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ABSTRACT: Biomaterial surfaces and their nanostructures can
significantly influence cell growth and viability. Thus, manip-
ulating surface characteristics of scaffolds can be a potential
strategy to control cell functions for stem cell tissue engineering.
In this study, in order to construct a hydroxyapatite (HAp)
coated genipin-chitosan conjugation scaffold (HGCCS) with a
well-defined HAp nanostructured surface, we have developed a
simple and controllable approach that allows construction of a
two-level, three-dimensional (3D) networked structure to
provide sufficient calcium source and achieve desired mecha-
nical function and mass transport (permeability and diffusion) properties. Using a nontoxic cross-linker (genipin) and a
nanocrystallon induced biomimetic mineralization method, we first assembled a layer of HAp network-like nanostructure on a
3D porous chitosan-based framework. X-ray diffraction (XRD) and high resolution transmission electron microscopy (HRTEM)
analysis confirm that the continuous network-like nanostructure on the channel surface of the HGCCS is composed of crystalline
HAp. Compressive testing demonstrated that the strength of the HGCCS is apparently enhanced because of the strong cross-linking
of genipin and the resulting reinforcement of the HAp nanonetwork. The fluorescence properties of genipin—chitosan conjugation
for convenient monitoring of the 3D porous scaffold biodegradability and cell localization in the scaffold was specifically explored
using confocal laser scanning microscopy (CLSM). Furthermore, through scanning electron microscope (SEM) observation and
immunofluorescence measurements of F-actin, we found that the HAp network-like nanostructure on the surface of the HGCCS
can influence the morphology and integrin-mediated cytoskeleton organization of rat bone marrow-derived mesenchymal stem cells
(BMSCs). Based on cell proliferation assays, rat BMSCs tend to have higher viability on HGCCS in vitro. The results of this study
suggest that the fluorescent two-level 3D nanostructured chitosan-HAp scaffold will be a promising scaffold for bone tissue
engineering application.

Nuclei

Cell proliferation (0D at 450 nm)
Pk 3. % 8.0,
ig k Jl )

F-actin

KEYWORDS: surface characteristics, nanostructure, chitosan, genipin, fluorescence, mesenchymal stem cells, bone tissue
engineering

1. INTRODUCTION composites, should possess hierarchical porous structures to
achieve the desired mechanical function and mass transport
(permeability and diffusion) properties, should have a cell selective
interface to enhance cell attachment and regulate cell functions,
and should allow facile imaging and tracking properties.*
Although some synthetic biodegradable polymers, such as
poly(glycolic acid) (PGA), poly(lactic acid) (PLA), and poly-
(lactic-co-glycolic acid) (PLGA), are thought as promising bone

Because of the limitations of the current bone substitutes,
more and more patients are suffering from bone defects caused
by trauma, accident, tumor and bone diseases, which especially
happen to the aging population increasing rapidly in the world."
Bone tissue engineering has been regarded as an important
strategy to repair and regenerate bone tissue through the com-
bination of implanted cells (osteoblasts or bone marrow-derived
mesenchymal stem cells), bone scaffolds and biologically active
molecules (insulin-like growth factors, transforming growth factor- Received:  February 20, 2011
Ps, and bone morphogenetic proteins).>® An ideal scaffold, in Accepted:  April 14, 2011
particular, porous biodegradable polymer/hydroxyapatite (HAp) Published: April 14, 2011
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scaffold candidates, the low strength and inflammatory responses
caused by release of degraded acidic products limit their applica-
tions in bone repairing.” Thus, derivatized biodegradable natural
polymers, including polysaccharides (alginate, chitin/chitosan,
and hyaluronic acid derivatives) and proteins (collagen, gelatin,
and silk), have become the most important and promising polymers
for preparation of bone tissue scaffold. Collagen, one of the most
important natural biodegradable polymers and the main organic
component of bone tissue and extracellular matrix (ECM), has great
advantage as a supporting scaffold for bone tissue engineering.*”
However, the complicated extraction process, high cost, and low
strength are the major obstacles for broad medical applications of
collagen-based bone tissue scaffold.

As another important biodegradable natural polymers, chit-
osan [poly-1,4-D-glucosamine, (C4H,;;O,N)n)], a partially dea-
cetylated derivative from chitin, is structurally similar to
glycosaminoglycan (GAG) and is a mimic of the natural extra-
cellular matrix (ECM). It has been studied in various biomedical
applications including tissue engineering for skin, bone, blood
vessels, and nerves because of its ready availability, biocompat-
ibility, biodegradability, osteoconductivity, cationic nature, flex-
ible adhesiveness, and antibacterial and wound-healing activity.'*""
Presently, the fabrication techniques for porous HAp/chitosan
composite bone scaffolds are based on either mixing or in situ
coprecipitation methods.'>"* The mixing method involves blending
synthetic HAp nanoparticles into a chitosan solution, followed by
cross-linking and lyophilization. The in situ coprecipitation
method involves stepwise dropping of Ca*" and PO4’~ solu-
tions into a chitosan solution. In addition, a few different methods
have been reported, such as in situ hybridization by ionic dif-
fusion processes and mineralization via a double diffusion
technique."*"® Though the mixing and in situ coprecipitation ap-
proaches are simple processes with low cost, it is difficult to
control the surface chemistry and geometry within a large and
complex structure. In addition, these methods for chitosan/HAp
scaffold preparation normally use glutaraldehyde (GTA) as a
cross-linker, a substance that is toxic when it is released in the
host during the biodegradation process.'®

