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ABSTRACT: As a biocompatible and bioactive natural tissue
engineering scaffold, porcine acellular dermal matrix (PADM)
has limitations for the application in tissue regeneration due to
its low strength and rapid biodegradation. Here, purified
PADM was modified by a nontoxic cross-linker (genipin) to
enhance its mechanical properties and improve its resistance to
enzymatic degradation. In vitro testing results demonstrated
that the stiffness of the genipin cross-linked PADM was
improved and biodegradation rate was decreased. Results of
cell proliferation assays showed that the cross-linking reaction
by genipin did not undermine the cytocompatibility of PADM.
Furthermore, genipin cross-linking imparted an observable fluorescence allowing visualization of the scaffold’s three-dimensional
(3D) porous structure and cell distribution by confocal laser scanning microscopy (CLSM). Immunostaining of the cell nuclei
and cytoskeleton indicated that MC3T3-E1 preosteoblasts were tightly adhered to and uniformly distributed onto the cross-
linked PADM scaffold. Results of this study suggest that the 3D porous genipin cross-linked PADM with intrinsic fluorescence
may have broader applications for tissue engineering scaffolds where higher mechanical stiffness is needed.
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1. INTRODUCTION

Tissue engineering has aimed to repair and regenerate a variety
of defect tissues and organs through combination of cells,
scaffolds, and biomolecules since it first appeared in the
1980s.1−3 Scaffolds not only serve as a support for cells but also
provide a biochemical and physical environment similar to
native tissue, which plays an import role in promoting cell
adhesion, proliferation, differentiation, and tissue neogene-
sis.3−5 Scaffolds need to be porous to allow for cells to
distribute throughout and allow for efficient mass transport of
nutrients, oxygen, growth factors, and waste products while
enough stiffness to withstand the surrounding mechanical
stresses during tissue neogenesis is also required.3,6,7 Good
biocompatibility and appropriate degradation rate consistent
with the formation of new tissue are also necessary for tissue
engineering scaffolds.8 The in vivo extracellular matrix (ECM)
provides a number of cues including topography, mechanical
properties, and immobilized growth factors which directly
regulate essential cellular functions such as morphogenesis,
differentiation, proliferation, adhesion, and migration.9,10

Considering these factors, many researches focus on designing
and preparing three-dimensional (3D) porous scaffolds with
good biocompatibility and bioactivity that mimic native
ECM.11−13

As a kind of natural ECM, porcine acellular dermal matrix
(PADM) is derived from porcine skin by removing cells and
cellular components, leaving the native structure of the dermal
meshwork only. It has drawn the extensive attention of
researchers due to its good biocompatibility, bioactivity,
biodegradability, and porous structure.14−16 PADM, mainly
composed of type I and II collagen, has a similar structure and
immunogenicity to human acellular dermal matrix17 and has
been successfully used in covering full thickness burn wounds
in clinical practice.16 In our previous work, a biocompatible 3D
porous PADM (pore size is about 100−150 μm) was prepared
by a low cost method.18 When preparing acellular matrix, a
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concern with the decellularization processes is that the
detergent interaction, enzyme digestion, and mechanical
vibration may loosen the collagen fibrils and disrupt the
microstructure of the ECM which will reduce the mechanical
stiffness and accelerate the biodegradation rate of the
decellularized matrix.19−21 Thus, maintaining the mechanical
properties and tuning the degradation rate of PADM are
important in PADM-based scaffolds design.
Generally, cross-linking agents are used to improve the

mechanical properties and slow down the biodegradation rate
of collagen-based biomaterials.22,23 A cross-linking reaction can
be induced by UV light,24 chemical reagents (like glutaralde-
hydes,25 carbodiimide26), and enzyme catalysis (such as
transglutaminase27). However, most of them are related to
artificial synthesized collagen scaffolds. To the best of our
knowledge, there are few works about cross-linkage of PADM
to improve its mechanical properties and control the
biodegradation rate.
As a low-cost and highly efficient chemical cross-linker,

