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Abstract Chitosan crosslinked with glutaraldehyde or

oxidised dextran was studied as a potential scaffold mate-

rial in tissue engineering for cartilage regeneration. By

mixing two solutions of both components it became a gel,

which was frozen. After lyophilisation a scaffold was

generated with interconnected pores with diameters rang-

ing between 120–350 lm. The mechanical properties

(yielding point, elastic and viscous moduli), absolute

porosity, pore morphology were determined depending on

the ratio of chitosan to crosslinker. ATDC5 (murine cell

line) and bovine articular chondrocytes (primary cells)

were cultured for 14 days on the scaffolds. Cultivation with

ATDC5 cells and bovine chondrocytes showed no negative

influence of glutaraldehyde on cell vitality and growth.

1 Introduction

There are several conditions, which a scaffold for tissue

engineering has to fulfil. For a start interconnecting pores

are important to ensure the supply of the cells with nutri-

ents and to favour tissue integration and vascularization.

Furthermore, the pore size and shape are important for cell

infiltration and tissue regeneration. Another aspect of the

used material should be the biocompatibility and

biodegradability. In addition the mechanical properties of

the scaffold should have similar values as the natural

tissue.

Chitosan is a well-known biodegradable polysaccharide

with antibacterial properties used in biomedical and cos-

metic applications [1, 2]. It is a linear polysaccharide based

on glucosamin units, whereby the acetylation degree

changes in a great range. For generating a scaffold material

the polymer has to be crosslinked to raise its stability [3].

Chitosan can be crosslinked either ionically [3, 4] or

covalently [3, 5–9]. As ionic crosslinkers polyanions are

used like, triphosphate [3, 10], citrate [10] or natural

polymers like hyaluronic acid or chondroitin sulfate [11].

In this connection the polyanion can interact with chitosan

via electrostatic forces to form an ionic crosslinked net-

work. The other possibility is the formation of a covalently

network. The amino and hydroxy-groups of chitosan can

react with functional groups of crosslinker molecules.

Covalently crosslinked networks can be formed by di- or

polyaldehydes (glutaraldehyde [3, 5, 7], oxidised starch [8]

and oxidised cylcodextrin [9]). Also, to date, carboxylic

acids [12], azides [13], epoxides [7, 14], diisocyanates [15]

and silanes [16] are compounds used up to date as covalent

crosslinker.

Another advantage of using chitosan is its biocompati-

bility and degradability. It can be degraded by enzymes in

human body. For example lysozyme, an ubiquitous enzyme

in the body, hydrolyse the glycosidic bond between

neighbour N-acetylglucosamine residues [17]. The degra-

dation depends on the degree of acetylation [2, 12, 18] and

also varies by crosslinking [6, 19].

The crosslinking reaction with dialdehydes occurred at

room temperature in aqueous media without requiring

another chemical compound to activate the reaction. After

mixing both solutions a gel is formed while the
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crosslinking reaction took place. By final freezing and

lyophilisation a porous structure can be formed easily. This

study compares glutaraldehyde and oxidised dextran as

crosslinker agents for chitosan whereby the composition of

chitosan and crosslinker were varied. By using glutaral-

dehyde and oxidised dextran two crosslinkers with

different lengths and different amount of aldehyde groups

located on one chain were chosen. Additionally three dif-

ferent oxidation degrees of dextran were used, so that

different amounts of aldehyde groups are located on the

polymer chain.

2 Experimental

2.1 Materials and instruments

Chitosan of low molecular weight (Mol wt = 50.000–

190.000; degree of deacetylation: 75–85%) was purchased

from Sigma-Aldrich. Glutaraldehyde (50% in water) was

supplied by Merck. Dextran (Mol wt = 15.000–20.000)

was supplied from Fluka and was oxidised with periodic

acid [20]. The amount of aldehyde groups depends on the

oxidation time. Dextran which is oxidised for �, 1 and

24 h, respectively posses 16, 39 and 42% of oxidised sugar

units. FTIR-ATR measurements were carried out with an

instrument from Thermo Nicolet (AVATAR 370 FT-IR).

2.2 Preparation of chitosan scaffolds

Different concentrations of chitosan solution (0.5–

2.5 wt%) were used. The requisite amount of chitosan was

dissolved in 0.1N HCl (pH was set to a value of 5 with 1 N

NaOH). Different glutaraldehyde solution (0.5–3.5 wt%)

or 3.5 wt% oxidised dextran solution (oxidation time �, 1

and 24 h) were used as crosslinker. Both solutions were

dissolved overnight to obtain clear solutions. The scaffolds

were fabricated by mixing 1 ml of chitosan solution and

1 ml of aldehyde solution (glutaraldehyde or oxidised

dextran) in a small plastic tube with a diameter of 1.5 cm.

