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Abstract: A bone scaffold material (nano-HA/ collagen/PLA composite) was developed by
biomimetic synthesis. It shows some features of natural bone both in main composition and
hierarchical microstructure. Nano-hydroxyapatite and collagen assembled into mineralized
fibril. The three-dimensional porous scaffold materials mimic the microstructure of cancellous
bone. Cell culture and animal model tests showed that the composite material is bioactive. The
osteoblasts were separated from the neonatal rat calvaria. Osteoblasts adhered, spread, and
proliferated throughout the pores of the scaffold material within a week. A 15-mm segmental
defect model in the radius of the rabbit was used to evaluate the bone-remodeling ability of the
composite. Combined with 0.5 mg rhBMP-2, the material block was implanted into the defect.
The segmental defect was integrated 12 weeks after surgery, and the implanted composite was
partially substituted by new bone tissue. This scaffold composite has promise for the clinical
repair of large bony defects according to the principles of bone tissue engineering. © 2004 Wiley

Periodicals, Inc. J Biomed Mater Res Part B: Appl Biomater 69B: 158—-165, 2004
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INTRODUCTION

Large bone fracture defects or bone tumor resections are
serious problems for bone surgery, though autografts and
allografts have long been widely used for bone reconstructive
surgery.! The main drawback of autografts is donor shortage.
For allograft, the problem is the potential risk of transmitting
diseases and immunological response. Many bone-grafting
materials, such as titanium alloy, ceramics, and polymers,
have been used as bone-substitute materials.” However, each
has a specific disadvantage. Permanent implantations can still
erode in vivo, due to late breakdown and abscess formation.
The acidic outcome of polymer biodegradation also nega-
tively affected the latter-stage results of bone repair. It be-
came necessary to find a promising alternative to the use of
autogenous bone for grafting indications. Bone tissue engi-
neering is a promising method for the repair of large bone
defects.>* Recently, studies of three-dimensional scaffold
materials became a crucial element of bone tissue engineering
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research. The three-dimensional scaffold materials were de-
signed to mimic one or more of the bone-forming compo-
nents of autograft, in order to facilitate the growth of vascu-
lature into the material, and provide an ideal environment for
bone formation.”~’ Many researchers have prepared hydroxy-
apatite (HA) and collagen composite by mixture or self-
organization, followed by cross linkage or uniaxial pressing
to develop a large size material >

Previous work has led to the development of a bone-like
nano-hydroxyapatite/collagen (nHAC) composite by miner-
alizing the type I collagen sheet.'®!" Preliminary in vitro and
in vivo studies indicate that this material is bioactive and
biodegradable. However, its mechanical properties were too
weak for practical application. In order to improve the me-
chanical strength and the forming ability of the material, a
new bone tissue engineering scaffold material, nano-HA/
collagen/poly(lactic acid) (nHAC/PLA), has been developed
Its similarity to natural bone in main composition and hier-
archical microstructure, its biomimetic preparation, and the
biological testing of this material are reported in this article.

Natural bone is a complex biomineralized system with an
intricate hierarchical structure. It is assembled through the
orderly deposition of apatite minerals within a type I collag-
enous matrix. Bone mineral is a nonstoichiometric carbon-
ated apatite with low crystallinity and nanometer size. The
crystallographic ¢ axis of the apatite is oriented to the axis of
the collagen fibril.'">'* In this novel material, the collagen
molecules and nano-hydroxyapatite assembled into mineral-
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ized fibril. Following that, the mineralized collagen fibril
bundle was assembled in a parallel arrangement. Moreover,
on the histological level, natural bone has an interconnecting
porous structure also found in the top hierarchical level of the
nHAC/PLA scaffold composite. PLA polymer is a biodegrad-
able biomedical material used as a biodegradable suture in
GTR (guided tissue regeneration) membranes and in fixation
in orthopedics. High mechanical strength ensures the practi-
cal application of PLA in surgery.'*'> This composite, com-
bined with high compatibility and high strength, provided a
promising scaffold in both traditional bone-defect repair and
in bone tissue engineering.