To develop ideal bonelike composites with enhanced mecha-
nical properties and improved bioactivity, biomimetic minerali-
zation has become an effective strategy to assemble bonelike
apatite that is close to natural bone with low crystallinity and
nanoscale size.'” ' However, it is difficult to achieve the controlled
nucleation and growth of HAp nanocrystals on a chitosan-based
framework because of its smooth surface.””*' Though it has been
reported that a chitosan/nano-HAp composite scaffold can be
formed via biomimetic mineralization using simulated body fluid
(SBF),**** the HAp layer obtained has irregular morphology.
Thus, it is critical to control and attain desirable bioactive mineral
surface structures within a chitosan-based framework through a
nontoxic and controllable preparation method, and it is still a great
challenge for bone tissue engineering.

In this work, we report a strategy to meet these critical needs
for the bone tissue scaffold. First, genipin (a nontoxic natural
cross-linker), an aglycone of geniposide extracted from gardenia
fruit,”* is used to prepare the chitosan framework. The cross-
linker not only enhances the scaffold strength but also provides
intrinsic fluorescence to the composite scaffold. Previous studies
have investigated the fluorogenic characteristics of the chitosan—
genipin membrane and microcapsule,”>*® and have used genipin
as a cross-linker to fabricate a chitosan based scaffold.””*® Rather
than be concerned with other bone tissue scaffolds, we further

explore this fluorescence property that provides effective ways for
imaging the scaffold-cell interface, tracing adhesion, following
migration and cell proliferation, and for investigating the scaffold
degradation process with a confocal laser scanning microscope
(CLSM). Second, a nanocrystallon induced biomimetic miner-
alization method was designed to achieve control of the assembly
and morphology of HAp nanostructures on the channel surface
of the chitosan framework through an in vitro biomimetic
mineralization process in SBF.”” The HAp-coated genipin-chit-
osan conjugation scaffold (HGCCS) possesses a two-level, three-
dimenional (3D) porous structure to provide sufficient calcium
source and achieve desired mechanical function and mass trans-
port properties.

To characterize biocompatibility of bone tissue scaffolds,
MC3T3-E1 mouse preosteoblast cells have been extensively
used.'”° Bone marrow-derived mesenchymal stem cells (BMSCs)
isolated from bone marrow have attracted particular attention in
bone tissue engineering because of their self-renewal and high
differentiation potentials.’"** Recent studies have indicated that
the surface characteristics of biomaterials, such as chemical com-
position, roughness, and topography, especially nanotopogra;)h;r,
can significantly influence cell growth and cell differentiation®>°
that may be attributed to mechanical factors through cytoskeletal
tension/RhoA/ROCK.>**7 Thus, manipulating the surface char-
acteristics of bone tissue scaffolds is an effective strategy to
control cellular behavior and differentiation for stem cell tissue
engineering and bone regeneration. Literature reports indicate
that MC 3T3 cells adhere preferentially to and proliferate in
regions with flakelike and highly nanotextured calcium phos-
phate that is mineralized on the poly(lactic-co-glycolic acid)
(PLGA) nanofiber-based scaffold.”” We report here further
observation of the impact of the HAp surface nanostructure
obtained by biomimetic mineralization on the adhesion, mor-
phology, proliferation, and cytoskeletal organization of rat BMSCs.

2. EXPERIMENTAL SECTION

2.1. Materials. Chitosan (M, ~ 20000 and >90% deacetylated)
was obtained from Hai Debei Co. Ltd. (Jinan, China). Ca(NOs),-4H,0,
(NH,),-HPO,) and all the inorganic salts for SBF were of analytical
grade and purchased from Sinopharm Chemical Reagent Co. Ltd.
(Shanghai, China). Genpin was purchased from Hu Yun Co. Ltd.
(Shanghai, China). Dulbecco's Modified Eagles Medium (DMEM,
Low Glucose), fetal bovine serum (FBS), and penicillin-streptomycin
were procured from Gibico (USA).

2.2. Synthesis of Nano-HAp. HAp nanorods were synthesized
through a hydrothermal method by using calcium nitrate tetrahy-
drate (Ca(NOj3),-4H,0) and diammonium hydrogen phosphate
((NH,),-HPO,)) as reactants.®® Stock solutions were prepared by
respectively dissolving 10 g Ca(NO3),-4H,0 and 3.35 g (NH,) -2HPO,
in 70.0 and 80.0 mL of distilled water, arriving at a pH of 11.0 and a pH of
10.0 using ammonia. Subsequently, the stock solutions were mixed to yield
suspensions with Ca/P molar ratios of 1.67 by the dropwise addition of the
Ca(NOs3), solution to the (NH,),HPO, solution with vigorous stirring.
The precipitate was then transferred to a 25 mL Teflon hydrothermal
reactor. The reaction was initiated by placing the unit in a laboratory oven
for 20 h at a temperature of 200 °C. The product powder was washed twice
with distilled water and once with ethanol. Finally, the HAp powder
obtained by filtration and drying at 60 °C was characterized by transmission
electron microscopy (TEM) and X-ray diffraction (XRD) (see Figure S1 in
the Supporting Information).

