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Abstract: Calcium phosphate cement (CPC) can conform
to complex bone cavities and set in-situ to form bioresorb-
able hydroxyapatite. The aim of this study was to develop
a CPC-collagen composite with improved fracture resist-
ance, and to investigate the effects of collagen on mechani-
cal and cellular properties. A type-I bovine-collagen was
incorporated into CPC. MC3T3-E1 osteoblasts were cul-
tured. At CPC powder/liquid mass ratio of 3, the work-of-
fracture (mean * sd; n = 6) was increased from (22 = 4)
J/m? at 0% collagen, to (381 *= 119) J/m? at 5% collagen
(p < 0.05). At 2.5-5% of collagen, the flexural strength at
powder/liquid ratios of 3 and 3.5 was 8-10 MPa. They
matched the previously reported 2-11 MPa of sintered
porous hydroxyapatite implants. SEM revealed that the
collagen fibers were covered with nano-apatite crystals
and bonded to the CPC matrix. Higher collagen content
increased the osteoblast cell attachment (p < 0.05). The

number of live cells per specimen area was (382 * 99)
cells/mm* on CPC containing 5% collagen, higher than
(173 = 42) cells/mm? at 0% collagen (p < 0.05). The cyto-
plasmic extensions of the cells anchored to the nano-apa-
tite crystals of the CPC matrix. In summary, collagen was
incorporated into in situ-setting, nano-apatitic CPC, achiev-
ing a 10-fold increase in work-of-fracture (toughness) and
two-fold increase in osteoblast cell attachment. This mold-
able/injectable, mechanically strong, nano-apatite-collagen
composite may enhance bone regeneration in moderate
stress-bearing applications. © 2008 Wiley Periodicals, Inc. J
Biomed Mater Res 91A: 605-613, 2009
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INTRODUCTION

Approximately six million bone fractures occurred
in the U.S. each year from 1992 to 1994."* Hydroxy-
apatite (HA) and other calcium phosphate (CaP) bio-
ceramics are important for hard tissue repair because
of their similarity to the apatite in teeth and bones.”™
Extensive studies have improved HA-based and
other bioceramics with enhanced osteoconductivity
and bone-bonding ability.”'® CaP cements can be
molded and set in situ to provide intimate adapta-
tion to the contours of defect surfaces.'’™"® One CaP
cement is comprised of a mixture of tetracalcium
phosphate [TTCP: Cay(PO,4),0] and dicalcium phos-
phate anhydrous (DCPA: CaHPO,), and is referred
to as CPC."" The CPC powder can be mixed with an
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aqueous liquid to form a paste that can be sculpted
during surgery to conform to the defects in hard tis-
sues. The paste self-hardens to form resorbable
HA.''71® Because of its excellent osteoconductivity
and bone replacement capability, CPC is highly
promising for a wide range of clinical applica-
tions.'*'® As a result, CPC was approved in 1996 by
the Food and Drug Administration for repairing cra-
niofacial defects in humans, thus becoming the first
CPC available for clinical use."®

However, the brittleness and low strength of CPC
limit its use to only non-load-bearing areas. The use
of CPC was “limited to the reconstruction of non-
stress-bearing bone,”"” and “none of the indications
include significant stress-bearing applications.”"®

Several methods were used to develop strong and
macroporous CPC scaffolds for tissue ingrowth and
bone regeneration.'”** Absorbable fibers made from
a degradable poly(lactide-co-glycolide) copolymer in
CPC provided fracture resistance at the early stages
of implantation.”"** Degradation of the fiber over
time could coincide with the ingrowth of bone and a
gradual transfer of load from the biomaterial to the
natural bone. Another method was the addition of a
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biopolymer chitosan.”*** Tt was shown that the addi-
tion of chitosan and fibers together into CPC had a
synergistic reinforcement effect in enhancing the
fracture resistance of CPC.*?

