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Abstract

Calcium phosphate cement (CPC) sets in situ to form hydroxyapatite and is highly promising for a wide range of clinical

applications. However, its low strength limits its use to only non-stress applications, and its lack of macroporosity hinders cell

infiltration, bone ingrowth and implant fixation. The aim of this study was to develop strong and macroporous CPC scaffolds by

incorporating chitosan and water-soluble mannitol, and to examine the biocompatibility of the new graft with an osteoblast cell line

and an enzymatic assay. Two-way ANOVA identified significant effects on mechanical properties from chitosan reinforcement and

powder:liquid ratio (po0.001). The flexural strength of CPC–chitosan composite at a powder:liquid ratio of 2 was (13.671.2) MPa,

which was significantly higher than (3.270.6) MPa for CPC control without chitosan (Tukey’s at 0.95). At a powder:liquid ratio of

3.5, CPC–chitosan had a strength of (25.372.9) MPa, which was significantly higher than (10.471.7) MPa for CPC control. The

scaffolds possessed total pore volume fractions ranging from 42.0% to 80.0%, and macroporosity up to 65.5%. At total porosities

of 52.2–75.2%, the scaffold had strength and elastic modulus values similar to those of sintered porous hydroxyapatite and

cancellous bone. Osteoblast mouse cells (MC3T3-E1) were able to adhere, spread and proliferate on CPC–chitosan specimens. The

cells, which ranged from about 20 to 50 mm including the cytoplasmic extensions, infiltrated into the 165–271 mm macropores of the

scaffold. In summary, substantial reinforcement and macroporosity were imparted to a moldable, fast-setting, biocompatible, and

resorbable hydroxyapatite graft. The highly porous scaffold may facilitate bone ingrowth and implant fixation in vivo. In addition,

the two to three times increase in strength may help extend the use of CPC to larger repairs in moderately stress-bearing locations.

r 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Musculoskeletal conditions are becoming a major
health concern because of an aging population and
sports- and traffic-related injuries. More than 3 million
musculoskeletal procedures were performed in 1988 in
the United States alone, and this number is predicted to
increase dramatically as the life expectancy of the world
population increases [1]. Hydroxyapatite has found wide
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use due to its chemical and crystallographic similarity to
the carbonated apatite in human bones and teeth [2,3].
While sintered hydroxyapatite can be machined and
used in prefabricated forms, several formulations of
calcium phosphate cements can be molded as pastes and
harden in situ [4–14]. One calcium phosphate cement [4],
referred to as CPC, is comprised of a mixture of fine
particles of tetracalcium phosphate (TTCP: Ca4

(PO4)2O) and dicalcium phosphate anhydrous (DCPA:
CaHPO4). The CPC powder can be mixed with water to
form a paste that can conform to osseous defects with
complex shapes and set in vivo to form hydroxyapatite
with excellent osteoconductivity [15–19]. CPC is highly
promising for use in a number of craniofacial and
orthopedic procedures, including the reconstruction of
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frontal sinus, augmentation of craniofacial skeletal
defects, use in endodontics, and the repair of period-
ontal bone defects [4,15–19].

However, washout of the CPC paste can occur in vivo
when it comes in contact with physiological fluids or
when bleeding occurs due to the difficulty in some cases
to achieve complete hemostasis [20]. While the earlier
versions of the CPC paste took a relatively long time of
>60 min to harden, the recently developed CPC–
chitosan pastes [21,22] possessed a fast-setting ability
of hardening in 6.7 min [23]. Fast setting was accom-
panied by the anti-washout characteristic, manifested by
the freshly mixed CPC–chitosan paste exhibiting
no dissolution when immersed in a physiological
solution. In comparison, the conventional CPC paste
showed significant dissolution and washout in the same
solution [23].

