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bone substitute and its adjustment to 
tissue-specific requirements. Several 
crosslinking agents were investigated to 
adjust degradability, mechanical stability, 
and biocompatibility. Within the group of 
covalently crosslinking agents, the dialde-
hydes, e.g., glutaraldehyde (GA), are the 
most common.[3]

Despite the advantages of alternative 
crosslinking agents, such as genipin, 
as elaborately reviewed by Muzzarelli,[4] 
the great practical importance of dialde-
hydes, such as GA, as crosslinking agents 
is visible from the publication numbers 
(Source: Web of Science, No. of publica-
tions in 2016: 39 for the combination of 
genipin and chitosan, 167 for the com-
bination of GA and chitosan). There are 
also advantages of GA, e.g., the preserva-
tion of activity of biological materials such 
as immobilized enzymes[5,6]; however, 
the possible spontaneous autocondensa-

tion of GA into reactive species as well its neurotoxicity is a 
serious drawback. Therefore, unreacted GA that remained on 
the crosslinked chitosan scaffold has to be deactivated with gly-
cine and washed out with water. The term “in situ crosslinking” 
refers to gas foaming of chitosan solutions thus far, but was 
not used for phase separation and lyophilization.[2] In our study, 
the term is used for a novel modification of scaffold production, 
involving phase separation and lyophilization, intended to sim-
plify the biochemical modification with fragile proteins or pep-
tides. That could be done by immobilization during the scaffold 
preparation as well as by postproduction surface modification 
like dip-coating. Research on peptide modification of chitosan 
is mainly made with respect to drug application, since chitosan 
provides mild conditions of gelation.[7] With this respect, cova-
lently crosslinked proteins of crustaceans with calcium-binding 
abilities[8–10] are planned to be incorporated into chitosan scaf-
folds, as they are suggested as molecules naturally influencing 
and manipulating chitosan scaffolds bioactivity. Furthermore, 
the investigation of protein modified chitosan already showed 
promising results with respect to bone regeneration.[11]

Chitosan and its derivatives are increasingly used and 
investigated as a composite component for bone regeneration 
applications and rather rarely as materials for pure micro-
porous scaffolds, as described by Rinaudo[12] and Muzzarelli.[11] 

Chrosslinked Chitosan Scaffolds

Various methods of chitosan scaffold production are reported in the literature 
so far. Here, in situ crosslinking with glutaraldehyde is reported for the first 
time. It combines pore formation and chitosan crosslinking in a single step. 
This combination allows incorporation of fragile molecules into 3D porous 
chitosan scaffolds produced by simple and gentle lyophilization. In this 
study, parameters of in situ crosslinking of porous chitosan scaffold forma-
tion as well as their effect on degradation and bioactivity of the scaffolds are 
examined. The scaffolds are characterized in the context of their prospective 
application as bone substitute material. The addition of calcium phosphate 
phases (hydroxyapatite, brushite) to the macroporous chitosan scaffolds 
allows manipulation of the bioactivity that is investigated by incubation 
in simulated body fluid (SBF). The bioactivity is significantly influenced by 
the modus of changing the fluid (static, daily-, and twice-a-week change). 
Scaffolds are morphologically characterized by means of scanning electron 
microscopy, and the mechanical stability is tested after incubation in SBF 
and phosphate-buffered saline.

1. Introduction

Chitosan, the N-deacetylated derivative of chitin, is a func-
tional material of high potential in various fields such as tex-
tiles, medical aids, food additives, molecular sieves, catalysts, 
etc. The immunogenicity of chitin and chitosan is exception-
ally low, and both natural polymers have properties such as 
nontoxicity, enzymatic biodegradability, biocompatibility with 
respect to bone regeneration and wound dressing, support 
of osteoblast attachment, and proliferation.[1,2] The easiness 
of chemical modification and stabilization by crosslinking is 
important for the application of chitosan as a biodegradable 
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Different strategies showed promising achievements, like 
macroporous high molecular weight chitosan–nanohydroxyapa-
tite composite scaffolds that induce a favorable response of 
preosteoblastic cells.[13] Chitosan silica hybrid nanofibers show 
tunable bioactivity as well as excellent adherence and spreading 
of murine osteoblast-like 7F2 cells. They were proposed as 
advantageous scaffold material for bone repair.[14] A modified 
chitosan with covalently linked imidazole groups shows stimu-
latory effect on bone formation and osteoinduction in a sheep 
model (drill holes in femoral condyles).[15] Chitosan–alginate 
hybrid scaffolds produced by freeze-drying were investigated 
with respect to bone tissue engineering. They provide an 
increased proliferation and mineral deposition in vitro (MG63 
osteoblast-like cells), as well as enhanced vascularization in 
vivo in a muscle pouch of 2 months old rats.[16] In coculture of 
osteoblasts and osteoclasts, osteoblasts showed attachment and 
proliferation and osteoclasts attachment and differentiation, 
but only very little degradation of 2D chitosan membranes was 
detected.[17]

The aim of the present study is the basic development of 
a bone substitute material for diverse defects and fractures. 
Therefore, a guiding structure for bone cell ingrowth and 
mineralization was supposed to support new bone formation. 
Porous chitosan scaffolds have already been investigated with 
regard to the effect of freezing conditions on morphology, pore 
size adjustment, but without a crosslinking step afterward.[18] 
Thus the main focus of the present study was to check the 
effect of crosslinking on both degradation and mechanical sta-
bility in physiological solutions, because a new crosslinking 
process was needed to preserve the pore structure and ensure 
mechanical integrity for handling in cell culture and for future 
incorporation of crustacean proteins.

