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Abstract

Sponges composed of sodium alginate and chitosan were prepared via a freeze drying process in order to assess the

utility of mixed sponges as potential wound dressings or matrices for tissue engineering. Sponge preparation involved

dissolving both polymers (either individually or mixed) in 1% acetic acid and freeze-drying the corresponding solutions.

The mechanical properties of the sponges were assessed using texture analysis and the microstructure examined using

scanning electron microscopy. The dissolution of a model drug (paracetamol) from the sponges was assessed as a

function of polysaccharide composition. It was noted that the sponges had a flexible yet strong texture, as assessed

macroscopically. Measurement of the resistance to compression (‘hardness’) indicated that the chitosan sponges were

the ‘hardest’ while the alginate sponges showed the least resistance to compression, with all sponges showing a high

degree of recovery. In contrast, the breaking force (tensile force) of the sponges were greatest for the single component

systems, while the elongation prior to breaking was similar for each material. SEM studies indicated that the mixed

systems had a less well-defined microstructure than the single component sponges. This was ascribed to the two

polysaccharides interacting in aqueous solution via coulombic forces, leading to a more randomly ordered network

being formed on freezing. Dissolution studies indicated that systems containing chitosan alone showed the slowest

release profile, with the mixed systems showing a relatively rapid dissolution profile. The use of chitosan and alginates

together, therefore, appears to allow the formulator to manipulate both the mechanical properties and the drug release

properties of the sponges.
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1. Introduction

Sponges may be defined as dispersions of gas

(usually air) in a solid matrix. There has been

considerable recent interest in the use of sponges

within the pharmaceutical and biomedical arena,

particularly as matrices for controlled drug deliv-

ery, as wound dressings and as matrices for cell

growth within the tissue engineering field. In

particular, sponges based on polysaccharides

such as alginate and chitosan have been studied

due to the low toxicity, favourable mechanical
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properties and capacity for bioresorption of the
constituent materials (Shapiro and Cohen, 1997;

Kofuji et al., 2001; Kataoka et al., 2001; Singla

and Chawla, 2001). Alginates are anionic block

copolymers of a(1-4)-L-guluronic and b(1-4)-D-

mannuronic acid and are usually presented as the

sodium salt, while chitosan is a cationic copolymer

of b(1-4)-2-acetamido-2-deoxy-b-D-glucopyranose

and 2-amino-2-deoxy-b-glucopyranose, obtained
via deacetylation of the naturally occurring chitin.

Alginate sponges have attracted particular interest

as matrices for tissue engineering, with examples

including nerve (Kataoka et al., 2001; Sufan et al.,

2001) and cartilage (Miralles et al., 2001) regen-

eration. Similarly, chitosan sponges have been

studied for bone regeneration (Park et al., 2000;

Lee et al., 2000) and as a medium for culturing
pancreatic islets (Cui et al., 2001), as well as for

wound dressings in which antibiotics may be

included (Mi et al., 2001, 2002).

In order to develop effective sponges for bio-

medical applications it is essential to consider their

properties in the context of their application.

Tissue engineering matrices must not only sustain

growth of the cells, be suitably robust so as to
withstand the mechanical trauma associated with

in vivo application and be capable of incorporat-

ing and releasing growth factors at an appropriate

rate (Whitaker et al., 2001). Similarly, wound

dressings must be both robust and flexible so as

to allow adherence to the tissue in question for a

sustained period, while also maximising patient

comfort and convenience. To this effect, many
workers have examined the use of cross-linking

agents as a means of improving mechanical

strength (Kataoka et al., 2001; Park et al., 2000),

while others have examined the use of mixed

polymeric systems either to promote mechanical

strength or to modify the functionality of the

resulting sponge (Choi et al., 1999; Leffler and

Muller, 2000). On this basis it is perhaps surprising
that comparatively little work has been performed

on mixed alginate�/chitosan sponges, given the

possibility of forming a robust polyelectrolyte

complex (Kumar, 2000; Coppi et al., 2002) and

the frequency with which these materials have

been used in conjunction in other applications

such as microspheres (Coppi et al., 2002; Vanden-

berg et al., 2001) and membranes (Wang et al.,
2001). Two studies that have used this approach

for sponge manufacture include that of Kim et al.

(1999), whereby, silver sulfadizine was incorpo-

rated into mixed chitosan and sodium alginate

sponges as a wound dressing, while Yang et al.

(2001) prepared hepatocyte-loaded alginate/galac-

tosylated chitosan sponges for the growth of liver

tissue. A further, more general issue that has
received comparatively little attention in the con-

text of biomaterials is the assessment of the

mechanical properties of the sponges. These prop-

erties vary with gas loading (Jeronomidis, 1988;

Gibson and Ashby, 1988; Lillford, 1989), whereby,

for systems containing low air contents (nominally

B/20%) the elastic modulus of the sponge (Es) is

given by:

ES�EM

�
rS

rG

�
(1)

where, EM is the elastic modulus of the matrix, rS

is the density of the sponge and rG is the density of

the inclusion material. These high density sponges

tend to be brittle and show negligible dependence
on inclusion phase geometry; examination of Eq.

