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Abstract A cross-linking reagent is required to improve
mechanical strength and degradation properties of bio-
polymers for tissue engineering. To find the optimal pre-
parative method, we prepared diverse genipin-cross-linked
chitosan/collagen scaffolds using different genipin con-
centrations and various cross-linking temperatures and
cross-linking times. The compressive strength increased
with the increasing of genipin concentration from 0.1 to
1.0%, but when concentration exceeded 1.0%, the com-
pressive strength decreased. Similarly, the compressive
strength increased with the increasing of temperature from
4 to 20°C, but when temperature reached 37°C, the com-
pressive strength decreased. Showing a different trend from
the above two factors, the effect of cross-linking time on
the compressive strength had a single increasing tendency.
The other results also demonstrated that the pore size,
degradation rate and swelling ratio changed significantly
with different cross-linking conditions. Based on our study,
1.0% genipin concentration, 20°C cross-linking tempera-
ture and longer cross-linking time are recommended.
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1 Introduction

Articular cartilage is an important component of the mus-
culoskeletal system and often suffers injuries (caused by
trauma, disease, and age-related degeneration) that may
result in unbearable pain and dysfunction [1, 2]. Due to the
presence of relatively few cells with low mitotic activity, a
low supply of progenitor cells and a lack of vasculariza-
tion, the adult cartilage tissue has limited self-repair
capability [3]. To overcome these biological limitations,
many surgical procedures such as drilling, abrasion, and
microfracture of the subchondral bone have been applied
[4, 5]. Although the repaired tissue seems in some cases
satisfactory and can decrease pain and morbidity in the
short term, the repaired tissue differs in its mechanical
properties in comparison with native articular cartilage,
and therefore the long-term repairing effects of such
methods are barely satisfactory [6, 7]. Other techniques for
cartilage repair have included the transplantation of allo-
graft or autograft cartilage in an effort to restore tissue
function. However, the uncertain long-term efficacy and
significant morbidity with the donor site of autograft car-
tilage in the joint limit the application of these techniques
[7, 8].

Tissue engineering is a promising therapeutic approach
that combines cells, biomaterials, and environmental factors
to induce differentiation signals into surgically transplan-
table formats to promote tissue repair and/or functional
restoration. The ultimate goal of tissue engineering is to
regenerate the native architecture and function of the tar-
geted tissue. The introduction of tissue engineering tech-
niques in the reconstruction and regeneration of cartilage
has shown great potential [7, 9]. In tissue engineering
techniques, the regeneration of any tissue is achieved by
culturing isolated cells on biocompatible and biodegradable
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materials as scaffolds onto which cells are seeded and
induced to proliferate [10]. A large number of studies have
shown the importance of selecting appropriate biomaterials
as scaffolds to support cell adhesion and proliferation
[11-13].

Chitosan has recently received much attention in the
field of biomaterial research because of its special prop-
erties, its inexpensive, abundant supply, and its wide range
of uses, from the food industry to the biomedical and
pharmaceutical fields [14]. Chitosan is a partially deacet-
ylated derivative of chitin, which is the primary structural
polymer in arthropod exoskeletons, shells of crustaceans,
or the cuticles of insects [15]. As a semi-crystalline poly-
saccharide, it is normally insoluble in aqueous solutions
above pH 7. But in dilute acids (pH 6), its free amine
groups are protonated and the molecule becomes soluble.
This pH-dependent solubility provides a convenient
mechanism for processing under mild conditions [16].
Chitosan is proven to be nontoxic, biodegradable, and
biocompatible, and has structural similarities to glycos-
aminoglycans (GAG), which are an important structural
component of the cartilage extracellular matrix (ECM) [17,
18]. As the most abundant protein in cartilage tissue, col-
lagen has been a popular component for use together with
chitosan in recent cartilage repair studies [19]. However,
some major drawbacks of the current scaffolds made of
collagen and/or chitosan are their limited mechanical
strength and and their rapid biodegradation.

In order to improve the mechanical strength of poly-
mers, chemical cross-linking reagents, such as glutaralde-
hyde, formaldehyde, and epoxy compounds, have been
introduced into collagen or chitosan-based scaffolds [20-
22]. However, all these chemical reagents are highly
cytotoxic and may impair the biocompatibility of the cross-
linked biomaterials [23, 24]. For these reasons, much
interest is now directed toward naturally derived cross-
linking reagents with low toxicity.