2.3. Preparation of Genipin-Cross-Linked Chitosan Fra-
mework (GCF). GCF was prepared in two steps: cross-linking and
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freeze-drying. Briefly, 1 g of chitosan was dissolved overnight in 20 mL of
acetic acid (2 vol.%) to obtain a 2% chitosan solution, then 100 uL
ethanol containing 0.005 g genipin with a chitosan/genipin mass ratio =
200:1 was added to complete the cross-linking reaction after 12 h at
room temperature. Subsequently, the genipin-cross-linked chitosan gel
was frozen by being held at —80 °C for S h and then lyophilized by
holding at —50 °C for 48 h to obtain GCF. The resulting framework was
neutralized using a 0.1 M sodium hydroxide solution.

2.4. Preparation of Genipin-Cross-Linked Chitosan/Nano-
HAp Composite Framework (GCHF). The preparation of GCHF
was similar to that of the genipin-cross-linked chitosan framework, as
described above. To obtain a genipin-cross-linked chitosan/nano-HAp
composite framework, 0.5 g of nano-HAp powder (mass ratio of
chitosan to nano-HAp of 2:1) was blended into a chitosan solution
with vigorous stirring for 24 h, before being cross-linked by genipin and
lyophilized. The resulting framework was then neutralized usinga 0.1 M
sodium hydroxide solution.

2.5. Biomimetic Mineralization for Construction of HAp-
Coated Genipin—Chitosan Conjugation Scaffold (HGCCS).
Simulated body fluid (SBF) was prepared in accordance with Kokubo’s
method.*® The ion concentrations (mM) are as follows: Na™ (142 mM),
K* (5 mM), Mg*" (1.5 mM), Ca>* (2.5 mM), CI~ (120 mM), HCO3 ™~
(27 mM), HPO,>~ (227 mM), SO,>~ (0.5 mM). NaCl (8.035 g),
NaHCOj; (0.355 g), KCI (0.225 g), K,HPO,, - 3H,0 (0.231 g), MgCl, -
6H,0 (0.311 g), 1 M HCI (38 mL), CaCl, - 2H,0 (0.3675 g), NaSO, -

10H,0 (0.071 g), and NH,C(CH,OH); (Tris, 6.118 g).

GCF and GCHF were cut into discs of 15 mm in diameter and 2 mm
thickness, then soaked in 1 L of SBF in an incubation box at 37 °C for 2,
4, and 8 days to obtain HGCCS. Finally, the HGCCS was washed with
deionized H,O, frozen at —80 °C, and lyophilized at —50 °C for 6 h. In
addition, a cylinder-shaped sample of HGCCS of 10 mm in length and
1S mm in diameter was prepared by the same method.

2.6. SEM Observation. A SEM (S-4800, Hitachi, Japan) was used
to characterize the morphology of GCF, GCHF and the biomimetic
mineralization of HAp growth on the channel wall of the framework at
an accelerating voltage of 10 kV.

2.7. X-ray Diffraction (XRD) and High-Resolution Trans-
mission Electron Microscopy (HRTEM) Analysis. XRD data
were recorded on a Japan Burkert D8/advance X-ray diffractometer system
with graphite monochromatized Cu Kot irradiation (4 = 0.15418 nm), with
ascan step size of 26 = 0.02°, and a dwell time of 2 s/step, over a 20 range of
10—70°. HRTEM observations were carried out with a JEM-2100
(Japan) instrument operated in the transmission mode at 200 kV. The
sample was prepared following the protocols referred to as Olszta’s method.

2.8. Mechanical Testing. Compressive testing is commonly used
to evaluate the mechanical properties of bone scaffolds.*>*" Prior to the
test, pure chitosan without cross-linkage (denoted as PC), GCF, GCHF
and HGCCS were cut into cylindrical samples with a 2:3 aspect ratio
(10 mm in length and 15 mm in diameter). Compressive testing was
performed on a computer-controlled WDW-1 universal material testing
machine with a cross head speed of 5 mm/min maintained until failure.
The compressive elastic modulus was calculated from the initial slope of
the stress—strain curve.*'* The value reported is the average of mea-
surements on at least five specimens (n = 5).

2.9.CLSM Observation for Genipin-Cross-Linked Chitosan
Framework (GCF) before and after Degradation Process.
CLSM (Leica, Germany) was used to study the fluorescence and the
change in the 3-dimensional microstructure of porous GCF. Enzymatic
degradation was performed by immersing the materials in 5 mg/mL
lysozyme in a sterile phosphate buffer saline solution (PBS, pH 7.4) at
37 °C for 48 h. A series of slices was obtained from a tomoscan with
10 um thick sections along the z-axis of the GCF. Then, the confocal
image of 3D porous GCF to a depth of 100 tm was obtained through 3D
image reconstruction. The excitation wavelength was 488 nm.