glutaraldehyde is commonly used as a reinforcing agent for
collagen-based biomaterials.25 However, the cytotoxic proper-
ties of glutaraldehyde limit the application of glutaraldehyde
cross-linked biomaterials.28 Recently, a natural nontoxic cross-
linker, genipin (an aglycone of geniposide extracted from
gardenia fruit), has been widely used in preparing collagen-
based and chitosan-based biomaterial.29−34 Genipin not only
has the ability to enhance the strength of tissue engineering
materials but also endows the materials with an intrinsic
fluorescence, which has been investigated in fingerprint reagent
detection and scaffold structure characterization.35−37 Further-
more, the fluorescent properties of genipin cross-linked
scaffolds can provide an effective way to image the cell-scaffold
interface, trace cell adhesion, follow cell migration and
proliferation, and investigate the scaffold degradation process
with a confocal laser scanning microscope (CLSM).38

The aim of this report is to broaden the application of the
collagen-based natural extracellular matrix PADM as a tissue
engineering scaffold. We cross-linked PADM with genipin to
controllably enhance its mechanical stiffness and reduce its
biodegradation rate. Mechanical testing and in vitro degrada-
tion tests were performed to assess the effects of cross-linking.
MC3T3-E1 mouse preosteoblasts were used to investigate the
cytocompatibility of the cross-linked PADM. Taking advantage
of its intrinsic fluorescence, we also characterized the cell-
scaffold interaction, cell distribution and adhesion.

2. MATERIALS AND METHODS
2.1. Preparation of PADM. Porcine acellular dermal matrix

(PADM) was prepared as described in our previous report.18 Briefly,
fresh porcine skin purchased from a local slaughter-house was
completely cleaned to excise the subdermal fat tissue and the hairs.
Then the skin was purified through alkaline treatment and enzyme and
detergent extraction methods to remove the fat and cells. After
washing carefully in distilled water, the moisture-laden porcine
acellular skin was frozen at −80 °C and lyophilized at −60 °C for 4
h. The resulting PADM sheets were punched into disk-shaped samples
8 mm in diameter (Supporting Information Figure S1).
2.2. Cross-linking Processes. The PADM samples were cross-

linked in aqueous genipin (Hu Yun Co. Ltd. Shanghai, China)
solutions with different concentrations (0.025%, 0.05%, 0.1%, 0.25%,
0. 5%, and 1%) buffered with phosphate buffered saline (PBS, 0.1 M,
pH = 7.4, Sigma) at 37 °C for 6 h. Then, the cross-linked PADM was
washed in distilled water and lyophilized at −60 °C.

The cross-linking degree, defined as the percentage of primary
amine groups in PADM reacted with genipin,31 was determined by a
ninhydrin assay.39 Primary amine groups can react with ninhydrin
solution, forming a purple colorimetric response whose absorbance at
570 mm can reflect primary amine group amount. PADM and the
cross-linked PADM samples were immersed in a ninhydrin solution
(170 mg ninhydrin and 30 mg hydrindantin dissolved in 20 mL
ethylene glycol monomethyl ether) for 15 min in a boiling water bath.
Then, the reacted ninhydrin solution was cooled to room temperature
and diluted in 60% ethanol. Its absorbance at 570 nm was measured by
a microplate reader (MULTISKAN MK3, Thermo, USA). The cross-
linking degree was calculated by the following formula

‐ = − ×C NCross linking degree (1 / ) 100%

where C and N indicate the absorbance values of ninhydrin solution
after being reacted with cross-linked and noncross-linked PADM,
respectively.

2.3. Scanning Electron Microscopy Observation. After the
cross-linking reaction, the moisture-laden PADM samples were frozen
at −80 °C and cut into small pieces at freezing state. The small pieces
of samples were lyophilized at −60 °C for 4 h and then coated with
gold for 55 s on a conductive tape using an ion sputter coater (E-1045,
Hitachi, Japan). A scanning electron microscope (SEM, S-4800,
Hitachi, Japan) was used to characterize the morphology of PADM
and genipin cross-linked PADM at an accelerating voltage of 5 KV.
The pore parameters were analyzed by measuring diameters and wall
thicknesses of ten typical channels on SEM images. The thinnest part
of the channel wall was considered to be its thickness.