The second challenge facing CPC is its relatively low
strength and susceptibility to brittle fracture, which have
limited the use of CPC to only non load-bearing
applications [15–19]. The use of CPC was ‘‘limited to
the reconstruction of non-stress-bearing bone’’ [16], and
‘‘clinical usage was limited by ... brittleness ...’’ [18].
Furthermore, the third problem with CPC is that it
consists of only micropores with pore sizes of sub-
micrometer to a few micrometers. Previous studies on
hydroxyapatite implants have found that macropore
sizes of about 100 mm to several hundred mm are
required for bone ingrowth [24–31]. Macropores have
been shown to be beneficial in facilitating cell infiltration
and tissue ingrowth [32–36]. In a study on periodontal
repair [37], most CPC implants were exfoliated prior to
being integrated with the surrounding bone. Recovered
implants showed that the material had set adequately
and had converted to hydroxyapatite, and that the loss
was due to mechanical displacement [37]. Recent studies
built macropores into conventional CPC without
chitosan to enhance tissue ingrowth and implant
fixation [38]. However, it was found that ‘‘incorporating
macropores into the cement has always led to a
significant decrease in mechanical strength’’ [19], by as
much as an order of magnitude [38,39].

Therefore, attempts were made to increase the
strength of CPC while forming macropores. One study
used water-soluble mannitol crystals as a porogen (or
pore forming agent) in CPC together with aramid fibers
to produce a macroporous yet strong CPC [39]. In a
separate study [38], large-diameter resorbable fibers
were incorporated into CPC to provide the implant
with the needed early strength; after a few weeks, the
fibers were dissolved producing long cylindrical pores in
the CPC for bone ingrowth [40]. Besides using fibers, the
incorporation of chitosan, a natural biopolymer, was
also found to significantly increase the CPC strength
and strain before failure [21]. However, no macropores
were built into the CPC–chitosan composite in those
studies [21,22]. Recently, both chitosan and an absorb-
able fiber mesh were incorporated into CPC to achieve a
substantial synergistic reinforcement [41]; it took a
relatively long time of 12 weeks to dissolve the meshes
and create macropores in the CPC. In a more recent
study, both chitosan and a quickly soluble mannitol
porogen were incorporated into CPC to result in a
tailored macropore formation rate to match the bone
repair rate [23], but only a single mass fraction of
mannitol was used and a single powder-to-liquid ratio
was tested in that study. In addition, the biocompat-
ibility and cell response of the CPC–chitosan composites
had not been investigated.

In the present study, CPC–chitosan–mannitol scaf-
folds were developed with a series of powder-to-liquid
ratios and a wide range of mannitol content. The
rationale for the microstructural design was that the
mannitol crystals would quickly dissolve upon contact
with the physiological liquid in vivo to create macro-
pores for bone ingrowth, while the chitosan would
provide the needed strength for the implant. The effect
of chitosan on mechanical properties was evaluated, and
the composite mechanical properties were measured as a
function of pore volume fraction up to 80% for the
scaffold. The biocompatibility of the new composite was
examined with an osteoblast cell line, and the cell
viability was quantified using an enzymatic assay.
2. Materials and methods

2.1. Materials development

The TTCP powder was synthesized from a solid-state
reaction between equimolar amounts of CaHPO4

(dicalcium phosphate anhydrous, or DCPA) and CaCO3

(Baker Analyzed Reagents, J. T. Baker Chemical,
Phillipsburg, NJ), which were mixed and heated at
1500�C for 6 h in a furnace (Model 51333, Lindberg,
Watertown, WI). The heated mixture was quenched to
room temperature, ground in a ball mill (Retsch PM4,
Brinkman, NY) and sieved to obtain TTCP particles
with sizes ranging from approximately 1 to 80 mm, with
a median particle size of 17 mm. The DCPA powder was
ground for 24 h and sieved to obtain particles with sizes
ranging from approximately 0.4 to 3 mm, with a median
particle size of 1 mm. The TTCP and DCPA powders
were then mixed in a micromill (Bel-Alert Products,
Pequannock, NJ) in equimolar amounts to form the
CPC powder.