2. Experimental Section

2.1. Material Synthesis and Variation

Chitosan of two degrees of deacetylation (70% and 90%) and viscosity 
(50 and 500 mPa s) was obtained from Heppe Medical Chitosan GmbH 
(Table 1). The scaffold production was performed in two different ways. 
In both cases, a homogeneous viscous chitosan solution in acetic 
acid (99.5%, Fluka) was prepared. For post-preparation crosslinking 
(Table 2a) small quantities of chitosan solution were filled into tubes 
of 13 mm in diameter, thereafter freeze-dried in an Epsilon 2-4 LSC 
(Christ), and finally crosslinked with GA (stock 25%, Roth). The 
process of in situ crosslinking was performed as follows (Table 2b). The 

chitosan suspension was portioned and an aqueous GA solution was 
rapidly added. Optionally, in this step, a mineral phase hydroxyapatite 
(INNOTERE) or brushite (Sigma Aldrich) was added to the solution. The 
rapid and vigorous mixing of GA and chitosan solution was followed by 
freeze-drying. The final step of both methods was a repeated washing 
process with water and aqueous 0.5 m glycine (Merck) solution, 
and freeze-drying once again. In addition, the influence of gamma 
sterilization (at 25 kGy, Synergy Health Radeberg) was investigated for 
selected scaffolds, since it is an accepted sterilization process before 
testing in cell culture or implantation and it is known to influence the 
stability of organic macromolecules.

2.2. Characterization

To analyze pore size, scanning electron microscopy (ESEM XL 30, 
Philips) with 3 keV high tension, was applied. The scaffolds were frozen 
with liquid nitrogen to cut them and visualize the pore size distribution 
in transverse sections of the cylindrical scaffolds.

Mechanical investigations of scaffolds were performed using 
six samples for each variation, with a height to diameter ratio of 
1.67 (h0/d0 = 25 mm/15 mm). Compressive strength tests were done 
using an uniaxial testing instrument (Instron 5566) with a 100 N load 
cell, a preload of 0.5 N and a velocity of 2 mm min−1. As characteristic 
values the strength after 50% of deformation and the breaking strength 
were calculated from measured forces. In addition, for selected 
scaffolds the measurements were performed both in the dry and wet 
states. For the latter, scaffolds were stored in water for at least 1 h and 
maximum 2 h. The scaffolds were taken out of the liquid just before the 
measurement was done and were investigated in a wet state.

2.3. Degradation and Bioactivity

To investigate the in vitro degradation and bioactivity of the chitosan 
scaffolds, at least three scaffolds in each case were incubated according 
to Oyane et al. in simulated body fluid (SBF)[19] and phosphate-buffered 
saline (PBS) (Dulbecco, Biochrom). Scaffolds of cylindrical shape 
(5 mm in height and 11 mm in diameter) were incubated for 14 d at 
37 °C in 4 mL static liquid(s). This volume allowed to take samples for 
ion concentration measurement without replacement, with a final liquid 
reduction of less than 10%. Two different liquid changing schedules 
were performed with 1 mL each. The liquid was changed according to 
either a 7/7 regime (1 mL daily) or a 7/2 regime (1 mL twice a week), 
referring to the media change in cell culture experiments.

During static incubation, 10 µL of the liquids were removed after 
1, 4, 8, and 24 h. After the first day, samples were taken daily from 
SBF and PBS in case of each incubation regime. As the bioactivity of 
a material correlates with the reduction of the calcium concentration 
in the surrounding liquid, the bioactivity of the chitosan scaffolds 
was estimated from calcium concentrations in the daily withdrawn 
samples. The calcium concentration was determined photometrically at 
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Table 1. Parameters of chitosan used for scaffold production.

Chitosan Degree of deacetylation  
[%]

Viscositya) 
[mPa s]

Abbreviation Crosslinking  
(GA)

Additives

Chitoceuticals chitosan 70 50 CA70-50 0.25%; 2.5%

2.5% Hydroxyapatite

Chitoceuticals chitosan 70 500 CA70-500 Brushite

1.0% Hydroxyapatite

Chitoceuticals chitosan 90 50 CA90-50 0.25%; 2.5%

Chitoceuticals chitosan 90 500 CA90-500 0.25%; 2.5%

a)Viscosity of 1% chitosan suspension in 1% acetic acid.
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λ = 570 nm with an Infinite 200 Pro microplate reader (Tecan Group 
Ltd.) using the Fluitest Ca CPC test kit (Analyticon Biotechnologies AG). 
The absorbance was compared to that of a series of dilutions of the 
supplied standard.

The scaffolds were weighted before and after incubation in PBS, in 
order to determine the loss in mass of the chitosan scaffolds. For that, 
scaffolds were dried until mass constancy at 37 °C and 15% relative 
humidity. The storage of scaffolds in SBF lead to a loss in mass, which 
resulted from scaffold degradation and is superimposed with an 
increase in mass by calcium phosphate deposition. The morphology 
of the resulting calcium phosphate precipitates was visualized using 
SEM.

2.4. Statistics

All measurements were done at least in triplicate and are expressed as 
mean ± standard deviation. One-way analysis of variance (ANOVA) or 
two and three parametric two-way ANOVA with Bonferroni correction 
were applied for statistical analysis and P values <0.05 were considered 
significant and indicated by an asterisk.

3. Results

3.1. Postpreparation and In Situ Crosslinking

In case of postpreparation crosslinking after the first freeze-
drying, the scaffolds are white cylinders (Figure 1). The 
scaffolds are fragile and easy compressible without elastic 
reshaping in the dry state. They could be cut with a scalpel 
only after freezing, here in liquid nitrogen. SEM images of the 

transverse cuts at the halfway height of the scaffolds showed 
a homogeneous pore structure from the center to the edge 
(Figure 2). In the examined sectional planes perpendicular to 
the long scaffold axis, a preferred orientation of the pores was 
not detected by SEM.

After crosslinking, the color of scaffolds changed into 
yellow brownish. In the crosslinking solution, the scaffolds 
were still very fragile and thus started to shrink during sub-
sequent atmospheric drying in an incubator (37 °C, 15% 
rel. humidity; pictures not shown). Due to the poor results 
in case of atmospheric drying, freeze-drying was preferred. 
However, freeze-dried scaffolds were deformed due to its 
mechanical instability before and during crosslinking. The 
preparation of porous scaffolds with both ways of postprepa-
ration crosslinking did not yield an adequate scaffold quality 
and seems not to be reproducible enough. For this reason, 
the crosslinking process was performed in situ, i.e., during 
sample preparation.