Genipin is a hydrolytic product of geniposide that can be
isolated from the fruits of Gardenia jasminoides Ellis [25].
It can spontaneously react with the amine groups on amino
acids or proteins to form dark blue pigments [26]. The
cytotoxicity of genipin is significantly lower than that of
chemical cross-linking reagents, and it was reported that
genipin is about 5000-10,000 times less cytotoxic than
glutaraldehyde [27]. Additionally, the biocompatibility of
materials cross-linked by genipin is superior to those cross-
linked by glutaraldehyde or epoxy compounds [28]. Most
importantly, the genipin-cross-linked tissue had a compa-
rable mechanical strength and resistance against in vitro
enzymatic degradation to the glutaraldehyde-cross-linked
tissue [28]. Although the application of genipin as a cross-
linking reagent for chitosan-based scaffolds seems pro-
spective, the optimal method has not been established since
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properties of scaffolds can be greatly affected by different
cross-linking conditions.

In the present study, we prepared diverse genipin-cross-
linked collagen/chitosan scaffolds with different genipin
concentrations and various cross-linking temperatures and
cross-linking times. In order to find the optimal preparative
method, the pore sizes, porosity rate, cross-linking index,
swelling ratio, degradation rate, compressive strength, and
biocompatibility of these scaffolds were investigated and
compared.

2 Materials and Methods

2.1 Preparation of genipin-cross-linked collagen/
chitosan scaffolds

Both a 2% (w/v) solution of collagen type II (Sigma, USA)
and chitosan (87.4% degree of deacetylation, 4.66 x 10°
Da molecular weight purchased from Vanson HaloSource,
USA) were prepared in 0.2 M acetic acid. The two solu-
tions were then mixed at a ratio of 1: 3(v/v). These blends
were frozen at —20°C and lyophilized for 12 h in a freeze
dryer (Alphal-2, christ, Germany) to make pre-scaffolds.
Pre-scaffolds of uniform size (6 mm in diameter, 3 mm
in thickness) were divided into several groups (as in
Table 1) and cross-linked by immersion in 10 ml of 40%
(v/v) ethanol containing different concentrations (0.1%,
0.5%, 1.0%, 1.5%, 2.0%) of genipin (Wako Pure Chemical
Industries, Ltd., Japan) for different time periods (6 h,
12 h, 18 h, 24 h) at different temperatures (4°C, 20°C,
37°C). In order to observe the effects of each single factor
(genipin concentration, cross-linking time or cross-linking
temperature) on the properties of the scaffolds, two con-
ditions (e.g. 0.1% concentration, 6 h or 4°C) were kept
constant while the third condition was altered to determine

Table 1 Division conditions

Groups Genipin Cross-linking  Cross-linking

concentration time temperature

A 0.1% 6 h 4°C
B 0.5% 6 h 4°C
C 1.0% 6h 4°C
D 1.5% 6h 4°C
E 2.0% 6 h 4°C
F 0.1% 12 h 4°C
G 0.1% 18 h 4°C
H 0.1% 24 h 4°C
I 0.1% 6 h 20°C
J 0.1% 6 h 37°C
K 0 0 0
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the effects of that condition. After being cross-linked,
scaffolds of different groups were washed with distilled
water and immersed in a saturated solution of glycine.
When the color of the solution no longer changed, the
scaffolds were removed and neutralized with 0.1 M
Na,HPO, (pH 9.1) for 1 h. The excess base was removed
by repeated washing with distilled water until the matrix
pH returned to the physiologic range (7.0-7.4), and
then the matrix was freeze-dried for the subsequent
experiments.

2.2 Mechanical test

Scaffolds of different groups were made into cylinder
samples of 10 mm in diameter and 20 mm in height
(n = 5). The mechanical test was performed when the
specimens were completely dried. The mechanical test was
analyzed in a materials testing machine (MTS-858, MTS
System Inc, USA) by compression in the vertical direction
at a deformation rate of 5 mm/min until failure at 20°C.
The compressive strength was calculated by S = F.x/A,
where F, ., is the maximum load on the load-deformation
curve and A is the cross-sectional area of each sample.