MATERIALS AND METHODS

Synthesis

Synthesis of nHAC powder has been reported previously.'%!!-1¢

Type I collagen solution (CELLON Company) was adjusted
to a concentration of 0.67 g collagen/l. Solutions of CaCl,
and H;PO, (Ca/P=1.66) were then added separately by
drops,. The solution was gently stirred and titrated at room
temperature with sodium hydroxide solution to pH 7.4. After
48 h, the nHAC deposition was harvested by centrifugation
and freeze-dried. nHAC/PLA was made by the following
procedure: PLA (ShangDong Medical Research Institute,
China) of molecular weight 100,000 Da was dissolved in
dioxane to final concentrations of 8%, 10%, and 12% (m/v).
The solution was then stirred gently at room temperature for
4-6 h, and the nHAC powder was added at a 1:1 nHAC:PLA
weight ratio. The solution was then ultrasonicated, poured
into a mold, frozen at a temperature between 0 and — 20 °C
overnight, and then lyophilized to remove dioxane.

Characterization

The porosity of nHAC/PLA was determined via a liquid
displacement method with isopropyl alcohol (isopropanol,
p = 0.784 g/ml). A sample with a known weight wl was
immersed in a beaker holding a known volume of water v1.
A series of brief evacuation-repressurization cycles were
performed to force the liquid into the pores of the composite.
Then the total volume of the water plus the liquid-impreg-
nated scaffold (v2) and the residual liquid volume after the
water-impregnated composite was removed (v3) were re-
corded. The porosity of the composite (€) is expressed as € =
vy — v)l(v, — v3) X 100%.

The compressive mechanical property as tested with an
Instron 1122 mechanical testing with a 10-kN load cell ac-
cording to the guidelines set in ASTM D5024-95a. The
specimens were cylinders about 9 mm in diameter and about
15 mm in length. The cross-head speed was set at 0.5 mm/
min, and the load was applied until the foam was compressed
to approximately 30% of its original length. The compressive
modulus was calculated as the slope of the initial linear
portion of the stress—strain curve. The compressive strength

was determined as the maximum point of the stress—strain
curve.

Scanning electron microscopic (SEM) examinations (LEO
1530, Germany) were performed after coating the samples
with gold. X-ray diffraction (XRD) patterns of the materials
were recorded in a Rigaku D/max-RB diffractometer
(Rigaku, Tokyo) with the use of Cu K radiation. Samples for
transmission electron microscope (TEM) were also fixed with
2.5% glutaraldehyde in 0.1-M PBS (pH 7.0), followed by 1%
osmium tetroxide in acetone. The specimens were dehydrated
through a graded series of ethanol, embedded in Spon 812
(Serva, Feinbiochemical, Heidelberg, Germany). Ultra-thin
sections were examined in a JEM-200CX TEM (JEOL, Ja-
pan). Selected-area electron diffraction (SAED) patterns were
used to investigate the crystal orientation in the material.

Cell Culture

Osteoblasts were isolated via sequential digestions of neona-
tal rat calvaria according to established procedures,'”"'® char-
acterized by alkaline phosphatase activity as well as by dep-
osition of calcium phosphate salts by the von Kossa staining
technique, which is an indication of osteoblast mineralization,
and cultured in Dulbecco’s modified eagle medium (DMEM)
supplemented with 10% fetal bovine serum (FBS) under
standard cell culture conditions (that is, 37 °C, humidified,
5% CO,). Osteoblasts were used at subcultured numbers 2—4.

The composite was cut into a disc (thickness = 1-2 mm),
then sterilized by <y-ray irradiation (2.5 Mrad). The osteo-
blasts were seeded into the composite in a 3.5-cm dish at a
concentration of 5 X 10* cells/cm?. The cultures were main-
tained in a humidified atmosphere consisting of 95% air/5%
CO, (v/v) at 37 °C, and the medium was changed twice a
week, and routinely examined by a Olympus IX-50 phase
contrast microscopy (Olympus, Japan).

Samples for SEM were fixed with 2.5% glutaraldehyde in
0.1-M PBS (pH 7.0), followed by 1% osmium tetroxide in
acetone. The specimens were dehydrated through a graded
series of ethanol and acetonitrile,vacuum-pumped acetonitrile
dried and gold coated for examination in a LEO 1530 (Leo,
Germany).

Implantation

Twenty-four white New Zealand adult rabbits (2.5-3 kg)
were included in this study. The composite was fabricated
into a cuboid with 15 mm X 5mm X 5mm; then 0.5 mg
recombined human bone morphogenetic protein (thBMP-2)
(China East Pharmacy Inc., Genetics Institute) solution was
adsorbed by vacuum pump, followed by sterilization by ep-
oxy ethane.

The implantation was under general anesthesia by an in-
jection of 3% sodium pentobarbital (0.3 mg/kg body weight)
in the auricular vein. After being positioned prone, the rabbits
were shaved, prepped with povidone-iodine and draped in
sterile fashion. The 15-mm segmental defect upper 1/3 of the
radius in the right forelimb was created with a roller bit. The
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composite was implanted in the segmental defect and ob-
served at 4, 8, 12, and 16 weeks (n = 6).

