,
2009). PTX was found to be able to decrease oxidative stress during
inflammation and to suppress the superoxide production of macro-
phage (Bessler, Gilgal, Djaldetti, & Zahavi, 1986; Pardakhti et al.,
2009).

To quantify the effects of crosslinking on alginate scaffolds’ sus-
tained release properties, alginate and alginate crosslinked with
chitosan were made into scaffolds and further crosslinked with
Ca ions. Their swelling ratios, pentoxifylline release efficacies,
and compressional moduli were measured and compared. The ef-
fects of the slow release of PTX on the viability and the inflamma-
tory cytokine release of macrophage cells in vitro are also reported
in this study.
2. Materials and methods

2.1. Making alginate and crosslinked alginate films and scaffolds

Chitosan (96 percent deacetylation, 350,000 Da., C&B Co., Tai-
wan) was dissolved in a 2 v/v% acetic acid solution to make 2 w/
v% and 4 w/v% chitosan solutions. Alginate (Acros Organics, NJ,
USA) was dissolved in deionized (DI) water to make 2 w/v% and
4 w/v% alginate solutions. Equal volumes of 4 w/v% chitosan and
4 w/v% alginate solutions were stirred together for an hour to make
a alginate/chitosan solution. Polymer solutions of 2% alginate, 2%
chitosan, and 4% alginate/chitosan were made into films and
lyophilized scaffolds. To make films, 1 mL of the polymer solution
was coated on the bottom of a polystyrene petri dish (D = 3 cm)
and air dried at 25 �C. To make scaffolds, 2 mL of the polymer solu-
tion was poured into each glass tube and frozen at �20 �C over-
night. The frozen samples were lyophilized in a freeze dryer
(RVT4104, Savant, NY, USA).

Alginate films and scaffolds were submerged in 10% CaCl2 aque-
ous solution overnight (Alg/Ca). Chitosan specimens were neutral-
ized in 0.5 N NaOH and rinsed with DI water (Cs). Alginate/
chitosan specimens were neutralized in NaOH and rinsed in DI
water (Alg/Cs) and parts of the neutralized Alg/Cs specimens were
left in 10% CaCl2 aqueous solution overnight (Alg/Cs/Ca). The spec-
imens were dehydrated in ethanol solutions (from 15%, 50%, 70%,
to 95%) and air dried. Films were used for contact angle study while
the rest of the tests were done on scaffolds.

2.2. Fourier transform infrared spectrum (FTIR) (n = 3)

To observe whether crosslinking took place, specimens were
subjected to FTIR examination. Scaffolds were finely ground, mixed
with KBr, and pressed into tabs. The specimens were scanned from
4000 cm�1 to 400 cm�1 in a FTIR machine (Spectrum Gx, PerkinEl-
mer, MA, USA) with a resolution of 4 cm�1. Transmittance peaks
were identified.

2.3. Contact angle (n = 4)

The rate of cell attachment on biomaterials depends largely
upon their surface hydrophobicity. Contact angle measurement is
an indication of surface hydrophobicity. Five microliters of DI
water were placed on each polymer film. Static contact angles were
measured using a contact angle meter (CA-D, Kyowa Interface Sci-
ence Co., Japan).

2.4. Scaffold morphology (n = 3)

Lyophilized scaffolds made of different polymers are known to
have different pore sizes and morphologies that affect the scaf-
folds’ capabilities for cell ingrowth and drug release. Dried scaf-
folds were submerged in liquid nitrogen, sliced, and then sputter
coated with gold. A scanning electron microscope (SEM, Hitachi
S-3000H, Japan) was used to observe the porous structures of the
scaffolds.

2.5. Swelling ratio (n = 3)

A high degree of swelling from an implant is undesirable be-
cause it results in lower mechanical strength and a poor fitting
to the wound (Anseth, Bowman, & Brannon-Peppas, 1996). After
measuring the diameters (Do) of each dry scaffold (D �1 cm, h
�0.2 cm), the scaffolds were placed in phosphate buffered saline
(PBS, pH 7.4) and their diameters were measured at each desig-
nated time point (Dt). The swelling ratio at each time point was cal-
culated as [(Dt � Do)/Do] � 100%.

2.6. Release efficiency (n = 3)

Compared to most biomaterials, hydrogels often have high
degradability in the liquid phase and high initial drug release rates,
which result in an undesirable high drug concentration in sur-
rounding tissues. Hydrogels also have low mechanical strength
for most tissue repair purposes. The four kinds of lyophilized scaf-
folds in this study were tested for the above properties.