Two groups of specimens were fabricated. The first
group was made to examine the effects of chitosan
reinforcement and powder:liquid ratio. Chitosan and its
derivatives are natural biopolymers that are biocompa-
tible, biodegradable and osteoconductive [10,21,23,
42–44]. In the present study, chitosan lactate (referred
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to as chitosan in this paper; technical grade, VANSON,
Redmond, WA) was mixed with distilled water at a mass
fraction of 15% to form the CPC liquid, because a
previous study [21] showed that this mass fraction
produced specimens with the highest strength. This
liquid was then mixed with the CPC powder to make
specimens. As shown in a previous study, the incorpora-
tion of chitosan imparted fast-setting to the CPC,
reducing the paste hardening time from 69.5 to 6.7 min
[23]. In the present study, CPC powder:liquid mass
ratios of 2.0, 3.0, 3.25, 3.5, 3.75, 4.0, and 4.5 were
selected because ratios higher than 4.5 yielded a paste
that was too dry to mix and mold, and ratios less than
2.0 produced specimens with low strength. This con-
stituted a 2� 7 design with two levels of chitosan (0% or
15%) and seven levels of powder:liquid ratio. Each
mixed paste was placed into stainless steel molds of
3 mm� 4 mm� 25 mm to make flexural specimens. The
paste in each mold was sandwiched between two glass
slides, and set in a humidor with 100% relative humidity
at 37�C for 4 h. The hardened specimens were demolded
and immersed in a simulated physiological solution
(1.15 mmol/l Ca, 1.2 mmol/l P, 133 mmol/l NaCl,
50 mmol/l HEPES, buffered to a pH of 7.4) stored in
an oven at 37�C for 20 h prior to testing [21].

The second group of specimens was fabricated to
investigate the effect of mannitol content, and hence
macropore volume fraction, on scaffold properties. A
water-soluble porogen, mannitol, was used in CPC
because mannitol has the appropriate solubility, is non-
toxic, and is physiologically compatible [38,39]. Manni-
tol (CH2OH[CHOH]4CH2OH, Sigma Chemical, St.
Louis, MO) was recrystallized in an ethanol/water
solution at 50/50 by volume, filtered, dried, ground,
and sieved through openings of 500 mm (top sieve) and
300 mm (bottom sieve) [23]. The mannitol crystals thus
obtained were mixed with the CPC powder to form eight
different CPC–mannitol powders, at mannitol/(manni-
tol+CPC powder) mass fractions of 0%, 10%, 20%,
30%, 40%, 50%, 60%, and 70%, respectively. For each
powder, a powder:liquid ratio of 3.5 was used because
the results of the first group of specimens showed that
this ratio yielded the highest strength. The CPC liquid
containing 15% chitosan was used because the first
group of specimens with 15% chitosan had significantly
higher strength than the specimens with 0% chitosan.
The paste was mixed, placed into molds in a humidor
for 4 h, and then immersed in a physiological solution at
37�C for 20 h as described above. This immersion
dissolved the mannitol and created macropores [39].

2.2. Mechanical testing and porosity measurement

A three-point flexural test with a span of 20 mm was
used to fracture the specimens at a crosshead speed of
1 mm/min on a computer-controlled Universal Testing
Machine (model 5500R, Instron Corp., Canton, MA)
[45]. The test was conducted in air at a relative humidity
of about 50%.

The halves from the flexural test of specimens in
which the mannitol was dissolved were used to measure
the density and porosity. The sides and ends of each
specimen were polished with 600 SiC paper to render
them flat and approximately parallel [39]. The specimens
were dried in a vacuum oven (Model DP-21, American
Scientific Products, McGaw Park, IL) at 60�C for 24 h.
As in a previous study [39], the density of the materials
was measured by using the specimen mass divided by the
specimen volume. The volume was calculated by the
specimen dimensions measured with a micrometer, with
each linear dimension the average of three locations
along the specimen. A previous study showed that this
method yielded density that closely matched values
measured by a mercury intrusion method [39]. Thus, six
specimens were measured for each material.

CPC consists of intrinsic microporosity and addi-
tional macroporosity from mannitol dissolution. The
total porosity, Ptotal, of the specimen can be obtained by

Ptotal ¼ ðdHA � dmeasuredÞ=dHA; ð1Þ

where dHA is the density of fully dense hydroxyapatite
which is 3.14 g/cm3 [37], and dmeasured is the measured
density at a specific mannitol mass fraction. As detailed
in a previous study [39], the macropore volume fraction
from mannitol dissolution, Pmannitol, can be obtained by

Pmannitol ¼ 1 � dmeasured=dmeasured-0%; ð2Þ

where dmeasured is the measured density of specimen with
a specific mannitol content, and dmeasured-0% is the
measured density of CPC with 0% mannitol [39].