Compared to postpreparation crosslinking, the in situ 
crosslinking process seems to be advantageous because the 
final pore structure of the sample emerges already after the 
combined preparation and crosslinking step and was there-
fore stable over the whole preparation process and there-
after. The viscosity of the chitosan starting solution turned 
out to be a key factor for sample stability. Viscosity, as it is 
well known, stands for the average chain length of the basic 
chitosan preparation. Almost all in situ crosslinked scaffolds 
of chitosan with a viscosity of 50 mPa s showed no reproduc-
ible geometry and shrinkage during freeze-drying. Scaffolds 
prepared with 500 mPa s chitosan were easier to handle and 
showed uniform cylindrical shapes (Figure 3). The concentra-
tion of GA of 0.25% led to scaffolds with low reshaping capa-
bilities after deformation. In contrast to that, a GA concen-
tration of 1% led to brittle scaffolds of moderate toughness 
(data not shown).The most stable scaffolds were obtained 
with 2.5% GA. Those scaffolds lost elasticity and showed 
brittle breaking behavior in the dry state, but they showed 
significant reshaping properties in the wet state. Reshaping 
within seconds after 50% deformation was observed for scaf-
folds soaked in aqueous solutions. Furthermore, the scaf-
folds could be cut with a scalpel without previous freezing. 
Again, the SEM images of the transverse cuts at the halfway 
height of the scaffolds showed homogeneous pore structure 
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Table 2. Two ways of scaffold production.

a) Postpreparation crosslinking b) In situ crosslinking

CA-solution 1 wt% chitosan solution in 1% acetic acid (overnight, 300 rpm) 2 wt% chitosan solution in 2% acetic acid (overnight, 300 rpm)

2 mL in tube (4 mL) freeze-drying 2 mL in tube (4 mL)

Crosslinking 24 h at 8 °C: 0.25% and 2.5% aqueous GA solution Rapid addition of 2 mL aqueous GA solutiona) (0.25%, 1%, and 2.5%) to each tube

Rapid and vigorous mixing for 5–10 s freeze-drying

Washing 3 × 15 min in H2O

1 × 15 min in 0.5 m glycine solution

3 × 15 min in H2O

Freeze-drying or incubator

a)Optional: addition of 40 mg mineral; ratio (weight): chitosan/mineral = 1/1.

Figure 1. Freeze-dried chitosan scaffolds produced without crosslinking. 
Cylinders sized 13 mm diameter, 30 mm height.
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from the center to the edge (Figure 4). In contrast to post-
processing crosslinking, in situ crosslinking yielded stable 
and reproducible pores.

By weighing the specimen and measuring the height and 
diameter, the apparent density was calculated. If this apparent 
density (ρ) is related to the bulk density of chitosan of about 
ρ0 = 0.15–0.3 g cm−3, the porosity (Φ) results as follows

ρ
ρ

Φ = −






⋅1 100%
0

 (1)

The porosity was calculated to be between 98.1% and 99.1% 
for the chitosan scaffolds. Pore size of 67 ± 27 µm was meas-
ured from SEM images for CA70/500 crosslinked with 1% 
GA in two mutually perpendicular axes for each pore without 
revealing preferred orientation of the pores.

3.2. Mechanical Tests

Mechanical strength was characterized by compression test. 
Interestingly, the compressive stress at 50% compression of 
the scaffolds was almost identical for all four-chitosan variants 
(Figure 5a). An average compressive stress of 69 kPa led to 
shortening of the scaffolds to one half. In contrast, further com-
pression until breaking was dependent on the chitosan variants 
(Figure 5b). Even though, there were no significant differences 
that could be clearly attributed to either the degree of deacety-
lation or the viscosity, following tendencies are recognizable. 
The lower viscosity caused low strength of 105 and 76 kPa for 
CA70/50 and CA90/50, respectively. Considerably higher values 
were reached for the scaffolds made from chitosan of higher 
viscosity. A maximum of 132 kPa was measured for the brittle 
breaking CA70/500 in contrast to 95 kPa for CA90/500.

Macromol. Mater. Eng. 2017, 1700147

Figure 2. SEM micrographs of freeze-dried chitosan scaffolds cylinders produced without crosslinking: a) CA 70/500, b) CA 90/500, c) CA 70/50, and 
d) CA 90/50. The images show sectional planes perpendicular to the long scaffold axis.

Figure 3. Chitosan scaffolds of all four chitosan variants (with 70% and 
90% degree deacetylation either with 50 or with 500 mPa s, respectively) 
in situ crosslinked with 0.25% GA (upper part) and 2.5% GA (lower part).
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Scaffolds from chitosan CA70/500 showed the highest 
strength and were thus exclusively selected for further modi-
fications, because it easier to handle in the course of necessary 
examinations, i.e., degradation studies and cell culture experi-
ments. At the same time, it may be accepted that scaffolds 
of higher strengths are prospectively easier to use in surgery, 
too. The influence of gamma sterilization (25 kGy) was inves-
tigated, since sterilization represents a necessary step before 
cell culture or implantation. The compressive strength was 

significantly lowered by ≈47% in relation to the nonsterilized 
CA70/500 scaffolds (Figure 5c).

The modification of CA70/500 scaffolds with calcium phos-
phate phases was investigated. The effect of the addition of HAp 
and brushite onto the strengths was examined at 50% strain. 
HAp-modified scaffolds showed a higher but not significantly 
different compressive stress at 50% strain of 94 kPa compared 
to plain and brushite modified CA70/500 scaffolds with 70 kPa 
(Figure 6a). In addition to calcium phosphate modification, the 
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Figure 4. SEM micrographs of in situ crosslinked chitosan scaffolds: a) CA 70/500, b) CA 90/500, c) CA 70/50, and d) CA 90/50. The images show 
sectional planes perpendicular to the long scaffold axis.