2.10. Rat BMSCs Isolation and Culture. Rat BMSCs were
isolated from femurs and tibias of 30 day old neonatal male Wista rats
procured from the Animal Experimental Center of Shangdong
University (Jinan, China) with a modified method originally described
by Pittenger et al.*® The cells were cultured in vitro using DMEM (Low
Glucose) supplemented with 1% penicillin-streptomycin at 37 °C, 5%
CO, and 95% humidity. Rat BMSCs were phenotypically characterized
by the method published by Wang et al.** Cells were seeded on scaffolds
after 3 passes (2 days for pass 1).

2.11. Cell Culture on Disklike Samples. GCF, GCHF and
HGCCS were cut into disk-like samples with 15 mm diameter and 2 mm
thickness. Subsequently, all the samples were sterilized by immersing
them in 75% ethanol for 30 min, exposing them to UV radiation for 30 min
on each side, and then washing each three times in a sterile phosphate
saline buffer solution (PBS, pH 7.4). These samples were placed in
24-well plates and seeded with S00 uL of cell suspension containing
2.0 x 10° rat BMSCs on each disk for 2 h. Another 500 uL of fresh
culture medium was then added to each disk. The culture was main-
tained up to 7 days in an incubator at 37 °C, 5% CO,, and 95% humidity.
The culture media were changed every 3 days.

2.12. Evaluation of Cell Adhesion and Morphology. After
3 days of culturing, the cell-seeded discs (n = 2) were removed from the
culture and gently washed with PBS. The cells on the discs were
immobilized with 2.5% glutaraldehyde in PBS for 30 min at 4 °C. After
removing the fixative, the disks were subsequently gently washed in PBS
and distilled water. These samples were subjected to sequential dehy-
dration for 10 min each with an ethanol series (30, 50, 70, 85, 90, 95, and
100%). Further, samples were allowed to dry for a day, coated with
platinum for 40 s, and examined with a SEM for cell adhesion and
morphology. All samples were observed at a 3 kV accelerating voltage.

2.13. Cell Proliferation. A cell count kit-8 (CCK-8, Dojindo,
Japan) was employed in the experiment to quantitatively evaluate cell
viability on various scaffolds after cultivation for 1, 4, and 7 days. Briefly,
for each sample (or scaffold), the original medium was replaced by
500 #L serum-free DMEM medium containing 50 4L CCK-8 solution,
followed by incubation at 37 °C for 3 h. After the formed formazan
solution (100 uL) was taken from each sample and transferred to one
well of a 96-well plate, the absorbance at 450 nm was determined using a
microplate reader (Bio-Rad, USA). Six parallel replicates (1 = 6) for each
sample were used to assess cell proliferation.

2.14. Assessment of Cell Localization and Cytoskeleton
Organization. After 3 days of culturing, the localization and cytoske-
leton organization of the adherent cells on samples stained with nucleic
acid dye, acridine orange (AO) (Invitrogen) and Alexa Fluor 488 phalloidin
(Invitrogen), respectively, were examined using CLSM. Briefly, for staining
the nuclei, the cell-loaded samples removed from the culture media were
fixed with 4% paraformaldehyde for 1 min, and then stained in 0.01% acridine
orange (AO) 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 extracted with 0.1% Triton X-100 (Sigma) for S 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 examined at excitation wavelengths of 488 and 633 nm.

2.15. Statistical Analysis. The statistical analysis of all the
experimental data was performed using SPSS version 11.0 (SPSS Inc.,
Chicago, Illinois). Data were reported as the mean = standard deviation.
Statistical comparisons were performed by ANOVA for multiple com-
parisons, and statistical significance was accepted at p < 0.05.

3. RESULTS AND DISCUSSION

3.1. SEM Observation of Construction of the Composite
Scaffold. From Figure 1a, we can see that genipin-cross-linked-
chitosan framework (GCF) is a macroporous structure with 3D
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Figure 1. SEM images of (a, b) genipin-cross-linked chitosan frame-
work (GCF) and (c, d) genipin-cross-linked chitosan/nano-HAp com-
posite framework (GCHF).

interconnected channels. The average diameter of a channel is
about 150—200 ym, and its wall thickness is about $ ¢m, a value
that is favorable for cell immigration and mass transport (Figure 1b).
Figure 1lc shows that the genipin-cross-linked-chitosan/nano-
HAp composite framework (GCHF) retains the 3D intercon-
nected microstructure of the chitosan framework with a pore size
of 150—200 um. However, instead of the clean smooth channel
surface of the GCF, there is a large number of HAp nanorods
serving as nanocrystallons that are laid on the channel surface of
the GCHF (Figure 1d), which provide sufficient seeds for the
growth of HAp nanocrystals and for nanostructure assembly
during the biomimetic mineralization process. In addition, the
GCHEF channel wall becomes a little thicker than that of GCF
due to the incorporation of nano-HAp (Figure 1b,d).