2.3 Observation of porosity and pore size

Scaffolds of different groups were mounted onto aluminum
stubs, followed by coating with gold—palladium. A scan-
ning electron microscope (SEM, S-3000N, Hitachi, Japan)
was used to perform the morphological analysis. The
porosity was estimated by liquid displacement methods
[29]. The pore sizes of scaffolds were determined by a
mercury intrusion porosimeter (AutoPore IV 9500,
Micromeritics, USA) as reference [30] with a fling pressure
changing from 3.4 to 413.7 MPa.

2.4 In vitro degradation

The in vitro degradation was determined in 25 ml PBS
containing 37.5 png of lysozyme (Sigma-Aldrich, Canada)
at 37°C. The concentration of lysozyme was chosen to
correspond to the concentration in human serum [15].
Briefly, scaffolds (n = 5) with a known dry weight of each
group were sterilized by ethylene oxide and incubated in
the lysozyme solution with gentle mechanical agitation.
The lysozyme solution was refreshed daily to ensure con-
tinuous enzyme activity. After 7, 14, 21 and 28 days,
scaffolds were removed from the solution, rinsed with
distilled water, dried under a vacuum and weighed. The
extent of in vitro degradation was calculated according to
the following equation: D = [(W, — W)/Wy] x 100%,
where D is the degradation rate, Wy is the initial dried

weight of the scaffold and W, is the dried weight of the
scaffold after degradation.

2.5 Determination of the cross-linking degree (CD)

CD was determined by the ninhydrin (NHN) assay [31].
NHN solution was prepared as follows: Solution A: 25 ml
deionized H,O containing 1.05 g citric acid, 0.4 g NaOH
and 0.04 g SnCl,-2H,0; Solution B: 25 ml ethylene glycol
monomethyl containing 1 g NHN. The two solutions were
mixed with stirring for 45 min. The final NHN solution
was stored in a dark bottle. Before determination, the
scaffolds were weighed and a 5 mg sample from each
different groups was heated to 100°C in a water bath with
4 ml NHN solution for 20 min. The solution was then
cooled down to 20°C, diluted with 5 ml 50% isopropanol,
and the optical absorbance of the solution at 570 nm was
measured using a spectrophometer (UV-210, Hitachi,
Japan). After heating with NHN, the amount of free amino
groups in the test sample was proportional to the optical
absorbance of the solution. The concentration of free NH,
groups in the sample was determined from a standard curve
of the glycine concentration versus absorbance. The mea-
sured concentration was divided by the sample weight and
multiplied by the sample molecular weight to obtain the
mole NHj/mole sample. The CD of the sample was cal-
culated using the following equation: CD = [(NHN reac-
tive amine)pey, — (NHN reactive amine) gyeql/(NHN
reactive amine)geq, X 100%, where ‘fresh’ is the mole
fraction of free NH, in non-cross-linked samples and
‘fixed’ is the mole fraction of free NH, remaining in cross-
linked samples (n = 5).

2.6 Determination of the swelling ratio

The swelling ratio was determined by immersion in phos-
phate buffered saline (PBS) (pH 7.4) at 20°C with gentle
shaking as reference [32]. Twenty-four hours later, the
weight of the swollen scaffold was measured and the
swelling ratio was calculated with the following equation:
E,, = [(W,, — Wo)/Wyl x 100%, where Ej,, is the swell-
ing ratio of the scaffold, Wy is the initial dried weight of the
scaffold and W, is the weight of the swollen scaffold
(n=235).