Figure 5. Compressive stress at 50% strain a) and compressive breaking strength b) of chitosan scaffolds in situ crosslinked with 2.5% GA, indicated 
groups did not show significant differences. c) Compressive breaking strength of chitosan scaffolds in situ crosslinked with 2.5% GA before and after 
gamma sterilization.
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scaffolds were incubated for 24 h in SBF. HAp-modified and 
nonmodified scaffolds showed almost identical compressive 
stress at 50% strain of about 10 kPa, while brushite modifica-
tion caused a reduction of strength to lower values than 4 kPa 
calculated from preload during uniaxial measurement.

In order to reduce the excess GA after crosslinking, the theo-
retically required amount of GA was calculated. This concentra-
tion was estimated from the molecular weight and the degree 
of deacetylation of the chitosan, i.e., the amount of reactive 
amino groups. A 100% reaction of GA for chitosan crosslinking 
would require a 0.2–0.6% GA solution. As the reaction of GA 
is supposed to be way lower than 100%, the influence of a 
lowered GA concentration was investigated, to minimize the 
excess GA within the scaffolds after crosslinking. Therefore, in 
situ crosslinking was performed with 1% GA solution. Again 
non- and HAp-modified CA70/500 scaffolds were tested for 
compressive breaking strength in dry and wet state (Figure 6b). 
In this case, non- and HAp-modified scaffolds had almost 
the same strength of about 56 kPa in the dry state and 8 kPa 
after storage in SBF for 24 h. It is important to notice that the 
reduced amount of GA caused a drop of compressive strength 
by more than 50% (comparing Figures 5b and 6b).

3.3. Influence of Cooling Regimes and Additives on In Situ 
Crosslinked Scaffolds

The process of freeze-drying conserves the pore size and 
structure, which was adjusted in advance by selection of the 
cooling rate of freezing the liquid inside the sample. Four 
different cooling regimes were used to prepare scaffolds of 
CA70/500 (Figure 7a). The most homogeneous pore distribu-
tion was observed for the slowest cooling right in the freeze-
dryer. Despite the unidirectional cooling of the chitosan solution 

in the tubes placed on the cooling plate, which is expected 
to create a temperature gradient, uniform pore structures 
along the main axis of the scaffolds were obtained. Surpris-
ingly, freezing in the climate chamber instead the freeze-dryer 
caused a layered-pore structure, even though a cooling airflow 
is expected to cause a uniform cooling from all sides. Bright-
ening of the scaffolds’ color, resulting from smaller pore sizes, 
was visible for an increased cooling rate. Freezing at −80 °C 
showed fine and coarse pores with an inhomogeneous distribu-
tion along the main axis of the sample. The fast cooled bottom 
was very bright, while the darker top showed bigger pores. The 
fastest cooled scaffolds, with 100 K min−1 in liquid nitrogen, 
had a very small pore size and large continuous cracks. The 
outer shell consisted of high amount of chitosan, while the 
inner part showed lack of material and bigger pores.

A chitosan scaffold modification with HAp was investi-
gated for scaffolds crosslinked with 1.0% GA. The addition of 
HAp caused no significant change of scaffold preparation and 
resulting specimen under the same cooling and freeze-drying 
conditions, in comparison neither to plain chitosan scaffolds 
(Figure 7b) nor to CA70/500+HAp crosslinked with 2.5% GA. 
Once again, cooling at −80 °C caused an inhomogeneous pore 
distribution. Moreover, the distribution of HAp was question-
able under the different cooling conditions.

3.4. Degradation and Bioactivity

The degradation and bioactivity was characterized by the 
change in mass of the incubated scaffolds. All scaffolds in PBS 
showed a decrease in mass. Within this group, the two-way 
ANOVA showed neither a significant difference related to the 
additives, brushite and HAp, nor related to the change of incu-
bation liquid (Figure 8). Additionally, there was no significant 
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Figure 6. a) Mechanical strength of CA70/500 scaffolds modified with HAp and brushite in situ crosslinked with 2.5% GA in the dry and wet state;  
b) breaking strength of CA70/500 with/without HAp in situ crosslinked with 1% GA.
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interdependency between the additives and the change of incu-
bation liquid. The highest decrease in mass was measured for 
daily changed incubation liquid (7/7 regime) for all three types 
of scaffolds. In contrast to PBS, the incubation in SBF led to an 

increase in mass in all scaffold types. The increase in mass of 
plain CA70/500 scaffolds was significantly higher in comparison 
to scaffolds of CA70/500+Brushite and CA70/500+HAp, 
respectively. The increase in mass over all scaffold types was 
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Figure 7. Freeze-dried CA70/500 a) +2.5GA and b) +1GA with HAp modification under different cooling parameters (0.1 K min−1, 0.06 K min−1, in a 
−80 °C freezer, liquid nitrogen (a only)).

Figure 8. Change of mass of chitosan scaffolds CA70/500 crosslinked with 2.5% GA (blank, with Brushite, and with HAp) in static, daily changed, and 
twice a week changed PBS and SBF.



© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1700147 (8 of 13)

www.advancedsciencenews.com www.mme-journal.de

in case of static incubation significantly lower in comparison 
to the daily changed incubation liquid (7/7 regime). This trend 
was not seen for CA70/500+HAp during incubation in SBF, 
which showed a higher increase in mass during static incuba-
tion compared to the 7/7 and 7/2 regimes (Figure 8). Two-way 
ANOVA confirmed a significant interaction between the scaf-
fold modification and the liquid change regime of SBF.

To characterize the materials’ bioactivity in more detail, cal-
cium ion concentration during incubation was determined 
for all scaffolds and liquid exchange regimes. For clarity, no 
variances were displayed in the following diagram of measured 
calcium concentrations (Figure 9).

For all three liquid exchange regimes, the three scaffold types 
in SBF showed similar courses of calcium ion concentrations 
over time. During the storage, a decrease of the calcium ion 
concentration was measured. When storing the chitosan scaf-
folds in PBS, however, there was a slight calcium ion release 
by CA70/500+Brushite, while CA70/500 and CA70/500+HAp 
caused either none or only negligible change of the ion concen-
tration in PBS.