Human bone is comprised of collagen (mainly
type I) and nano-sized HA crystals. Hence synthetic
HA /collagen composites are promising in mimick-
ing and replacing bone. One study showed that
collagen successfully provided a scaffold for bone
ingrowth with little evidence of adverse responses.”
In several previous studies, a collagen network was
formed, and then CaP crystals were precipitated onto
the outer and inner surfaces of the scaffold.**** In
another study, a CaP ceramic was formed first, then a
coating of collagen was applied to the surfaces of the
ceramic scaffold.”” In another method, a mixture of
CaP/collagen was cold pressed (at a pressure of 150—
200 MPa) to remove water and form a solid
implant.*>*® These materials are preforms that require
implantation, and they are not moldable or injectable.
For a preformed implant such as HA to fit into a
bone cavity, the surgeon needs to machine the graft to
the desired shape or carve the surgical site around
the implant. This increases bone loss, trauma, and sur-
gical time.”” Only a few studies incorporated collagen
into moldable, self-setting CaP cements.’**' In one
study, collagen decreased the strength of the cement.*
In another study, collagen decreased the cell activities
in vitro.® Therefore, in situ-setting collagen-CaP
cement composite with increased cell attachment and
improved toughness has yet to be developed.

The objectives of the present study were to: (1) De-
velop a collagen-CPC composite with improved frac-
ture resistance and increased osteoblast cell attach-
ment; and (2) determine the effects of collagen con-
tent on mechanical and cellular properties. The
hypothesis was that the incorporation of collagen
into CPC would not only increase its fracture resist-
ance, but also enhance its osteoblast cell attachment.

MATERIALS AND METHODS

CPC and collagen

The CPC powder consisted of a mixture of tetracalcium
phosphate (TTCP, Cay(PO,),0) and dicalcium phosphate
anhydrous (DCPA, CaHPO,), with a TTCP:DCPA molar
ratio of 1:1. TTCP powder was synthesized from a solid-
state reaction between CaHPO, and calcium carbonate
(CaCOs3) (Baker Chemical Company, NJ), then ground and
sieved to obtain TTCP particle sizes of 1-80 pum, with a
median particle size of 17 pm. The DCPA powder was
ground and sieved to obtain particle sizes of 0.4-3 pum,
with a median of 1 um. The TTCP and DCPA powders
were mixed in a blender (Dynamics, New Hartford, CT) to
form the CPC powder.
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A type I bovine collagen powder (Sigma, St. Louis, MO)
was added to CPC to develop an in situ-setting, bone-mim-
icking, nano apatite-collagen composite. According to the
manufacturer, cattle Achilles tendon was cleaned of all
noncollagenous tissue and extracted at a temperature of
0°C with a 3% Na,HPO, solution to remove soluble pro-
teins. To remove mucopolysaccharides, the tendon was
extracted with a 25% potassium chloride solution. The re-
sultant collagen was washed with water, dehydrated with
absolute alcohol, and air dried. The as-received collagen
was in the form of elongated, flexible bundles, with a bun-
dle diameter ranging from approximately 0.1-3 um. The
length of the bundles ranged from about 20-100 pm,
although the exact length was difficult to measure because
the collagen bundles were flexible and zigzag, and they
entangled with each other.

Specimen fabrication

The CPC powder was mixed with distilled water to
form a paste. The collagen powder was mixed with the
CPC paste. The following mass fractions of collagen/(col-
lagen + CPC) were used: 0%, 2.5%, and 5.0%. Collagen
mass fractions of 7.5% or higher were not included
because the collagen fibers entangled and agglomerated.
This made the mixing more difficult, and the paste at a
CPC powder/liquid mass ratio of 3.5 becoming too dry.
The CPC powder/liquid mass ratio, P/L, was 3.5/1, 3.0/1,
and 2.5/1. P/L mass ratio of 4 (4 is equivalent to 4/1) or
higher was not tested because the CPC-collagen paste was
too dry. P/L mass ratio of 2 or lower was not tested
because the set cement was too weak mechanically. The
mixed CPC-collagen paste was placed into molds of 3 mm
X 4 mm X 25 mm. Each specimen was set in a humidor
with 100% relative humidity at 37°C for 4 h, and then
demolded and immersed in distilled water at 37°C for
24 h prior to testing.

