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Abstract

Calcium phosphate cement (CPC) can be molded and self-hardens in vivo to form resorbable hydroxyapatite with excellent

osteoconductivity. The objective of this study was to develop an injectable, macroporous and strong CPC, and to investigate the effects

of porogen and absorbable fibers. Water-soluble mannitol was used as porogen and mixed with CPC at mass fractions from 0% to 50%.

CPC with 0–40% mannitol was fully extruded under a syringe force of 10 N. The paste with 50% mannitol required a 100-N force which

extruded only 66% of the paste. At fiber volume fraction of 0–5%, the paste was completely extruded. However, at 6% and 7.5% fibers,

some fibers were left in the syringe after the paste was extruded. The injectable CPC scaffold had a flexural strength (mean7sd; n ¼ 5) of

(3.271.0) MPa, which approached the reported strengths for sintered porous hydroxyapatite implants and cancellous bone. In summary,

the injectability of a ceramic scaffold, a macroporous CPC, was studies for the first time. Processing parameters were tailored to achieve

high injectability, macroporosity, and strength. The injectable and strong CPC scaffold may be useful in surgical sites that are not freely

accessible by open surgery or when using minimally invasive techniques.

r 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

The need for biomaterials has increased as the world
population ages, and calcium phosphate ceramics have
gained clinical acceptance for bone substitution and
augmentation [1–5]. This is because calcium phosphates
consist of the same ions as the mineral in natural bones.
Hydroxyapatite ceramic implants have produced no
toxicity, no inflammation, and no foreign body response
in vivo. New bone has been observed to grow on the
hydroxyapatite implant surfaces without an intervening
fibrous layer, and fracture tests have shown cracking
through the bone or the hydroxyapatite implant, but not
the bone-implant interface [4,6]. In addition, porous
calcium phosphate scaffolds have been developed to
facilitate cell infiltration and tissue ingrowth [7–11].
e front matter r 2006 Elsevier Ltd. All rights reserved.
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A major disadvantage of current orthopaedic implants is
that they exist in hardened forms, 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 prolonged surgical
time [12]. In contrast, calcium phosphate cements (CPCs)
can self-set in the bone cavity without machining. The first
CPC was developed in 1986 [13]. Since then, many
compositions have been reported [14–21]. The CPC powder
can be mixed with an aqueous liquid to form a paste that
can be placed in the bone cavity to form hydroxyapatite
[17]. Due to its excellent osteoconductivity and bone
replacement capability, CPC is highly promising for
clinical applications [13,17,22,23]. However, the drawbacks
of CPC, including the lack of macroporosity for bone
ingrowth, low strength [22,23], and poor injectability [24],
have limited its clinical use.
The injectability of CPC is important in clinical

applications that involve defects with limited accessibility
or narrow cavities, when there is a need for precise
placement of the paste to conform to a defect area, or
when using minimally invasive surgical techniques [25–30].

www.elsevier.com/locate/biomaterials
dx.doi.org/10.1016/j.biomaterials.2006.03.001
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A recent study investigated the injectability of a CPC
consisting of dicalcium phosphate dihydrate and tetra-
calcium phosphate [31]. The incorporation of a gelling
agent (hydroxypropyl methylcellulose) dramatically im-
proved the injectability of the CPC paste [31]. However, in
the previous study, the injectable CPC had no macropores
for cell infiltration and tissue ingrowth. Furthermore, the
injectable CPC contained no fibers that could provide
strength and fracture resistance for stress-bearing applica-
tions [32,33]. A literature search revealed no previous
report on developing an injectable and macroporous
ceramic scaffold.

Accordingly, the objective of the present study was to
develop an injectable, macroporous and strong CPC
scaffold, and to investigate the effects of porogen and
fiber contents on the injectability and mechanical proper-
ties. The hypotheses to be tested were: (1) CPC could be
rendered injectable even when the paste contains macro-
pore-forming particles (porogens) and reinforcing fibers;
and (2) the porogen content and fiber volume fraction
would significantly affect the injectability, scaffold poros-
ity, and mechanical properties.

2. Materials and methods

2.1. Cement powder and liquid

The processing of the CPC powder was described previously [13,33].