All of the harvested tissues were radiographed with an
x-ray apparatus and then fixed with 10% neutral formalin,
defatted with chloroform, demineralized with 10% ethyl-
enedimine tetra acetic acid, and embedded in paraffin wax.
Sections (5 wm in thickness) were cut, stained with hema-
toxylin and eosin (H & E), and examined under a light
microscope. New bone was defined by the radiographic ap-
pearance of a calcified mass that on histologic examination
correlated with hematopoietic marrow and bony trabeculae."”

Statistical Methods

ANOVA was used to compare to the results, with a signifi-
cance level set to 5%. Repeated-measure STATA was em-
ployed to analyze the data for each of the character parame-
ters.

RESULTS

Characterization

Figure 1 is an example of SEM morphology of nHAC/PLA
(8%). It is seen from this figure that the composite is porous,
with pore size of about 100-300 wm [Figure 1(a)]. The pores
are interconnected. The wall thickness of the pores is about
15-30 pwm [Figure 1(a,b)].

Under TEM, Figure 2(a) indicated the microstructure of
the composite. The clusters of mineralized collagen fibrils
were dispersed in the PLA matrix. The central part of Figure
2(a) is enlarged in Figure 2(c); the cluster consists of nearly
parallel straight fibrils. The diameter of the fibrils is about 6
nm. The SAED indicated that the mineral crystals were
[002]-oriented nano-HA crystals along the long axis of the
collagen fibril [Figure 2(b)].

Phase development of the composite was demonstrated by
XRD patterns (Figure 3). Compared to the HA crystal, the
broadening of the diffraction peaks of nHAC implied a small
grain size and low crystallinity. The pattern of the nHAC/
PLA presents the same broadening peaks, which is also like
the pattern of the natural bone. In natural bone, the nano-HA
crystals and collagen make the overlap of the four peaks
range from 32 to 35°.

The mechanical properties of the composites of the three
types (8%, 10%, 12% PLA in dioxane solvent) are different,
as shown in Figure 4. The compressive strengths of the three
types of composite increased with the increasing of PLA
concentration. The elastic modulus values of these materials
show a somewhat different trend of the compressive strength
versus PLA concentration, 10% type sample was at the max-
imum value: 47.3 MPa. The porosity of these three types
(8%, 10%, and 12% PLA) nHAC/PLA were all at 80% (=
2%, all n = 3).

Cell Culture

Osteoblast growth in material-free organ culture can be dis-
tinguished into four stages.'’™'® Cells adhered to the flask

(b)

Figure 1. SEM morphology of the composite (a) nHAC/PLA scaffold;
(b) enlargement of the central area of (a).

bottom or to the cell culture cover slip in a round shape
during the initial 2 days. Then the round cell attached, spread,
and proliferated on the bottom of the flasks or cover slips,
exhibiting morphologies ranging from spindle shaped to po-
lygonal. In 3 weeks, cells reached confluence. Polygonal cells
packed closely into a mosaic appearance. At 4 weeks, the
extracellular matrix was fibrous between the multilayer cells.

SEM indicated the cells experienced similar development
in the co-culture system of cell and composite. Two days
after seeding, cells adhered on the surface of the composite.
The cells proliferated in the following days and grew into the
inner pores of the scaffold. After 1 week, the cells reached
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(b)

(c)

Figure 2. TEM micrographs of nHAC/PLA composite: (a) and (c) an ultra-thin section of Epon-
embedded composite; (b) SAED pattern of the central part of (a).

confluence on the material [Figure 5(b), black arrow], while
the material-free group did not reach this status [Figure 5(a)].
The cells adhered to the membrane with processes and mul-
tiple filopodia [Figure 5(c)], and anchored onto the pore wall
[Figure 5(d), white arrows). The fibrillar bundles of extracel-
lular matrix were attached to the material and connected to
each other.