Mechanical testing

A 3 X 3 full factorial design was tested, with three lev-
els of collagen mass fraction (0%, 2.5%, and 5%), and three
levels of P/L ratio (2.5, 3.0, 3.5). A three-point flexural
test® with a span of 20 mm was used to fracture the speci-
mens at a crosshead speed of 1 mm per minute on a com-
puter-controlled Universal Testing Machine (model 5500R,
MTS, Cary, NC). Flexural strength was calculated by S = 3
Fiax L/(2 b B?), where Frax is the maximum load on the
load-displacement curve, L is flexure span, b is specimen
width, and & is specimen thickness. Elastic modulus was
calculated by E = (F/c) (L*/[4 b K°]), where load F divided
by the corresponding displacement c is the slope of the
load-displacement curve in the linear elastic region. Work-
of-fracture, or toughness, is the energy required to fracture
the specimen. This was obtained from the area under the
load-displacement curve divided by the specimen’s cross-
sectional area.'® After the matrix had cracked, many of the
composite specimens were still intact because of the colla-
gen fibers bridging the cracks and supporting the applied
load. The test was stopped at a maximum crosshead dis-
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placement of 1 mm for a consistent calculation of work-of-
fracture.

CPC conversion to HA

Powder X-ray diffraction (XRD) was used to examine
the CPC conversion to HA. CPC-collagen specimens were
ground into a powder in acetone to remove the water
using a mortar and pestle. The XRD patterns were
recorded with a powder X-ray diffractometer (Rigaku,
Danvers, MA) with the use of graphite-monochromatized
copper Ka radiation (A = 0.154 nm) generated at 40 kV
and 40 mA. The 002 peak intensity of HA was used to
measure the percentage of conversion to HA. All data
were collected in a continuous scan mode (1° 26 min?,
step time 0.6 s, step size 0.01°).

Cell culture

CPC composite specimens were fabricated using 3 X 4
X 25 mm molds for materials with collagen volume frac-
tions of 0%, 2.5%, and 5% at a cement powder/liquid ratio
of 3.5, selected because of the relatively high mechanical
strength. The set specimens were sterilized in an ethylene
oxide sterilizer (Anprolene AN 74i, Andersen, Haw River,
NC) for 12 h according to the manufacturer’s specifica-
tions. The specimens were then degassed for at least 7
days to remove any remaining ethylene oxide gas, and
rinsed in Dulbecco’s phosphate buffer saline (PBS, Gibco,
Rockville MD) before beginning the cell experiment.

Clonal murine calavarial cells, MC3T3-E1 subclone 4
(American Type Culture, Manassas, VA), were cultured
following established protocols.**** Cells were cultured in
flasks at 37 °C and 100% humidity with 5% CO, in a-
modified Eagle’s minimum essential medium (a-MEM,
Cambrex Bio Science, Walkersville, MD). The medium was
supplemented with 10% volume fraction fetal bovine se-
rum (FBS, Gibco), 1% penicillin/streptomycin, 1% L-gluta-
mine, and 1% sodium pyruvate (Cambrex). The medium
was changed every two days. The cultures were passaged
with trypsin when confluent. Fifty thousand cells diluted
into 2 mL of media were added to each well containing a
specimen, and incubated for 1 day.**>*

After 1-day incubation, the media was removed and the
cells were washed with 2 mL of PBS. Cell viability was
assessed using the live/dead viability /cytotoxicity kit (Mo-
lecular Probes, Eugene, OR). Each specimen was incubated
for 10 min at 37°C with 2 mL of a-MEM containing 4 pM
calcein-AM and 2 pM ethidium homodimer-1 to stain live
and dead cells, respectively. Cells were then viewed by
epifluorescence microscopy (TE300, Nikon, Melville, NY).
Photos of the cells were obtained with a digital camera
(Cool Pix 990, Nikon, Melville, NY).

Two parameters were measured. First, the percent of
live cells was measured. Two randomly chosen fields of
view were photographed from each specimen. Each field
of view was photographed after selecting the proper filter
for calcein-AM and ethidium homodimer-1, respectively,
to yield five pictures from each specimen. Five specimens
were examined for each of the three materials above. Each
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of the images was printed and the cells were counted.*
NLive is the number of live cells in the image and Npeaq is
the number of dead cells in the image. Pr;,. = The percent
of live cells. Hence, Prjve = Niive/ (NLive + Npead)-

The second parameter was the cell attachment on CPC
composite, Cagach- Cattach is defined as the number of live
cells attached on the specimen in the view field divided by
the area (A) of the view field: Cagach = Nrive/A. Both Ppje
and Cagach are measured because a high value of Prye
only means that there are few dead cells. It does not neces-
sarily mean a large number of live cells that are attached
onto the specimens. Caach quantifies the absolute number
of live cells anchored on the specimen per surface area.

Scanning electron microscopy and statistics

A scanning electron microscope (SEM, model JSM-5300,
JEOL, Peabody, MA) was used to observe both collagen
fibers and the fractured surfaces of the specimens. The
specimens were sputter coated with gold prior to SEM
observations.