2.4. Mechanical Testing. Before measuring the mechanical
properties, the disk-shaped PADM samples (8 mm in diameter and
2 mm in thickness) were rinsed in PBS to ensure the sample was
hydrated. The compressive properties of PADM and cross-linked
PADM with different cross-linking degrees were measured on a
computer-controlled WDW-1 universal material testing machine
(Zhixing Co., China) with a cross head speed of 0.6 mm/min
maintained until failure. The modulus was defined as the slope of a
linear fit to the stress−strain curve over 2−5% strain.40

2.5. In vitro Degradation. All samples for degradation rate testing
were cut into small bricks weighing about 15 mg each. The samples
were first placed in 1.5 mL of 100 mg/mL collagenase Tris-HCl buffer
solution (50 mM, pH = 7.4), then the solution was incubated at 37 °C
with stirring for 1, 2, 3, and 4 days, respectively. The collagenase
solution was replaced every 24 h. At the end of each time point, three
samples for each group were removed from the solution, washed with
distilled water, and then lyophilized. The biodegradation of PADM
and genipin cross-linked PADM was evaluated with the degradation
percentage calculated from the mass of residual PADM samples after
enzymatic digestion.

2.6. Fluorescence Study of Genipin Cross-linked PADM. The
fluorescence of genipin cross-linked PADM was investigated by
confocal laser scanning microscope (CLSM, Leica, Germany) and
fluorescence spectrometer (FLS920, Edinburgh, UK). Samples were
kept dry and pressed into thin slices under pressure of 100 KPa. Then,
the sliced samples were separately excited by 488 and 633 nm
excitation using a fluorescence spectrometer to measure their
fluorescence emission spectra. Samples rinsed in PBS were used to
take fluorescent images by CLSM at the excitation wavelength of 633
nm.

2.7. Cell Culture. MC3T3-E1 mouse preosteoblast cells (Cell
Bank of Chinese Academy of Sciences) were selected as a model to
evaluate the biocompatibility of genipin cross-linked PADM in vitro.
PADM and genipin cross-linked PADM samples were first sterilized in
75% ethanol for 12 h, washed three times in sterile distilled water and
sterile PBS in sequence, and then immersed in α-minimum essential
medium (α-MEM, Gibco) overnight to avoid cellular nutrient
depravation resulting from adsorption by PADM.18 Finally, scaffolds
were seeded with 400 μL cell suspension containing 2000 cells in 48-
well-plates. Cells were cultured with α-MEM medium supplemented
with 10% fetal bovine serum (FBS, Gibco) and 1% penicillin−

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am302272k | ACS Appl. Mater. Interfaces 2013, 5, 344−350345



streptomycin in a humidified atmosphere of 5% CO2 at 37 °C. Culture
medium was replaced every 48 h.
2.8. Cell Proliferation. A Cell Count Kit-8 (CCK-8, Dojindo

Molecular Technology, Gaithersburg, MD) was used to quantitatively
evaluate cell viability on various samples after cultivation for 1, 3, and 5
days. Each tested sample was taken out to a new 48-well plate
containing 400 μL α-MEM medium and 40 μL CCK-8, followed by
incubation at 37 °C for 3 h. Then, solution (200 μL) was taken from
each well and transferred to a well of a 96-well plate to measure the
absorbance at 450 nm by a microplate reader (MULTISKAN MK3,
Thermo, USA).
2.9. Cell Distribution, Adhesion, and Cytoskeleton Organ-

ization. The cell distribution, adhesion, and morphology on genipin
cross-linked samples stained with nucleic acid dye, acridine orange
(AO, Invitrogen), and Alexa Fluor 488 phalloidin (Invitrogen) were
examined using CLSM at day 2 and 5. Briefly, for staining nuclei, the
cell-loaded samples were fixed with 4% paraformaldehyde for 1 min,
and then stained in 0.01% acridine orange solution for 1 min. For
immunofluorescence measurements of F-actin, the cell-loaded samples
were fixed with 3.7% formaldehyde solution for 10 min, then
permeabilized with 0.1% Triton X-100 (Sigma) for 5 min and blocked
with PBS containing 1% bovine serum albumin (BSA, Sigma) for 30
min. The samples were then stained with phalloidin conjugated to
Alexa Fluor 488. And finally, all samples were examined at excitation
wavelengths of 488 and 633 nm.
2.10. Statistics Analysis. The statistical analysis of all the

experimental data was performed using SPSS version 17.0 (SPSS
Inc., Chicago, Illinois). Data were reported as means ± standard
deviation. Statistical comparisons between groups were performed by
Mann−Whitney U test, and a Kruskal−Wallis test was used to
compare the results among multiple groups. Statistical significance was
accepted at p ≤ 0.05.