2.3. Cell culture experiments

Because cell culture toxicity assays are the interna-
tional standard for biocompatibility screening [46],
in vitro cell culture was performed to evaluate the
biocompatibility of the new cement formulation.
MC3T3-E1 osteoblast-like cells (Riken, Hirosaka,
Japan) were cultured following established protocols
[46,47]. Cells were cultured in flasks at 37�C and 100%
humidity with 5% CO2 (volume fraction) in a modified
Eagle’s minimum essential medium (Biowhittaker,
Walkersville, MD). The medium was supplemented
with 10% volume fraction of fetal bovine serum (Gibco,
Rockville, MD) and kanamycin sulfate (Sigma, St.
Louis, MO), and changed twice weekly. The cultures
were passaged with 2.5 g/l trypsin containing 1 mmol/l
EDTA (Gibco, Rockville, MD) once per week. Cultures
of 90% confluent cells were trypsinized, washed and
suspended in fresh media. CPC without chitosan (CPC
control) and CPC with 15% chitosan were tested, both
at a powder:liquid ratio of 3.5. Fifty thousand cells
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diluted into 2 ml of media were added to each well
containing a specimen or to an empty well of tissue
culture polystyrene (TCPS, as a biocompatible control),
and incubated for 1 or 14 d (2 ml of fresh media
every 2 d) [48,49].

After 1 or 14 d incubations of the cells on the CPC–
chitosan, CPC control or TCPS control, the media was
removed and the cells were washed two times in 2 ml of
Tyrode’s Hepes buffer (140 mmol/l NaCl, 0.34 mmol/l
Na2HPO4, 2.9 mmol/l KCl, 10 mmol/l Hepes, 12 mmol/l
NaHCO3, 5 mmol/l glucose, pH 7.4). Cells were then
stained and viewed by epifluorescence microscopy
(Eclipse TE300, Nikon, Melville, NY). Staining of cells
was done for 5 min with 2 ml of Tyrode’s Hepes buffer
containing 2 mmol/l calcein-AM and 2 mmol/l ethidium
homodimer-1 (both from Molecular Probes, Eugene,
OR). Calcein-AM is a nonfluorescent, cell-permeant
fluorescein derivative, which is converted by cellular
enzymes into cell-impermeant and highly fluorescent
calcein. Calcein accumulates inside live cells having
intact membranes causing them to fluoresce green.
Ethidium-homodimer-1 enters dead cells with damaged
membranes and undergoes a 40-fold enhancement of
fluorescence upon binding to their DNA causing the
nuclei of dead cells to fluoresce red. Double-staining
cells anchored on the bone graft discs allows simulta-
neous examination of both live and dead cells on the
materials.

A Wst-1 assay was then used to quantify the cell
viability [48,49]. Wst-1 measures mitochondrial dehy-
drogenase activity [50] and refers to 2-(4-iodophenyl)-
3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2H-tetrazolium,
monosodium salt (Dojindo, Gaithersburg, MD). At
14 d, specimens with cells were transferred to wells in a
24-well plate and rinsed with 1 ml of Tyrode’s Hepes
buffer. One milliliter of Tyrode’s Hepes buffer and
0.1 ml of Wst-1 solution (5 mmol/l Wst-1 and 0.2 mmol/l
1-methoxy-5-methylphenazinium methylsulfate in
water) were added to each well and incubated at 37�C
for 2 h. Then 200 ml of each reaction mixture was
transferred to a 96-well plate and the absorbance at
450 nm was measured with a microplate reader (Wallac
1420 Victor2, Perkin Elmer Life Sciences, Gaithersburg,
MD).

2.4. Microscopy and statistics

A scanning electron microscope (SEM, JEOL 5300,
Peabody, MA) was used to examine the specimens and
the cells on the specimens. Cells cultured for 1 d on
specimens were rinsed with saline, fixed with 1% volume
fraction of glutaraldehyde, subjected to graded alcohol
dehydrations, rinsed with hexamethyldisilazane, and
then sputter coated with gold.

One standard deviation was used as the estimated
standard uncertainty of the measurements. These values
should not be compared with data obtained in other
laboratories under different conditions. Two- and one-
way ANOVA were performed to detect significant
effects. Tukey’s multiple comparison was used to
compare the data at a family confidence coefficient of
0.95.
3. Results