One-way and two-way analyses of variance (ANOVA)
were performed to detect significant effects in the data.
Tukey’s multiple comparison procedures were used to
compare the data at a family confidence coefficient of 0.95.

RESULTS

Figure 1 plots mechanical properties versus colla-
gen mass fraction for the CPC-collagen composite.
Two-way ANOVA showed significant effects of
collagen content and powder/liquid (P/L) mass
ratio, with a significant interaction between the two
parameters (p < 0.05). In Figure 1(A), at P/L of 3.5,
flexural strength (mean = sd; n = 6) significantly
decreased from (13.9 * 2.3) MPa at 0% collagen to
(9.0 = 2.5) MPa at 5% collagen (p < 0.05). However,
at a P/L mass ratio of 3 and 2.5, collagen mass frac-
tion had no significant effect on flexural strength
(p > 0.1).

Elastic modulus [Fig. 1(B)] significantly decreased
from (7.7 = 1.0) GPa at 0% collagen to (5.2 = 1.3)
MPa at 5% collagen (p < 0.05). Collagen content had
no significant effects on modulus at P/L of 3 and
2.5. At 0% collagen, elastic modulus of (7.7 = 1.0)
GPa at P/L of 3.5 was significantly higher than (5.1
= 0.9) GPa at P/L of 2.5 (p < 0.05).

Figure 2(A) shows typical load-displacement
curves. CPC without collagen failed in a brittle man-
ner. CPC with 5% collagen failed noncatastrophi-
cally. The work-of-fracture [Fig. 2(B)] was increased
from (9.4 = 3.1) J/m* with 0% collagen to (430 =
103) J/m? with 5% collagen (p < 0.05) at a P/L ratio
of 25. At P/L of 3, the work-of-fracture was
increased from (22.2 * 3.8) J/m? without collagen, to
(381 = 119) J/m? with 5% collagen (p < 0.05).

Journal of Biomedical Materials Research Part A
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Figure 1. Flexural strength and elastic modulus of CPC
vs. collagen content. Each value is the mean of six mea-
surements with the error bar showing one standard devia-
tion (mean =* sd; n = 6).

Regarding the mass percent of CPC conversion to
HA, two-way ANOVA showed significant effects of
collagen mass fraction and P/L mass ratio, with a
significant interaction between the two variables
(p < 0.05). At P/L of 3.5, the HA conversion (mean
* sd; n = 3) decreased from (73.4 * 6.3)% for CPC
containing 0% collagen to (57.6 * 1.4)% with 5% vol-
ume fraction of collagen (p < 0.05). At P/L of 2.5,
the HA conversion decreased from (79.4 * 1.2)% at
0% collagen to (59.5 = 7.5)% at 5% collagen (p <
0.05). The HA conversion percentile at an intermedi-
ate P/L of 3 was in between those at P/L of 3.5 and
2.5.

An example of the as-received collagen fiber bun-
dle is shown in Figure 3(A). Figure 3(B) shows
pulled-out collagen fibers on a specimen fracture
surface at P/L of 3.5 with 5% collagen. Small fibrils
(short arrow in B) are visible separating from the
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bundle (long arrow), consistent with the fact that the
collagen bundles were made by braiding the individ-
ual collagen fibrils together. This braided structure
gave the bundle a relatively rough and tortuous sur-
face, with enhanced mixing with the CPC paste and
interlocking of the fibers in the set matrix. Figure
3(C) shows collagen fibers (arrows) covered with the
small HA crystals that make up the CPC matrix. At
a high magnification in Figure 3(D), the long arrow
indicates examples of the nano HA crystals in the
CPC matrix. The HA crystals had a thickness of
approximately 50-100 nm, and a length of about
100-300 nm. The short arrows point to collagen
fibers coated with nano HA crystals, indicating an
intimate contact between collagen fibers and HA
crystals.
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Figure 2. (A) Typical load-displacement curves of CPC

specimens with 0% and 5% collagen. (B) Work-of-fracture
(mean * sd; n = 6) of CPC composite as a function of col-
lagen content. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]
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Figure 3. SEM of: (A) As-received collagen fiber bundle. (B) Pulled-out collagen fibers on a specimen fracture surface at
powder/liquid ratio P/L of 3.5 with 5% collagen. Small fibrils are visible separating from the bundle (long arrow). (C)
Collagen fibers (arrows) covered with the nano HA crystals that make up the CPC matrix. (D) At a higher magnification,
nano HA crystals in the CPC matrix had intimate contact with collagen fibers.