2.7 Cell isolation

Bone marrow-derived cells (BDCs) and adipose tissue-
derived cells (ADCs) were used to observe the biocom-
patibility of these scaffolds. BDCs were obtained from the
os longum of female white New Zealand rabbits aged
between 8 and 12 months, weighting between 2.5 and
3.3 kg (all animal procedures used in the current study
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were approved by our institutional animal care committee)
as reference [33]. Briefly, the rabbits were anesthetized
with an intramuscular administration of ketamine (50 mg/
kg) and xylazine (10 mg/kg). Under general anesthesia, the
bone marrow was aspirated from the tibia using a 10 ml
syringe containing 0.1 ml heparin (3000 U/ml saline
solution), with a 16-gauge needle. The marrow aspirates
were suspended in PBS, centrifuged, and resuspended in a
control medium of Dulbecco’s modified Eagle’s medium
(DMEM; Sigma, USA) supplemented with 1% antibiotics/
antimycotics (final concentration: penicillin 100 units/ml,
100 pg/ml streptomycin and 0.25 pg/ml amphotericin B)
and 10% PBS. The cells were plated at a concentration of
2 x 10° nucleated cell/cm” in flasks. The non-adhenrent
cells were removed by changing the medium. The cells
were cultured at 37°C in a humidified atmosphere of 5%
CO, containing 10% fetal bovine serum (FBS; HyClone,
USA) and 1% penicillin/streptomycin. The medium was
changed every 3 days. Cell subcultures of the third passage
were used in the experiments. The ADCs were prepared as
described previously with modifications [34]. The adipose
tissue of female white New Zealand rabbits (between 8 and
12 months) was washed two times with PBS. After cen-
trifugation at 1500 rpm for 5 min, the resultant adipose
tissue was digested for 30 min at 37°C with 15 ml of
0.075% collagenase type II (Sigma, USA) and then 15 ml
of DMEM containing 10% FBS. The fiber fragments and
tissue debris were separated by 100 pm nylon filters. The
filtered cells were suspended in DMEM containing 10%
FBS and then plated in a tissue culture flask. The non-
adherent cells were removed by replacing the medium at
72 h. The culture medium (DMEM with 10% FBS, 100 U/
ml penicillin, and 100 g/ml streptomycin) was changed
every 3—4 days during the culture. Adherent ADCs were
rinsed thoroughly with PBS and detached with 0.05%
trypsin- EDTA. Cell subcultures of the third passage were
used in the experiments.

2.8 Cytotoxicity assay

In order to evaluate the cytotoxicity of the scaffold, BMCs
or ADCs were seeded at a density of 3 x 10* cells/well in
12-well plates in stationary conditions. Prior to cell culture
experiments, 12-well plates were placed under UV light for
30 min for sterilization. Scaffolds of different genipin con-
centrations (0, 0.1%, 0.5%, 1%, 1.5% and 2%), having 6 mm
diameter and 3 mm thickness, were sterilized by gamma
radiation at 25 KGy for 1 h. Then scaffolds were immersed
in conditioning medium for 1.5 h prior to cell seeding. The
cells were kept in a 37°C, 5% CO, environment. The 3-(4,
5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide
(MTT) assay was performed for different time periods:
1,3, 5,7 and 14 days as follows. The cell-seeded scaffolds
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(n = 5) were rinsed in 0.15 M PBS and immersed in a
mixture consisting of serum-free cell culture medium and
MTT reagentat a 5:1 ratio. The incubation was performed for
3 hat 37°C in a humidified atmosphere containing 5% CO,.
After this, 100 pl of cells were transferred to 96-well plates
and the optical absorbance values were determined at
490 nm. Cells cultured without scaffolds were used as a
control.

2.9 Cell adhesion and morphology by SEM

Cell adhesion, morphology, and average distribution were
observed by SEM analysis. The cell-scaffold constructs
were washed in 0.15 M PBS and fixed in 2.5% glutaral-
dehyde (in PBS). The samples were then rinsed three times
in PBS and subjected to a series of increasing ethanol
conditions (from 30 to 100%), 10-15 min each, to allow
dehydration of the samples. The samples were allowed to
air dry afterward, and then they were sputter coated with
gold and analyzed with the S-3000N SEM.

2.10 Statistical analyses

Statistical analyses were performed using SPSS software,
version 12.0 (SPSS Inc, USA). The data are presented as
means £ SD, and the levels were compared by the non-
parametric Mann—Whitney U test or the Student’s ¢-test.
P values less than 0.05 were considered as significant.

3 Results
3.1 Mechanical testing

As shown in Fig. la, under the initial condition, the com-
pressive strength increased greatly when the genipin con-
centration increased from 0.1 to 1.0% (P < 0.05), but when
the genipin concentration was between 1.0 and 2.0%, the
compressive strength decreased significantly (P < 0.05).
Under the initial condition, the compressive strength sig-
nificantly increased from 6 to 24 h (P < 0.05) (Fig. 1b).
The compressive strength varied with temperature. The
strength at 20°C was significantly higher than that at either
4 or 37°C (P < 0.05). There were no significant differences
of compressive strength between 4 and 37°C (P > 0.05)
(Fig. 1c¢).