Each dry scaffold disc (D �1 cm, h �0.2 cm) was evenly loaded
with 50 lL of pentoxifylline (PTX, 20 mg/ml) and left to dry at
room temperature overnight. Ten scaffold discs were placed in
each beaker filled with 100 mL of PBS and there were three beakers
(n = 3) for each polymer. All beakers were placed on a shaker
(50 rpm) during the test. At each designated time point, 100 lL
of PBS was sampled, and the same volume of PBS was replenished.
The absorbance of PTX at 274 nm was measured (Gene Quant 1300
spectrophotometer, GE Healthcare, NJ) and converted to concen-
trations (Mt (lg/mL)). The release efficiency of the PTX was calcu-
lated as [(Mt /100 lg/mL)] � 100%. After the PTX in the ten
scaffolds were released, the final PTX concentration in each beaker
was 100 lg/mL.

2.7. Degradation (n = 3)

A scaffold with an initial dry weight of Wo was placed in a 15 mL
centrifuge tube filled with 5 mL of PBS (pH 7.4). The tubes were
placed in an incubator (37 �C) and the lysozyme solution was chan-
ged every 3 days. After 3 weeks, three tubes of each specimen were
removed from the incubator and the remaining scaffolds were
rinsed carefully several times with DI water and air dried to obtain
their dry weights (W). The percentage of weight loss was calcu-
lated as [(Wo �W)/Wo] � 100%.

2.8. Compression (n = 4)

Dry scaffolds (D �1 cm; h �1.2 cm) were submerged in PBS
overnight and any excess liquid was removed before testing. A Uni-
versal Micro-tribometer (model UMT-2, CETR, CA, USA) was used
to obtain stress–strain curves. The exact diameters and heights of
each scaffold were measured right before the test. The speed of
the crosshead was 0.3 mm/s and a 10 N load cell was used. The test
stopped at 80% strain. The slope of the initial linear section of the
stress–strain curve was used to estimate the Young’s modulus.

2.9. Effects of PTX on cell proliferation, viability, TNF-a and IL-6 release
(n = 4)

Macrophage cells (RAW 264.7, ATCC, VA) were cultured in DMEM
(Invitrogen, CA, USA) with 10% fetal bovine serum, 100 U/mL penicil-
lin, and 100 lg/mL streptomycin. They were kept in a cell culture
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incubator (SCA-165DS, ASTEC, Japan) at 37 �C with 95% humidity
and 5% CO2. Cells were seeded onto 24-well tissue culture plates
(TCPs, BD Biosciences, CA) at 1 � 105/cm2 and allowed to settle over-
night in the incubator. Medium was then removed from each well
and replenished with 2 mL fresh media or media with 1 lg/ml lipo-
polysaccharide (LPS). LPS was used to activate the macrophage cells
to release inflammatory factors (Lin & Bumgardner, 2004). Scaffolds
were submerged in 70% ethanol and exposed to UV briefly before
being rinsed in sterile PBS. Excess PBS was then removed and 10
lL of pentoxifylline (20 mg/ml) was added to each scaffold. Cells
were then separated into the groups listed in Table 1.

At 6 and 24 h, culture medium from each well was collected and
kept at �80 �C for later analyses of tumor necrosis factor alpha
(TNF-a) and interleukin 6 (IL-6). To estimate cell numbers, cells
at the bottom of each well were scraped off using a cell scraper
(Bio-One, Greiner, NC, USA) and stained with trypan blue. Live cells
were counted using a hemocytometer. To measure cell viability,
culture medium was removed, and the wells were rinsed with
Table 1
In vitro cell culture conditions for testing of effects of PTX on macrophage cells when
PTX was released from scaffolds into the culture media. Items that were added or
absent in culture media are marked with + and �, respectively.

Test condition symbols LPS PTX Blank
scaffold

Scaffold with 0.2 mg
PTX(*)

TCP � � � �
(�) � + � �
(�) � � + �
TCP + LPS + � � �
TCP + LPS + PTX + + � �
(&) + � + �
TCP+LPS+PTX release from

scaffolds
+ � � +

* Final concentration in each well with 2 mL medium was 100 lL/mL.
�,�,& Results are not be shown in figures.