Figure 2 shows SEM images of samples at different stages of
preparation for HGCCS. The GCF was used for attempting to
construct HGCCS by coating a layer of nano-HAp on its channel
surface through a biomimetic mineralization method using SBF.
However, mineralization on the channel surface of GCF is difficult
to realize. After immersing in SBF even for 8 days, only a few
bulges are found on the channel surface (Figure 2a, b).

Therefore, to achieve a well-structured HAp nanostructure on
the channel surface of chitosan framework, a nanocrystallon
induced biomimetic mineralization method was employed. The
idea of this method is to pack HAp nanorods of ~20 nm in
diameter and ~150 nm in length as nanocrystallons on the
chitosan framework (corresponding to GCHF), and then to
grow the HAp nanocrystals on the top of the nanocrystallons
during the mineralization process. This method is imitated from
atop-seeding growth process of bulk crystals, and hence is defined as
nanocrystallon-induced biomimetic mineralization method.

After mineralization of GCHF for 2 days in SBF, some petal-
like nanostructures connected to the ends of the HAp nano-
crystals were found on the channel surface of GCHF (Figure 2c
and d). After mineralization for 4 days in SBF, some pieces of self-
assembled nanonetworks appeared on the channel surface of
GCHEF (Figure 2e, f); the network building blocks are petal-like
nanostructures similar to those in the 2-day mineralization
sample. After mineralization for 8 days in SBF, GCHF retains
3D porous structure with interconnected channel with the
pore size of ~150 um and the channel wall becomes thicker

(Figure 2g). Importantly, the channel surface of GCHF including
the internal pore structure (designated by the black arrow in
Figure 2h) is completely covered with a uniform and continuous
nanonetwork with a ~150 nm pore diameter (Figure 2g, h).

Therefore, a two-level, 3D interconnected network scaffold
(HAp-coated genipin-chitosan conjugation scaffold, HGCCS)
was realized. The first level of the network is the chitosan/nano-
HAp 3D interconnected macroporous framework (Figure 2g);
the second level of the network is self-assembled by the mineral
nanonetwork (Figure 2h). Mass measurements show that the
mass percentage of the HAp nanonetwork layer is about 29%.
The above results indicate that nanocrystalline HAp seeds play a
determining role in the construction of the calcium-phosphate
nanonetwork on the channel surface of GCHF.

When the assembly of a layer of a biomimetic apatite nano-
structure throughout a 3D porous bone tissue engineering
scaffold, such as biodegradable polymer/HAp composites is rea-
lized, it represents a practical method of controlling the surface
chemistry and geometry within a large and complex structure. To
the best of our knowledge, this work represents the first successfully
assembled and well-defined layer of a HAp networklike nano-
structure on a 3D chitosan-based framework.

3.2. Structural Characterization. To characterize the phase
structure of the nanonetwork on the channel surface of HGCCS,
XRD analysis was carried out. Figure 3 shows the XRD pattern of
all the samples. A very broad peak in the XRD pattern of GCF
centered at about 22° is attributed to genipin-cross-linked chitosan
(Figure 3a). Figure 3b shows a similar peak to that in Figure 3a,
indicating that there is no crystalline calcium phosphate or
apatite formed on GCF after mineralization in SBF for 8 days.
The bulges on the channel surface of GCF thus represent an
amorphous phase. The result further confirms that it is difficult to
realize mineralization on the channel surface of GCF. Figure 3c
shows the XRD pattern of GCHF. All the peaks of this pattern
can be indexed to the hexagonal HAp crystal of space group
P63/m (a=b=9.418 A, c = 6.884 A) (PDF Card No.09—432),
corresponding to the peaks of as-synthesized HAp nanocrystals
(Figure 3e). For the HGCCS sample (after biomimetic miner-
alization in SBF for 8 days), the positions of all the peaks in the
XRD pattern are the same as those in the GCHF pattern, but
most of them appear sharper and stronger (Figure 3d).

In order to further confirm the phase structure of the nanonet-
work, HRTEM observation on the petal-like nanocrystals was
performed with a JEM-2100 (Japan) TEM. The HRTEM sample
was prepared by separating the petal-like HAp nanoflakes from
HGCCS following Olszta’s method.*> The HRTEM image
(Figure 4a) shows hydroxyapatite nanocrystal rods inducing
mineralization and nanopetals growing on the channel surface
of GCHF (Figure 4a). The crystalline lattice image (Figure 4b) of
the petal-like crystals reveals a plane spacing of 3.43 A, correspond-
ing to the apatite (002) lattice plane, which further confirms that
the continuous nanonetwork on the channel surface is composed
of crystalline HAp. In addition, the structural development of the
composite was also confirmed by Fourier transform infrared spec-
troscopy (FTIR) (see Figure S2 in the Supporting Information).

In short, this result implies that the only mineral phase in
HGCCS is HAp, and no other crystalline phase, such as calcium
carbonate or other calcium phosphate compounds form during
the entire mineralization process.