3. RESULTS AND DISCUSSION
3.1. Cross-linking Degree. Figure 1 shows the evolution

of the cross-linking degree (the cross-linked primary amine

group percentage of total primary amine group) of genipin
cross-linked PADM at different concentrations after 6 h of
reaction determined by ninhydrin assay. The cross-linking
degree increases significantly with the increase of genipin
concentration below 0.25%. When genipin concentration
reaches 0.5%, the cross-linking degree approaches a maximum
and plateau, implying 0.5% is the saturated genipin
concentration for cross-linking PADM.
To investigate the effect of cross-linking degree on

mechanical properties, biodegradation ability, and cytocompat-
ibility of PADM, samples with cross-linking degree of
approximately 40% (cross-linked in 0.025% genipin solution),
60% (cross-linked in 0.05% genipin solution), and 90% (cross-
linked in 0.5% genipin solution) were prepared. PADM samples
without cross-linking were used as control.

3.2. SEM Observation. As Figure 2a and b show, PADM
before cross-linking has a 3D porous structure. The mean value

of pore parameters was analyzed by measuring diameters and
wall thicknesses of ten typical channels. The diameter and wall
thickness of the interconnected channels are 98 ± 30 and 9 ± 3
μm, respectively. Figure 2c shows the surface topology of the
channel wall. It illustrates the intertwined collagen fibrils within
the channel walls. Each fibril has periodic striations (insert)
formed by the staggering of the tropocollagen. The
interconnection between collagen fibrils is loose due to the
disruption during the decellularization processes. Compared to
uncross-linked PADM, genipin cross-linked PADM retains a
similar 3D porous microstructure (Figure 2d and e). No
obvious variation of the morphology, including channel size
(105 ± 28 μm) and the wall thickness (10 ± 2 μm) of the
porous PADM scaffold is observed. The 3D porous structure of
PADM and cross-linked PADM is favorable to cell perfusion
into the interior of the scaffold. Figure 2f illustrates the collagen
fibrils aligned and tightly connected, probably due to the cross-
linking by genipin. These results show that the genipin cross-
linking reaction does not alter the 3D porous structure of
PADM but improves the interconnection among collagen
fibrils.

3.3. Mechanical Properties. Generally, the compressive
elastic modulus (CEM) is used to evaluate the mechanical
properties of bone scaffolds.41,42 Figure 3 shows the CEMs of
PADM samples with different cross-linking degrees under wet
conditions. The CEMs of different samples increase signifi-
cantly with the increase of cross-linking degree (*p ≤ 0.05, #p
≤ 0.05). The CEM of PADM with a cross-linking degree about
90% is 385 ± 21 KPa, which is three times higher than that of
uncross-linked PADM (116 ± 14 KPa). This result indicates
that cross-linking by genipin improves the stiffness of PADM
under wet conditions. Additionally, the mechanical properties
can be tuned via tuning the cross-linking degree by varying the
genipin concentration. The initial stiffness of scaffold trans-
planted into the defect site plays an important role in
supporting and resisting against the surrounding pressures.
Previously, it was shown that cross-linking and the resulting
increase in mechanical stiffness could enhance the cellular
activity within collagen-based artificial porous scaffold.43

Additionally, the improved stiffness may facilitate scaffold
integration with surrounding native tissues and decrease the

Figure 1. Cross-linking degree of PADM cross-linked by genipin at
different concentrations after 6 h of reaction. The error bar designates
standard deviation obtained from three parallel samples.