3.1. Effects of chitosan and powder:liquid ratio on

mechanical properties

Fig. 1 plots flexural strength and elastic modulus vs.
powder:liquid ratio. For strength, two-way ANOVA
identified significant effects of powder:liquid ratio and
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whether chitosan was added or not (po0.001). At each
powder:liquid ratio except 4.5, the strength of CPC–
chitosan composite was significantly higher than that of
CPC control without chitosan (po0.001). The strength
of CPC–chitosan was (13.671.2) MPa at
powder : liquid ¼ 2; significantly higher than (3.270.6)
MPa for CPC control (Tukey’s multiple comparison
test; family confidence coefficient = 0.95). At powder:
liquid ratio ¼ 3:5; CPC–chitosan had a strength of
(25.372.9) MPa, significantly higher than (10.471.7)
MPa for CPC control at the same powder:liquid ratio,
and higher than (13.071.7) MPa for CPC control at a
powder:liquid ratio of 4 (Tukey’s at 0.95). At a
powder:liquid ratio of 4, the pastes were dry for both
materials; at 4.5 ratio, the pastes were very dry and
powdery. For elastic modulus, increasing the powder:
liquid ratio from 2 to 3 significantly increased the elastic
modulus for both materials (po0.001), but there was
little difference between the two materials.

3.2. Effect of chitosan on biocompatibility

Cells cultured for 1 d are shown in Fig. 2: (A) live cells
on CPC control without chitosan, (B) live cells on CPC–
chitosan composite, (C) live cells on TCPS control
(tissue culture polystyrene as a biocompatible control),
and (D) dead cells on CPC–chitosan. Live cells, stained
green, appeared to have adhered and attained a normal
polygonal morphology on all materials. Visual exam-
ination revealed that the density of live cells adherent to
Fig. 2. Cells cultured for 1 d with live cells stained green and dead cells staine

CPC–chitosan composite, (C) live cells on TCPS control (tissue culture polyst
each material was similar. Dead cells (stained red) were
very few on all three materials. SEM micrographs in
Figs. 3A and B show cell attachment on CPC control
and CPC–chitosan composite, respectively. The cells
developed cytoplasmic processes with lengths ranging
from about 20 to 50 mm that attached to the specimen
surfaces. These cytoplasmic extensions are regions of the
cell plasma membrane that contain a meshwork or
bundles of actin-containing microfilaments which per-
mit the movement of the migrating cells along a
substratum [51]. The three materials supported similar
cell attachment and development of cytoplasmic
processes.

Cells cultured for 14 d are shown in Fig. 4, in which
live cells (stained green) had formed a confluent
monolayer on all three materials. The 14 d live cell
density was much greater than the 1 d density in Fig. 2,
indicating that the cells had greatly proliferated. The live
cell density appeared similar on the three materials.
Again very few dead cells were found. These results
suggest that cell proliferation was similar, demonstrat-
ing that CPC–chitosan composite was as non-cytotoxic
as CPC control and TCPS control. Fig. 4E shows the
viability of cells cultured for 2 weeks on CPC–chitosan
composite and CPC control, which was quantitatively
assessed with the colorimetric Wst-1 assay by measuring
the mitochondrial dehydrogenase activity. TCPS was
not included since the growth area of the 24-well TCPS
plates was larger than the cement discs and hence would
not allow an accurate comparison. The Wst-1 assay
d red. (A) Live cells on CPC control without chitosan, (B) live cells on

yrene as a biocompatible control), and (D) dead cells on CPC–chitosan.
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Fig. 3. SEM of cell attachment on (A) CPC control and (B) CPC–

chitosan composite. The cells developed cytoplasmic processes with

lengths ranging from approximately 20 to 50mm, and the materials

exhibited similar cell attachment and cytoplasmic processes develop-

ment.
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measured the absorbance at 450 nm, which was propor-
tional to the amount of dehydrogenase activity in the
cells, to be 0.4570.10 for CPC control and 0.4070.09
for CPC–chitosan composite (mean7sd; n ¼ 6). These
two values are statistically similar (Student’s t; p>0.1),
showing that similar cell dehydrogenase activity was
present and hence cell viability was quantitatively
similar for CPC–chitosan and CPC control.

3.3. Effect of porosity on scaffold mechanical properties

The specimens in which the mannitol was dissolved
were used to measure the density and porosity using
Eqs. (1) and (2). The values are reported in Table 1.
When the mannitol content was increased from 0%
mass fraction to 70%, the CPC–chitosan density
(mean7sd; n ¼ 6) decreased from (1.8270.02) g/cm3

to (0.6370.01) g/cm3. The total porosity increased from
(42.070.6)% to (80.070.3)%, and the macroporosity
reached (65.570.8)%. Fig. 5A is an SEM photograph of
a typical scaffold with an intermediate mannitol fraction
of 50% and hence 57.2% macroporosity. Fig. 5B is a
higher magnification showing a well-formed macropore
in the shape of the entrapped mannitol crystal. Arrows
in Fig. 5C indicate open connections in the bottom of a
macropore.

