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ABSTRACT 

There is an increasing demand for crosslinking methods of silk fibroin (SF) scaffolds in biomedical applications that 
could maintain the biocompatibility, bioactivity as well as improve the water resistance and mechanical properties of SF 
materials. In this study, SF was crosslinked effectively with genipin which is a naturally occurring iridoid glucoside and 
the crosslinking mechanism was investigated through FTIR and amino acid analysis. The results showed that genipin 
could react with the -NH2 groups on the side chains of SF macromolecules and to form inter- and intra-molecular cova- 
lent bonds, and improved the stability of SF materials significantly. In vitro, the performances of genipin-crosslinked SF 
films were assessed by seeding L929 cells and compared with ethanol-processed SF films, glutaraldehyde and polyeth- 
ylene glycol diglycidyl ether crosslinked ones. The genipin-crosslinked SF films showed a similar affinity to cells as 
ethanol-processed ones, and a higher bioactivity in promoting cell growth and proliferation, inhibition of cell apoptosis, 
and maintenance of normal cell cycle compared with glutaraldehyde and polyethylene glycol diglycidyl ether cross- 
linked SF films. These features, combined with the decrease of brittleness of SF films crosslinked with chemical meth- 
ods, substantiated genipin as an effective and biocompatible agent for the manufacturing of bioactive SF materials 
which used as tissue engineering scaffolds and drug delivery carriers. 
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1. Introduction 

The unique chemical and mechanical properties, impres- 
sive cytocompatibility and bioactivity of silk fibroin (SF) 
materials make silk a popular starting material for tissue 
engineering scaffolds used in skin, blood vessel, bone, li- 
gament, cornea and nerve regeneration [1-4]. 

An SF material prepared with different surface struc- 
ture could induce the proliferation of corneal cells and in- 
crease the cells’ expression of extracellular matrix [5]. 
By altering the treatment method, the surface structure of 
SF membrane could be changed to guide cell adhesion, 
migration, and distribution [6]. The SF materials prepar- 
ed from SF solution which is obtained after dissolving 
the natural SF fibers are usually water dissoluble and 
must be treated to stabilize the SF materials against water 
before they can be used in tissue engineering. A variety 
of treatment methods have been established to process 
SF materials. Physical methods include high-temperature 

processing, methanol/ethanol treatment and ultraviolet 
radiation [7]. These methods could improve the mate- 
rial’s water resistance but may have a negative effect on 
rigidity and brittleness of the scaffold in the dry state [8, 
9]. The common chemical crosslinking agents used in sta- 
bilizing SF materials include glutaraldehyde [10,11], car- 
bodiimide [12], and polyethylene glycol diglycidyl ether 
(PEGDE) [13]. The interaction between the materials and 
the host cells is a key factor in determining the biocom- 
patibility of a material, while the choice of cross-linking 
agent makes a difference in the cytocompatibility of the 
material [14]. There is an increasing demand for a non- 
toxic crosslinking method of SF in biomedical applica- 
tions that could maintain the biocompatibility, bioactivity 
as well as improving the water resistance and mechanical 
properties of SF materials. 

Genipin is an aglycone derivative from an iridoid gly- 
coside called geniposide extracted from Gardenia fruit, 
obtained via enzymatic hydrolysis with β-glucosidase, 
which could display desirable characteristics as a natu- *Corresponding author. 
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rally occurring crosslinking agent [15]. Genipin is known 
to react rapidly with amino acid or proteins to form blue 
pigments, which are used in herbal medicine and the fab- 
rication of food dyes [16,17]. Genipin also exhibits ex- 
cellent cytocompatibility and tissue compatibility in fix- 
ing collagen, gelatin, chitosan, and other tissue engineer- 
ing scaffolds for bone, cartilage, nerve repair, etc. [18- 
24].  

In this work, we present a new stable, biocompatible 
and bioactive SF film which used genipin as a crosslink- 
ing agent, and the crosslinking mechanism was analyzed. 
Glutaraldehyde and PEGDE crosslinked SF films and an 
ethanol-processed SF film were also prepared as control 
samples. These films were used as a support to culture 
L929 cells, and the films’ cytocompatibility were compar- 
ed by measuring cell viability, metabolic activity, cell cy- 
cle, and apoptosis. 