3.2 The porosity and pore size

All the scaffolds showed a three-dimensional (3D) porous
structure. It was observed that pores inside the scaffolds
were interconnected in irregular patterns and the pore size
varied over a large range under different cross-linking
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Fig. 1 a shows that with an increasing genipin concentration, the
compressive strength increased gradually and reached a peak at a
concentration of 1.0% (* P < 0.05). From 1.0 to 2.0%, the compres-
sive strength decreased greatly (* P < 0.05). By contrast, with a
prolonged cross-linking time the compressive strength showed only a
single tendency to increase. The compressive strength under the
cross-linking temperature of 20°C was significantly higher than that
at either 4 or 37°C (* P <0.05). b. There were no significant
differences of compressive strength between 4 and 37°C (* P > 0.05).
¢ Values represent the mean (n = 5) & SD. * P < 0.05 non-para-
metric Mann—Whitney U test and the Student’s t-test

conditions. Both the genipin concentration and cross-link-
ing temperature greatly affected the final porous structures
of the scaffolds (Fig. 2). The pore size of the scaffold
increased gradually with increasing genipin concentration
(P < 0.05) (Fig. 3a). Similarly, the pore size of the scaffold
also increased with increasing cross-linking temperature
(P < 0.05) (Fig. 3c). However, the pore size did not

change much with increasing cross-linking time (P > 0.05)
(Fig. 3b). The porosity rate showed the same changing
tendency as the pore size. With increasing genipin con-
centration, the porosity rate of the scaffold increased
gradually (P < 0.05) (Fig. 4a). Similarly, the porosity rate
also increased with increasing cross-linking temperature
(P < 0.05) (Fig. 4c). However, the porosity rate did not
change much with increasing cross-linking time (P > 0.05)
(Fig. 4b).

3.3 In vitro degradation

The degradation rates of all cross-linked scaffolds were
significantly lower than that of the control (uncross-linked
scaffold) at different defined conditions (P < 0.05). An
accelerated mass loss was observed at the 0.1% genipin
concentration from 7 to 28 days (P < 0.05). Using a con-
centration of 0.5% or 1.0%, there was no significant mass
loss from 7 to 28 days (P > 0.05). By contrast, with con-
centrations of 1.5% and 2.0%, the degradation did not
change much from 7 to 21 days (P > 0.05), but both
degradations showed a sudden increase from 21 to 28 days
(P < 0.05) (Fig. 5a). Under the initial condition, the deg-
radation rate decreased with an increasing cross-linking
time (P < 0.05) (Fig.5b). The degradation rate also
decreased with an increase of the cross-linking temperature
(P < 0.05) (Fig. 5¢).

3.4 Determination of the cross-linking degree (CD)

All of the cross-linked scaffolds turned dark-bluish. The
color deepened with the increase of genipin concentration
and the cross-linking time. As shown in Fig. 6a, under the
initial condition, the cross-linking degree increased grad-
ually when the genipin concentration increased from 0.1 to
1.0% (P < 0.05), but not from 1.0 to 2.0% genipin solution
(P > 0.05). Figure 6¢ also shows that the cross-linking
degree changed greatly with the cross-linking temperature.
The cross-linking degree of either 20 or 37°C was signif-
icantly higher than that of 4°C (P < 0.05). Also, the cross-
linking degree of 37°C was significantly higher than that of
20°C (P < 0.05). Under the initial condition, the cross-
linking degree increased with the prolongation of the cross-
linking time (P < 0.05) (Fig. 6b).

3.5 Swelling ratio

The swelling ratio of each cross-linked scaffold was much
lower than that of the control (uncross-linked) (P < 0.05).
The swelling ratios of the scaffolds significantly decreased
with the increase of both cross-linking time and tempera-
ture (P < 0.05). The swelling ratio also decreased with
increasing genipin concentrations from 0.1 to 1.0%
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Fig. 2 All of the scaffolds showed a three-dimensional (3D) and
porous structure. The pore wall of the uncross-linked scaffold was
paper-like (arrow) with a smaller pore size and porosity (a). With an
increasing genipin concentration (b) and cross-linking temperature
(c), the pore size became larger. At a temperature of 37°C, the pores

(P <0.05), but from 1.0 to 2.0%, the swelling ratio
changed only a little (P > 0.05) (Fig. 7).