The flexural strength and elastic modulus of these
scaffold specimens are plotted in Fig. 6 as a function of
macropore volume fraction. At 70% mannitol (Table 1)
that yielded a macropore volume fraction of 65.5%, the
scaffold had a strength of (0.370.1) MPa; this was
significantly lower than (0.870.2) MPa at 62.6%
macroporosity and (1.870.2) MPa at 57.2% macro-
porosity (Tukey’s at family confidence coefficient =
0.95). The scaffold strength at 50.4% macroporosity was
(1.670.2) MPa, significantly lower than (2.470.1),
(6.870.6) and (8.470.7) MPa at macroporosities of
41.2%, 29.7% and 17.6%, respectively (Tukey’s at 0.95).

The elastic modulus of the scaffold with 65.5%
macroporosity was (0.0470.02) GPa; this was signifi-
cantly lower than (0.2970.01) GPa at 62.6% macro-
porosity and (0.4770.03) GPa at 57.2% macroporosity
(Tukey’s at 0.95). The scaffold modulus at 50.4%
macroporosity was (0.5370.13) GPa, significantly lower
than (1.0070.26), (2.19 7 0.17) and (2.94 7 0.36) GPa
at macroporosities of 41.2%, 29.7% and 17.6%,
respectively (Tukey’s at 0.95).

3.4. Cells inside pores of scaffold

Cells cultured for 1 and 14 d are shown in Figs. 7A
and B, respectively, for a scaffold with an intermediate
mannitol mass fraction of 50% that yielded a macro-
porosity of 57.2%. Significant cell proliferation occurred
after 14 d (Fig. 7B). A confluent cell layer was observed
on most of the surfaces of the 14-d specimens, but there
were spots not covered by a confluent cell layer. Fig. 8A
is an SEM showing an example of cell infiltration into a
macropore. It appeared that the pore was large enough
for the cell, and the cell had completely entered into the
pore. Arrows in Fig. 8B indicate cell attachment to the
bottom wall of the pore. Fig. 8C shows infiltrated cells
near an opening at the bottom of a large pore (similar to
the bottom openings in Fig. 5C). Fig. 8D shows cell–cell
interactions with the arrow pointing to the formation of
a cell–cell junction between two cells inside a pore.
4. Discussion

Highly porous fast-hardening CPC–chitosan scaffold
with a total porosity of up to 80% volume fraction, and
a macroporosity of up to 65.5% was developed. A major
disadvantage of current orthopedic implant materials
such as sintered hydroxyapatite is that they exist in a
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Fig. 4. Cells cultured for 14 d with live cells stained green that had formed a confluent monolayer on all three materials due to cell proliferation.

Similar live cell density was observed on the three materials (A–C) with very few dead cells (D). Hence, CPC–chitosan composite was as

biocompatible as CPC control and TCPS control. In (E), cell viability was quantified using the colorimetric Wst-1 assay and found to be statistically

similar for CPC control and CPC–chitosan composite.

Table 1

Density, macroporosity and total porosity volume fraction of CPC–

chitosan scaffolds (mean7sd; n ¼ 6)

Mannitol mass

fraction (%) in

CPC

CPC–chitosan

scaffold density

(g/cm3)

Macroporosity

(%)

Total porosity

(%)

0 1.8270.02 0 42.070.6

10 1.570.02 17.672.0 52.270.6

20 1.2870.02 29.771.1 59.270.6

30 1.0770.03 41.272.2 65.971.0

40 0.9070.03 50.471.9 71.270.8

50 0.7870.02 57.271.7 75.270.7

60 0.6870.04 62.672.7 78.371.3

70 0.6370.01 65.570.8 80.070.3

H.H.K. Xu, C.G. Simon Jr / Biomaterials 26 (2005) 1337–1348 1343
hardened form, requiring the surgeon to fit the surgical
site around the implant or to carve the graft to the
desired shape. This can lead to increases in bone loss,
trauma to the surrounding tissue, and longer surgical
time [1]. Therefore, the moldability and in situ self-
hardening ability of the new scaffolds in the present
study make them desirable materials for orthopedic
repair. The CPC–mannitol powder can be mixed with
the chitosan–water liquid to form a paste that can be
applied in surgery via minimally invasive techniques
such as injection [14], with fast-setting and anti-washout
capabilities [23] to form a highly porous scaffold in situ.
Further studies are needed to investigate the effects of
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Fig. 5. SEM of CPC–chitosan scaffold with 50% mannitol and 57.2%

