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Abstract Premixed injectable calcium phosphate cement
(p-ICPC) pastes have advantages over aqueous injectable cal-
cium phosphate cement (a-ICPC) because p-ICPC remain
stable during storage and harden only after placement into the
defect. This paper focused on the suspension stability of p-ICPC
paste by using fumed silica as a stabilizing agent and propylene
glycol (PEG) as a continuous phase. Multiple light scanning
techniques were first applied to evaluate the suspension sta-
bility. The results indicated that fumed silica effectively
enhanced the suspension stability of p-ICPC pastes. The sta-
bilizing effect of fumed silica results from the network structure
formed in PEG because of its thixotropy. The p-ICPC could be
eventually hydrated to form hydroxyapatite under aqueous
circumstances by the unique replacement between water and
PEG. p-ICPC (1) not only possesses proper thixotropy and
compressive strength but has good injectability as well. p-ICPC
(1) was cytocompatible and had no adverse effect on the
attachment and proliferation of MG-63 cells in vitro. These
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observations may have applicability to the development of
other nonaqueous injectable biomaterials for non-immediate
filling and long-term storage.

1 Introduction

Bone fractures in the elderly, mainly resulting from osteo-
porosis, have recently seen a marked increase in frequency
and severity. As the population ages the need to repair the
bone defect is increasing dramatically [1]. The scope of
minimally invasive surgery is constantly expanding. With
the advance in instrumentation and surgical skill, the directly
injectable biomaterials are allowed to be implanted into the
defect through smaller incisions.

Aqueous injectable calcium phosphate cement (a-ICPC),
taking a variety of aqueous media (e.g. distilled water,
phosphate-buffered saline solution, sodium phosphate +
citric acid aqueous solution) as setting liquid, has proved to
be an alternative bone substitute with great clinical conve-
nience [2]. a-ICPC has combined characteristics of bio-
compatibility, osteoconductivity, in situ setting and easy
shaping for any complicated contours of bone defect [3]. It is
worthwhile to note that the a-ICPC has to be prepared just
before implantation, since setting starts from the moment
that the powder comes in contact with water.

However, it is not only difficult for the clinician to mix
the powder with liquid thoroughly, but hard to inject the
a-ICPC into the defect within a prescribed time as well. In
addition, the operation of on-site powder-liquid mixing
prolongs the surgical time. It may compromise the implant
performance because of inhomogeneous mixing and
insufficient filling stemming from the limited mixing time
[4]. These prompted the development of premixed inject-
able calcium phosphate cement (p-ICPC) [5].
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The p-ICPC, taking nonaqueous but water-miscible
liquid as liquid phase, is stable and does not harden in
storage or in a syringe, because calcium phosphate cement
(CPC) hardens only when exposed to an aqueous environ-
ment. However, mixtures of solid particles suspended in a
viscous liquid are ubiquitous in applications. Due to their
high density, the suspended particles are prone to gravita-
tional settling upon long-term storage, thus causing a sep-
aration of the solid and liquid phases [6]. A more significant
problem is that the pure p-ICPC can not resume the original
consistency with stimulus removal. This makes p-ICPC
difficult to inject at later times because of the reduction of
the uniformity of the suspension. In addition, the sedi-
mentation of CPC powders in liquid is apt to prolong the
setting time and decrease the injectability. Obviously, the
above drawbacks of the p-ICPC, which are mainly relevant
to the stability, limit its potential clinical application.

It is well accepted that the expiration date of the com-
mercially available injectable biomaterial is conditioned by
the stability of the suspension. In addition, long-term sta-
bility of the suspension is one major criterion for the use of
such a medical device, since it controls the validity and the
required storage conditions of the p-ICPC. Usually, sus-
pension stability is not mentioned in academic papers
reporting advances in injectable cement, since the solid is
assumed to be mixed with the liquid just before the operation.
Although the factors important to control the long-term
stability of the f-tricalcium phosphates/monocalcium
phosphate monohydrate (-TCP/MCPM) were investigated
[7], the suspension stability and the real possibility to handle
the nonaqueous ICPC after a long-term storage are poorly
documented. In addition, little attention has been paid to the
rheological behavior of the p-ICPC suspension, which is
sensitive to the structure recovery of the suspension.