3.3. Mechanical Properties. Generally, the compressive
elastic modulus (EM) is used to evaluate the mechanical proper-
ties of bone scaffolds.*>*' Figure $ shows the EM of different
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GCF in SBF |
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GCHF in SBF
for 2 days
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for 4 days
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Figure 2. SEM images of samples at different stages of preparation for HAp coated genipin-chitosan conjugation scaffold (HGCCS). (a, b) Genipin-
cross-linked chitosan framework (GCF) mineralized in SBF for 8 days, genipin-cross-linked chitosan/nano-HAp composite framework (GCHF)

mineralized in SBF for (c, d) 2, (e, f) 4, and (g, h) 8 days (HGCCS).

groups of samples: pure chitosan without cross-linkage, GCF,
GCHEF, and HGCCS. The EM of PC is only 1.84 £ 0.65 MPa,
and that of GCF is 30.68 £ 2.35 MPa, which is about 10 times
higher than 2.9 & 0.4 MPa, the previously reported EM value of a
chitosan scaffold.* This result implies that the nontoxic cross-
linker, genipin, has a strong cross-linking ability and apparently
improves the strength of the framework. The EM of GCHF is
41.88 & 3.13 MPa, which is higher than that of GCF, indicating a
reinforcement of the HAp nanorods for the framework. The
reinforcement effect of HAp nanorods is caused by their rodlike
morphology and the specific binding force produced by the
nanocrystal —OH™ groups and the —NH, groups at the chitosan
chains,'* in keeping with the well-known whisker-reinforcement
mechanism.*®

After biomimetic mineralization in SBF, the EM of the
HGCCS obtained increases to 50.49 £ 2.23 MPa, which is

about 17% higher than that of GCHF without mineralization.
This result indicates that the HAp network-like nanostructures
formed on the channel walls of GCHF through mineralization
exhibit a strong support and reinforcement effect that resists
compression. Based on the strong cross-linking ability and effective
reinforcement of the HAp nanonetwork self-assembled on the
channel wall of porous GCHE, the strength of the HGCCS obtained
in this way exhibits experiences an apparent enhancement.

3.4. Intrinsic Fluorescent Property of GCF and the Change
of Microstructure before and after Degradation. From
Figure 6, we observe the pore size and microstructure of the in-
terconnected channels in 3D porous GCF by CLSM at excitation
wavelength of 488 nm before degradation with a depth to a depth
100 um from the 3D reconstructed image. More importantly,
compared to the SEM observations, the depth dependent images
of the laser confocal fluorescence measurement from the 3D

1696 dx.doi.org/10.1021/am2002185 |ACS Appl. Mater. Interfaces 2011, 3, 1692-1701



ACS Applied Materials & Interfaces

RESEARCH ARTICLE

@: chitosan
A: nano-HAp

W“M“Wwwwwmmmw

“W&Mﬂdwﬂpwﬂfwﬂ“w.%M‘#)#I\-Mf'lﬁ\wwww, Mo b

L
e

Intensity (a.u.)

Figure 3. X-ray diffraction patterns of (a) genipin-cross-linked chitosan
framework (GCF), (b) GCF biomimetic mineralized in SBF for 8 days,
() genipin-cross-linked chitosan/nano-HAp composite framework (GCHF),
(d) HAp coated genipin-chitosan conjugation scaffold (HGCCS), and
(e) HAp nanorods synthesized by a hydrothermal method.

Figure 4. HRTEM images of petal-like nanocrstals eroded from
HGCCS. (a) HAp petals formed by biomimetic mineralization in
SBF. (b) Higher-magnification view of the petals indicated by the black
arrow in a.

reconstruction demonstrate a true 3D scaffold with intercon-
nected channels. In addition, observation of a series of slices
(randomly selected section numbers 1, 6, and 10) from a tomoscan
with 10 um thick sections along the z-axis provides more in-
formation on the 3D microstructure of the scaffold, such as cross-
section display homogeneity and interconnectivity of the GCF.
The formation of these images can be attributed to the intrinsic
fluorescence of genipin-cross-linked chitosan. In GCHF and
HGCCS the same fluorescence is also displayed in subsequent
CLMS observation (Figure 9 and Figure S3 in the Supporting
Information).

In addition, we observe by CLSM the change in the GCF
microstructure before and after enzyme degradation by fluores-
cence. Compared to the interconnected channels of 3D porous
GCF before degradation, it appears that the channels have
collapsed, and the microstructure has become irregular with no
uniform pore size after the enzymatic degradation process in a
S mg/mL lysozyme solution at 37 °C for 48 h.