Fig. 1. Representative SEM microphotographs of (a) Alg/Ca, (b) Alg/Cs, (
PBS. Half a milliliter of MTT (3-(4,5)-dimethylthiahiazo(-z-yl)-
3,5-di-phenytetrazoliumromide, 1 mg/mL) was added to each well.
Four hours later, MTT was removed and 300 lL of isopropanol was
added to extract the purple formazan dye. Absorbance at 570 nm
was measured using a multi-well spectrophotometer (Sunrise, TE-
CAN, Switzerland).

The TNF-a and IL-6 in the media were measured using commer-
cial kits (Mouse TNF-a ELISA OptiEIA, BD Bioscience, CA, and
Mouse IL-6 ELISA DuoSet, R&D, MN).
2.10. Statistical analysis

All data is presented as an average ± standard deviation. Statis-
tical analysis was conducted using one- way ANOVA with Tukey
tests (SigmaStat 3.5 for Windows, Systat Software, IL). The differ-
ence between alginate-crosslinked chitosan and chitosan was de-
clared when p < 0.05.
3. Results and discussion

3.1. FT-IR

Alginate, an anionic polysaccharide, forms a polyelectrolyte com-
plex with chitosan, a cationic polysaccharide, through the ionic
attraction between the NH3

+ group in chitosan and the COO� group
in alginate (Chung et al., 2002; Takahashi, Takayama, Machida, & Na-
gai, 1990; Li et al., 2005). When alginate-containing scaffolds were
submerged into a solution containing Ca ions, the negatively charged
carboxyl (COO�) groups on alginate molecules are drawn to Ca ions.

The FT-IR spectra of Alg/Ca, Alg/Cs, Alg/Cs/Ca, and Cs are not
shown for they are similar to previously published results
(Li et al., 2005). The FT-IR spectra showed that alginate formed
polyelectrolyte complex with chitosan and with calcium. When
Alg/Cs complex was further crosslinked in a calcium solution, Ca
c) Alg/Cs/Ca, (d) Cs scaffolds. Scale bar = 1 mm for all micrographs.
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ions interacted with residual carboxyl groups on alginate and coac-
ervated into another network.

3.2. Contact angle

The contact angles of Alg/Ca, Alg/Cs, Alg/Cs/Ca, and Cs were
51.6 ± 3.9, 63.1 ± 2.7, 70.1 ± 2.5, and 82.8 ± 3.1, respectively. Algi-
nate is water soluble in DI water while chitosan is not. Hence,
the addition of chitosan to alginate made alginate less hydrophilic.
Alg/Cs became more hydrophobic after residual alginate was cross-
linked with Ca ions. This is due to the high carboxylate functional-
ity of alginate, as well as the excess of carboxylate functionality
expected at the surface of a pure polyamide composite membrane
(Jin, Huang, & Hoek, 2009).

3.3. SEM

SEM micrographs showed that Alg/Ca had irregular pore mor-
phology, and most of its pores were closed compared to others
(Fig. 1). Cs had the largest pores with defined outlines compared
to others. Alg/Cs and Alg/Cs/Ca had smaller pores than Cs because
they were made from a higher concentration of (4 w/v%) polymer
solution than Cs (2 w/v%). Chung et al. (2002) reported decreased
porosity and pore size after chitosan was crosslinked with alginate.
Fig. 2. The swelling ratios of Alg/Ca, A

Fig. 3. The pentoxifylline release efficacies of A
The polyelectrolyte complex and ionic bonds between the two
polymers were thought to result in a less porous structure as well
(Chung et al., 2002; Madihally & Matthew, 1999).
3.4. Swelling ratio

At 90 min, Cs had the highest swelling ratio, followed by Alg/Cs,
and then Alg/Cs/Ca. Alg/Ca had the lowest swelling ratio (Fig. 2).
Alg/Ca and Alg/Cs/Ca had initial bursts in swelling within several
seconds and their swelling quickly reached equilibrium. The swell-
ing ratios of Alg/Cs and Cs reached their maximum values in a
more gradual way.