In Vivo Analysis

The X-ray and histological observations demonstrated that
the 15-mm segmental defect was completely healed within 12
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Figure 3. XRD graph of (a) commercial HA, (b) nHAC, (c) nHAC/PLA,
and (d) natural bone.

weeks after surgery [Figure 6(b, d)]. Compared to the X-ray
graph of the defect just after surgery [Figure 6(a)], the X-ray
graph 12 weeks after implantation shows the double cortical
bone connected [Figure 6(b)]. The porous composite was
partially replaced by new bone tissue. At 8 weeks, a large
number of round cells had grown into the pores of the
material, and adhered to the walls of the pores [Figure 6(c)].
The cells congregated at the interface between the composite
and the new bone tissue. Corresponding to the decrease of
material, the bone marrow and trabeculae fill up the location.
Comparison of the histology of the 8 and 12-week samples
[Figure 6(e)] shows that there is more implanting material
replaced by new trabeculae.

DISCUSSION

Traditional bone-defect repair procedures utilize autogenous
bone as a graft to provide the osteoinductive and osteocon-
ductive components necessary for the formation of new bone
at the operative site; it has long been the gold standard for
orthopedics. Complications associated with the harvest of
autograft, such as limited quantities, donor-site morbidity,
blood loss, and increased operative time, have prompted the
search for the suitable alternatives. New bone graft materials
are being designed to mimic one or more of the bone-forming
components of autograft.
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Figure 4. The compressive property testing results of the materials. (a) The compressive strength
value of nHAC/8%, 10%, and 12% PLA; (b) the elastic modulus of nHAC/8%, 10%, and 12% PLA.

The results, show that the nHAC/PLA and the natural bone
are similar in main composition and in hierarchical micro-
structure. Type I collagen is the major structural protein of
bone tissue, making up about 30% of the dry weight of bone
and 90-95% of its nonmineral content.'” In the nHAC/PLA
composite, the main component is the type I collagen and

hydroxyapatite. The poly lactic acid is only about 12% of the
weight of the final block material. Figure 7 shows the nano-to
microscale hierarchical microstructure of the scaffold mate-
rial. First, the collagen molecules and nano-hydroxyapatite
assembled into mineralized fibrils, that were about 6 nm in
diameter and about 300 nm long. The collagen molecules in

(<)

(d)

Figure 5. SEM results of a 1-week cell culture on the nHAC/PLA composite: (a) control group-
osteoblasts on glass; (b) osteoblasts on nHAC/PLA surface; (c) magnification of (b); (d) osteoblasts
adhered to the pores of the nHCA/PLA composite. Black arrows indicate cell proliferation. White
arrows indicate the oriented fibrillar bundles of extracelluar matrix that are attached to the material and

connected with the cell.
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Figure 6. Results of the nHAC/PLA composite experiments: (a) after surgery; (b) implant at 12 weeks,
double cortical bone connected completely; (c) implant at 8 weeks, decalcified histology HE staining;
(d) implant at 12 weeks, histology HE staining, double cortical bone connected completely, bone
marrow and new bone trabeculae in vertex zone; () implant at 12 weeks, decalcified histology HE
staining (compare to 8 weeks, more new trabeculae replace the composite).

bone were secreted by the cell, and were, like the fibrils, of
nanometer size. Second, the mineralized collagen fibril par-
allel was assembled into fibril bundles, along a straight line.
The fibril array patterns also show the same pattern in bone.
The assembled mineralized collagen fibrils uniformly distrib-
ute in the PLA matrix. The average pore size of scaffold is
above 100 wm. The high porosity of the scaffold is a result of
an interconnected three-dimensional pore structure. This po-
rous scaffold is similar to that of spongy bone—the highest
level of the bone hierarchy. A suitable macroporous structure
is important in order to obtain good implant incorporation
through rapid vascularization, bone ingrowth, and, where the
implant is resorbable, possible remodeling.”~’

Based on the basic biomineralization principles, an nHAC
composite had previously been developed by mineralizing

type I collagen sheets. Preliminary studies indicate that this
nHAC material is bioactive and biodegradable. However, its
mechanical property was too weak for practical application,
especially on compressive strength. An ideal material for
bone tissue engineering should be nonimmunogenic, biode-
gradable, highly effective in osteoinduction with relatively
low dose of inducing signals, ready for vascular and mesen-
chymal cell invasion, carvable, and amenable to contouring
for optimal adaptation to various shapes of bone defects,
providing mechanical support when needed.”>*' A new bone
tissue engineering scaffold material, nHAC/PLA, has been
developed. The nHAC/PLA composite fulfills most of the
requirements for use as a suitable substratum for bone tissue
engineering. The first advantage of this composite is the high
biocompatibility. nHAC possesses a high effective affinity
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Figure 7. Hierarchical structure of the nHAC/PLA composite.