Figure 4 shows cells cultured for 1 day on CPC-
collagen composite with (A) 0% collagen, (B) 2.5%
collagen, and (C) 5% collagen, all at P/L of 3.5.
Live cells, stained green, appeared to have adhered
and attained a normal polygonal morphology on
the specimens. Increasing the collagen content
increased the number of cells attached to the com-
posite. Dead cells were very few; an example of
this is shown in Figure 4(D) for CPC with 5% colla-
gen.

The above cell attachment behavior was quantified
and plotted in Figure 5(A), where the number of live
cells was measured per specimen surface area.
Increasing the collagen mass fraction significantly
increased the number of cell attachment per speci-
men area (p < 0.05). The number of live cells/speci-
men area was (382 = 99) cells/mm? at 5% collagen,
significantly higher than (173 = 42) cells/mm?® at 0%
collagen (p < 0.05). Because of the low numbers of

dead cells, the percentages of live cells were high,
ranging from 94 to 96% [Fig. 5(B)].

Figure 6(A) shows a SEM photo of an osteoblast
cell (O) cultured for 1 day on CPC with 0% collagen.
The cell developed cytoplasmic extensions (E) with
lengths of 20-30 um that anchored on CPC. These
cytoplasmic extensions are regions of the cell plasma
membrane that contain a meshwork or bundles of
actin-containing microfilaments which permit the
movement of the migrating cells along a substra-
tum.* In (B), cell 1 and cell 2 had formed cell—cell
junctions (J) and developed extensions that bridged
a pore in the surface of CPC-collagen composite at
2.5% of collagen. In (C), the cells had resided into a
pore in CPC-collagen composite with 5% collagen.
The tip of the cytoplasmic extension indicated by the
arrow in (C) is shown at a high magnification in (D),
showing that it was firmly attached to the HA
crystals.

Journal of Biomedical Materials Research Part A
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(B)

2.5% collagen

Figure 4. Cells cultured for 1 day: (A) live cells (stained green) on CPC specimens with 0% collagen, (B) live cells on
CPC specimens with 2.5% collagen, (C) live cells on CPC specimens with 5% collagen, and (D) dead cells (stained red) on
CPC with 5% collagen. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

DISCUSSION

A nano apatite-collagen composite is an ideal scaf-
fold or matrix for bone tissue engineering because it
has the major components of the extracellular matrix
(ECM) of bone. Collagen provides support to con-
nective tissues such as bones, cartilage, skin, ten-
dons, ligaments, and blood vessels.*** Type I colla-
gen is commonly used as a tissue culture substrate,
but has also been used as a biomaterial in applica-
tions such as an injectable collagen for soft tissue
augmentation, hemostats, wound dressings, and vas-
cular graft coatings.**®

Mechanical properties

Researchers developed collagen matrices with dif-
ferent porosities and reinforced with synthetic poly-
mers such as poly(glycolic acid) or poly(lactide-co-
glycolide) fibers.*** Another approach to incorpo-
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rating collagen into tissue engineering systems was
through coating the biomaterial surface with colla-
gen.*! Other researchers created collagen-HA com-
posites through solid free-form fabrication,** or
through homogenous mixing of HA and type I colla-
gen.” These collagen-containing biomaterials are
either prefabricated and not moldable/injectable nor
capable of hardening in situ, or they have inadequate
fracture resistance or geometrical stiffness.

The present study differs from these previous
studies because the nano apatite-collagen composite
was moldable, in situ-hardening, and with a
relatively high fracture resistance. For the purpose
of comparison, the previously-reported flexural
strengths of commercial sintered porous HA
implants ranged from 2 to 11 MPa,* and cancellous
bone had a tensile strength of 3.5 MPa. The new col-
lagen-CPC composite at powder:liquid ratios of 3
and 3.5, with 2.5% and 5% collagen, had flexural
strengths of 8 to 10 MPa. The advantage of the new
nano-apatite collagen scaffold is that it is moldable
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Figure 5. (A) Live cell attachment = Number of live

cells/mm? of CPC specimen surface area (mean * sd; n =
5). Horizontal lines indicate values that are not signifi-
cantly different (Tukey’s multiple comparison test; family
confidence coefficient = 0.95). (B) Live cell density =
Number of live cells/(number of live cells + number of
dead cells). Horizontal lines indicate values that are not
significantly different (Tukey’s at 0.95).