macropore volume fraction: (A) low magnification; (B) higher

magnification of a macropore in the shape of the entrapped mannitol

crystal; (C) open connections in the bottom of a macropore (arrows).
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mannitol content and powder-to-liquid ratio on the
injectability of the paste.

Substantial increases in strength over the conven-
tional CPC were achieved for the CPC–chitosan
composite. At powder:liquid ratios of 3 and 3.5, the
strength was increased by about three times due to
chitosan incorporation (Fig. 1); at powder:liquid ratio
= 2, the strength was increased by 4.3 times. When the
mannitol was dissolved to form the scaffolds, the
implant strength was 6.8 MPa at a macropore volume
fraction of about 30%; the strength then became
1.8 MPa at 57% macroporosity. In comparison, the
flexural strength of sintered porous hydroxyapatite
implants ranges from 2 to 11 MPa [3]. Compared to
sintered hydroxyapatite, the new CPC–chitosan scaffold
is advantageous because it can harden in situ without
machining. With a macroporosity of 41–57%, and a
total porosity of 65.9–75.2%, the CPC–chitosan scaffold
had strength values close to the strength of about
3.5 MPa for cancellous bone [52]. The elastic modulus
of cancellous bone ranged from 50 to 300 MPa [53].
These values are also similar to the modulus of the
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Fig. 7. (A) and (B) Cells cultured for 1 and 14 d, respectively, for

scaffold with 57.2% macroporosity. Significant cell proliferation

occurred in 14 d.
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CPC–chitosan scaffold at total porosity ranging from
71.2% to 80.0%.

In a previous study on the development of fast-setting
CPC scaffolds [23], a CPC–chitosan–mannitol compo-
site was examined that contained a single mannitol/
(mannitol+CPC powder) mass fraction of 50%, with
15% of chitosan in the liquid. Flexural strength of this
composite was measured to be 1.2 MPa after 1 d
immersion [23]. In the present study, the CPC with the
same 15% chitosan and the same 50% mannitol
(resulting in a macroporosity of 57.2%) had a higher
flexural strength of 1.8 MPa after 1 d immersion. This is
likely because in the previous study a powder:liquid
ratio of 3 was used [23], while in the present study a
more optimum powder:liquid ratio of 3.5 was used
which resulted in a higher strength than that at a ratio of
3 (Fig. 1). Regarding the effect of immersion time on
properties, the previous study [23] measured the flexural
strength of CPC–chitosan-mannitol scaffold at immer-
sion times from 1 to 84 d. The flexural strength
decreased from 1.2 MPa at 1 d to 0.8 MPa at 84 d
immersion, a drop of 33% over a period of 3 months.
Previous studies showed that significant bone ingrowth
into porous implants occurred in several weeks [26,54],
and normal bone remodeling and healing took a period
over a few months [25,55]. Bone ingrowth was observed
to significantly increase the strength of the macroporous
implants [24,56]. Therefore, the mild strength decrease
over 3 months for the CPC–chitosan–mannitol scaffold
should provide time for bone ingrowth into the scaffold
to strengthen the implant and avoid a too rapid strength
loss.

Regarding the macropore size in the scaffold, a
previous study measured the size distribution of the
same batch of mannitol crystals used in the present
study. The mannitol particles had a diameter of
(165744) mm and a length of (271772) mm [23]. Pore
sizes of this range were shown to be suitable for cell
infiltration and bone ingrowth in previous studies
[25,26,28,57]. Previous studies showed that sintered
hydroxyapatite implants had pore volume fractions
from about 40% to 48% and as high as 75% [25,26].
These values corresponded to macroporosities of 29.7–
65.5% for the new CPC–chitosan scaffold. One advan-
tage of the CPC–chitosan scaffold over sintered hydro-
xyapatite is that, while sintered hydroxyapatite is more
stable in vivo, CPC can be resorbed and replaced by new
bone [15–19]. Therefore, the pore sizes and pore volume
fractions of the CPC scaffold are expected to increase
over time in vivo.