for regulating cell function and promoting osteogenesis.
Kikuchi and Mehlish have implanted a mixture of HA parti-
cles and collagen and reported high biocompatibility.®** De-
sign of biomaterials with surface properties similar to phys-
iological bone (characterized by surface grain sizes in the
nanometer regime>’) would undoubtedly aid in the formation
of new bone at the tissue/biomaterial interface and, therefore,
improve orthopedic/dental-implant efficacy. In the present
preparation, the freeze-drying technique keeps the nHAC
component as initial status on the final composite, and the
three-dimensional scaffold was made by the simple and ap-
plied method. Different ratios of PLA dissolved in the solu-
tion result in different compressive strengths, so this polymer
has far-ranging clinical applications. This is another advan-
tage of this composite for bone tissue engineering. If the
clinical application requires a stronger or weaker composite,
a higher or lower molecular weight of PLA, PLGA, or other
biocompatible polymer can be used to attain different me-
chanical strengths and biodegradability ratios. The compres-
sive strength of the nHAC/PLA composite reached the lower
limit of natural cancellous bone (1 MPa).?* The compressive
modulus of trabecular bone is approximately 50 MPa,*
which is comparable to that of the present nHAC/PLA (10%)
composite.

The osteoblast performed the normal stages of adhesion,
proliferation, and maturation that accompanied the morpho-
logical change from mainly spindle shaped to predominantly
polygonal on the nHAC/PLA scaffold material. In culture
media, the surface of composite gradually appeared more
smooth by biodegradation (data not shown). The cells were
spread out in the interconnected pores. In the process of
co-culture, the outcome of biodegradation apparently did not
change the pH value of the media, which is one of the
essential factors ensuring normal growth. This composite
indeed overcame the disadvantage of the acid outcome deg-
radation seen with the use of pure PLA devices. The acidic
degraded PLA might be neutralized by the presence of the
nano-mineralized collagen in the composite. Of course, more
experiments are necessary to examine this question.

In the implant experiment, the large segmental defects
(length = 15 mm, critical size) of rabbits healed quickly
after 12 weeks. It is demonstrated that the composite is an

appropriate bone substitute material for ingrowth of new
bone. The porous surface of the implant material could
provide a suitable environment for collagen and bone
mineral deposition, as well as osteoblast attachment. The
cells also could modulate further development of bone
tissue.>* 2% As the osteoclast-like cells reabsorb the bone
matrix, and the osteoblasts are associated with bone for-
mation. The interconnected pores also provide tunnels to
carry the nutrients and cells. After the cells enter into the
composite, the nanometer-sized HA with low crystallinity
has more affinity for bone mineral formation with colla-
gen, which differs from bioceramics with well-crystallized
and coarse grains (in the wm range).’® A composite less
mineralized than natural bone could promote degradation
in tissue. Signaled by a low concentration of BMP, the new
bone produced by osteoblasts effect on this composite as
soon as possible.>’ Schimandle et al.** reported that fu-
sions achieved using thBMP-2 delivered in the collagen
carrier were more remodeled and homogeneous compared
with using thBMP-2 delivered in autograft with or without
a collagen carrier, and fusions achieved with thBMP-2
were biomechanically stronger and stiffer than fusions
achieved using autogenous bone graft. Sandhu et al.**
reported on the efficacy of thBMP-2 with an open-cell
PLA in a canine posterolateral spinal fusion model. Fol-
lowing the principles of bone tissue engineering, use of a
compound of composite, cells, and signal molecules is
promising for the cure of defects larger than those that can
be helped by traditional methods. Although bone morpho-
genic proteins were first purified and identified by Urist in
1965,>* the thBMP-2 used here has only recently been
clinically used.

In this article, preliminary research on the novel nHAC/
PLA composite was described. In the near future, other
mechanical properties of this material will be investigated,
including bending testing. The quantitative data on degra-
dation and ossification in vivo must also be measured.
Moreover, as these materials are bioactive and biodegrad-
able materials, the dose of BMP other growth factor com-
bined with the material should be an important aspect of
the research.



BIOMIMETIC BONE SCAFFOLD MATERIALS 165

CONCLUSIONS

A new type of nano-composite bone material, nHAC/PLA
was fabricated with the use of a biomimetic strategy. The
nano-composite shows some features of natural bone both in
main composition and hierarchy microstructure. The porous
microstructure of this material is similar to that of cancellous
bone. The cell culture and the implant experiments demon-
strated that the composite was bioactive. The composite scaf-
fold is a promising material for bone tissue engineering.

The assistance of Dr. X. D. Zhu (cell culture), and C. Zhang
(implant surgery) is gratefully acknowledged.
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