Briefly, tetracalcium phosphate (TTCP: Ca4(PO4)2O) was synthesized

from a solid-state reaction between CaHPO4 and CaCO3 (J.T. Baker

Chemical, Phillipsburg, NJ), which were mixed and heated at 1500 1C for

6 h in a furnace (Model 51333, Lindberg, Watertown, WI). The mixture

was ground and sieved to obtain TTCP particles with sizes ranging from

about 1 to 60mm, with an average size of 20 mm.

When commercial dicalcium phosphate dihydrate (DCPD, CaH-

PO4 � 2H2O) powders were used, the resulting TTCP-DCPD pastes

exhibited undesirably long setting times, likely due to impurities in the

commercial powders [34]. Hence DCPD was synthesized in our

laboratory. The pH of a DCPD-monocalcium phosphate monohydrate

singular point solution (pH ¼ 1.9, 4 1C) was slowly raised via the addition

of CaCO3. The DCPD that precipitated before pH reaching 3.5 (below the

hydroxyapatite-DCPD singular point of 4.2) was collected to avoid

possible contamination by hydroxyapatite. The DCPD was thoroughly

washed, first with distilled water, and then with ethanol, to eliminate

residual acid components. The washed DCPD was dried at room

temperature in the hood with a constant flow of dry air for 3 days. This

was because DCPD could convert to DCPA if a high temperature was

used in the drying process or if significant moisture was present. The

DCPD powder thus dried was stored in closed containers in a refrigerator

for one year in preliminary studies, and no conversion to DCPA was

detected with a powder X-ray diffractometer (Rigaku, Danvers, MA). The

DCPD powder was ground to obtain particles with sizes ranging from 0.5

to 4mm, with an average size of 1.3 mm. The ground DCPD powder was

mixed with the TTCP powder at a molar ratio of 1:1 to form the CPC

powder.

Water-soluble mannitol was used as a porogen because it has the

appropriate solubility and is non-toxic [33,35]. Mannitol (CH2OH

[CHOH]4CH2OH, Sigma, St. Louis, MO) was recrystallized in an

ethanol/water solution at 50/50 by volume, dried, ground, and sieved

through openings of 500mm (top sieve) and 300mm (bottom sieve). The

mannitol particles were mixed with the CPC powder at mannitol/

(mannitol+CPC powder) mass percentages of: 0%, 20%, 30%, 40%,

and 50%.
The cement liquid contained sodium phosphate as a hardening

accelerator and hydroxypropyl methylcellulose (HPMC) as a gelling

agent [36,37]. A commercial sodium phosphate solution (3mol/L

Na2HPO4 and NaH2PO4, Abbott, North Chicago, IL) was diluted with

distilled water to obtain a sodium phosphate concentration of 0.2mol/L

[31]. Then, HPMC (Sigma, St. Louis, MO) was added to the solution at a

HPMC mass fraction of 1%. This mass fraction was selected because it

improved the cohesiveness and injectability of the CPC paste [31].

2.2. Setting time

The powder and liquid were mixed with a spatula at a CPC

powder:liquid mass ratio of 2:1 following a previous study [31]. The paste

was filled into a mold of 6mm diameter and 3mm depth and incubated in

a humidor with 100% relative humidity at 37 1C [36–38]. Following the

method used in previous studies, when the powder component of the

specimen did not come off when scrubbed gently with fingers, the setting

reaction had occurred enough to hold the specimen together [36–38]. The

time measured from the start of powder-liquid mixing to this point was

used as the setting time [36–38].

2.3. Density and porosity

Specimens were allowed to set in molds of 6mm diameter and 3mm

depth for 4 h, then demolded and immersed in distilled water for 20 h at

37 1C. The immersion dissolved the mannitol and created macropores in

the set CPC [33]. The specimens were then dried in a vacuum oven

(American Scientific Products, McGaw Park, IL) at 60 1C for 24 h. The

specimen density was measured as mass/volume [33]. A previous study

showed that this method yielded density values that closely matched those

measured by a mercury intrusion porosimetry method [33].

The measured specimen density dmeasured yields the total porosity Ptotal:

Ptotal ¼ ðdHA � dmeasuredÞ=dHA, (1)

where dHA is the density of fully dense hydroxyapatite which is 3.14 g/cm3

[35]. The total porosity has two parts: the intrinsic microporosity of the

CPC without mannitol, and the macroporosity from the dissolution of

mannitol particles, Pmannitol. As described in previous studies [33,37],

Pmannitol can be calculated by

Pmannitol ¼ 1� dmeasured=dmeasured�0%, (2)

where dmeasured-0% is the density of CPC with 0% mannitol.