The purposes of this study were (i) to develop a pre-
mixed injectable calcium phosphate cement with improved
suspension stability via taking viscoplastic media propyl-
ene glycol (PEG) as a continuous phase and introducing
fumed silica as a thixotropic agent, and (ii) to investigate
the suspension stability, rheological properties, injectabil-
ity, phase composition, microstructure and cytocompati-
bility in vitro.

2 Materials and methods

2.1 Materials and preparation

The p-ICPC consists of powder and liquid phase. All cal-
cium phosphates used in this experiment were purchased
from Shanghai Rebone Biomaterials Ltd., P.R. China. The

CPC powder was composed of tetracalcium phosphate
[TECP, Cay(PO4),0] and dicalcium phosphate anhydrous
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[DCPA, CaHPO,] in an equivalent molar ratio [8, 9]. After
being airflow-grinded twice, the CPC powders were then
sieved to obtain particles with diameter size ranged from
20-50 pm.

The liquid phases consist of 1,3-propylene glycol
(PEG), disodium hydrogen phosphate (Na,HPO,) and
fumed silica. Because of its water-soluble, nontoxic and
biocompatible properties [10], PEG is used as a nonaque-
ous liquid [4]. For example, PEG is known as a lubricant
and has been used in beverage, food, cosmetic and bio-
medical fields [11, 12]. To shorten the p-ICPC setting time
in the aqueous surrounding, 2 wt% anhydrous Na,HPOy,, a
common setting accelerator [13, 14], was introduced into
the liquid phase. To improve suspension stability of the
paste, fumed silica with 20 nm (Cabot Chemical Co., Ltd.,
Shanghai, China), as a thixotropic agent, was added to the
nonaqueous phase with different contents (1 and 2 wt%) by
ultrasonic dispersion for 10 min at 25 °C [15, 16]. The
content of fumed silica in liquid phase of p-ICPC was
indicated in parentheses. For example, p-ICPC (1) repre-
sented p-ICPC paste containing 1 wt% fumed silica in the
liquid phase.

The p-ICPCs were prepared by mixing the blended CPC
powders with the liquid homogeneously at the fixed pow-
der to liquid (P/L) ratio of 2 ¢ ml™ by a spatula. Pure ICPC
without fumed silica [p-ICPC (0)] was used as control. The
pastes were quickly packed into flexible plastic tube,
tightly sealed to isolate them from moisture and stored in
desiccators at room temperature. Notably, as far as the
p-ICPC suspension is concerned, the powders in the
p-ICPC would not be reacted with the nonaqueous liquid.
All the chemicals used in preparation of p-ICPC had a
purity level of reagent grade unless otherwise noted.

2.2 Rheological properties

Rheological properties (including viscosity and thixotropy)
were used to determine the internal structure of paste,
which is related to suspension stability [17]. Rheological
measurements of all p-ICPC pastes were conducted by a
rotational rheometer (RS600, Thermo Hakke Co., Ltd.,
USA). After being mixed thoroughly for 3 min, the sample
was poured into the geometry of the plate assembly of the
rheometer. To avoid undesired influence from different
mechanical histories, the samples were allowed to shear at
an identical rate of 100 s~ for 20 s to establish a baseline
shear history at 37 °C.

The flow curves and hysteresis loops were obtained by
registering at controlled rate conditions with a three-stage
measuring program with a linear increase of shear rate
from 0.08 to 100 s~! in 5 min, a plateau held at 100 s~! for
1 min and a decrease from 100 to 0.08 s~ in 5 min. We
chose an initial reference viscosity value for conditions in



J Mater Sci: Mater Med (2013) 24:1627-1637

1629

which the shear rate was 0.08 s~'. Thixotropy was deter-
mined using Rheowin Pro software (Version 2.64, Thermo
Hakke Co., Ltd., USA) as the area enclosed between the
up-curve and the down-curve in the controlled shear rate
range considered above. All the tests were conducted at a
constant temperature of 25 °C.