Figure 2. SEM images of PADM (a−c) and genipin cross-linked
PADM (cross-linking degree is 90%) (d−f). (a and d) Interconnected
porous structure. (b and e) Structure of typical channels. (c and f)
Morphology of channel wall.
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rate of implant failure.2 These results highlight the application
potential for genipin cross-linked PADM in tissue engineering.
3.4. In vitro Biodegradation. Enzymatic digestion with

collagenase is often used to investigate biodegradation of
collagen-based scaffolds in vitro.29,31,44 Degradation percen-
tages of samples with varying cross-linking degrees as a function
of enzymatic digestion time are shown in Figure 4. All samples

are biodegraded after long time treatment with enzyme.
However, at every time point, the degradation percentages of
different samples significantly decrease with the increase of
cross-linking degree (*p ≤ 0.05, #p ≤ 0.05). After four days of
treatment, the uncross-linked PADM is completely degraded
while the degradation percentage of PADM samples with a
cross-linking degree of 90% is less than 15%. This result
suggests that degradation rate of PADM can be controlled by
tuning the cross-linking degree with varying concentrations of
genipin.
In tissue engineering, as new functional tissue forms,

scaffolds should ideally be degraded with a degradation rate
that can match the speed of tissue regeneration.3 Genipin cross-
linked PADM has the advantageous property of tunable
degradation rate controlled by the cross-linking degree.
3.5. Scaffold Fluorescence. As we reported previously,18

chitosan scaffolds become fluorescent after cross-linking with

genipin. To determine if genipin cross-linking can induce
fluorescence in PADM, the fluorescent emission spectra of
samples with 90% cross-linking were measured. The
fluorescence emission spectra in Figure 5A show that three

broad fluorescence emission peaks occur at 520, 630 and 690
nm with 488 nm light excitation. The peaks at 630 and 690 nm
overlap. When the sample is excited at 633 nm, only one broad
fluorescence emission peak at 690 nm is observed within the
region from 650 to 900 nm. As the confocal laser scanning
micrographs in Figure 5B, an excitation with 633 nm results in
the red fluorescence of the scaffold while no fluorescence is
observed for uncross-linked PADM. The pore sizes determined
from the fluorescent images are consistent with SEM results.
Genipin is a special cross-linking agent. After cross-linking

with genipin, many polymers obtained fluorescent properties.
Sundararaghavan et al.45 prepared fluorescent collagen−genipin
gel and studied the relationship between mechanical properties
and fluorescence. In another study, taking advantage of the
genipin caused fluorescence, Chen et al.36 studied the
properties of genipin cross-linked alginate−chitosan micro-
capsules by CLSM. Genipin has been found to cross-link
polymers through nucleophilic attack by primary amine group
on the C3 atom of genipin, subsequently embedding a tertiary
nitrogen in the six-membered ring in place of an oxygen
atom.45,46 The π−π* conjugation formed by this reaction can
be used to explain the fluorescent characteristics35,47 So the
fluorescent properties of cross-linked PADM are attributed to
the reaction between genipin and the primary amine groups in
collagen-based PADM. The intrinsic fluorescence endowed by
genipin cross-linking suggests a promising application for
imaging to track scaffold degradation.38

3.6. Cell Proliferation. MC3T3-E1 preosteoblasts have
been extensively used for assessing the biocompatibility of bone
scaffolds.48,49 As shown in Figure 6, the result of a CCK-8 assay

Figure 3. Compressive elastic modulus of PADM and PADM scaffolds
at various cross-linking degrees under wet conditions. Statistical
significance was evaluated via Mann−Whitney U test. * indicates
statistical significance relative to PADM (p ≤ 0.05); # indicates
statistical significance between designated groups (p ≤ 0.05). Three
parallel samples were used.

Figure 4. Degradation percentages of PADM and PADM scaffolds at
various cross-linking degrees after 1, 2, 3, and 4 days enzymatic
treatment. Statistical significance was evaluated via Mann−Whitney U
test. * indicates statistical significance relative to PADM at same time
point (p ≤ 0.05); # indicates statistical significance between designated
groups (p ≤ 0.05). Three parallel samples were used.