2.4. Injectability

A 10mL syringe (Free-Flo, Kerr, Romulus, MI) with a diameter of

10mm, similar to those in previous studies [25,26], was used. The orifice

inner diameter was 2.8mm, similar to a commercial 10-gauge needle

having a 2.7mm inner diameter. The CPC powder:liquid ratio was 2:1,

with 2 g of powder and 1 g of liquid [31]. The paste was mixed using an

automatic mixer (Maxi Mix, Thermolyne, Dubuque, IA) for 15 s [31] and

then placed into the syringe. The syringe was placed between the

compression plates of a computer-controlled Universal Testing Machine

(5500R, MTS, Cary, NC). At a prescribed time from the start of mixing,

compression was started on the syringe plunger. The cement was extruded

at a crosshead speed of 15mm/min until a maximum force of 100 N was

achieved, following the method of previous studies [25,26]. Two

parameters were measured. First, the injection force was recorded by the

computer. Second, the percentage of extruded paste was determined as the

mass of the paste that could be extruded from the syringe divided by the

original mass of the paste inside the syringe [25,26,29].

Three groups of specimens were tested for injectability. The first group

was to study the effect of mannitol content on injectability. This group

consisted of the CPC-mannitol composites with mannitol mass percen-

tages of 0%, 20%, 30%, 40%, and 50%. The time from the start of the

cement powder–liquid mixing to the start of extruding the paste was

1.5min [25,26].
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Table 1

Cement setting timea vs. mass fraction of mannitol porogen to form

macropores

Mannitol mass fraction (%) Cement setting time (min)

0 11.071.2

20 15.371.2

30 15.070.8

40 15.070.8

50 15.571.0

aValues are mean7sd; n ¼ 4. Setting time was measured as described in

Section 2.2.

Table 2

Densitya, total porosity and macroporosity of CPC scaffold vs. mannitol

mass fraction

Mannitol mass

fraction (%)

Density (g/cm3) Total pore

volume fraction

Macropore

volume fraction
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The second group was to vary the time from the start of mixing to the

start of injection, referred to as ‘‘time after start of mixing’’. The purpose

was to examine how much working time the surgeon would have before

the injectability of the paste was compromised due to setting in the

syringe. An intermediate mannitol percentage of 30% was used for this

group. Four times after the start of mixing were tested: 1.5, 5, 10, and

15min. They were selected because 15min would provide the clinician

with ample working time from mixing the paste to applying the paste.

The third group was to study the effect of fiber content in CPC-

mannitol-fiber pastes on injectability. The mannitol mass percentage was

fixed at 30%, and the time after the start of mixing was 1.5min. An

absorbable suture fiber (Vicryl, Ethicon, Somerville, NJ) was selected

because it is clinically used as a suture material and possesses a relatively

high strength [39]. The suture consisted of individual fibers braided into a

bundle with a diameter of 322mm. The suture was cut to filaments of 5mm

in length. The filaments were added to the CPC powder and liquid which

were mixed on the mixer for 15 s as described above. The 5mm length was

selected because the fibers of 3mm length did not significantly increase the

CPC strength, while the fibers of 8mm length rendered the paste difficult

to be injected. The fiber volume fraction (fiber volume/total specimen

volume) was varied from 0%, 2.5%, 5.0%, 6.0%, to 7.5%. Fractions

higher than 7.5% were not tested because the composite paste became too

difficult to extrude.

(%) (%)

0 1.1170.04 64.671.3 0

20 0.9070.05 71.471.6 19.474.6

30 0.7270.05 77.271.7 35.774.9

40 0.5570.08 82.672.4 50.976.7

50 0.5670.02 82.070.7 49.371.9

aThe CPC scaffold density (mean7sd; n ¼ 5) was measured as

described in Section 2.3. Total porosity and macroporosity were calculated

using Eqs. (1) and (2), respectively.
2.5. Mechanical properties

Molds of 3mm� 4mm� 25mm were used to make specimens [33].