Recently, fluorescent biomaterials have attracted much atten-
tion, because of the great demand for imaging and tracking of

60
p<0.01
= 50 1 p<0.01 JT.
g _ psal
3 I
2 p<0.01 [
= )
S a0 f
z
£ 20
=5
£
=}
© 101
0 T T
PC GCF GCHF HGCCs

Figure S. Compressive elastic modulus of noncross-linked chitosan
(PC), genipin-cross-linked chitosan framework (GCF), genipin-cross-
linked chitosan/nano-HAp composite framework (GCHF), and HAp
coated genipin-chitosan conjugation scaffold (HGCCS). Error bars
indicate standard deviation (n = S).

biomaterials during medical research or treatment. Some ap-
proaches to the preparation of chitosan-based fluorescent mate-
rials are suggested. However, most of them are related to labeling
with fluorescent particles or molecules, such as fluorescein
isothiocyanate (FITC), which results in a more complicated
process or involves toxic chemicals. At the same time, the fluoro-
genic characteristics of the chitosan—genipin membrane and micro-
capsule have been observed by some researchers. Previous studies
reported that the large conjugated system, possibly the 7—m*
conjugation formed by the chitosan and genig)in reaction, is the
likely photophysical origin of this emission.” It was also found
that reaction conditions, including pH, temperature and time,
can affect the fluorescence intensity of the product.”® We further
explore the novel fluorescence properties that suggest a promis-
ing application for 3D scaffold imaging and tracking using CLSM
without toxic additions, and in situ observation of the degrada-
tion process in vivo or in vitro.

3.5. Cell Adhesion and Morphology. As shown in Figure 7,
the morphology of rat BMSCs exhibits a notable change after
culturing for 3 days on the channel surface of GCF, GCHF and
HGCCS. Rat BMSCs on the channel surface of GCF adhere,
spread and appear confluent (Figure 7a,b). In addition, the spindle
morphology looks like the typical BMSCs phenotype, which is
different from previous results reported by RDK Misra on MC
3T3-El cultured on a chitosan scaffold.'” On the channel surface
of GCHEF, the cells become thicker and exhibit a fibroblastic
morphology with extensive cellular processes (Figure 7c,d). As
shown in Figure 7d from lateral observation, BMSCs display
weaker adhesion to the surface of GCHF. The following pro-
liferation assay further indicates a lower viability compared to
GCHF and HGCCS.

With regard to two-level, 3D HGCCS, the cells are flat and
broad with very large area, and tightly adhere to the channel surface
of the scaffold (Figure 7e). Moreover, a much more pronounced
protrusions of pseudopodia contact with the surface network-like
HAp nanostructures (Figure 7f). Similar behavior was observed
for bovine aortic endothelial cells.*’

The above experiments prove that rat BMSCs on HGCSSC
present much better attachment. The results also indicate that
the morphology of rat BMSCs can be affected by the surface mor-
phology and the channel surface structure of the scaffolds. As is
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after degradation before degradaticn

Figure 6. Confocal laser scanning micrographs of 3-dimensional porous genipin-cross-linked chitosan framework (GCF) (before and after
degradation) to a depth of 100 um through 3-dimensional image reconstruction and a series of tomoscan slices with 10 #m thick sections along the
z-axis. Randomly selected section numbers 1, 6, and 10 are presented. The excitation wavelength is 488 nm.

Figure 7. SEM images of rat BMSCs on genipin-cross-linked chitosan framework (GCF) (a, b), genipin-cross-linked chitosan/nano-HAp composite
framework (GCHF) (c, d), and HAp coated genipin-chitosan conjugation scaffold (HGCCS) (e, f) after 3 days of culture in vitro. Black arrow designates
the adherent cells. A much more pronounced protrusion of pseudopodia contacts with network-like HAp nanostructures on the channel surface of
HGCCS (f) as indicated by the white frame in (e).

well-known, cell shape is a potent regulator of cell growth and phys- 3.6. Cell Proliferation. As shown in Figure 8, the result of a
iology, and many events related to embryonic development and stem cell proliferation assay clearly demonstrates that rat BMSCs on
cell differentiation are influenced by cell shape.** Whether the surface GCF, GCHF and HGCCS exhibit a good growth state, even
HAp network nanostructure of HGCCS can affect the differentiation when the culturing period is extended, which indicates that these
of rat BMSCs needs to be investigated in the future work. three kinds of biomaterials have good biocompatibility for rat
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Figure 8. Proliferation of rat BMSCs on genipin-cross-linked chitosan
framework (GCF), chitosan/nano-HAp composite framework (GCHF),
and HAp-coated genipin-chitosan conjugation scaffold (HGCCS). Data
are presented as mean = standard deviation with n = 6 (*P < 0.05, **P <
0.01).

BMSCs. Meanwhile, compared to GCF, rat BMSCs tend to have
higher viability on HGCCS, while growing slower on GCHF.

The result reveals that HAp network-like nanostructures miner-
alized on the channel surface of HGCCS significantly enhances
proliferation. The unique surface structure provides an important
cue to regulate cell proliferation through mechanotransduction
pathways, or triggers specific protein adsorption for easier access
to nutrients by BMSCs. It is generally recognized that integrin-
mediated cell-matrix interaction regulates cellular survival in
multiple ways. With respect to GCHF, the irregular surface
geometry due to the nonuniform distribution of HAp nanorods
may not promote cell adhesion and growth,* which confirms the
SEM observations (Figure 7).

In addition, it is worth mentioning that although GCF, GCHF
and HGCCS display different proliferation states, it should be
emphasized that the higher level of rat BMSCs proliferation on
HGCCS, relative to GCF and GCHF, might not be due purely to
surface characteristics, although differences in scaffold seeding
efficiency may be ruled out. Importantly, rat BMSCs indeed
display the highest proliferation on HGCCS, which confirms a
potential advantage for bone tissue engineering.