(1) indicates that the elastic modulus is simply

proportional to the density of the sponge system

for a given matrix material. The second class of

sponge, in which most pharmaceutical materials

will be included, includes a higher disperse phase

volume, leading to a stronger influence of geome-

try on deformation due to bending and bucking of
the cell walls. The elastic modulus is then given by:

ES�KEM

�
rS

rG

�2

(2)

where, K is a constant, hence, ES8/rS
2. The

objectives of this investigation were, therefore, 2-

fold. In the first instance, we have examined a
range of alginate/chitosan sponges prepared via a

lyophilization protocol, specifically in terms of the

mechanical, structural and drug release properties

in relation to composition. Secondly, we describe

the use of texture analysis as a novel means of

assessing the mechanical properties of the sponges.
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2. Materials and methods

Chitosan (150 kDa) and sodium alginate (48 k�/

186 kDa) were obtained from Sigma�/Aldrich

Chemie GmbH (Steinheim, Germany). Stock solu-

tions of both 1% w/v chitosan and 1% w/v sodium

alginate were prepared in 1% w/v acetic acid and

mixed systems containing varying weight ratios of

alginate to chitosan (single polysaccharide, 3:1, 1:1
and 1:3) were prepared by mixing the two stock

solutions as appropriate, all systems containing a

total polysaccharide content of 1% w/v and all

formed clear solutions at room temperature. For

the dissolution studies, paracetamol (Sigma) was

added to each solution to give a drug concentra-

tion of 0.1% w/v. The solution was then poured

into four plastic weighing boats (�/25 ml each)
with dimensions 60�/60�/8 mm, frozen overnight

at �/18 8C and freeze dried overnight in an

Edwards freeze dryer. Foaming agents were not

used in this study to prevent any possible effect

they may incur on the morphological structure or

mechanical strength of the sponges.

The mechanical strength of the sponges was

assessed using a texture analyser (TA-XT2, Stable
Micro Systems, Leatherhead, UK). This instru-

ment involves the application of a mechanical

stress to a sample in one of a number of modes and

subsequent measurement of the force profile

associated with that stress. In this investigation,

three modes were used which were selected so as to

indicate the strength, flexibility and ability of the

sponges to recover from compression. In the first
instance the ability of the sponges to withstand

compression was assessed (termed ‘hardness’ in the

parlance associated with the instrument). This

consisted of placing the sponge under a 36 mm

diameter probe and compressing a distance of 4

mm (i.e. approximately half the thickness of the

sponge) at a test speed of 0.5 mm s�1, followed by

removal of the probe (n�/10). The hardness is
designated by the maximum peak force during the

compression cycle. The recovery was assessed by

compressing the sample twice and measuring the

ratio between the maximum compression force.

Secondly the breaking force (tensile force) was

measured for each of the sponges by clamping the

sample between two sets of grips with a separation

distance of 15 mm. The instrument was then set to
extend the sample at a speed of 0.5 mm s�1 (n�/

4). The instrument measured both the rupture

force and the distance to which the sponge

extended prior to rupture. This latter parameter

is expressed as the extensibility and is calculated by

expressing the increased in length prior to rupture

as a percentage of the original length.

Dissolution tests were carried out at 37 8C
using dissolution baskets covered with nylon gauze

(125 mm pore size); crushed (500�/1000 mm) 500

mg commercial uncoated paracetamol tablets

(Hillcross) were used for comparison. PU 8700

Series UV/VIS Scanning Spectrophotometer was

used to determine the release of paracetamol at

wavelength 257 nm. Small pieces of sponges (10�/

10 mm) were examined using Scanning Electron
Microscopy (SEM, Jeol 6400). Samples were fixed

on an SEM sample holder using carbon double

adhesive and coated with a thin layer of gold (�/

30 nm) using Agar Sputter Coater.

3. Results and discussion

Initial inspection of the sponges indicated that

all had flexible textures, as shown in Fig. 1, with

considerable bending possible prior to fracture.
Given the necessity of a combination of mechan-

Fig. 1. Photograph of 3:1 (alginate:chitosan) sponge showing

the pliability of the freeze dried material.
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ical robustness and flexibility that will inevitably

be required for in vivo applications, these initial

indications were considered to be promising.

The mechanical properties were assessed quan-

titatively using texture analysis, as discussed

above. Fig. 2a shows the maximum force (‘hard-

ness’) for the sponges under compression as a

function of composition. It is interesting to note

that the chitosan sponge was clearly considerably

more resistant to compression than the alginate or

mixed systems (P B/0.05). Similarly the alginate

alone gave the weakest sponge, while the mixed

systems showed intermediate ‘hardness’ values.

Clearly, therefore, the expected coulombic inter-

action between the two materials has not resulted

in a more robust structure using the preparation

conditions described here. It is also interesting to

note that the compression profiles were almost

identical between the first and second cycles,

indicating that in all cases recovery was effectively

complete. This is significant given that the sponge

was compressed to 50% of its thickness this could

be reasonably considered to be a practically

realistic degree of mechanical trauma.