The incubation of all three variants of CA70/500 in PBS 
under static conditions, i.e., without changing the incubation 
liquid, lead to calcium ion release over the first 2 d up to a 
concentration of about 0.22 × 10−3 m, which remained almost 
constant until day 14 (Figure 9). For plain CA70/500 degrada-
tion yielded an apparent calcium concentration of less or equal 
than 0.03 × 10−3 m. This leads to a corrected maximum value of 
0.05 × 10−3 m for the calcium release in CA70/500+HAp, that is 
only about a quarter of the concentration generated by brushite 
containing scaffolds (Figure 9).

The incubation of the chitosan scaffolds in SBF under 
static conditions caused a rapid decrease of the calcium ion 
concentration. Within 14 d, it decreased from the initial value 
of 2.8 × 10−3 m calcium in SBF to a value of 1.2 × 10−3 m for 
CA70/500 and only 0.85 × 10−3 m for CA70/500+HAp. The cal-
cium concentration in SBF seems to converge asymptotically to 
a value slightly above 0.5 × 10−3 m (Figure 9).

Incubation with a liquid exchange twice a week (7/2 regime), 
that is the cell culture rhythm, resulted in a rapid increase of 

the calcium concentration in PBS to a value of 0.27 × 10−3 m 
by CA70/500+Brushite, which quickly falls back to zero in 
consequence of the liquid exchange. CA70/500+HAp caused 
a calcium release, which corresponded to one-third of that for 
brushite modified CA50/700 (Figure 10). As shown before for 
the static regime, the 7/2 incubation in SBF caused a rapid 
drop of calcium ion concentration as well. However, after  
4 d (two changes of SBF), an almost constant concentration of 
1.5 × 10−3 m was measured in all samples. This value seems 
to be self-adjusted to a constant level by mineral precipitation 
and renewing of liquid during further incubation. This means 
that always the same amount of calcium phosphate precipi-
tated on the scaffolds from the freshly added SBF. The calcium 
phosphate phase within the chitosan scaffolds had thereby no 
detectable influence on the calcium concentration of SBF.

The 7/7 regime resulted in the most rapid replacement 
of the liquids. The results showed again the highest cal-
cium release with about 0.5 × 10−3 m over the first 24 h from 
CA70/500+Brushite (Figure 11). In consequence of the quickly 
repeated change of liquid, a rapid drop to zero until day 8 was 
detected. The calcium release of HAp containing CA70/500 cor-
responded to the values of the 7/2 regime. The calcium con-
centrations during 7/7 incubation of the scaffolds in SBF were 
comparable to the 7/2 incubation as well. First, a rapid decrease 
of the initial calcium concentration of 2.8 × 10−3 m to a value of 
about 1.6 × 10−3 m on day 4 was measured. Then, a nearly con-
stant value between 1.7 × 10−3 and 1.5 × 10−3 m became apparent.

After 14 d of incubation, the scaffolds were dried and pre-
pared for SEM to visualize the surface of the scaffold. As an 
example, SEM images of scaffolds after incubation with liquid 
change twice a week were selected. After 14 d, scaffolds incu-
bated in PBS (Figure 12a–c) showed only a slight change versus 
the initial state (pictures of initial state not shown). In case of 
CA70/500+Brushite, a reduced amount of mineral particles was 
visible after incubation in PBS. At higher magnification, empty 
holes in size of brushite particles are visible, as well as brushite 
particles under a thin layer of chitosan (Figure 12b, arrows). 
Instead of that, reprecipitates at edges of the chitosan were 
detected (Figure 12b, arrowheads). Chitosan scaffolds modified 
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Figure 9. Calcium concentrations in SBF and PBS during static incubation of CA70/500, CA70/500+Brushite, and CA70/500+HAp as indicator for 
bioactivity.
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with HAp instead of brushite did rarely change in comparison 
to the initial state. That was characterized solely by trapped 
HAp particles within the chitosan matrix (Figure 12c, arrows), 
only few particles on the surface may indicate reprecipitation 
(Figure 12c, arrowheads).

After incubation in SBF, the precipitates can be clearly 
seen on the surfaces of chitosan pores. Especially, the calcium 
phosphate free CA70/500 in SBF showed primarily flat den-
dritic mineral precipitates on the surfaces of chitosan pores 
(Figure 12d, asterisks). The integration of brushite caused 
primarily laminar growth (Figure 12e, asterisks), while HAp 
particles led to a suppression of laminar apatite formation, but 
yielded rather bulky particles in the micron scale (Figure 12f, 
arrowheads).

4. Discussion

The application of chitosan and chitosan composites as a 
biomaterial for bone regeneration is a long and extensively 
investigated topic.[20–22] In particular, the use of macroporous 

chitosan scaffolds offers many advantages with respect to 
bone regeneration. For instance, the pro-osteogenic effect of 
chitosan scaffolds has been proven in various studies.[22,23] 
However, pharmaceutical products based on chitosan are 
hardly available, so far, except for wound dressings and 
nutraceutical products.[3,24] The main reason is the varia-
tion of properties depending on the natural source, or the 
batch-to-batch variability of chitosan from the same source, 
respectively. This regards the average molecular weight, the 
chain length distribution, the degree of deacetylation, purity 
level, etc.

In this study, a combination of material and process para-
meters was investigated. The specific degree of deacetylation 
and the viscosity of chitosan, as well as the crosslinking condi-
tions, calcium phosphate additives, and cooling regimes, deter-
mine the particular properties of the presented scaffolds. The 
study focused on the manageability and stability during in vitro 
cell culture. Investigation of materials degradation and bioac-
tivity was studied since these parameters showed a clear impact 
on the proliferation and osteoblastic differentiation of human 
mesenchymal stem cells, as we have reported previously.[25–27]

Macromol. Mater. Eng. 2017, 1700147

Figure 10. Calcium concentrations in SBF and PBS during incubation in twice a week changed liquid of CA70/500, CA70/500+Brushite, and 
CA70/500+HAp as indicator for bioactivity.