3.7. Cell Localization and Cytoskeleton Organization. The
CLSM images of the distribution and cytoskeleton organization
of rat BMSCs cultured on the various chitosan-based scaffolds are
shown in Figure 9. The displayed images are obtained by merging
two images: one is the fluorescence image of the nuclei or F-actin
of rat BMSCs at an excitation wavelength of 488 nm, and the
other is the fluorescence image of the 3D scaffold at an excitation
wavelength 633 nm (HGCCS as a representative seen in Figure 9).
In Figure 9a—c, the bright green dots representing the nuclei
clearly display a uniform, extensive and compact distribution of
rat BMSCs on GCF, GCHF and HGCCS, respectively. How-
ever, corresponding to the result of cell proliferation, GCF and
GCHEF present higher cells density than GCH. In addition, the
fluorescence images (Figure 9 and Figure S3 in the Supporting
Information) indicates that GCF, GCHF and HGCCS all
possess intrinsic fluorescence, which may provide an effective
way to image the cell—scaffold interaction and effectively monitor

Ex=488 hm

GCF
e

Figure 9. CLSM images of the distribution and the changes in actin
cytoskeleton organization of rat BMSCs cultured for 3 days on the
genipin-cross-linked chitosan framework (GCF) (a, e), genipin-cross-
linked chitosan/nano-HAp composite framework (GCHF) (b, f), and
HAp coated genipin-chitosan conjugation scaffold (HGCCS) (¢, g) after
nuclei and F-actin staining with acridine orange (AO) and Alexa Fluor
488 phalloidin, respectively. The bright green dots and regions are nuclei
and cytoskeleton, respectively, and the dark red regions are the scaffolds.
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the adhesion, localization and migration of cells on the surface of
the scaffolds.

To examine the direct interaction between cells and the scaffold
surface structure, the cytoskeleton organization changes in rat
BMSCs (the bright regions) on the channel surface of the bioma-
terials are displayed in Figure 9e—g. Similar to the results obtained
with SEM, rat BMSCs on GCEF retain the typical phenotype of
BMSCs, and actin stress fibers are seen throughout the cells
(Figure 9e). Rat BMSCs on the channel surface of GCHF
(Figure 9f) are much thicker than those on the chitosan frame-
work, and are significantly elongated. The cytoskeleton organiza-
tion (Figure 9g) of rat BMSCs on two-level, three-dimesional
networked HGCCS is totally different from that on the chitosan
framework (GCF). In addition to the broad area, the rat BMSCs
on networked HAp nanostructures produce more protrusions,
which presents a more positive response to integrin-mediated
cytoskeletal reorganization and cellular adhesion.

It is becoming clear that synthetically nanofabricated topo-
graphy can influence cell morphology, adhesion, migration and
proliferation through intergrin-mediated cytoskeletal tension and
modulation of the intracellular signaling })athways that regulate
transcriptional level and gene expression.” In this study BMSCs
directly contacted the substrate and no chemical media were
added. Moreover, the integrin-mediated cell-matrix interaction is
crucial for outside-in signal transduction. Therefore, we have reason
to believe that the change in cytoskeleton organization can be
attributed to direct cell mechanotransduction induced by
networklike nanostructures on the channel wall, thereby caus-
ing cellular gene expression profiles and functions of rat
BMSCs.>***"** Our future work will focus on the effects of
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the HGCCS surface characteristics on the osteoblastic commit-
ment of BMSCs

4. CONCLUSIONS

In summary, our studies have demonstrated the construction
of a 2-level 3D networked HAp coated genipin-chitosan con-
jugation scaffold by assembling HAp nanostructures on the
chitosan framework through induced nanocrystallon biomimetic
mineralization in SBF. The first level is the chitosan framework
with interconnected channels, and the second level is the nanonet-
work and nanostructure of HAp formed on the channel surface of
the chitosan framework. Nontoxic genipin is used as a cross-linker
and it endows high strength and intrinsic fluorescence to the
chitosan framework. Rod-like HAp nanocrystals and the HAp
nanonetwork found on the channel surface reinforce the scaffold
that is produced. The intrinsic fluorescence facilitates cellular
imaging and biodegradation studies. Furthermore, by culturing
rat BMSCs on HGCCS in vitro, we have demonstrated its high
biocompatibility. We have observed the influence of biomimeti-
cally mineralized HAp nanostructures on cellular morphology and
cytoskeleton organization of rat BMSCs. The observed change in
cellular morphology and integrin-mediated cytoskeletal tension
can be attributed to the HAp nanonetwork and nanostructures.
Our research provides a novel research avenue to construct a
scaffold for bone tissue engineering, monitor scaffold biodegra-
dation with intrinsic fluorescence, and investigate the impact of
the nanostructures and material surfaces on stem cell functions.
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© Ssupporting Information. Figures showing TEM obser-
vation and XRD analysis of nano-HAp powders, FTIR analysis of
scaffolds, and fluorescence images of GCHF and HGCCS seeded
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