The porosities in this self-hardening scaffold should
enhance the bone ingrowth and implant fixation.
Animal studies are needed to investigate the implant
fixation and more rapid bone formation as a function
of macropore volume fraction for these new scaffolds.
Another potential advantage of the high porosity of the
new CPC–chitosan scaffold may be the increased
bioresorption of the implant due to the increased
porosity. Animal studies showed that the conventional
CPC was slowly resorbed and replaced by new bone
[15]. One study on alveolar ridge augmentation observed
CPC resorption at 6 months after surgery [57]. Another
study showed little resorption of CPC or formation of
new bone at 6 months in vivo [15]. After 9–18 months,
about half of the CPC implant was resorbed and
replaced by new bone [15,17]. It is desirable to shorten
the resorption time of CPC in vivo to a few weeks or a
few months. This is because previous studies showed
that significant bone ingrowth into porous implants
occurred in a few weeks [54,26], and normal bone
remodeling and healing took a period of a few months
[55,25]. Creating a high macroporosity in CPC increases
the graft surface area and may help shorten its
resorption time. While our ongoing preliminary animal
studies showed faster resorption and new bone forma-
tion for the new CPC–chitosan-mannitol scaffold
as compared to the conventional CPC, more systematic
studies are needed to establish the resorption rate
of CPC over a wide range of macropore volume
fractions.
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Fig. 8. (A) SEM of cell infiltration into a macropore. (B) Cell attachment (arrows) to the bottom of a pore. (C) Cells inside a large pore near an

opening at the bottom of the pore. (D) Cell–cell interactions inside a pore (arrow indicates a cell–cell junction).
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The present study showed that the CPC–chitosan
scaffold bone graft was biocompatible. After 1 d cell
culture, the osteoblast mouse cells (MC3T3-E1) were
able to adhere, spread and remain viable on CPC–
chitosan composite, CPC control and TCPS when
observed by fluorescence microscopy. After 14 d cul-
tures, fluorescence microscopy and the quantitative Wst-
1 assay showed that cell adhesion, proliferation and
viability were equivalent on these materials. Therefore,
these in vitro cell culture results suggest that the new
CPC–chitosan composite was non-cytotoxic. Cells were
able to adhere and attain a normal morphology on
CPC–chitosan-mannitol scaffold specimens; however,
proliferation appeared to be slower on these specimens.
It is possible that mannitol may have interacted with cell
proliferation, but this would require further experimen-
tation to determine. The cells appeared to be able to
infiltrate into the macropores of the CPC–chitosan-
mannitol scaffold because the pore sizes (165–271 mm
[23]) were much larger than the size of the cells ranging
from about 20 to 50 mm including the cytoplasmic
extensions. Cell attachment and cell–cell interactions
were established inside the pores of the scaffold. Further
studies should try to quantify the cell secretion of
extracellular matrix components in the scaffold in
bioreactors.
5. Summary

This study imparted substantial reinforcement and
macroporosity to a moldable, self-hardening and
resorbable hydroxyapatite cement. The flexural strength
of the new CPC–chitosan composite was three to four
times higher than the conventional CPC. A powder-to-
liquid mass ratio of 3.5 resulted in the highest strength
for the CPC–chitosan composite. The scaffold possessed
a total pore volume fraction from 42.0% to 80.0%, and
a macroporosity up to 65.5%. At total porosities of
52.2–75.2%, the scaffold had strength and elastic
modulus values similar to those of sintered porous
hydroxyapatite and cancellous bone. The new CPC–
chitosan formulation was biocompatible and supported
the adhesion, spreading, proliferation and viability of
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osteoblast cells. The cells were observed to infiltrate into
the pores of the scaffold and establish cell–cell interac-
tions. The increased strength and macroporosity of the
new apatite scaffold may help facilitate bone ingrowth,
implant fixation, and more rapid new bone formation.
The fast-setting (hardening in 8.2 min [23]), anti-wash-
out scaffold paste of the present study could be directly
applied to fit complex shapes of bone defects, without
involving machining as in the case of sintered hydro-
xyapatite. The synergistic use of a reinforcing agent
(e.g., chitosan) and a pore-forming agent (e.g., manni-
tol) in a bone graft may be applicable to other tissue
engineering materials.
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