Each specimen was allowed to set in the humidor at 37 1C for 4 h, then

demolded and immersed in distilled water at 371C for 20 h. The mannitol

mass percentage was 30%. The fiber volume percentage was varied from

0%, 2.5%, 5.0%, to 6.0%. Fiber volume percentage of 7.5% was not

tested because the injection test above showed that some fibers remained

in the syringe when the paste was extruded. Specimens were fractured

using a three-point flexural test with a 20mm span at a crosshead speed of

1mm/min on the Universal Testing Machine. As described previously

[40,41], flexural strength, elastic modulus and work-of-fracture (tough-

ness) were determined.

Selected specimens were sputter coated with gold and examined using a

scanning electron microscope (SEM, JEOL 5300, Peabody, MA). One-

way ANOVA was performed to detect the significant effects. Tukey’s

multiple comparison test was used at p ¼ 0:05.
3. Results

3.1. Effects of mannitol content on setting time

Cement setting time vs. mannitol mass fraction is listed
in Table 1. Setting time was significantly increased from
0% mannitol to 20% mannitol (po0:001). There was no
further significant increase in setting time when the
mannitol mass fraction was increased from 20% to 50%
(Tukey’s multiple comparison test at p ¼ 0:05).
3.2. Effects of mannitol content on density and porosity

The density and porosity values are listed in Table 2. The
specimens were immersed for 1 d which dissolved the
mannitol particles and created macropores in CPC. One-
way ANOVA identified a significant effect (po0:001) of
mannitol content on the specimen density (po0:001). The
corresponding total porosity and macroporosity were
obtained from Eqs. (1) and (2).
3.3. Effects of mannitol content on injectability

Fig. 1 shows examples of injection force vs. syringe
plunger displacement. A typical curve for an injectable
paste is shown in (A) for a CPC paste containing 30%
mannitol. In contrast, the paste in (B) containing 50%
mannitol was relatively difficult to extrude. The paste in
(A) was completely extruded at an injection force of about
8 N, while only 66% of the paste was extruded in (B) when
the injection force reached 100 N. The test was stopped at
100 N because higher forces may not be practical in manual
injection during surgery [25,26]. The long arrow in (A)
indicates the high force region caused by the plunger
touching the end of the syringe when all the paste was
extruded. The short arrow in (A) indicates the highest
injection force for this paste which was used as the
maximum injection force in Fig. 2.
The maximum injection force vs. mannitol mass fraction

is plotted in Fig. 2. The paste containing 50% mannitol
had a percentage of extruded paste (mean7sd; n ¼ 4) of
(66730) % when the injection force reached 100 N. The
other pastes with mannitol mass fractions ranging from 0%
to 40% were completely extruded out of the syringe under
forces of 10 N or less, and the injection forces were not
significantly different from each other (Tukey’s at
p ¼ 0:05).
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Fig. 2. Maximum injection force vs. mannitol percentage in CPC. The

time after the start of paste mixing to injection was 1.5min. All the pastes

were completely extruded out of the syringe for 0–40% mannitol (the mass

percentage of extruded paste was measured to be 98%). The paste

containing 50% mannitol had a percentage of extruded paste (mean7sd;

n ¼ 4) of (66730)%. The * indicates that the test was stopped at 100 N.

Each value was mean7sd; n ¼ 4. The line connects the data points for

visual clarity.
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Fig. 1. Injection force vs. syringe plunger displacement for CPC paste

with (A) 30% mannitol, and (B) 50% mannitol. The paste in (A) was fully

extruded under a force of 8 N. The paste in (B) was difficult to extrude,

with 66% of the paste extruded at 100N. The test was stopped at 100 N to

be feasible for manual injection clinically. The long arrow in (A) indicates

where the plunger was touching the end of the syringe when all the

paste was extruded (the mass percentage of extruded paste was

measured to be 98%). The short arrow in (A) indicates the maximum

injection force.
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Fig. 3. Maximum injection force vs. the time after the start of CPC paste

mixing. The mannitol percentage was 30%. All the pastes from 1.5 to

15min were completely extruded (the percentage of extruded paste was

measured to be 98%). The corresponding injection force monotonically

increased with increasing the time after the start of paste mixing. Each

value was mean7sd; n ¼ 4. The line connects the data points for visual

clarity.
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3.4. Effects of time after start of mixing on injectability