2.3 Injectability and compressive strength

The injectability of p-ICPC was tested according to the
same procedure as described before [18]. The powders and
the nonaqueous liquid were mixed adequately for 3 min to
form pastes and then transferred into a syringe with an
inner diameter of 14.5 mm. The syringe is fitted with a
needle of 0.7 mm inner diameter for root canal filling,
which is much smaller than those used in a-ICPC [19]. A
29.4 KN compressive load at the rate of 0.5 mm min™' was
then applied vertically on top of the plunger. The per-
centage of injectability was calculated by dividing the mass
expelled from the syringe by the total amount of cement
charged into the syringe in 2 min. Each test was performed
three times and the average value was calculated.

The p-ICPC (1) was loaded into a polytetrafluoroethylene
(PTFE) mold (®6 x 10 mm) with a spatula, which was
immersed in deionized water and kept in a 100 % relative
humidity environment at 37 °C. After 6 h, samples were
removed from the mold and immersed in deionized water
further for 66 h. The p-ICPC (0) was placed into PTFE and
then stored in a 100 % relative humidity environment at
37 °C for three days. Before testing, the hardened samples
were uniformly polished on both sides. The compressive
strength of the cement was measured at a loading rate of
1 mm min~" using a universal testing machine (AG-2000A,
Shimadzu Co. Ltd., Japan). Three replicates were carried out
for each group, and the results were expressed as
mean = standard deviation (mean &+ SD).

2.4 Suspension stability assessment

Suspension stability of p-ICPC was evaluated by a con-
centrated liquid dispersion (Turbiscan LA-b ®*P*™ For-
mulation Co., Ltd., France). The dispersion is placed in a
cylindrical glass cell and scanned from bottom to top with a
pulsed near-infrared light source (4 = 850 nm). The
detection head is composed of two synchronous transmis-
sion (T) and back scattering (BS) detectors. T detector
received the light going through the sample (180 = from
the incident light), and BS detector received the light
scattered backward by the sample (45 = from the incident
light) along the height of the cell [20]. The turbiscan works
in a scanning mode: the optical reading head scans the
length of the sample acquiring transmission and backscat-
tering data every 40 um. The corresponding curves provide

the transmitted and backscattered light flux as a function of
the sample height (in mm). Scans are repeated over time,
each one providing a curve, and all curves are overlaid on
one graph to show stability over time. Therefore, the T and
BS profiles contain overall (sedimentation and aggrega-
tion) kinetics information and the relative migration speed
of the particles.

2.5 Phase analysis and microstructure observation

Simulated body fluid (SBF) was prepared as follow:
reagent-grade sodium chloride (NaCl, 7.996 g), sodium
hydrogen carbonate (NaHCOj3, 0.353 g), potassium chlo-
ride (KCl, 0.224 g), potassium hydrogen phosphate
(K;HPO,4-3H,0, 0.228 g), six hexahydrate magnesium
chloride (MgCl,-6H,0, 0.305 g), hydrochloric acid (HCI,
0.045 mol), calcium chloride (CaCl,, 0.278 g), sodium
sulfate (Na,SO4, 0.071 g) and trihydroxymethy lami-
nomethane (Tris, 6.057 g) were in order dissolved in
deionized water to form 1L SBF. To prepare clear SBF
with no precipitation, only when the previous reagent has
been dissolved completely, can the succedent reagent be
added to the solution. The solution was then buffered to pH
7.4 at 37 °C with Tris or HCI. The ion concentrations and
pH of the SBF are similar to those in human blood plasma.