After mixing both components the solution become a gel

and was stored at -32�C, whereby the PE-tubes were

surrounded with polystyrene to reduce the cooling down

rate. After storing the samples for 10 h at –32�C the frozen

chitosan scaffolds were lyophilised for 24 h.

2.3 Porosity and pore size

The porosity of the scaffold was determined by water

absorption by weighing the amount of water, which is

incorporated in the pores [14, 21]. This was done by

weighing the scaffold before and after soaking for 30 min

into deionised water. Porosity can be estimated according

to the following equation:

total porosity ¼ wwet � wdry

� �
=wdry � 100%; ð1Þ

where wwet is the hydrated mass and wdry the dry scaffold.

The pore size and geometry was determined by SEM-

microscopic images. Before examining the scaffolds were

sputter-coated with graphite as well as gold. Hereby 50

pores of each sample were measured.

2.4 Determining the crosslinking amount

The amount of amino groups was measured for each

scaffold combination by using pH-titration [1, 20]. In this

method 25 ml of a 0.1N HCl solution are added in excess

to approximately 0.02 g crosslinked chitosan scaffolds

(reduced to small pieces), allowing enough time (20 h) to

charge all proton binding groups. Subsequently, the solu-

tion was titrated with 0.1N NaOH solution with enough

time between each interval. Pure chitosan (0.2 g) was

dissolved in HCl and titrated with NaOH. In case of free

amino groups two steps could be recognised. The per-

centage of amino groups is calculated by Eq. 2:

%NH2 ¼ MNaOH V2 � V1ð Þ � 161=W½ � � 100 ð2Þ

in which MNaOH is the molarity of the NaOH solution, V1

and V2 the volume to neutralise the excess of HCl and the

protonated amino groups, 161 is the molecular weight of

the monomeric unit of chitosan and W is the mass of the

sample in dry state before titration.

2.5 Determining the amount of free aldehyde groups

A total of 20 ml 0.25 M Na2SO3-solution was added to a

special amount of glutaraldehyde. Hereby one sulfit ion

reacts with one aldehyde group forming a hydrogensulfo-

nate (RCH(OH)SO3Na) and NaOH. By conductivity

titration with H2SO4 the amount of formed NaOH is

determined, and thus the amount of aldehyde groups is

determined indirectly.

2.6 Rheolocial measurements

The rheological properties of the scaffolds were measured

by a rheometer (Rheo Stress 600, Thermo Electron

Corporation, Germany) in oscillatory mode by using two

parallel profiled plates (diameter 20 mm). The scaffolds

were stored during the measurement in PBS-medium. For

each composition three samples were tested. The tests were

performed at controlled temperature of 20�C, at the equi-

librium swollen state in physiological phosphate buffered

solution (PBS). Preliminary strain sweep tests were per-

formed to evaluate the region of deformation in which the
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linear viscoelasticity is valid. The oscillatory tests were

performed from 0.1 to 100 Hz.

The yielding point was measured as follows: The shear

stress was increased until the scaffold was destroyed. The

deformation was determined depending on the shear stress.

By graphical analysis of the intersection point of two tan-

gents, which were fitted on this graph, the yielding point

was determined.

2.7 Cell culture

Prior to cell seeding, the scaffolds were disinfected with

70 vol.% ethanol, then rinsed with distilled water and

phosphate buffered saline several times before being stored

in expansion medium for 3 days. ATDC5 cells (ECACC,

No. 99072806) were cultivated in expansion medium,

consisting of DMEM/F12 with Glutamax�, supplemented

with 10 lg/ml recombinant human transferring (Gibco),

3 9 10-8 M sodium selenite (Aldrich), 1 g/l AlbuMAX�

Serum Albumin, 1 vol.% Penicillin/Strepotmycin mix

(both Gibco) and 1 vol.% fetal bovine serum (FBS), tryp-

sinised using TrypLEExpress� (Gibco) enzyme solution

and seeded at 1 million cells/scaffold (N = 4) onto the

constructs. Scaffolds were cultivated under standard con-

ditions (5% CO2, sat. moisture, 37�C) for 14 days in

12-well plates, with perpetual medium changes when

necessary. Differentiation medium for scaffold cultivation

was modified from expansion medium as follows: FBS was

omitted, 0.1 lM Dexamethasone, 10 ng/ml rhIGF (Roche)

and 2.5 ng/ml rhTGFb3 (HISS Diagnostics, Freiburg) were

added. Bovine articular chondrocytes were isolated from

fetlocks of 1–2 year old cattle, obtained from the local

abattoir, and cultivated with expansion medium as above,

except that 10 vol.% FBS was used. Further processing and

differentiation medium were the same.