Fig. 3 plots the maximum injection force vs. the time
after the start of paste mixing. The mannitol mass fraction
was fixed at 30%. The pastes at 1.5–15min were all
completely extruded out of the syringe. However, one-way
ANOVA showed a significant increase in the injection force
with time after the start of mixing (po0:05). The injection
forces (mean7sd; n ¼ 4) at 1.5–10min, though increasing,
were not significantly different from each other; the force at
15min reached (48.9712.2) N, which was significantly
higher than the others (po0:05).
3.5. SEM examination

SEM micrographs of CPC scaffolds are shown in Fig. 4
for (A) 0% mannitol, (B) 30% mannitol, (C) 40%
mannitol, and (D) 40% mannitol at a higher magnification.
CPC without mannitol had only micropores without
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Fig. 4. SEM micrographs of CPC scaffolds for (A) 0% mannitol, (B) 30% mannitol, (C) 40% mannitol, and (D) 40% mannitol at a higher magnification.

Note that (A) had a higher magnification in order to reveal the details of a micropore. The micropores had sizes ranged from about 1 to 20 mm. The

macropores in (B) and (C) were produced by the dissolution of the mannitol porogen, with a width of about 100–400mm, and a length of 200–600mm.

Nano-sized hydroxyapatite crystallites that make up the cement specimens are shown in (D).

H.H.K. Xu et al. / Biomaterials 27 (2006) 4279–4287 4283
macropores. The micropore size ranged from about 1 to
20 mm. The macropores in (B) and (C) were well-formed in
the shapes of the entrapped mannitol crystals. They were
slightly elongated, having a width of about 100–400 mm,
and a length of 200–600 mm. Examination of various
specimens revealed no noticeable differences in pore size or
shape at different mannitol mass fractions. Examples of the
hydroxyapatite crystallites that make up the specimen are
shown in (D). The crystals were generally in the nanosize
range, with a short dimension of about 100 nm and a long
dimension of 300 nm to 1 mm. The larger crystals appeared
to be platelets, with a thickness of about 200 nm and a
width of 500 nm to 2 mm. Similar crystals were observed in
specimens with different mannitol fractions.

3.6. Effects of fiber volume fraction on injectability

Fig. 5 plots injection force vs. fiber volume fraction. The
mannitol mass fraction was fixed at 30%, and the time
after the start of paste mixing was 1.5min. The injection
forces, varying from about 6 to 10 N, were in general not
very different from each other. At 6% and 7.5% fibers
(indicated by the * in Fig. 5), some fibers were left behind in
the syringe while the paste was extruded. In contrast, at
fiber volume percentages from 0% to 5%, the composite
paste was fully extruded. At 6% and 7.5% fibers, the
percentages of extruded paste (mean 7sd; n ¼ 4) became
(9476) % and (8978) %, respectively.

3.7. Mechanical properties of injectable CPC scaffold

Mechanical properties vs. fiber volume fraction are
plotted in Fig. 6. The mannitol was 30% and the specimens
were immersed for 1 d to dissolve the mannitol and create
macropores. One-way ANOVA revealed a significant effect
of fiber volume fraction on strength and work-of-fracture
(po0:001), but not on elastic modulus (p ¼ 0:286). The
flexural strength (mean7sd; n ¼ 5) was (3.271.0) MPa for
specimens containing 5% fibers. It was significantly higher
(po0:05) than (1.070.2) MPa for the specimens with 2.5%
fibers and (1.170.3) MPa for the specimens with 0% fibers
(po0:05).
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The work-of-fracture was (331778) J/m2 for the speci-
mens with 5% fibers, a 36-fold increase over the
(9.172.6) J/m2 for the specimens with 0% fibers. Elastic
modulus insignificantly varied between 1 and 1.5GPa, as
the soft fibers did not increase the modulus of the
specimens.