3.6 Cytotoxicity assay

MTT was performed to assess the cell viability at different
defined time periods. The scaffolds showed a slight
inhibitory effect on the viability of BDCs, and this effect
was not independent of the genipin concentration. From 5
to 14 days, the MTT results of all the scaffold groups were
lower than that of the control group (without scaffold)
(P < 0.05) (Fig. 8a). On the contrary, it can be observed
that the ADCs were able to remain viable within the
scaffolds during the entire experimental time, although it
seemed that the MTT of the scaffold groups was a little
lower than that of the control group (without scaffolds) at
the 1 and 3 days time points (P > 0.05). There were no
differences in the values among the different scaffold
groups from 1 to 14 days (P > 0.05) (Fig. 8b).

3.7 Cell adhesion and morphology by SEM
SEM analysis revealed that ADCs were well adhered onto

the scaffold surface and appeared to be morphologically
normal throughout the entire experiment. From the SEM
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of the scaffold became broken and many fissures were formed on the
surface of the pore walls (arrow, ¢). The pore size showed no changes
with an increase of cross-linking time, and 12 h later the pore wall
became thicker (arrow, d)

picture obtained at 1 week it was clear that cells adhered to
the scaffolds and spread along its structure, forming mul-
tilayers. Cell morphology was still clearly fibroblastic-like,
with extensive cell-to-cell interactions (Fig. 9b). On the
contrary, BDCs could seldom be found on the surface of
the scaffolds (Fig. 9a).

4 Discussion

An ideal scaffold for cartilage tissue engineering should
maintain sufficient mechanical strength and a stable 3D
structure during the in vitro and in vivo growth and
remodeling process. Many factors, including the concen-
tration of components and the cross-linking reagents, cross-
linking time, composition of the solvent mixture, and
cross-linking temperatures as well as freezing tempera-
tures, affected the final mechanical strength and the porous
structure of scaffolds made of polymers [35-37]. Thus, in
order to yield ideal polymer scaffolds, the optimal cross-
linking condition should be investigated.

Based on our knowledge of cross-linking, we proposed a
hypothesis that the compressive strength of the polymer
material should increase with the development of the
cross-linking reagent. But in this study, we found that the
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cross-linking reagent genipin caused unexpected effects on
the compressive strength of chitosan/collagen scaffolds.
Mechanical tests showed that with concentrations between
0.1 and 1.0%, the compressive strength of the scaffold
increased gradually. However, at the concentrations from 1.0
to 2.0%, the compressive strength decreased significantly.
To explain the discrepancy between the results of the
mechanical test and our presumption, further investigations
were performed. By SEM observation and pore size mea-
surement, an interesting phenomenon was revealed: with an
increasing genipin concentration, the average pore size of
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Fig. 4 The porosity rate increased gradually with an increase of both
the genipin concentration (a) and the cross-linking temperature
(¢) (* P <0.05). However, the porosity rate hardly changed with
increasing cross-linking time * P> 0.05) (b). Values represent the
mean (n=5)+ SD. * P <0.05 non-parametric Mann—Whitney
U test

the scaffold also increased. It has been reported that the
mechanical strength of a porous scaffold depends mainly on
its pore size, and smaller pores are helpful to enhance the
biomechanical strength of engineered constructs [36]. It is
also well known that cross-linking is an oxidation reaction
between active chemical groups that could improve the
mechanical strength by forming chemical bonds between
the polymers [38]. Thus, two contradictory effects were
taking place during the cross-link process: on the one hand,
the cross-linking reaction increased the mechanical strength
of the scaffold due to the formation of chemical bonds; on
the other hand, the mechanical strength was decreased due
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Fig. 5 An accelerated mass loss was observed at a genipin concen-
tration of 0.1% from 7 to 28 days (P < 0.05). At concentrations of
0.5% and 1.0%, there was no significant mass loss from 7 to 28 days
(P > 0.05). At concentrations between 1.5 and 2.0%, the degradation
hardly changed from 7 to 21 days and suddenly increased from 21 to
28 days (P < 0.05) (a). Under the initial condition, the degradation
rate decreased with an increasing cross-linking time and cross-linking
temperature (P < 0.05) (b—c). The degradation rate of all cross-linked
scaffolds was significantly lower than that of the uncross-linked one
(P < 0.05). Values represent the mean (n = 5) £ SD. * P < 0.05
non-parametric Mann—Whitney U test