2. Materials and Methods 

2.1. Preparation of SF Films 

Bombyx mori raw silk fibers were purchased from Zhe- 
jiang the Second Silk Co. Ltd. (Huzhou, China). Silk 
fibroin solution was prepared using a chemical degum- 
ming method before dissolution and dialysis. Raw silk fi- 
bers were degummed three times in boiled Na2CO3 solu- 
tion (0.05%) for 30 min and dried in an oven at 60˚C ± 
2˚C after being rinsed thoroughly. The extracted SF fiber 
was then dissolved in a ternary solvent of CaCl2:  
CH3CH2OH:H2O (1:2:8) at 72˚C ± 2˚C for 1 h. Silk fib- 
roin solution was obtained after dialysis in deionized 
water for 4 days. The pure SF film was obtained after 
pouring SF solution into a mold, which was then dried in 
an oven at 60˚C ± 2˚C, the film became insoluble after 
treatment with 75% ethanol for 2 h. The genipin-cross- 
linked film was prepared by dissolving genipin (Sigma) 
in the SF solution with stirring at 37˚C ± 1˚C for 12 h. 
This mixture was then poured into a mold and dried in an 
oven at 60˚C ± 2˚C for 2 h. The glutaraldehyde-cross- 
linked silk film and PEGDE-crosslinked film were ob-
tained using similar methods. Briefly, the SF solution 
was mixed directly with glutaraldehyde (Sigma, 1% of 
the SF weight) or PEGDE (Sigma, 30% of the SF weight) 
and poured into a mold, which was then dried in an oven 
at 60˚C ± 2˚C and stewing for 24 h. The molds used to 
prepare the films were 35 mm in length and 10 mm in 
width. The thickness of manufactured films was about 40 
μm. 

2.2. Characteristics of the Genipin-Crosslinked 
SF Films 

Amino acid analysis, Fourier transform infrared (FTIR) 
spectroscopy and X-ray diffraction were used to evaluate 
the characteristics of the genipin-crosslinked silk films.  

The films were cut into particles and FTIR spectra were 
obtained with a Nicolet Avatar-IR 360 spectrometer after 
preparation of the samples in KBr pellets. The infrared 
spectra covering the amide region (1595 - 1720 cm−1) 
were analyzed by Opus 5.0 software (Bruker, Germany). 
The percentage composition of different secondary struc- 
tures was obtained by peak-differentiation. X-ray diffrac-
tion was performed by X’pert-Pro MPD diffractometer, 
and CuKα radiation with a wavelength of 1.5406 Å was 
used. The scanning speed was 2˚/mm. The diffraction in- 
tensity curves with 2θ from 5˚ to 45˚ were obtained. For 
the amino acid analysis, the uncrosslinked and genipin- 
crosslinked SF films were prepared by hydrolysis in 6 M 
HCl at 110˚C for 18 h and an amino acid analyzer (Hi- 
tachi model 835 - 50) was used to determine the identity 
and quantity of amino acids in the hydrolyzed products. 
Hot-water-solubility tests were also carried following the 
procedure described previously [25]. Briefly, the uncross- 
linked and genipin-crosslinked SF films were immersed 
into deionized water at 37˚C ± 1˚C for 24 h and the 
weight loss was measured after dried in an oven at 105˚C 
± 2˚C.  

2.3. In Vitro Cell Culture 

All the samples were cut into appropriate sizes and irra- 
diated with an exposure dose of 20 kGy by a Co60 irra- 
diator (Institute of Radiation Technique, Soochow Uni- 
versity) followed by thorough rinsing in sterilized phos- 
phate buffered saline (PBS) prior to cell seeding. L929 
cells supplied by the Department of Medicine in Soo- 
chow University were cultured in Dulbecco’s modified 
Eagle’s medium (DMEM, Gibco) with 10% bovine se- 
rum albumin (Gibco) and 1% penicillin/streptomycin 
(Shanghai Sibas) at 37˚C in a humidified atmosphere 
containing 5% CO2. Cultured L929 cells were then tryp- 
sinized and centrifuged at 1000 rpm for 5 min. After dis- 
carding the supernatant, the cells were seeded on the 
membranes at a density of 5 × 104 cells/well in 24-well 
tissue-culture clusters (JET BIOFIL) covered with dif- 
ferent films and incubated in 37˚C incubator. The culture 
medium was replaced daily. 