and can set in-situ, resulting in intimate adaptation
to complex bone cavities without machining. Fur-
thermore, CPC is resorbable, while sintered HA is
relatively stable in vivo. For another comparison, a
composite scaffold based on collagen co-electrospun
with nano HA exhibited a tensile strength of 1.68
MPa.** Even accounting for the possible differences
because of the different testing methods, the 8-10
MPa of the new CPC-collagen composite was signifi-
cantly higher. Besides a relatively high strength, the
toughness (work-of-fracture) of the CPC-collagen
composite showed a 10-fold increase (Fig. 2). Several
mechanisms have contributed to this improvement.
Arrows in Figure 3(C) indicate areas of the fracture
surface where fiber pullout from the CPC matrix
occurred, a mechanism that consumes energy and
contributes to the fracture resistance in many com-
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posite materials. Figure 3(D) shows nano-sized HA
crystals deposited on the collagen fibril surface, indi-
cating intimate incorporation of collagen with the
CPC paste and the ability of nano HA to precipitate
and grow on the collagen fibers. This may have
increased the efficacy of crack bridging, the resist-
ance to crack propagation and the friction in fiber
pullout.

Cellular properties

Cell adhesion to extracellular matrices is essential
to the development, maintenance, and remodeling of
osseous tissues. Adhesive interactions play a critical
role in osteoblast survival, proliferation, differentia-
tion, and matrix mineralization. These interactions
also play a part in bone formation, osteoclast func-
tion, and bone resorption.** Previous studies have
measured osteoblast interactions with prefabricated
CaP ceramics coated with type I collagen, and found
that proliferation proceeded more rapidly on materi-
als coated with collagen than on uncoated materi-
als.”’ However, the present study was the first to
show that collagen incorporation into a self-setting
CPC not only increased its work-of-fracture by an
order of magnitude, but also doubled its osteoblast
cell attachment.

The live cell attachment was significantly higher
on scaffolds with 2.5% and 5% collagen, compared
to that with 0% collagen. Figure 6 showed that cells
attached to the CPC-collagen composite and exhib-
ited a healthy polygonal morphology with cytoplas-
mic extensions firmly attached to nano HA crystals.
Type 1 collagen contains the Asp-Gly-Glu-Ala
(DGEA) amino acid sequence that mediates cell
binding via integrin receptors.*** The cell attach-
ment protein fibronectin is also important in promot-
ing binding of cells to collagen. Because of these
interactions, collagen-containing scaffolds present a
more native surface to cells relative to synthetic
polymer or inorganic scaffolds for tissue engineer-
ing.*® The nano apatite-collagen composite of the
present study is more biomimetic and more similar
to natural bone than the nano apatite cement with-
out collagen, consistent with a substantially in-
creased attachment of the number of live cells [Fig.
5(A)]. Further studies are needed to examine the
performance of the new collagen-CPC composite in
animal models.

SUMMARY

Self-hardening, CPC-collagen composite was
developed with a 10-fold increase in work-of-frac-
ture (toughness) and two-fold increase in osteoblast

Journal of Biomedical Materials Research Part A
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Figure 6.

(A) SEM of an osteoblast cell (O), and cytoplasmic extensions (E), on CPC control with 0% collagen. (B) Cell-

cell junctions (J) between cells and extensions that bridged a pore in the CPC-collagen composite at 2.5% collagen. (C)
Cells residing in a pore in CPC-collagen composite with 5% collagen. (D) Higher magnification of feature in (C) showing
the tip of the cytoplasmic extension and its firm attachment to the nano HA crystals.

cell attachment. The nano apatite-collagen composite
had flexural strengths of 8-10 MPa. These values
matched the previously reported 2 to 11 MPa flex-
ural strength of commercial sintered porous HA
implants. The new composite can be molded to the
desired shape and set in-situ to conform to complex
bone cavities with intimate adaptation to neighbor-
ing bone. This relatively strong collagen-CPC com-
posite may be useful for bone tissue engineering in
moderate load-bearing as well as nonload-bearing
applications, with a biomimetic, nano apatite-colla-
gen matrix to enhance cellular attachment and bone
regeneration.
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