4. Discussion

In the present study, an injectable and macroporous
CPC scaffold was developed using DCPD, a hardening
accelerator, a gelling agent and a porogen. Hydroxyapatite
and other calcium phosphate-based ceramic scaffolds were
developed as pre-formed implants in previous studies
[4,7–11]. Based on our literature search, this represents
the first study on the injectability of an injectable ceramic
scaffold. Improving the injectability of the CPC paste can
inadvertently prolong the cement setting time. For
example, the addition of glycerol improved the injectability
of a CPC, but greatly increased the time it took for the
cement to harden [42]. A long setting time could cause
problems because of the cement’s inability to support
stresses within this time period [16]. For example, a severe
inflammatory response occurred when the CPC failed to set
and disintegrated, likely due to a low initial mechanical
strength [16,43]. The dilemma is that a paste capable of
setting rapidly may start setting in the syringe, thereby
increasing the paste rigidity and reducing its injectability.
The components used in the injectable CPC of the present
study enabled the cement to be fully injectable while at
the same time providing a rapid setting ability (Table 1).
This was achieved because DCPD and the hardening
accelerator imparted fast-setting to the cement, while
HPMC simultaneously improved the paste cohesiveness
and injectability. A previous study showed that the CPC
consisting of TTCP-DCPD had a setting time of 15min,
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while that consisting of TTCP-DCPA (dicalcium phos-
phate anhydrous) was 80min [44]. TTCP and DCPD
dissolve in water as Ca2+, PO4

3� and OH� ions, which then
reprecipitate to form hydroxyapatite: 2Ca4(PO4)2O+2-
CaHPO4 � 2H2O-Ca10(PO4)6(OH)2+4H2O. Therefore,
DCPD, known to have a relatively high solubility [13],
accelerated the setting reaction [44]. Furthermore, the
hardening accelerator, sodium phosphate, increased the
phosphate concentration and hence accelerated the setting
reaction. DCPD and sodium phosphate together helped
achieve a fast setting time of about 15min even with the
addition of the mannitol porogen (Table 1). This is
consistent with a previous study showing that the conver-
sion to hydroxyapatite for TTCP-DCPD was higher in the
first 2 h after paste-mixing, but lower at 24 h, compared to
the TTCP-DCPA cement [31].

Another important component in the cement was the
gelling agent. HPMC is a derivative of cellulose which is
one of the most common polysaccharides [36–38]. HPMC
can hydrogen bond to water and form a viscous solution,
thus improving the paste’s cohesiveness [36–38]. It was
observed that when a powder and a liquid were mixed into
a paste and delivered through a cannula, a filter-pressing
phenomenon occurred in which the liquid was pushed out
but a major portion of the powder remained inside the
syringe, leading to a phase separation of the liquid and the
solid [29]. The presence of HPMC may make it more
difficult for the solid–liquid phases to separate, thereby
enabling the paste to be completely extruded at a relatively
small injection force, even with mannitol porogen of up to
40% (Fig. 2). In addition, HPMC may have also had a
lubricating effect on the inter-particular contacts in the
paste. This is consistent with a previous study that
observed an improvement in the paste injectability with
the addition of small amounts of a polysaccharide xanthan,
likely a result of a lubricating effect [30].

At 10min after the start of paste mixing, which should
provide sufficient working time clinically, the force under
which the paste was fully injected was relatively low at
16.3 N (Fig. 3). However, the injection force was increased
dramatically at 15min after the start of paste mixing. This
was because this time approached the cement setting time
of 15min (Table 1), at which point the rigidity of the paste
increased. Complete setting of the cement usually took 1 d
[13]. Hence the cement at 15min was still injectable at a
higher injection force (Fig. 3). Nonetheless, the paste
should preferably be injected within about 10min after the
start of mixing, so that the initial setting reaction of the
cement would not be disrupted by the injection process. It
should also be noted that the exact value of the injection
force may change when different types and sizes of syringes
are used.

The potential advantages of the injectable CPC include:
easy placement in surgery, able to be used in difficult
surgical sites that are not freely accessible by open surgery,
and capable of filling narrow defects and facilitating
minimally invasive techniques. Traditional CPCs exhibited
poor injectability [24,30]. Hence several previous studies
were performed to improve the injectability of CPCs,
including investigations on the effects of powder-to-liquid
ratio [25], particle shape [24] and particle size [30]. The
incorporation of a polymeric drug [26] and citric acid [27],
and the use of oscillatory mixing [45] and ion modification
[29] were also shown to influence the injectability.
Compared to the previous studies, the uniqueness of the