2.4. MTT Assay 

The cellular viability and mitochondrial activity of viable 
cells on the crosslinked films were determined using a 
methyl thiazolyl tetrazolium (MTT) cell viability assay. 
This assay is a quantitative colorimetric assay of mam- 
malian cell survival and cell proliferation. Viable cells 
with active mitochondria reduce significant amounts of 
MTT, to form an insoluble dark blue formazan product. 
The cell-seeded films were incubated and selected for 
MTT assay on days 1, 3, 5, 7, and 9. The cells were then  
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washed with PBS and incubated in media containing 
MTT (5 mg/ml) for 4 h; formazan crystals produced by 
the cells were dissolved in dimethyl sulfoxide (DMSO). 
The optical density (OD) at 570 nm of formazan was mea- 
sured on a Synergy HT (BIO-TEK) microplate reader 
and the number of viable cells was calculated by con- 
verting the OD values into cell numbers according to a 
standard calibration curve. Eight MTT assay replicates 
were performed for each formulation and culture period 
and the average values were adopted. 

2.5. Cell Metabolism Assay 

The metabolism of L929 cells on the films was measured 
after culturing for 4, 6, and 8 days by the Coomassie bril- 
liant blue assay. Briefly, a standard calibration curve was 
prepared using bovine serum albumin (BSA) as a stan- 
dard solution. Cells seeded on each group of films for 4, 
6 and 8 days were then washed with PBS twice, tryp- 
sinized, and centrifuged. After discarding the supernatant, 
1.2 ml NaOH (0.75 mol/L) was added to each sample 
and allowed to react for 3 min at 100˚C. Then 0.1 ml ly- 
sate was mixed with 5 ml Coomassie brilliant blue dye 
(Honda biotechnology corporation, Beijing) and left to 
stand for 10 min. 2 ml of the mixed medium from each 
sample were analyzed at 605 nm in an ultraviolet spec- 
trophotometer (U-3010). Coomassie brilliant blue dye 
and 100 μl cell lysates were used as blank controls. 

2.6. Flow Cytometric Analysis of Cell Death and 
Apoptosis  

Flow cytometry analysis permits the simultaneous detec- 
tion of necrosis and apoptosis of cells. Samples of L929 
cells cultured on the films for 3 days were digested, col- 
lected, and washed in PBS and centrifuged. They were 
then incubated with 1 × annexin-binding buffer 100, 5 µl 
Alexa Fluor 488 Annexin v, and 2 µl propidium iodide 
(PI) solution (100 µg/ml) for 15 min. Cells were analyz- 
ed using a flow cytometer (FC500) within 24 h and a cell 
column diagram was obtained automatically after analy- 
sis of 1 × 104 cells. 

2.7. Cell-Cycle Analysis  

L929 cells were seeded at a density of 1 × 105 cells/well 
on films within 6-well plates (Biofil). After incubation 
for 3 days, 2 ml trypsin was added to the samples and 
then incubated on a shaker at 300 rpm until all cells were 
detached. The cell suspension was washed with PBS and 
mixed with 70% ethanol at 4˚C overnight. After centri- 
fugation and further washing with PBS, the samples were 
recentrifuged and resuspended in 1 ml PI solution (50 
µg/ml PI, 0.1 mg/ml RNAse A). The cell samples were 
finally incubated for 30 min before computer analysis. 

2.8. Statistical Analysis 

All data were collected in triplicate and expressed as 
mean ± standard deviation. Statistical comparisons were 
performed using analysis of variance (ANOVA), and dif- 
ferences were considered statistically significant at a pro- 
bability of P < 0.05. 

3. Results and Discussion 

3.1. The Crosslinking Mechanism and Molecular 
Conformation of SF Films 

Figure 1 shows the FTIR spectra of the uncrosslinked 
and genipin-crosslinked SF films. New adsorption bands 
at 887 cm−1 and 1107 cm−1 were clearly appeared after 
crosslinking with genipin: 1107 cm−1 represents the stre- 
tching vibration of C-N, where the atom N is the ter- 
tiary atom after the lysine reaction with genipin, while 
887 cm−1 can be considered as the characteristic adsorp- 
tion band of the C-H stretching vibration region on the 
heterocyclic ring in the product. Moreover, adsorption 
band appeared at 1235 cm−1 (amide III) represents a mix- 
ed vibration of CO-N and N-H. This adsorption band and 
characteristic adsorption bands at 1334 cm−1, 1162 cm−1, 
and 1065 cm−1 decreased after the addition of genipin, 
owing to the reaction of the -NH2 on the lysine with the 
genipin. 