Four days after seeding, the scaffolds were turned upside

down and the cells which adhered to the bottom of the well

were trypsinated and applied on top of the scaffold again.

After another 3 days the scaffolds were placed in a new

plate and the expansion medium was exchanged for dif-

ferentiation medium. After 14 days the cell cultures were

parted in half, one half being fixed in formalin/glutaral-

dehyde buffer containing cacodylate, dehydrated and

critical-point dried for SEM investigation. For histological

investigations, the other half was fixed in phosphate buf-

fered 4% formaline solution (Roth) and embedded in

paraffin for thin-sectioning. 10 lm thin sections were

stained with Sirius Red, Giemsa (both Chroma) or Alcian

blue 8GX (Fluka) at pH 1.0. All samples were viewed with

a Zeiss Axioplan 2 microscope in transmission, Sirius Red

staining for collagen being analysed under crossed polari-

sation filters in order to visualise collagen fibres.

3 Results and discussion

3.1 Physical and chemical characterisation of chitosan

scaffolds

3.1.1 Degree of crosslinking capacity

The amount of free amino groups can be calculated by pH-

titration [1, 5, 20]. Starting with an excess of HCl the

addition of NaOH increases the pH-value. The first sharp

increase corresponds to the excess of HCl. The amount of

NaOH between the first and the second jumping point

corresponds to the amount of free amino groups. Figure 1

shows the pH-titration of the chitosan. The two steps at 12

and 25 ml of 0.1N NaOH in the diagram indicate 77% of

free amino groups of chitosan, used as basis material. The

pH-titration of two crosslinked species, one with the

crosslinker glutaraldehyde and the other one with oxidised

dextran, were carried out (Fig. 1). The chitosan crosslinked

either with glutaraldehyde or oxidised dextran does not

present significant amounts of amino groups. This result

indicates a complete reaction of the amino groups and is

comparable with measurements of crosslinked chitosan

membranes with glutaraldehyde [14]. The FTIR measure-

ments (Fig. 2) of chitosan and crosslinked chitosan

incorporated in the scaffolds confirm a complete reaction

of the amino groups, too. Both the NH2 stretching bands at

3352 and 3289 cm-1 and the NH2 bending frequency at

1586 cm-1, which are observed in the chitosan spectrum,

could not be observed in both spectra of the scaffolds.

Furthermore, a band belonging to imine binding at 1624

and 1635 cm-1, respectively, can recognize the crosslink-

ing of glutaraldehyde or oxidised dextran and chitosan.

Fig. 1 pH-titration of low molecular chitosan and chitosan scaffolds

crosslinked with glutaraldehyde (0.5% glutaraldehyde ? 2.5% chito-

san) or oxidised dextran (6.5% oxidised dextran 24 h ? 2.5%

chitosan)
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3.1.2 Pore size and pore geometry

Porous chitosan structures are formed by freezing and

lyophilisation the solution. During the freezing process, ice

crystals are formed. By removing these crystals by

lyophilisation a porous material remains. The kind of

porosity depends, to a greater extent, on the freezing con-

ditions. Both the temperature, the thermal gradient and the

cooling rate have an effect on the pore structure [3, 12, 22–

25]. High porosity and interconnectivity pore structure are

necessary for tissue-guided scaffold materials. The pore

diameter should be in the range of cell diameters to enable

cell infiltration and vascularisation of the scaffold. Fig-

ure 3a, b shows scanning electron images of both kinds of

scaffolds, whereas both scaffolds posses a homogeneous

pore size geometry. The shape of the pores is nearly round

and the ratio of horizontal and vertical axis varies between

0.8 and 1.2. Figure 3a, b show the graphical analysis of

pores formed in scaffolds with different composition. The

diameter of glutaraldehyde crosslinked chitosan scaffolds

ranges from 120 to 340 lm with an average diameter of

140 lm independent from chitosan and glutaraldehyde

concentration (Fig. 4a). The pores of the scaffolds cross-

linked with oxidized dextran are a little bit higher in

diameter and range from 150 to 280 lm with an average

diameter of 190 lm (Fig. 4b). In the case of glutaraldehyde

as crosslinker, a reduction could be observed of the pore

diameter in the series of 1 up to 2.5% chitosan crosslinked

with 0.5% glutaraldehyde and also in the series of 1 up to

2% chitosan crosslinked with 1% glutaraldehyde. In the

case of oxidized dextran as crosslinker no dependence

between chitosan concentration and pore diameter could be

observed. By using the oxidized dextran with the least

amount of aldehyde groups (Dex-0.5 h, 15% oxidized

Fig. 2 FTIR-ATR spectra of chitosan, glutaraldehyde crosslinked

chitosan (2.5% chitosan ? 7% glutaraldehyde) and oxidised dextran

(2.5% chitosan crosslinked ? 6.5% oxidised dextran-24 h)