to the gradually enhanced pore size of the scaffold. The final
mechanical strength then seemed to be determined by the
balance between the two effects. When the cross-linking
reagent was at lower concentrations (from 0.1 to 1.0%), the
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Fig. 6 Under the initial condition, the cross-linking degree increased
from 0.1 to 1.0% genipin (* P < 0.05), and it did not change much
from 1.0 to 2.0% genipin (* P > 0.05) (a). However, under the initial
condition, the cross-linking degree increased significantly with an
increase of both cross-linking time and cross-linking temperature
(* P <0.05) (b—c). Values represent the mean (n=5) =+ SD.
* P < 0.05 non-parametric Mann—Whitney U test and the Student’s
t-test

enhancement of cross-linking on the mechanical strength
was stronger than the inhibition caused by the increasing
pore sizes. As a result, the final compressive strength dem-
onstrated an increase. However, when the concentration of
genipin reached 1.5% or more, the pore sizes greatly
increased (on average more than 500 pm) and the inhibitive
effect of cross-linking was enhanced, which finally resulted
in diminished mechanical strength. Moreover, it has been
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Fig. 7 The swelling ratio decreased with increasing genipin concen-
tration, cross-linking time and temperature. The swelling ratio of each
group of cross-linked scaffold was much lower than that of the
uncross-linked one. Values represent the mean (n =5) + SD.
* P < 0.05 non-parametric Mann—Whitney U test and the Student’s
t-test

reported that an excessively high concentration (more than
2%) of genipin could cause the cross-linking to occur only in
the outer layers of the scaffold, and the cross-linking of the
inner layers would be limited and insufficient, resulting also
in a decrease of the final mechanical strength of the bio-
material [31, 32].

Similarly, direct observation revealed that the average
pore size was also enlarged with an increasing cross-link-
ing temperature. The enhancement of temperature also
contributes to the reaction of cross-linking [39]. Thus, the

OD values
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Fig. 8 The optical absorbance (OD) values of BDCs cultured with
scaffolds of different genipin concentrations were significantly lower
than that of the control group (¥ P < 0.05) (a). No differences in
values were detected between the entire scaffold groups and the
control group when the ADCs were cultured (* P > 0.05) (b). Values
represent the mean (n = 5) £ SD. * P < 0.05 non-parametric Mann—
Whitney U test and the Student’s #-test

changes of mechanical strength caused by cross-linking
temperature could also be explained as follows: under
lower temperatures, such as 4°C and 20°C, the negative
effect of increasing pore sizes on the mechanical strength
was lower than the positive effect of cross-linking, result-
ing in an increase in the compressive strength from 4 to
20°C; but at 37°C, the pore sizes were greatly enlarged,
which caused a decline in the compressive strength.
Moreover, at 37°C, the structure of the scaffold was found
to be broken and many fissures had formed on the surface
of the pore walls, which may also explain the decrease of
compressive strength.

In contrast to the effects of genipin concentration and
cross-linking temperature, the influence of cross-linking
time on the mechanical strength corresponded with our
presumption, which was that the mechanical strength would
increase with a prolonged cross-linking time. It was reported
that the cross-linking mechanism consists of two reactions,
involving different sites on the genipin molecule [25, 40].
The first step is the nucleophilic attack of the genipin C3
carbon atom from a primary amine group to form an
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Fig. 9 Few MDCs could be found on the surface of the scaffold (a).
By contrast, ADCs were well adhered to the scaffold surface and
appeared to be morphologically normal throughout the entire
experiment (b)

intermediate aldehyde group. The newly formed secondary
amine reacts with the aldehyde group to form a heterocyclic
compound. The following step is a nucleophilic substitution
reaction that involves the replacement of the ester group on
the G molecule by a secondary amide linkage. The reaction
is complicated by the oxygen radical-induced polymeriza-
tion of genipin that occurs once the heterocyclic compound
has formed, giving the gel a blue color. Under certain con-
ditions, i.e., the same concentration and temperature, pro-
longing the cross-linking time is helpful to make the
reaction sufficient. Moreover, increasing the cross-linking
time seemed to have little influence on the pore sizes of the
scaffolds according to our direct measurement. Thus, the
compressive strength showed a tendency to increase with
increased cross-linking time.