Figure 2 shows the crosslinking mechanism of geni- 
pin-crosslinked SF films. The free amine group in the SF 
macromolecule initiated a nucleophilic attack on the ole- 
finic carbon at C-3 of genipin, resulting in the opening of 
the dihydropyran ring and the formation of an aldehyde 
group. A heterocyclic amine intermediate was formed. 
Then the genipin-amino-group monomer was formed 
through the formation of new covalent bonds between 
the aldehyde group and the secondary amine and the 

 

(cm−1)  

Figure 1. FTIR spectra of (a) uncrosslinked SF film and (b) 
genipin-crosslinked SF film. 
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(a) 

 
(b) 

Figure 2. Crosslinking reaction of SF by genipin: (a) forma- 
tion of genipin-amino-group monomer; (b) formation of in- 
termolecular chains in SF. 
 
formation of double linkage in the carbon ortho-position 
(Figure 2 (a)). The blue-pigment polymers were presu- 
mably formed through monomer polymerization (Figure 
2 (b)). Polymerization occurred among genipin mole- 
cules which had already reacted with free amino in SF 
and then inter-molecular covalent bonds were formed 
among SF molecules. Polymerization may also occur 
among genipin molecules prior to undergoing crosslink- 
ing with SF. Finally, inter-molecular and intra-molecular 
cross-links with cyclic structures were formed in the silk 
fibroin. 

Previous studies on the molecular conformation of SF 
revealed that the α-helix usually exhibits characteristic 
absorption bands at 1650 - 1655 cm−1 (amide I), 1525 - 
1540 cm−1 (amide II), 1266 cm−1 (amide III), and 669 
cm−1 (amide V), while β-sheets have characteristic bands 
at 1620 - 1635 cm−1 (amide I), 1530 cm−1 (amide II), 
1230 - 1235 cm−1 (amide III) and 700 cm−1 (amide V); 
absorbance bands at 1655 - 1660 cm−1 (amide I), 1535 - 
1545 cm−1 (amide II), 1235 cm−1 (amide III), and 650 
cm−1 (amide V) were assigned to the random coil confor- 
mation [26]. Figure 1 showed that the adsorption bands 
of amide I migrated from about 1645 cm−1 to 1635 cm−1 

and the adsorption band of amide V migrated from about 
680 cm−1 to 700 cm−1, indicating that the proportion of β- 
sheet increased and that of random coils decreased after 
genipin crosslinking. The content of β-sheet increased 
significantly from about 12.0% to 24.1% after genipin 
crosslinking (Table 1). These results indicated that ge- 
nipin could play the role of a chemical cross-linker as well 
as inducing SF molecular formation translates from ran- 
dom coil and/or α-helix to β-sheet. 

The main diffractions of α-form structure of silk fib- 
roin are at 12.2˚ (d = 7.25 Å, medium strong), 19.7˚ (d = 
4.5 Å, strong), 24.7˚ (d = 3.60 Å, medium), 28.2˚ (d = 
3.16 Å, medium); and those of β-sheet conformation are 
at 9.1˚ (d = 9.7 Å, medium strong), 18.9˚ (d = 4.69 Å, 
medium strong), 20.7˚ (d = 4.30 Å, very strong) and 
24.3˚ (d = 3.67 Å, medium strong) [27]. 

The uncrosslinked SF film showed arc-shaped scatter- 
ing at around 20˚ and weak diffraction at around 12.2˚ 
(Figure 3), indicating the aggregation structure was main- 
ly amorphous structure with a little α-form structure. The 
genipin crosslinked SF film showed strong and sharp 
diffraction at around 20.7˚ and weak diffraction at around 
24.3˚ which demonstrated that the content of β-sheet 
conformation increased after genipin crosslinking. These 
results also showed that genipin could induce the con- 
formational transformation of SF from random coil and/ 
or α-form to β-sheet which was consistent with FTIR 
spectroscopy. 