The p-ICPCs were loaded into a PTFE mold
(®6 x 10 mm) with a spatula, which was immersed in
SBF kept in a 100 % relative humidity environment at
37 °C. After 6 h, samples were removed from the mold and
immersed in SBF in a shaking water bath at 37 °C with a
surface area-to-volume ratio of 0.5 cm™' [21]. The p-ICPC
was soaked in SBF for 1, 3, 7 and 11 days respectively, and
the solution was changed every day. At the predefined
soaking time, the samples were gently rinsed with deion-
ized water to remove SBF immediately, and immersed in
liquid nitrogen for 15 min to stop the setting reaction, then
dried at 37 °C over night. The samples were milled in a
mortar and the phase composition were examined by X-ray
diffraction (XRD, D/max 2550 VB/PC, Rigaku Co., Japan)
with Cu K, radiation and Ni filter (A = 1.5406 A, 100 mA,
40 kV) in a continuous scan mode. The diffraction data
were collected from 10 to 75°, with a step size of 0.02° at a
scan speed of 10 min™.

Samples with different soaking time were sputter-coated
with gold- palladium with 20 nm thickness. Scanning
electronic microscopy (SEM, JSM-6360LV, Jeol, Japan)
was used to examine the microstructure of the resultant
p-ICPC.

2.6 Cytocompatibility in vitro

Cell culture was performed to evaluate the cytocompati-
bility of the cements in vitro. MG-63 osteoblast-like cells
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were cultured in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with 10 % volume fraction of fetal
bovine serum (FBS), 1 % L-glutamine, 100 U ml™! peni-
cillin and 100 pug ml™' streptomycin at 37 °C in a humid
atmosphere of 5 % CO, in air. The culture medium was
refreshed every two days.

The proliferation of MG-63 cells cultured on the sam-
ples was assessed quantitatively using methyl thiazoly
tetrazolium (MTT) assay. The p-ICPC (1) and p-ICPC (0)
discs, with the size of 5 mm in diameter and 2 mm in
thickness, were prepared as the method described in Sec.
2.3. The samples were sterilized by ethylene oxide gas.
Tissue culture polystyrene (TCP) was selected as a control.
MG-63 cells with a density of 5 x 10* cells per disc were
seeded evenly into the wells with a pipette, followed by
incubation in a DMEM medium at 37 °C and 100 %
humidity with 5 % CO, for 1, 3 and 5 days, with the
medium replaced every second day. The cell-seeded discs
were further incubated for 4 h. Subsequently, the culture
medium of each well was removed. The residual cultured
medium and unattached cells were removed from the cell-
seed discs by washing with PBS three times. After the
attached cells on the discs were digested by trypsin, the
adherent cells were counted with haemacytometer, and
the cell attachment efficiency was determined by counting
the cell number remaining in the wells.

Three disc-shaped (@10 x 2 mm) p-ICPCs (1) were
used to assess the cell morphology on the cement surface.
The sterilized samples were put in a 24-well plate. MG-63
cells with a density of 6 x 107 cells per disc were seeded
evenly into the wells with a pipette, followed by incubation
at 37 °C under 5 % CO, condition in DMEM medium. The
medium was replaced every 2 days. After culturing for 3
days, the sample-cell constructs were rinsed twice with
PBS, fixed with 1 % volume fraction of glutaraldehyde and
subjected to graded ethanol dehydrations. The samples
were air-dried in desiccators overnight and sputter-coated
with gold-palladiumon prior to SEM observation. The
morphology of the cells was observed by SEM (JSM6360,
JEOL).