Fig. 3 SEM image of 1% chitosan crosslinked with 6.5% oxidised

dextran (24 h) (a) and 1% chitosan crosslinked with 3.5% glutaral-

dehyde (b)
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sugar units) the pore sizes are in general higher compared

to the oxidized dextran species with higher amount of

aldehyde groups (Dex-1 h and 24 h, oxidation degree of 39

and 41%, respectively) (Fig. 4b). By freezing uncross-

linked chitosan solution Madihally and Matthew [22] found

a decrease of pore sizes by lower freezing temperature and

also by higher chitosan concentration. This different

observation could be caused by different freezing proce-

dures. In our experiments we allowed the solution to form a

gel before freezing, thereby a network of covalently

crosslinked chitosan is formed, which should have an

influence of the final pore structure.

The absolute porosity of the scaffolds was determined by

the water uptake ability (Fig. 5). This was done by weighing

the dry and wet scaffolds. The crosslinked chitosan scaffolds

show an absolute porosity between 95 and 98%, corre-

sponding to scaffolds formed from 0.3% chitosan solutions

[26]. The chitosan scaffolds crosslinked with glutaraldehyde

show a small decrease of porosity by using higher amount of

crosslinker, this could be explained by smaller pore radii.

This trend was also seen by Silva et. al. [19] who found a

decrease of water uptake of chitosan/soy blend membranes

by using higher amounts of glutaraldehyde crosslinker. The

porosity of 95–98% is slightly higher as in the natural car-

tilage. The main part of 60–80% of the natural hyaline

cartilage consists of water and only 20–40% are organic

components (like collagen and proteoglycane) [27].

3.1.3 Mechanical properties

The mechanical properties of the lyophilized scaffolds

stored in PBS-solution were determined. On the one hand

the yielding point was measured, which gave an idea of the

strength of the network formed by crosslinking. On the

other hand the storage (G0) and loss modulus (G00) were

determined. G0 gives information about the elasticity or the

energy stored in the material during deformation and G00

describes the viscous character or the energy dissipated as

heat. Figure 6a shows the yielding point of the chitosan

scaffolds crosslinked with glutaraldehyde. By increasing

the concentration of crosslinker and chitosan the yielding

point increases, indicating a stronger network based on

more crosslinking points. In case of the scaffolds cross-

linked with oxidized dextran an increase of the yielding

point can also be recognized by increasing chitosan con-

centration (Fig. 6b). The same trend could be observed in

the oscillatory measurements (Fig. 7) in case of glutaral-

dehyde using as crosslinker. The storage and loss modulus

(plateau values at low frequency) increase by higher

amount of crosslinker and chitosan concentration. The

differences between both crosslinkers could be explained

by the different networks of both scaffold types. Glutaral-

dehyde is much shorter than oxidized dextran and differs

additionally in its aldehyde groups, so that a stiffer network

is formed. Supplementary, the main component of the

Fig. 4 Pore size of chitosan scaffolds crosslinked with glutaraldehyd

(a) and oxidised dextran (b)

Fig. 5 Porosity of the chitosan scaffolds crosslinked with glutaral-

dehyde (a) and oxidised dextran (b)
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scaffolds crosslinked with oxidized dextran is not chitosan

as in the scaffolds crosslinked with glutaraldehyde. Fur-

thermore it could be seen that the storage modulus G0 is in

each case higher than the loss modulus G00, which indicates

that the elastic property of the material predominates in the

case of both crosslinkers. By using higher amounts of

crosslinker the storage and loss modulus increase. This

trend was also observed by Draget [28] who investigated

chitosan gels. Hsieh et al. [3] compared the mechanical

properties of ionically (tripolyphosphate) and covalently

crosslinked chitosan scaffolds. The glutaraldehyde cross-

linking show higher values of tensile stress and strain and

also an increase of tensile stress and strain with increasing

concentration of glutaraldehyde.