3.2. Amino Acid Composition of SF Films 

The content of lysine and tyrosine in SF decreased from 
0.41% and 11.56% to 0.18% and 9.10% respectively 
after genipin crosslinking, while the content of other ami- 
no acid showed no obvious decrease (Table 2). This re- 
sult further proved the occurrence of a crosslinking reac-  

 
Table 1. Molecular conformation of SF films derived from 
deconvoluted amide I regions of the FTIR spectra. 

Conformation content of SF films (%)
Samples 

β-sheet random coil α-helix β-turn

Pure SF film 12 44 15 29 

Genipin-crosslinked SF film 24 36 9 31 

 

 

Figure 3. XRD curves of (a) uncross-linked SF film and (b) 
genipin-crosslinked SF film. 
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Table 2. Amino acid composition of uncrosslinked and ge- 
nipin-crosslinked silk fibroin films (mol.%). 

Type of silk films 
Amino acid 

Uncrosslinked Crosslinked 

Asp 2.33 2.40 

Thr 1.21 1.22 

Ser 12.49 12.86 

Glu 2.00 2.02 

Gly 34.51 35.07 

Ala 28.25 29.79 

Cys 0.06 0.05 

Val 2.94 3.07 

Met 0.16 0.08 

Ile 0.85 0.85 

Leu 0.18 0.23 

Tyr 11.56 9.10 

Phe 1.08 1.15 

Lys 0.41 0.18 

NH3 0.36 0.32 

His 0.31 0.29 

Arg 0.83 0.81 

Pro 0.47 0.50 

 
tion, which consumed some of the lysine in the SF mac- 
romolecules. Moreover, the results from the hot water- 
solubility test revealed that after genipin crosslinking, the 
SF film showed a better water tolerance—the weight loss 
rate decreased from about 46% to 12%. This also con- 
firmed that genipin could act effectively as a crosslinking 
agent for SF. 

3.3. Growth of L929 Cells on SF Films 

After a 3-day culture, seeded L929 cells were able to 
attach, grow, and multiply on the surfaces of all the films 
(Figure 4). The cells grew well, in accordance with the 
close-packed rule, in the form of antennae or scalene tri- 
angles on the genipin-crosslinked SF film. The cell num- 
bers were almost the same as the ethanol-treated film. 
The genipin group and ethanol-treated group retained 
more cells than either glutaraldehyde or PEGDE group. 
Some of the cells even showed morphologic changes at 
the early stage of apoptosis on the PEGDE group: the 
cells shrank and turned round. Overall, the genipin group 
displayed higher cell proliferation than the glutaralde- 
hyde and PEGDE groups. 

(a) (b) 

(d) (c)

(e)

 

Figure 4. Inverted fluorescence micrographs of L929 cells 
cultured for 3 days on SF films: (a) genipin-crosslinked, (b) 
ethanol-processed, (c) glutaraldehyde-crosslinked, (d) PEG- 
DE-crosslinked, (e) control. 200 × magnification, bar = 100 
μm. 

3.4. Cell Viability 

The mitochondrial succinate dehydrogenase in viable 
cells can react with MTT and a typical blue-violet end- 
product is formed; this can be used to assess cell growth 
and proliferation viability. Figure 5 shows that the num- 
ber of cells on all the films increased as a function of cul- 
ture time and then declined on the eleventh day. The de- 
crease of cell viability was mainly due to cell apoptosis 
after culturing for 9 days, which was consistent with the 
results of previous studies [28]. The crosslinking agent 
greatly influenced cell viability. For the genipin and etha- 
nol groups, cells grew well. Moreover, the number of vi- 
able cells on genipin and glutaraldehyde crosslinked SF 
films has significant differences, the genipin group bore 
more cells than the glutaraldehyde group after culture for 
3, 5, 7, 9, and 11 days. The cells on the PEGDE group 
also had high proliferation vitality, but did not proliferate 
so well as that on the genipin group. 