Figure 11. Calcium concentrations in SBF and PBS during incubation in daily changed liquid of CA70/500, CA70/500+Brushite, and CA70/500+HAp 
as indicator for bioactivity.
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4.1. Crosslinking of Chitosan Scaffolds

The production of non-crosslinked scaffolds did not show 
promising results because of the easy deformability combined 
with low elastic reshaping, which is disadvantageous under 
conditions of cell culture. Hence, crosslinking of two amino 
groups by the aldehyde groups of GA under cleavage of water 
was applied and led to stabilization of the scaffolds.[28,29] The 
change of color from bright white to light-brown of chitosan 
during crosslinking with GA reported in the present study was 
previously reported elsewhere as well[30,31] and is caused by for-
mation of conjugated double bonds.[32] For long crosslinking 
periods (e.g., 48 h), a combination of three mechanisms was 
suggested as origin for the change of color, namely forma-
tion of Schiff’s base causing imine-type crosslinking, carbonyl 
group formation on the polymer structure by Michael-type 
adducts with amine groups, and the formation of oligomers, as 
shown by Tual et al.[32]

Postpreparation crosslinking of the scaffolds led to strong 
deformations after the final freeze-drying step. This effect was 
also seen when using the in situ crosslinking method at low GA 
concentrations (pictures not shown). The formation of pores by 
freezing the solvent of chitosan is essential for the preparation 
of macroporous scaffolds. In situ crosslinking and the subse-
quent pore adjustment by freeze-drying avoid the contact of 
the non-crosslinked chitosan with a liquid, which could result 
in a collapse of the pore structure. This was observed for the 
postpreparation crosslinking. As expected, higher molar mass 
of chitosan, leading to the higher viscosity of corresponding 
chitosan solutions, caused greater stability and shape retention 
after scaffold production. The shape retention is important for 
reproducible manufacturing of bone substitute materials and 

even more important for mechanical and cell biological char-
acterization. Furthermore, these properties are essential for 
a prospective usage of the chitosan scaffolds in bone surgery. 
The measured mean pore size of less than 100 µm is rather 
small for osteoblast cell attachment and proliferation, as it 
should be in the range of 150–700 µm advantageously.[33] Cell 
attachment seems to correlate with surface area directly, pre-
ferring a smaller pore size, but when it comes to proliferation 
and migration larger pore sizes (>100 µm) are preferred.[33–35] 
The pore size of in situ crosslinked chitosan scaffolds as a func-
tion of ice crystal growth during scaffold production might be 
increased by slower cooling rates.

Reducing the GA concentration from 2.5% to 1.0% caused a 
drop of compressive breaking strength by more than 50%. Since 
the theoretical concentration was calculated to be between 0.2% 
and 0.6%, the reaction of GA is incomplete. The crosslinking 
reaction of GA yielded an incomplete turnover, why GA concen-
trations of 2.5% for CA70/500 (Figure 5b) showed significant 
increase in compressive breaking strength in comparison to 
GA concentrations of 1% (Figure 6b). It is known, that the effi-
ciency of crosslinking agents like GA is increased by increasing 
temperature, degree of deacetylation, molecular weight, and 
concentration of the crosslinker.[3] Therefore, an increased GA 
concentration may lead not only to higher mechanical strength, 
but also to higher remaining GA concentrations within the scaf-
fold. Interestingly, the mechanical stability up to a plastic defor-
mation of 50% was not affected by the chitosan variant. This 
suggests that the deformation in this case is primarily based 
on the squeezing of the pores. The breaking strengths yielded a 
material dependent difference. As expected, the higher viscosity 
caused an increased strength, correlating with the increased 
molecule size. In contrast to expectations, the higher degree 
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Figure 12. SEM images of CA70/500 without modification a,d), with Brushite b,e), and HAp c,f) incubated for 14 d in PBS a–c) and SBF e,f) with 
7/2 regime; arrows indicating initially incorporated calcium phosphate particles, arrowheads indicating bulky precipitates, asterisks indicating laminar 
precipitates.
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of deacetylation caused a reduced compressive strength. This 
might be caused by the deacetylation process, which was shown 
to reduce the average molecular weight.[24] Moreover, the higher 
degree of deacetylation caused brittle breaking of the scaffolds 
and only small elastic deformation. All in all, the CA70/500 
scaffolds were most advantageous with respect to the handling 
and further investigation. It has to be noted that chitosan with 
a higher degree of deacetylation was found to induce a minimal 
inflammatory reaction compared to chitosan with a low degree 
of deacetylation.[24]

4.2. Mechanical Strength

The compressive strength of 130 kPa of a macroporous scaf-
fold made from CA70/500 2.5% GA is much lower than the 
compressive strength of human parietal bone with about 
140 MPa.[36] It is mainly due to the porous structure, that the 
material is not load bearing and hardly load transmitting, but 
the pores might provide cell ingrowth. The strength of the 
chitosan scaffolds decreases markedly by incubation in liquid. 
Here, the observed brittle fracture behavior converts to an 
elastic recovery of the sponge-like scaffold after its deforma-
tion by refiltration as a result of capillary forces. The incorpora-
tion of calcium phosphate phases in the chitosan scaffolds did 
not show any deterioration of the mechanical properties. The 
reason for this is presumably the small particle size compared 
to the pore structure, which leads to the incorporation within 
the walls of the scaffold pores without any disturbing defects. 
This hypothesis is confirmed by the nonsignificant influence of 
HAp and brushite on the compressive stress at 50% deforma-
tion of CA70/500 2.5% GA (Figure 6a), as well as the almost 
identical values of compressive strength of CA70/500 1.0% GA 
with and without HAp (Figure 6b).