Figure 5. Fluorescence of genipin cross-linked PADM. (A)
Fluorescence emission spectra of genipin cross-linked PADM (cross-
linking degree is 90%) at the excitation wavelength of 488 and 633 nm.
(B) Confocal laser scanning micrographs of uncross-linked PADM (a)
and genipin cross-linked PADM (b) when excited at the wavelength of
633 nm.
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clearly demonstrates that MC3T3-E1 preosteoblast cells
proliferate well and exhibit a good growth state on uncross-
linked and cross-linked PADM samples (**p ≤ 0.01). And at
all time points considered there is no significant difference
between the cells on cross-linked and uncross-linked PADM,
which suggests that the cross-linking reaction has no influence
on the biocompatibility of PADM. Genipin itself has no
toxicity,29 and during cross-linking processes, genipin reacts
with primary amine groups in collagen-based materials and
does not form any other byproducts besides H2O,

45,46 which
can explain why the cross-linking reaction has no influence on
the biocompatibility of PADM and genipin cross-linked PADM
has good biocompatibility.
3.7. Cell Distribution on Genipin Cross-linked PADM.

The CLSM images of the distribution and localization of
MC3T3-E1 preosteoblasts at different days cultured on genipin
cross-linked PADM with 90% cross-linking degree are shown in
Figure 7. Figure 7a and d show the nuclei of cultured cells
imaged with 488 nm excitation. Figure 7b and e show the
genipin cross-linked PADM scaffolds imaged with 633 nm
excitation. Figure 7c and f are the overlays of these two images
and demonstrate that the location of the cell nuclei coincides
with the scaffold. This indicates that cells mainly distributed on

the channel wall of genipin cross-linked PADM. Compared to
day 2 (Figure 7a−c), cell density at day 5 (Figure 7d−f)
increases apparently, which is consistent with cell proliferation
result. And as cell density increases, cells distributed on the
channel wall more uniformly.

3.8. Cell Adhesion and Morphology. The intrinsic
fluorescence of the genipin cross-linked PADM provides an
effective way to image the cell−scaffold interaction and monitor
cell adhesion, localization, and migration on the surface of the
PADM. Figure 8 shows the CLSM images of MC3T3-E1

preosteoblasts cultured on genipin cross-linked PADM (cross-
linking degree is 90%) at different days excited at the
wavelengths of 488 and 633 nm after staining with Alexa
Fluor 488 Phalloidin. Figure 8a, d, g, and j show the
morphology of the stained cells on the sample, and Figure
8b, e, h, and k show the morphology of genipin cross-linked
PADM scaffold. As shown in Figure 8c and f, after 2 days of
culture on genipin cross-linked PADM, MC3T3-E1 preosteo-
blasts stained with Alexa Fluor 488 Phalloidin (bright green
regions) are adhered tightly onto the cross-linked PADM
surface (red regions) and retain their initial morphology.
Compared to day 2, cell density at day 5 is higher on genipin
cross-linked PADM and cells adhered more tightly onto the
channel surface (Figure 8i and l).Channel walls are nearly fully
covered with cells (the dark regions without cells are channels).
These results combined with the cells distribution results
indicate that the genipin cross-linked PADM facilitates
MC3T3-E1 preosteoblasts adhesion and proliferation, and
cells on scaffold have a good growth state. Cells distribution
and adhesion properties can be easily obtained by CLSM using

Figure 6. Proliferation of MC3T3-E1 preosteoblasts on PADM and
different cross-linking degree PADM scaffolds after 1, 3, and 5 days.
Statistical significance was evaluated via Mann−Whitney U test
between groups and Kruskal−Wallis test for multiple groups. **
indicates statistical significance between designated groups (p ≤ 0.01).
Three parallel samples were used.

Figure 7. CLSM images of the distribution of MC3T3-E1
preosteoblasts stained with Acridine Orange on genipin cross-linked
PADM (cross-linking degree is 90%) at different days excited at the
wavelength of 488 (a and d) and 633 nm (b and e). Images c and f are
the overlays of a, b and d, e respectively. The bright green regions are
nuclei, and the red regions are the PADM.