3.5. Cell Metabolic Activity 

Figure 6 shows the total protein content of L929 cells 
after cultured on SF films for 4, 6, and 8 days. The total 
protein content of the cells on each sample increased sig- 
nificantly with culture time, indicating that all materials 
can support cell growth, metabolism and gene expression. 
After culturing for 8 days, the genipin and ethanol-proc- 
essed groups had similar protein content, higher than 
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Figure 5. MTT assay after L929 cells cultured on SF films 
crosslinked by genipin, glutaraldehyde, PEGDE and proc- 
essed by ethanol for 1, 3, 5, 7, 9, and 11 days. *means signi- 
ficant difference between two groups. 

 

 

Figure 6. Total amount of protein expressed in L929 cells 
cultured on SF films crosslinked by genipin, glutaraldehyde, 
PEGDE and processed by ethanol for 4, 6, and 8 days. 
*means significant difference between two groups. 

 
the glutaraldehyde group, and there was significantly dif- 
ference between them. These results are consistent with 
the MTT assay. 

3.6. Cell Death and Apoptosis 

Figure 7 shows the analysis of cell apoptosis using flow 
cytometry after exposure to various SF films for 3 days. 
The red points in 1, 2, 3, and 4 quadrants in each picture 
represented injured cells, non-viable apoptotic and ne- 
crotic cells, live cells, viable apoptotic cells respectively. 
For quantitative analysis, the percentage of apoptosis cells 
and dead cells on these films obtained from the histo- 
gram (Figure 7) was shown in Table 3. Cells on the tis- 
sue-culture plate surfaces were used as the blank control. 
There was no statistically significant difference in the apo- 
ptotic index among the blank control, genipin, PEGDE 
and ethanol-treated groups. The glutaraldehyde group 
had a significantly higher apoptosis and death rate than 
other groups, while the genipin group had the lowest  

 
(a)                (b)                 (c) 

 
(d)                 (e) 

Figure 7. Flow cytometry showing cell apoptosis on SF films: 
(a) genipin-crosslinked, (b) ethanol-processed, (c) glutaral- 
dehyde-crosslinked, (d) PEGDE-crosslinked, (e) control. 
 
Table 3. Apoptotic index of L929 cells exposed to different 
films for 3 days. Data are shown as arithmetic mean ± stan- 
dard deviation (n = 4); *means significant difference be- 
tween sample and control (P < 0.05). 

SF films Apoptosis rate (%) Death rate (%)

Genipin-crosslinked 1.30 ± 0.10 1.00 ± 0.20 

Ethanol-treated 1.57 ± 0.12 0.73 ± 0.21* 

Glutaraldehyde-crosslinked 7.43 ± 2.13* 2.53 ± 0.59 

PEGDE-crosslinked 3.23 ± 1.19 1.80 ± 0.56 

Blank 3.33 ± 0.3 1.67 ± 0.75 

 
apoptosis rate. 

If an additive has a particular genetic toxicity, it will 
damage the DNA in cells, and the apoptosis mechanism 
will start to induce cell apoptosis when the damage can- 
not be repaired. These results indicated that the use of 
genipin did not cause apoptosis in L929 cells, while glu- 
taraldehyde had the highest genetic toxicity. 

3.7. Cell Cycle 

An intact cell cycle includes interphase and mitosis phase 
(M), the interphase can be divided into 4 steps: G0 (statio- 
nary phase), G1 (presynthetic phase), S (synthetic phase) 
and G2 (postsynthetic phase). Cells proliferate in an or- 
derly and programmed manner of G0-G1-S-G2-M. 

Figure 8 shows the cell cycle analysis results of L929 
cells cultured on different films for 3 days. The DNA his- 
tograms are cell numbers (y axis) against DNA content 
(x axis), the blue areas in each picture represent cells in 
G0/ (or) G1 and G2/ (or) M phases successively and the 
red area represent cells in S phase. To analyze the cell 
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numbers in each cell-cycle more intuitively, the distribu- 
tions of cells in different cell-cycle phases were analyzed 
from the DNA histogram using multi-option cell-cycle 
fitting software and the percentage of cells in the G0/G1, 
S, and G2/M phases for each sample are given in Table 
4.  