Biomaterials have to be sterilized before cell biological in 
vitro investigation and prospective in vivo application. In this 
study, sterilization was carried out by means of gamma radia-
tion at a dose level of 25 kGy. This caused a drastic reduction 
in compressive strength. Gamma radiation leads to fractioning 
of chitosan macromolecules as shown by Kang et al., where 
1 h irradiation with 10 kGy caused a decrease of molecular 
weight from 400 to about 100 kDa.[37] A significant decrease 
in mechanical strength and strain of chitosan membranes was 
also shown by Marreco et al.[38] comparing chitosan before ster-
ilization and after treatment with ethylene oxide, 70% ethanol, 
and gamma radiation (25 kGy).[24]

4.3. Degradation and Bioactivity in Physiological Fluids

The degradation of scaffolds, characterized by the loss in 
mass, did not show significant differences during incubation 
in PBS. Neither the scaffold type (Ca70/500 plain, +Brushite, 
and +HAp) nor the incubation regime caused differences in 
the loss in mass, giving an average value over all variants of 
7% after 14 d. The decrease in mass as a result of incubation 
in PBS represents acellular degradation, which is besides cel-
lular resorption by osteoclasts, giant cells, and macrophages, an 
important mechanism to enable new bone formation in vivo. 

Despite the fact that all three modifications did not show sig-
nificant difference in the change in mass after incubation, it 
can be seen from SEM images, that brushite particles were dis-
solved to some extent. The intention, to obtain an increased cal-
cium ion concentration in incubation liquids by dissolution of 
brushite that was previously incorporated in the scaffolds was 
not achieved. Calcium measurements in the liquids proved a 
calcium depletion, caused by reprecipitation of calcium phos-
phate. On the one hand, this lowers the calcium ion concen-
tration in the liquid as mentioned, and on the other hand, it 
decreases the change in mass compared to plain CA70/500. 
The reprecipitated calcium phosphate on CA70/500+Brushite 
was visible in the SEM image (Figure 12), where it preferen-
tially deposited on the edges and cracks of the chitosan struc-
tures. These precipitates represent an unwanted mineralization 
due to the materials bioactivity. The critical influence of high 
bioactive materials, due to unphysiological low calcium ion 
concentrations, on osteoblasts is recently discussed.[39,40] How-
ever, in vivo the high bioactivity of the CA70/500+Brushite 
would lead to a firm substance-to-substance bond between the 
biomaterial and the surrounding new formed bone.

The incubation of the scaffolds in SBF results in the super-
position of two effects. First, the loss of mass by in vitro degra-
dation, as shown in PBS. Second, an increase in mass caused 
by the precipitation of calcium phosphates from the SBF. The 
reprecipitation of partially dissolved calcium phosphates, which 
were initially incorporated in the scaffold, represents a further 
effect, which cannot be delineated from the process of apatite 
precipitation from SBF. The decrease in calcium ion concentra-
tion in SBF is an unwanted effect, since the removal of calcium 
is judged to be negative for the osteoblastogenesis, as just men-
tioned. The static regime yields unfavorable starting conditions 
for cell culture experiments, since it caused a declining but 
continuous reduction of the calcium concentration. Moreover, 
it was not possible to compensate the decrease in calcium ion 
concentration by dissolution of brushite. Since cell culture as 
well as implantation of the material, are always accompanied by 
a contact to liquid and its exchange to some extent, the adjust-
ment of an equilibrium value might be assumed. The different 
liquid exchange regimes in vitro used in this study are a rough 
estimation, since the exact environmental conditions regarding 
the exchange of body liquids in vivo are not known. In SBF, 
changed in the cell culture rhythm (7/2 regime), the adjusted 
equilibrium value of the calcium concentration runs to 1.5 × 
10−3 m, representing an adequate starting point, at which pro-
liferation of human mesenchymal stem cells and osteoblastic 
differentiation are possible.[41,42]

The bioactivity of HAp-modified scaffolds was assumed 
to be greatest as a result of nucleation of apatite from the 
medium to initial existing HAp particles. This effect occurred 
only to a minor extent, when CA70/500+HAp was incubated 
in static medium. Once again, the rapid replacement of the 
liquid in 7/2 and 7/7 regimes leads to a decrease of the cal-
cium concentration to a constant level. It turned out, that a 
manipulation of the bioactivity of scaffolds is limited, but the 
incubation regime might have a more important effect on 
the materials bioactivity. Therefore, the characterization of 
biomaterials for bone regeneration by bioactivity should be 
questioned.

Macromol. Mater. Eng. 2017, 1700147
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Taking the degradation of plain CA70/500 scaffolds in 
PBS with ≈7% loss in mass as a reference, the increase of 
mass (for mean value of 7/7 and 7/2 incubations) by calcium 
phosphate deposition in SBF should be corrected from 30% 
to ≈37%. Surprisingly, the increase in mass of calcium phos-
phate-laden scaffolds in SBF is significantly lower than that of 
the plain scaffolds. It is unexpected because HAp has a lower 
solubility and exhibits the highest thermodynamic driving 
force for precipitation from SBF.[43] Additionally, calcium 
phosphate particles incorporated in porous silica/collagen 
materials served usually as germs for heterogeneous apatite 
nucleation.[26,27]

Although brushite has a significantly better solubility, the 
process of reprecipitation from the supersaturated SBF suggests 
a stronger increase in mass. The integration of calcium phos-
phate phases during the scaffold preparation caused probably a 
saturation of binding sites, which thus are no longer available 
for apatite precipitation in the course of bioactivity investiga-
tions. The electrostatic interaction of NH3

+ of the polymer and 
HPO4

2− was analyzed to be strongly pH dependent.[44] The 
altered morphology of apatite deposited after incubation in SBF 
is a strong indicator for this interaction. The latter have clearly 
a dendritic 2D shape on CA70/500 in contrast to scaffolds  
initially laden with calcium phosphates.