Fig. 6 Yielding point of chitosan scaffolds crosslinked with glutar-

aldehyde (a) and oxidised dextran (b) stored in PBS solution

Fig. 7 Storage (G0) and loss (G0 0) modulus (plateau value at low

frequency between 1 and 10 Hz) of chitosan scaffolds crosslinked

with glutaraldehyde (a) and oxidised dextran(b) stored in PBS-

solution

Fig. 8 SEM images of ATDC5 cells (a) and chondrocytes (b)

cultured for 14 days on chitosan (1%) scaffolds crosslinked with 1.5%

glutaraldehyde
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3.1.4 Analysis of unreacted glutaraldehyde

If glutaraldeyde is used as crosslinker it is often mentioned

as undesirable, because a toxic aldehyde is incorporated in

the scaffold. Glutaraldehyde, which is either non reacted or

set free by degradation, is discussed as potential danger

[17, 29, 30]. By conductivity titration we were able to

detect in the case of scaffolds crosslinked with 3.5%

glutaraldehyde (combination with the highest part of glu-

taraldehyde) 2–3.5 ll glutaraldehyde released from one

scaffold of 0.045 g weight. After rinsing with water no

glutaraldehyde could be detected even if the scaffold was

stored for 5 days in distilled water (5 ml). By rinsing with

distilled water unreacted glutaraldehyde could be removed

completely. An in vitro study which examined the releas-

ing of glutaraldehyde from crosslinked tendon was carried

out by Huang-Lee et al. [30]. In this study the release of

glutaraldehyde was found over a time of 10 weeks,

whereas they could not distinguish if the release of the

aldehyhde came from reversibility of the Schiff bases or

from the breakdown of the collagenous matrix. In com-

parison to our porous scaffold material the tendon is a

dense material, therefore, the removal of excess glutaral-

dehyde in our chitosan scaffold by rinsing is done easier

and perhaps more complete.

3.2 Biological investigations of the chitosan scaffolds

Three different scaffolds were chosen for cell tests, 1 wt.%

chitosan crosslinked with 0.5 and 1.5 wt.% glutaraldehyde

and 1.5 wt.% chitosan crosslinked with 0.5 wt.% glutar-

aldehyde. Other combinations were either not suited for

Fig. 9 Histological images of

ATDC5 cells (a, c, e) and

chondrocytes (b, d, f) cultured

for 14 days on chitosan (1%)

scaffolds crosslinked with 1.5%

glutaraldehyde. a, b Sirius red

stain under crossed polarization

filters for collagen fibres (red).

c, d Giemsa stain for general

matrix production (blue,

chitosan stained red). e, f Alcian

blue stain at pH 1.0 for

sulphated GAG (blue)
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cell seeding or lacked sufficient stability for handling in

culture. Especially the dextran-crosslinked scaffolds could

not be used in cell cultivation.

Figure 8 shows SEM images of 1% chitosan/1.5% glu-

taraldehyde cultivated with ATDC5 (a) or chondrocytes (b).

Abundant cell growth with fibroblastic morphology can be

found, without evidence of adverse effects on the material.

Cell growth was limited to the outer scaffold regions due to

nutrient limitations. The respective histological images are

given in Fig. 9. Strong matrix formation with dense layers

of collagen in the outer region is demonstrated by Sirius red

(a, d) and Giemsa (b, e) staining, especially for bovine

chondrocytes. The presence of sulphated GAG is shown by

Alcian blue stain at pH 1.0 (c, f) for both cell types.

4 Conclusion

Two different reagents for crosslinking chitosan covalently

were determined. By using these crosslinker agents a por-

ous structure with interconnecting pores could be obtained

in both cases. Hereby the diameter of the pores received by

using oxidized dextran was a little bit higher. The yielding

point and the storage and loss moduli of glutaraldehyde

crosslinked scaffolds show in comparison with oxidised

dextran a dependence of the chitosan concentration. While

oxidised dextran crosslinked scaffolds were unsuitable for

cell cultivation due to strong swelling, selected glutaral-

dehyde crosslinked scaffolds showed no obvious toxic

effects on cells and supported a lush cell growth, indicating

a good suitability for tissue culture. Apparently, all alde-

hyde groups had reacted before cell seeding and no toxic

concentrations of glutaraldehyde were liberated within the

14 days of cultivation.

The cell culture experiments of chitosan scaffolds

crosslinked with glutaraldehyde show in the case of

chondrocytes a good cell seeding even to the inner part of

the scaffold and also collagen production could be recog-

nized after 14 days of culturing. A publication of a more

detailed investigation of cell tests is in preparation.
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