Cells in G0/G1 phases have the DNA content of diploid 
cells (2N) and start to synthesize RNA and protein, S 
phase is the main phase to synthesize DNA and cells in 
G2/M phases continue to synthesize RNA and protein 
and have the DNA content of tetraploid cells (4N). There 

 

(a) (b) 

(d) (c) 

(e) 

 

Figure 8. Cell cycle analysis results of L929 cells cultured on 
different SF films for 3 days: (a) genipin-crosslinked, (b) 
ethanol-processed, (c) glutaraldehyde-crosslinked, (d) PEG- 
DE-crosslinked, (e) control. 

 
Table 4. Flow cytometric analysis of the percentage of each 
stage in the cell cycle, after exposure to different films for 3 
days. Data are shown as arithmetic means ± standard de- 
viation (n = 4). *means significant differences between the 
sample group and the blank group (P < 0.05). 

SF films G0/G1 (%) S (%) G2/M (%) 

Genipin-crosslinked 45.84 ± 0.36* 43.27 ± 0.23* 10.89 ± 0.59

Ethanol-treated 44.32 ± 0.86 47.89 ± 1.52 7.76 ± 0.73*

Glutaraldehyde- 
crosslinked 

40.95 ± 1.45 55.63 ± 1.50* 3.43 ± 0.07*

PEGDE-crosslinked 42.06 ± 2.10 53.23 ± 1.76* 4.70 ± 0.86*

Blank 42.89 ± 1.17 46.46 ± 0.59 10.65 ± 0.66

were more cells in the G0/G1 and G2/M phases for the 
genipin group than for the other groups. The percentage 
of cells in the G2/M phase in the genipin group was 
similar to the blank control and had significant difference 
with other groups. The glutaraldehyde group exhibited 
the most obvious lag in S phase and fewer cells entered 
the G2/M phase normally; PEDGE group also showed 
low mitotic figures of about 4.7% and a high S percent- 
age of about 53%. These results implied that the gluta- 
raldehyde group and PEGDE group blocked proliferation 
of L929 cells by arresting the cells in the S phase of the 
cell cycle and had potential genetic toxicity. No notice- 
able cell-cycle changes were observed in genipin group 
compared with the blank control, indicating normal pat- 
terns without any visible cell cycle arrest. Thus the ge- 
nipin-crosslinked SF film could maintain a normal cell 
cycle and had little effect on cell-cycle progression. 

Through the chemical reaction between genipin and 
the free amino group on the side chains of SF macromo- 
lecules, inter-molecular and intra-molecular covalent bonds 
were formed in SF (Figures 1 and 2). Amino acid analy- 
sis results demonstrated that the content of lysine and ty- 
rosine in SF decreased after genipin crosslinking (Table 
2). The weight loss rate results showed that the film achi- 
eved a more stable performance in water. In addition, the 
FTIR spectra showed that there had been rearrangement 
of the macromolecular segments in the film and the pro- 
portion of β-sheet conformation increased significantly, 
showing that genipin could also induce the SF molecular 
formation to translate from random coil or/and α-helix 
configuration to β-sheet. This change further improved 
the stability of the film in water as well as endowing the 
film with a higher ability to resist biodegradation and post- 
pone its collapse time as a scaffold for tissue engineering. 
After culturing L929 cells on different films, the genipin- 
crosslinked SF films showed a similar affinity to cells as 
ethanol-processed ones, and a higher bioactivity in pro- 
moting cell proliferation, inhibition of cell apoptosis, and 
maintenance of normal cell cycle compared with gluta- 
raldehyde and PEGDE crosslinked SF films. 

4. Conclusion 

Silk fibroin film was crosslinked effectively by genipin. 
FTIR spectroscopy and amino acid analysis proved that 
genipin could react with the -NH2 groups on the side 
chains of SF macromolecules and to form inter- and in- 
tra-molecular covalent bonds. Moreover, genipin induced 
the conformational translation of the SF film from ran- 
dom coil and/or α-helix to β-sheet, and the water resis- 
tance was improved significantly. Genipin-crosslinked 
SF films exhibited higher cell viability and metabolic acti- 
vity for L929 cells than films crosslinked with glutaral- 
dehyde and PEGDE. The genipin-crosslinked SF film 
could maintain a normal cell cycle and had the lowest 
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cell apoptosis among all groups. These results showed 
the safety and high efficiency of genipin as a crosslinking 
agent in bioactive silk-based materials. 
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