3 Results
3.1 Rheological properties

Figure 1 shows the viscosity curves and thixotropic curves
of p-ICPC pastes containing different amounts of fumed
silica. The rheological parameters including initial viscos-
ity, thixotrop and yield stress of p-ICPC pastes were cal-
culated in Table 1 by using Rheowin Pro software
according to Fig. 1. The viscosity of all pastes decreased
with the increase of shear rate. The result indicated the
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addition of fumed silica did not change the shear-thinning
characteristic of the p-ICPC, and all p-ICPCs showed
pseudoplastic flow behavior. More importantly, the addi-
tion of fumed silica improved the initial viscosity of all
pastes. When the shear rate decreased from 100 to
0.08 s~ the viscosity of the pastes returned back to the
original value except the p-ICPC (0). Thixotropic curves of
the p-ICPC pastes with fumed silica were plotted in
Fig. 1b. With the increasing amount of fumed silica, the
initial viscosity, the thixotropy and the yield stress of the
p-ICPC paste were obviously increased (Table 1).

3.2 Injectability of p-ICPC

Figure 2 displays the influence of fumed silica with different
contents on the injectability and compressive strength of the
p-ICPC pastes. p-ICPC (0), p-ICPC (0.5), p-ICPC (1),
p-ICPC (1.5) and p-ICPC (2) were used to study the injec-
tability. The addition of fumed silica reduced the injecta-
bility of p-ICPC pastes obviously. When the content of
fumed silica increased from O to 1.5 wt%, the injectability
dropped from (83.13 £3.38) % of p-ICPC (0) to
(56.33 &£ 3.15) % of p-ICPC (1.5). With further increasing
the content of fumed silica to 2 wt%, the injectability of the
p-ICPC (2) was significantly reduced to (28.06 + 2.07) %,
which is too low for clinical application. The compressive
strength increased as the content of fumed silica increased
from O to 2 %. Interestingly, p-ICPC (1) not only possesses
proper thixotropy and compressive strength but had good
injectability as well. It will be expedient for surgeons to
inject the p-ICPC (1) to the implant site more easily.
Therefore, p-ICPC (1) was selected for the next experiment
and p-ICPC (0) was taken as a control.

3.3 Suspension stability of p-ICPC

Figure 3 shows typical transmission and backscattering
profiles as function of the sample height obtained in the
case of the p-ICPC (0) and p-ICPC (1). The curves repre-
sented status of paste at the various scanning time. No
variation was found between the curves of transmittance
and backscattering for p-ICPC (1). However, significant
settling was observed along the whole height of the p-ICPC
(0), especially at the top. The result showed that 1 % fumed
silica stabilized the injectable calcium phosphate cement
suspension effectively.

Turbiscan provided transmittance profiles for p-ICPC
during the optical analysis. Figure 4a shows a typical
transmission and backscattering profiles as function of time
obtained in the case of the p-ICPC (0) and p-ICPC (1). The
transmittance variation profiles of p-ICPC (1) seemed to
intersect the base line at the same point during the whole
scan period. The phenomenon showed the suspension
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Fig. 1 Viscosity curves a and thixotropic curves b of p-ICPC pastes with different contents of fumed silica

Table 1 Calculated rheological parameters of p-ICPCs with different
contents of fumed silica

Contents of
fumed silica (wt%)

Rheological parameters

Initial viscosity ~ Thixotropy  Yield stress

(Pa-s) (Pa-s) (MPa)

0 8.84 3227 0

33.01 4702 23.65

2 170.98 8590 255.78
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Fig. 2 Influence of the fumed silica content on the injectability and
compressive strength of p-ICPC pastes

stability of p-ICPC (1) was improved significantly. The
variation of BS signals as a function of time for p-ICPC (0)
and p-ICPC (1) are also compared in Fig. 4a. The back-
scattering variation for p-ICPC (0) reduced 21.2 % after
scanning for 5 days. However, the backscattering variation
for p-ICPC (1) was decreased by 0.11 % even after scan-
ning for 10 days, indicating that no significant aggregation
or sedimentation occurred.