A scaffold’s swelling property depends largely on its porosity
and pore size and partly on the material’s wettability (Kim, Park,
Kim, Wada, & Kaplan, 2005). Cs had the largest pore size of all
(Fig. 1) and therefore the highest swelling ratio. Alg/Cs and Alg/
Cs/Ca had similar pore sizes, but Alg/Cs had a higher wettability
(lower contact angle) than Alg/Cs/Ca. As a result, Alg/Cs had higher
swelling ratios than Alg/Cs/Ca. The reason Alg/Ca had the lowest
swelling ratio was, based on the authors’ observations, that Alg/
Ca scaffolds shrunk very little during the ethanol dehydrating pro-
cess. With its high wettability, Alg/Ca scaffolds quickly expanded
to their original sizes when rehydrated.
lg/Cs, Alg/Cs/Ca, and Cs scaffolds.

lg/Ca, Alg/Cs, Alg/Cs/Ca, and Cs scaffolds.
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3.5. Release efficacy

PTX was most quickly released from Alg/Ca with an initial burst
of over 50% PTX release in less than 5 min (Fig. 3). Cs scaffolds had
a much lower initial burst but similar total PTX release after 40 min
compared to Alg/Ca. After alginate and chitosan formed polyelec-
trolyte complexes (Alg/Cs and Alg/Cs/Ca), the initial burst of PTX
significantly decreased compared to chitosan and alginate alone.
The amounts of PTX released from Alg/Ca, Cs, and Alg/Cs were sim-
ilar at 90 min. Alg/Cs/Ca had a 10–16% lower release efficacy com-
pared to other scaffolds.

Release efficacy of a hydrogel is mostly influenced by diffusion
and swelling (Pasparakis & Bouropoulos, 2006). When the swelling
ratio of a hydrogel reaches a constant, it stops influencing the re-
lease efficacy. The diffusion efficiency of a drug inside a hydrogel
depends largely on the polymer mass density and the degree of
crosslinking. Alg/Ca and Cs scaffolds had half of the polymer mass
of Alg/Cs and Alg/Cs/Ca and thus higher PTX release rates. Alg/Ca
reached its maximum swelling ratio faster than Cs did, and hence
it had a greater release efficacy than Cs. Alg/Cs/Ca had a similar
polymer mass as Alg/Cs but was further crosslinked with Ca ions.
Crosslinking reduced the diffusion efficiency of alginate (Paspara-
kis & Bouropoulos, 2006) and thus the release efficacy of alginate
hydrogel as well.
3.6. Degradation

After 3 weeks, the amount of weight loss (%) from Alg/Ca, Cs,
Alg/Cs, and Alg/Cs/Ca was 8.7 ± 0.4, 4.9 ± 0.4, 4.3 ± 0.6, and
2.4 ± 0.3, respectively. Alginate is soluble in water, but ionic bind-
ing with Ca ions makes it insoluble. In PBS, an abundant amount of
Na+ ions gradually replaced Ca ions in the Alg/Ca network (Bajpai &
Sharma, 2004). Na+ has only one positive charge and does not in-
duce alginate gelation. Without crosslinking, Alg/Ca gradually dis-
solved back into the aqueous phase. Cs had a higher degradation
rate than Alg/Cs and Alg/Cs/Ca due to its lower initial dry weight
and its high swelling ratio which allowed for greater water entry.
The stability of alginate increased after forming a polyelectrolyte
with cationic compounds such as chitosan and calcium (Murata,
Miyamoto, & Kawashima, 1996; Takeuchi, Yasuji, Yamamoto, &
Kawashima, 2000). As a result, Alg/Cs/Ca is more resistant to
hydrolysis than Alg/Cs.
Fig. 4. Macrophage cell viability (a), TNF-a (b) and IL-6 (c) accumulations at 6 h and
24 h under the conditions in Table 1. *: statistical difference (p < 0.05) exists
between two groups.
3.7. Compressional Young’s modulus

Young’s modulus (E) is an indication of a material’s stiffness. Alg/
Ca (E = 2.7 ± 0.5 kPa) and Cs (E = 2.3 ± 0.2 kPa) scaffolds had similar
Young’s moduli (p > 0.1). The moduli of Alg/Cs (E = 6.3 ± 0.5 kPa)
and Alg/Cs/Ca (E = 9.9 ± 0.7 kPa) were two to four times higher than
those of Alg/Ca and Cs. Bartkowiak and Hunkeler (2000) found that
the mechanical properties of alginate beads depend on the polymer’s
molecular mass and the concentration of the polymer in the solution.
The higher the molecular mass and the concentration of alginate in
the solution, the stiffer the alginate beads are. That study agrees with
our results that Alg/Cs and Alg/Cs/Ca (made from 4 w/v% polymer
solution) were stiffer than Alg/Ca and Cs (made from 2 w/v% polymer
solution). The presence of Ca ions in a solution induces the formation
of strong bridges between alginate molecules. The complexation
through Ca ions between alginate units allows the matrix to stretch
further until the polymers are broken free by external forces (de
Kerchove & Elimelech, 2007).