The currently achieved state of the chitosan scaffolds allows 
further studies like mono- and cocultures of osteoblasts and 
osteoclasts, in order to prove the suitability of the chitosan scaf-
folds for bone regeneration. The present step of establishing 
the scaffold production process allows a more refined modifica-
tion with chitin and chitosan binding proteins, as they appear 
in crustaceans. This includes proteins of the hemolymph of 
crayfish, which have great potential in support of chitosan 
mineralization.[8,9] Therefore, they might be used in order to 
influence and enhance bone formation. The influence on min-
eralization might serve as an indirectly manipulable influence 
on osteoblasts and osteoclasts. Therefore, it was necessary to 
develop a 3D-porous carrier system at first, which is easily 
modifiable to the end that hemolymph proteins or other appro-
priate peptides are introduced during scaffold production. The 
scaffold modification with proteins during in situ crosslinking 
should be compared to postproduction dip-coating, to investi-
gate altered protein functionality. The presented chitosan scaf-
folds provide a good basis for that.

5. Conclusions and Outlook

In conclusion, the present study introduces the in situ 
crosslinking process to produce one- and two-phase chitosan 
scaffolds. Microscopy and mechanical tests revealed that it was 
possible to produce a homogeneous 3D-porous scaffold by the 
newly established method and subsequently freeze-drying. 
Unfortunately, it was not possible to manipulate the bioactivity 
of the chitosan scaffolds by calcium phosphate phases. The 
chitosan itself functions as a heterogeneous nucleating agent 
and thus stimulates apatite deposition. It was shown that the 
bioactivity of the chitosan scaffolds was strongly dependent on 
the liquid exchange, which somewhat questions the assessment 
of bioactivity of biomaterials by incubation experiments. It was 

shown that a decrease in calcium ion concentration due to cal-
cium phosphate precipitation could be partly compensated by 
regular liquid exchange. The high surface area of the produced 
scaffolds seems to be advantageous for protein and peptide 
modification, planned for further studies as well as cell culture 
investigations.

Acknowledgements
The authors are grateful to Beate Katzschner for technical assistance. 
This work was part of German-Israeli Cooperation in Biotechnology 
(BIO-DISC 7). The authors gratefully acknowledge the Federal Ministry 
of Education and Research (BMBF) for financial support (13GW0025).

Conflict of Interest
The authors declare no conflict of interest.

Keywords
bioactivity, bone substitute material, chitosan, compressive strength, 
crosslinking, scaffold

Received: March 21, 2017
Revised: May 18, 2017

Published online: 

[1] M. N. Kumar, R. A. A. Muzzarelli, C. Muzzarelli, H. Sashiwa,  
A. J. Domb, Chem. Rev. 2004, 104, 6017.

[2] S. Levengood, M. Zhang, J. Mater. Chem. B 2014, 2, 3161.
[3] J. Berger, M. Reist, J. M. Mayer, O. Felt, N. A. Peppas, R. Gurny, Eur. 

J. Pharm. Biopharm. 2004, 57, 19.
[4] R. A. A. Muzzarelli, Carbohydr. Polym. 2009, 77, 1.
[5] R. A. A. Muzzarelli, G. Barontini, R. Rocchetti, Biotechnol. Bioeng. 

1976, 18, 1445.
[6] I. Migneault, C. Dartiguenave, M. J. Bertrand, K. C. Waldron, 

BioTechniques 2004, 37, 790.
[7] B. Bellich, I. D. Agostino, S. Semeraro, A. Gamini, A. Cesàro,  

Mar. Drugs 2016, 14, 99.
[8] L. Glazer, A. Sagi, Invertebr. Reprod. Dev. 2012, 56, 57.
[9] J. Tynyakov, S. Bentov, S. Abehsera, G. Yehezkel, Z. Roth, I. Khalaila, 

S. Weil, A. Berman, I. Plaschkes, M. Tom, E. D. Aflalo, A. Sagi,  
J. Exp. Biol. 2015, 218, 3487.

[10] S. Bentov, E. D. Aflalo, J. Tynyakov, L. Glazer, A. Sagi, Sci. Rep. 2016, 
6, 22118.

[11] R. A. A. Muzzarelli, Carbohydr. Polym. 2011, 83, 1433.
[12] M. Rinaudo, Prog. Polym. Sci. 2006, 31, 603.
[13] W. W. Thein-Han, R. D. K. Misra, Acta Biomater. 2009, 5, 1182.
[14] G. Toskas, C. Cherif, R.-D. Hund, E. Laourine, B. Mahltig, A. Fahmi, 

C. Heinemann, T. Hanke, Carbohydr. Polym. 2013, 94, 713.
[15] R. A. A. Muzzarelli, M. Guerrieri, G. Goteri, C. Muzzarelli, T. Armeni, 

R. Ghiselli, M. Cornelissen, Biomaterials 1994, 15, 1075.
[16] Z. Li, H. R. Ramay, K. D. Hauch, D. Xiao, M. Zhang, Biomaterials 

2005, 26, 3919.
[17] G. L. Jones, A. Motta, M. J. Marshall, A. J. El Haj, S. H. Cartmell, 

Biomaterials 2009, 30, 5376.
[18] S. V. Madihally, H. W. Matthew, Biomaterials 1999, 20,  

1133.

Macromol. Mater. Eng. 2017, 1700147



© 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1700147 (13 of 13)

www.advancedsciencenews.com www.mme-journal.de

[19] A. Oyane, H.-M. Kim, T. Furuya, T. Kokubo, T. Miyazaki,  
T. Nakamura, J. Biomed. Mater. Res. A 2003, 65, 188.

[20] J. Venkatesan, S. K. Kim, Mar. Drugs 2010, 8, 2252.
[21] S. Deepthi, J. Venkatesan, S.-K. Kim, J. D. Bumgardener, R. Jayakumar,  

Int. J. Biol. Macromol. 2016, 93, 1338.
[22] C. Heinemann, S. Heinemann, A. Lode, A. Bernhardt, H. Worch,  

T. Hanke, Biomacromolecules 2009, 10, 1305.
[23] P. R. Klokkevold, L. Vandemark, E. B. Kenney, G. W. Bernard,  

J. Periodontol. 1996, 67, 1170.
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