As for the suspension, the longer the sedimentation time
the more stable the p-ICPC is. Figure 4b shows the varia-
tion of migration rate of solid-phase particles with sedi-
mentation time in p-ICPC. The p-ICPC (1) began
sedimentation after 7 days, which is much later than
p-ICPC (0) of 2.77 days. During the whole scanning period
of 5 days, the particle migration rate of p-ICPC (0) reached
0.27 mm d”'. Notably, even upon storage for 10 days, the
particle in p-ICPC (1) sedimented at the rate of 0.03 mm d,
only one-tenth of that for p-ICPC (0). Obviously, the sus-
pension stability of p-ICPC (1) is better than that for
p-ICPC (0), which is in a good agreement with rheological
data.

3.4 Phase analysis and microstructure observation

The X-ray diffraction (XRD) patterns of p-ICPC (0) and
p-ICPC (1) immersed in SBF for 1, 3, 7 and 11 days are
shown in Fig. 5 respectively. As indicated in XRD pat-
terns, the apatite phase is present on all the hydrated
p-ICPC surfaces, and the peaks of apatite phase after
immersion in SBF for 11 days grew obviously and became
sharp. With the increase of the soaking time, the relative
intensity of peaks characteristic of TECP crystals
decreased. The result revealed the p-ICPC was hydrated in
the SBF and converted to hydroxyapatite (HAP) gradually.

Typical scanning electron microscopic photographs of
the fracture surface for p-ICPC (1) pastes after soaking in
SBF for different periods are shown in Fig. 6. At the same
magnification (10,000x), it could be observed that all the
p-ICPCs soaked in SBF were constructed by bridged
crystalline particles. After one-day immersion in SBF, the
needle-like HAP granules are scattered over the surface of
p-ICPC (1), with a length of 0.5-1 pm and a diameter of
approximately 0.1 um, being evident in SEM (Fig. 6a).
With the immersion time up to 3 days, a large number of
needle-like HAP grains were precipitated into a network
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Fig. 3 a Transmission light curves of p-ICPC (1) with sample height. b Backscattered light curves of p-ICPC (1) with sample height.
¢ Transmission light curves of p-ICPC (0) with sample height. d Backscattered light curves of p-ICPC (0) with sample height

structure (Fig 6b). In addition, a limited number of the
platelet-like hydrated products were located on the fracture
surfaces. The platelet-like crystals are 1-2 pm in width and
0.2 pm in thickness. After immersion in SBF for 7 days,
the morphology of the hydrated products changed, and a
large number of platelet-like crystals replaced the small
needle-like crystals. In addition, the platelet-like crystals
were tightly interlaced to the network structure (Fig. 6c¢).
After immersion in SBF for 11 days, a certain number of
rod-like crystals, with a length of 15-25 pm and a width of
approximately 0.5 um, were found to grow regularly on the
fracture surfaces of p-ICPC (1) (Fig. 6d-f).

3.5 Cytocompatibility

In order to observe the cell response to synthetic materials,
in vitro studies of cell/substrate interaction are performed.
Figure 7 shows the proliferation curves of MG-63 cells on
the TCP control, p-ICPC (0) and p-ICPC (1). Obviously, the
TCP control had the highest cell density. The cell numbers
for both pastes increased with increased incubation time. The
number of viable cells on the p-ICPC (1) was not signifi-
cantly different from the p-ICPC (0). The results reveal that
neither p-ICPC (1) nor p-ICPC (0) are cytotoxic.
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The morphological feature of MG-63 cells cultured on
p-ICPC (1) for 3 days was observed by SEM, shown in
Fig 8. The cells were attached to and spread well on the
surfaces of both pastes. The cells on the p-ICPC (1)
exhibited similar spindle-like morphology and had devel-
oped filopodial extensions with lengths up to 50 pm, which
are observed to be contacting cells to the substrate and to
neighboring cells. This indicates p-ICPC (1) had no nega-
tive effects on cell morphology and viability.