present study was that the CPC paste that was extruded
from the syringe contained macropore-forming particles
and fibers for the first time. Regarding the porosity,
sintered hydroxyapatite implants had pore volume frac-
tions of 40% [8], 48% [46], and 75% [9]. They compare
with the total porosity for the injectable CPC of 77% and
83%, at 30% and 40% mannitol, respectively. The
mannitol mass fraction of 50% did not increase the CPC
porosity over that at 40% mannitol (Table 2). After the
mannitol was dissolved, the specimens were dried for
density measurement. It is possible that the specimen with
50% mannitol may have shrunk slightly during the drying
process, thereby compromising the porosity increase.
Besides using solid porogen particles such as mannitol,
previous studies have also used a foaming agent (a
hydrogen peroxide solution) [47] and a hydrophobic liquid
(oil) [48] as porogens to fabricate macroporous scaffolds.
Regarding pore size, previous studies showed that pore

sizes of at least 100 mm were needed for bone ingrowth [46].
Therefore, the micropores in CPC (Fig. 4A) were too small
for bone ingrowth. Other studies used hydroxyapatite with
pore diameters of 150 mm [9] and 100 mm [8]. One study [49]
tested a series of pore sizes: 106–212, 212–300, 300–400,
400–500, and 500–600 mm. The highest amount of new
bone formation was achieved in the implant with
300–400 mm pores [49]. The macropores in Figs. 4B and
C appeared to be suitable for cell infiltration and bone
ingrowth. In addition, because CPC is bioresorbable
[17,22,23], its pore size and porosity are expected to
increase with time in vivo.
CPC maintained its injectability at a fiber volume

fraction of 5%, requiring an injection force of 8.4 N to
fully extrude the paste. For the set scaffold with 5% fibers
immersed for 1 d to dissolve the mannitol, the flexural
strength reached 3.2MPa. This approached the reported
flexural strength of 2–11MPa for sintered porous hydro-
xyapatite implants [4] and a tensile strength of 3.5MPa for
cancellous bone [50]. Cancellous bone had an elastic
modulus of about 0.30GPa [51], compared to about
1GPa for the injectable CPC scaffold (Fig. 6). In a
previous in vitro study, the absorbable fibers provided
reinforcement for several weeks, then dissolved and created
long cylindrical macropores suitable for cell infiltration
[39]. When the fibers gradually dissolved, the mechanical
properties of the composite gradually decreased [39].
However, the rationale for using these absorbable fibers
was that after several weeks of bone ingrowth into the
macropores from the dissolution of mannitol, the scaffold
would have been strengthened by the new bone.
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For example, it was observed that the flexural strength of
hydroxyapatite implants was increased to about 40MPa
after new bone grew into the macropores [5]. Hence the
strengthening of the scaffold from bone ingrowth should
offset the weakening of the scaffold due to fiber degrada-
tion. Animal studies are needed to examine new bone
growth into the injectable and macroporous CPC scaffold,
and to explore the potential usefulness of the injectable
scaffold in various orthopedic applications.

5. Summary

A novel injectable and macroporous CPC was developed
via the use of dicalcium phosphate dihydrate, a hardening
accelerator, a gelling agent, porogen particles, and absorb-
able fibers. The injection force, percentage of paste
extruded, mechanical properties and porosity were tailored
by compositional variables. The injectable scaffolds with
30% and 40% mannitol possessed total porosity values of
77% and 83% (macroporosity of 36% and 51%),
respectively. The macropore sizes ranged from 200 to
600 mm. With 5% absorbable fibers, the CPC composite
paste was fully extruded under an injection force of 8.4 N.
The flexural strength of the scaffold was 3.2MPa, which
approached the reported strengths for sintered porous
hydroxyapatite implants and cancellous bone. SEM
revealed the formation of nano-sized hydroxyapatite
crystals in the scaffold. Literature search suggests that this
is the first study on the injectability of a macroporous
ceramic scaffold. Potential advantages for the injectable
CPC scaffold include: easy placement in surgery; ability to
self-harden in situ to form a resorbable macroporous
hydroxyapatite; ability to be used in difficult surgical sites
that are not freely accessible by open surgery; and being
capable of filling narrow defects and facilitating minimally
invasive techniques. Further studies are needed to investi-
gate the performance of this injectable scaffold in animal
models.
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