Figure 8. CLSM images of MC3T3-E1 preosteoblasts stained with
Alexa Fluor 488 Phalloidin on genipin cross-linked PADM (cross-
linking degree is 90%) at different days excited at the wavelength of
488 (a, d, g, and j) and 633 nm (b, e, h, and k). Images c, f, i, and l are
the overlays of a, b; d, e; g, h; and j, k, respectively. The bright green
regions are the cytoskeleton, and the red regions are the PADM.
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the fluorescent properties of the genipin cross-linked PADM.
The fluorescent properties may facilitate getting more detailed
information of cell−scaffold interaction in tissue engineering
during tissue formation.
We previous incorporated a hydroxyapatite nanostructure

into PADM by biomimetic mineralization and studied its
potential application as bone scaffold.18 The inorganic
hydroxyapatite is good reinforcing agent, and the compressive
elastic modulus of hydroxyapatite−PADM composite ap-
proached at nearly 600 KPa under wet conditions. The
biodegradation rate of hydroxyapatite−PADM composite
decreased apparently compared with pure PADM. However,
compared to a long biomimetic mineralization period (15
days), in this work, only a 6 h reaction with genipin could
significantly improve the mechanical properties of PADM.
Moreover, the mechanical properties and biodegradation rate
were more easily controlled by tuning the genipin concen-
tration. The genipin reinforced PADM can be a basic scaffold
for different tissue engineering application occasions, such as,
skin, blood vessel, nerve, etc. Of course, it can be used for bone
tissue engineering scaffold by assembling a layer of hydrox-
yapatite nanostructures through a biomimetic mineralization
process. Because the mechanical properties of genipin cross-
linked PADM are much higher than those of uncross-linked
PADM, the composite of genipin cross-linked PADM and
hydroxyapatite should be stronger than the hydroxyapatite−
PADM scaffold prepared in our previous study. The related
work is ongoing in our group.
As a natural nontoxic cross-linker, genipin has been widely

used in stabilizing decellularized matrix.29,31,32 Bottino et al.50

have investigated the effect of cross-linkers, including genipin
and glutaraldehyde, on tensile strength and elastic modulus of
human acellular dermal matrix (HADM) systemically, conclud-
ing that all the cross-linkers including genipin can reinforce the
HADM effectively. However, they did not notice the
fluorescent properties and have not assessed the cytocompat-
ibility of the cross-linked HADM. In this work, we focus on
tuning the genipin cross-linking effect of PADM on its
mechanical properties and biodegradation rate and demon-
strated its practicability. Furthermore, we assessed the
cytocompatibility of genipin-linked PADM using MC3T3-E1
preosteoblasts and proved genipin is safe for the cell culture,
which is very important for the application of such reinforced
scaffold. Moreover, we put more attention on the fluorescent
properties of genipin cross-linked PADM, demonstrating that it
is convenient to investigate cell distribution, adhesion, and
other cell−scaffold interactions during culturing cells on
genipin cross-linked PADM scaffold by CLSM without adding
any other fluorescent substances.
The intrinsic fluorescence of genipin cross-linked PADM

may be further used in evaluating its degradation processes
without injury in vivo. As the fluorescence of genipin cross-
linked materials is caused by the reaction between genipin and
primary amine groups in materials,35,47 genipin may endow
other primary amine groups contained materials fluorescence,
and it is helpful to characterize the materials with fluorescence
microscopy. And genipin could be used in other areas where
enhanced mechanical properties or fluorescence is need

4. CONCLUSION
The nontoxic cross-linking agent, genipin, was successfully used
to cross-link 3D porous natural porcine acellular dermal matrix
(PADM). Cross-linking treatment enhances the mechanical

stiffness of the scaffold and reduces the rate of degradation.
These properties can be tuned by varying the cross-linking
degree through changes the concentration of genipin solution.
Culturing MC3T3-E1 preosteoblasts on the cross-linked
PADM scaffolds demonstrated that cells could adhere,
proliferate, and spread onto the channel surface of cross-linked
PADM. Additionally, cross-linking with genipin endows PADM
with fluorescence that enables observation and characterization
of the cell-scaffold interaction, cell distribution and adhesion.
These results indicate the potential applications of genipin
cross-linked PADM scaffolds in tissue engineering and
regeneration.
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