Li et al. (2005) did compressional test on dry scaffolds made of
chitosan and alginate–calcium-crosslinked chitosan. The concen-
trations of chitosan and alginate used in their study were 1.6–5
times higher than those used in our study. They reported chitosan
and alginate–calcium-crosslinked chitosan scaffolds having
Young’s moduli of 2.56 MPa and 8.16 MPa, respectively.

3.8. Effects of PTX on cell proliferation, viability, TNF-a and IL-6 release

When macrophages were cultured in DMEM with PTX (100 lg/
mL and 200 lg/mL) for 24 h (condition � in Table 1), their
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viabilities were reduced to 70% and 50%, respectively, of that of TCP
control (no PTX added). Further tests were conducted using
100 lg/mL of PTX to avoid significant cell death.

The presence of blank scaffolds did not alter the viabilities of mac-
rophage cells (conditions � and & in Table 1) compared to controls
(no scaffold present). The amounts of TNF-a and IL-6 released from
non-activated macrophage cells cultured with blank scaffolds (� in
Table 1) were negligible. The amounts of TNF-a and IL-6 released
from activated macrophage cells cultured with the four kinds of scaf-
folds (condition & in Table 1) were similar at six hours and 24 h.

The effects of the PTX release rate on a macrophage’s viability
and TNF-a and IL-6 production are shown in Fig. 4. When PTX
was added directly to the medium with activated cells, the cell via-
bility decreased at both 6 h and 24 h (Fig. 4(a)) compared to the
control without the addition of PTX. However, when PTX was
slowly released from scaffolds into medium, the cells’ viabilities
were as high as the control (except for Alg/Ca group) at 24 h. The
slow release of PTX seemed to have less of an adverse effect on
macrophage cells.

The amount of TNF-a released from activated cells decreased
from 6 h to 24 h. At 24 h, all test groups had a similar TNF- a level
(�5 lg/ml).

The following discussion of TNF-a release is based on data from
6 h. For activated macrophage cells, the addition of PTX into the
medium reduced the amount of TNF-a released (Fig. 4(b)). The
TNF-a release was further reduced when PTX in medium was
slowly released from scaffolds. The amount of TNF- a released
was inversely proportional to the PTX release rates. Compared to
cells cultured in medium with direct PTX addition, cells in the
Alg/Cs/Ca group released 68% less TNF-a at 6 h.

The amount of IL-6 released from activated macrophages in-
creased from 6 h to 24 h. Discussion here is based on numbers from
24 h in Fig. 4(c). The cells released less IL-6 after PTX was directly
added to the medium. Cells released even less IL-6 when PTX was
slowly released into medium from scaffolds. Similar to TNF-a, the
amount of IL-6 released was inversely proportional to PTX release
efficacies.

At the dosage of 100 lg/ml, PTX is known to suppress immune
cell proliferation (Bruynzeel, Stoof, & Willemze, 1998; Vukanic, Co-
lic, and Dimitrijevic, 2007). Based on the three possible cellular
metabolic pathways of PTX (Costantini et al., 2009), it is speculated
that when a high dosage of PTX was added to macrophage cells in
this test, it was used not only in suppressing TNF-a mRNA and the
sequential IL-6 expressions, but also in inhibiting cell proliferation
(Vukanic et al., 2007). Therefore, PTX was being used in several
metabolic pathways at higher concentrations. However, when
PTX was slowly provided to macrophage cells, a low, yet effective,
concentration of PTX (<10 lg/ml) (Vukanic et al., 2007) could be
achieved that suppressed TNF-a expression, but not cell growth
or superoxide production. Kofuji et al. (2004) implanted chitosan
beads retaining the anti-inflammatory drug prednisolone (PS) into
the back of mice. They found inflammation significantly reduced
after implantation of chitosan beads when compared with the
injection of a PS suspension. They concluded that sustained PS re-
lease provides a minimum effective dose for prolonged periods,
while with a direct injection most of the PS is removed in the pro-
cess of diffusion because of the high concentration gradient.
4. Summary

Our results showed that crosslinking with calcium and chitosan
changed the properties and porous structures of the lyophilized
alginate scaffolds. In general, the more crosslinked a alginate scaf-
fold was, the stronger and more stable it became and the more
suitable it was to be a controlled release carrier.
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