The tensile force profile of the sponges (Fig. 2b)

showed a different rank order with respect to

sponge composition in that the chitosan and

alginate alone showed greater breaking strengths

than the mixed systems (P B/0.05). The elongation

values (Fig. 2b) were similar in all cases (no

statistically significant differences), with only

very limited extension taking place prior to break-

age. The lack of correlation between the hardness

and tensile force is of interest as it indicates that

while the chitosan sponges show favourable rigid-

ity (hardness) and resistance to breakage (tensile

force), the alginate sponges appear to be more

pliable while still having a relatively high strength.

Clearly the use of either of the polysaccharides

alone or the mixed systems affords the operator a

range of options with regard to mechanical

characteristics.

In order to further elucidate the relationship

between the composition and the mechanical

properties, the sponges were examined using

SEM, with specimen data shown in Fig. 3. Two

interesting observations arose from these studies.

In the first instance, there were clear differences in

the appearance of the fibrillar structure of the

sponges depending on the composition. The pure

alginate and chitosan showed a reasonably regular

network, as shown in Fig. 3a and b for the

chitosan and alginate alone, with approximate

pore sizes of approximately 20 and 10 mm,

respectively. The mixed systems, however, showed

a much more irregular morphology, as indicated in

Fig. 3c. This may at least partially explain the

relatively low values for the tensile force seen for

the mixed sponges, as the less well defined and

regular mesh network may be less resistant to

rupture, probably due to the presence of weak

areas caused by particularly thin fibrillar architec-

ture which may allow propagation of a tear

through the system. In terms of the molecular

mechanism responsible for this effect, we suggest

that the mixed systems may have interacted prior

to freezing and, therefore, would have already

formed a random fibrillar network. The single

Fig. 2. Texture analysis data showing (a) the compression force on first and second compression (b) the tensile force and elongation for

mixed and single component alginate and chitosan sponges (3:1, 1:1 and 1:3 alginate:chitosan).
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component systems, however, would have re-

mained in solution and, hence, the pore size

determined by ice crystal formation during the

freezing process. This may be reasonably expected

to be homogeneous throughout the sample, lead-

ing to a more regular pore size and fibrillar

structure. Inspection of Eq. (2) indicates that the

strength of the sponges will be dependent on the

robustness of the solid matrix and the density of

the sponge system, with the latter being the

predominant factor due to the corresponding

power law dependence. In fact from the SEM

images the chitosan systems appeared to be less

dense than the alginate materials, hence, it may be

assumed that the high degree of robustness is a

function of the strength of the polysaccharide

itself. Similarly, it is also surprising that the mixed

systems produced comparatively weak gels, given

the well-known interaction between alginates and

cationic systems that generally lead to increases in

moduli. This may be a function of any increase in

matrix strength being counteracted by the irregu-

larity of the sponge network, although more work

is required in order to confirm this.
The dissolution profiles of the paracetamol from

the sponges (Fig. 4) indicated that slow release was

Fig. 3. SEM images for sponges containing (a) alginate alone (b) chitosan alone and (c) 3:1 alginate:chitosan.
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apparent for the mixed systems and the chitosan,

using the paracetamol tablet as a comparator.

However, perhaps surprisingly, the alginate alone

did not produce a significant delay in drug release

compared with the crushed tablet. It is also

interesting to note that only the pure chitosan

and alginate sponges showed complete drug re-

lease after 24 h.

Overall, therefore, it appears to be possible to

manipulate the mechanical characteristics of the

sponges via judicious choice of composition so as

to tailor the properties of the sponge to the

biological need. Similarly the release profiles may

also be manipulated, although surprisingly there

does appear to be similarity between all the

chitosan-containing systems. Evidence is presented

for the properties of the system to be a function of

both the architecture of the sponge and the

composition of supporting material. It should,

however, be appreciated that both chitosan and

alginate are available in a range of molecular

conformations, while the freeze drying protocol

may also be altered to control, for example, pore

size via the initial freezing rate. Consequently

while the present study has examined a limited

range of formulation variables it should be appre-

ciated that the use of these polysaccharide

sponges, either alone or as mixed systems, does

appear to afford the operator a potentially very

wide range of performance characteristics depend-

ing on composition and processing.

4. Conclusions

The study has indicated that the mechanical,

release and morphological properties of alginate/

chitosan sponges are highly dependent on compo-

sition. The resistance to compression was greatest

for the chitosan alone and was markedly lower for

the mixed systems and alginate alone, while the

resistance to breakage was greater for the single
component systems. SEM studies indicated a more

regular structure for the single component systems,

possibly due to a pre-freezing interaction between

the two polysaccharides. Dissolution studies

showed reasonable slow release behaviour for all

systems except the alginate alone. Clearly, there-

fore, it is possible to manipulate both the mechan-

ical and drug release properties of the sponges by
altering the polysaccharide composition.
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