The degradation rate is another important index for the
evaluation of scaffolds. In this study we found that the
degradation rate at early stages (from 7 to 21 days) seemed
to have an inverse relationship with the cross-linking
degree, i.e., the degradation ratio decreased with an
increasing cross-linking degree. In this study, the cross-
linking degree was detected by the NHN assay, which
determines the percentage of free amino groups remaining

@ Springer

in the material after cross-linking. It has been reported that
genipin can undergo a ring-opening reaction to form an
intermediate aldehyde group due to the nucleophillic attack
by the amino groups in chitosan [41]. Thus, the determina-
tion of the percentage of free amino groups remaining in the
material after cross-linking could reflect the degree of the
cross-linking reaction. Our data demonstrated that chitosan
was cross-linked by genipin, and the degree of cross-linking
increased with an increasing genipin concentration, cross-
linking temperature or cross-linking time. It was also
observed that the color of the genipin cross-linked chitosan/
collagen scaffold turned dark-bluish, and the bluish color
could be attributed to double bonds in the genipin cross-
linking molecules [32]. The gradual deepening of the color
also revealed an increasing degree of cross-linking.

The swelling ratio is an important index used to evaluate
the structural stability of the scaffold. Since chitosan con-
tains hydroxyl and amino groups, it is readily hydrated in
water, which will affect the prefabricated structure of the
scaffold. Cross-linking can change the hydrophilicity of the
scaffold and decrease the swelling ratio, which will con-
tribute towards maintaining the structural stability of the
scaffold [32]. Our results revealed that all three factors
(concentration, temperature and time) could greatly change
the swelling ratio of the chitosan/collagen scaffold. It was
also found that when the concentration of genipin was
increased beyond 1.0%, the swelling ratio stopped chang-
ing. These results are similar to a previous report in which
the swelling of scaffolds decreased with increasing genipin
concentrations up to a certain concentration, but not at
higher concentrations [31]. The reason that higher con-
centrations of genipin do not decrease the swelling of the
scaffold to a greater extent may be that higher concentra-
tions of genipin could react and cross-link only with the
outer layers of the scaffold. Subsequently, once the outer
layers of the scaffold were cross-linked, the cross-linking
of the inner layers was limited.

In order to investigate the biocompatibility of these
scaffolds, the proliferation of two types of seed cells was
investigated when they were cultured with scaffolds at
different genipin concentrations. Regarding the MTT test,
the results showed that these chitosan/collagen scaffolds
seemed to inhibit the proliferation of BDCs. This inhibition
was independent of the concentration of genipin; however,
it may be a result of a component of chitosan. Chitosan has
been reported to have inhibitory effects on the proliferation
of some cells, including BDCs, and this side effect could be
enhanced with increasing chitosan concentration [42]. It
has been found that the degree of deacetylation (DD) of
chitosan in chitosan—collagen scaffolds is a crucial factor in
determining the biological behavior ofMC3T3-El cells in
vitro. The chitosan—collagen scaffolds with low-DD
chitosan (50%) had a statistically significantly (P < 0.05)
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higher proliferative effect and ALP activity than those
scaffolds with high-DD chitosan (80%) [43]. The DD of
chitosan used in our study was more than 80%, which
maybe a reason for the inhibitory effect on the proliferation
of BDCs. However, a convincing explanation for this
phenomenon has not yet been proposed. By contrast, the
proliferation of ADCs did not seem to be inhibited in the
presence of both chitosan and genipin, although lower OD
values were detected at an early stage of culture due to the
slower adhesive rate of ADCs at the early stage. With a
prolonged culture time, ADCs showed good morphology,
presenting morphological and proliferative features similar
to those encountered for the blank controls (data not
shown).

5 Conclusion

The properties of the genipin-cross-linked chitosan/colla-
gen can be greatly affected by different genipin concen-
trations, cross-linking temperatures and cross-linking
times. In order to yield optimal mechanical, structural and
biological properties, a genipin concentration of 1.0% and
a cross-linking temperature of 20°C are recommended.
And when both genipin concentration and cross-linking
temperature are kept constant longer the cross-linking time
is effective for the mechanical property.
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