4 Discussion

A constraining factor for p-ICPC is subject to phase sepa-
ration. Generally, it was considered to be kinetically stable if
the destabilization rate of the suspension is low enough
compared with the expected lifespan. In this study, to avoid
phase separation and improve the suspension stability,
viscoplastic media PEG as continuous phase and fumed
silica as a thixotropic agent were introduced to ICPC paste,
thus p-ICPC was prepared by mixing the powder-liquid in
advance. Since the suspension stability is related to the size
of the particles making up the dispersed phase, the CPC
particles used in this study were in the same size.
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Nonaqueous solvents have been more commonly used in
suspension because of the enhanced powder dispersion.
Rankin et al. [22] proved that the viscoplastic media as a
continuous phase was successful in reducing the sedi-
mentation rate of the suspension. PEG, approved by FDA
and applied extensively in biomedical fields, was further
confirmed to stabilize the suspension system by forming a
viscous solution [23]. In this study, PEG was used as a
continuous phase to improve the stability of p-ICPC.
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Fig. 5 XRD patterns of p-ICPC (1) after incubation in SBF for 1, 3,7
and 11 days

The kinetic suspension stability can also be attained by
adding thixotropic agents [24-26]. Recently, fumed silica
has been successfully used to control the rheology by
providing a strong thixotropic effect, which is associated
with the build up of 3D network aggregates and gelation
[27]. In the study reported here, fumed silica as a thixo-
tropic agent will be incorporated into p-ICPC to improve
the suspension stability.

Rheology is an indirect method to determine the sta-
bility by providing additional information (viscosity, yield
stress and thixotropy loop area) of the suspension. Gener-
ally, high viscosity contributes to improving the suspension
stability [28]. Thixotropy loop area was used to evaluate
the magnitude of thixotropy of the paste during motion,
which is proportional to the energy required to break down
the thixotropic structure [29]. The larger the thixotropy
loop area, the more energy is required to break down the
thixotropic structure, and the less sedimentation and the
more stable for the paste [30]. Yield stress is an adscititious
threshold shear stress for the whole paste to flow. It is
defined as the intercepting point of two straight lines with
different slopes where shear strain values are plotted versus
shear stress [31]. The addition of fumed silica helped to
improve the viscosity, thixotropy loop area and yield stress
of the p-ICPC paste (Fig. 1; Table 1). In addition, the result
showed a positive correlation between the yield stress
values and thixotropy loop area of p-ICPC paste. The result
indicated that the suspension stability of p-ICPC paste was
enhanced with the increase of fumed silica concentration.

The injectability of biomaterial is affected by many
factors [32, 33]. Although the injectability of p-ICPC was
enhanced by PEG by reducing the friction coefficient, it
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Fig. 6 SEM micrographs of fracture surface of hardened p-ICPC (1) after incubation in SBF for different times a 1 day (10000x), b 3 days
(10000x), ¢ 7 days (10000x), d 11 days (500x), e 11 days (3000x) and f 11 days(10000x)

10 4 —#&— control
| —e—p-ICPC(0)
—A—p-ICPC(1)

Cell number (x10%

T T T T T T T T T T T
0 1 2 3 4 5

Culture time (days)

Fig. 7 Cell growth and proliferation of MG-63 cells cultured on the
TCP control, p-ICPC (0) and p-ICPC (1) pastes at 1, 3 and 5 days of
incubation

was decreased significantly with the increasing content of
fumed silica (Fig. 2). The result accorded with the opinion
that the larger the viscosity, the thixotropy area and the
yield stress are, the more difficult the cement is to inject
[34]. This phenomenon is due to the network structure
formed by fumed silica, which directly resulted in higher
stress at the outlet of the syringe and increased the initial
injection pressure [35]. The addition of fumed silica does
not decrease but increases the compressive strength of the
paste slightly. This might be attributed to the reinforcement
of fumed silica short fiber on the paste matrix. By
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comparison, p-ICPC (1) possesses good viscosity, extrud-
ability and favorable suspension stability.

Although rheology determines the suspension stability
indirectly, it can not provide information quantitatively
about the actual behavior of the suspension. Without any
dilution, Turbiscan LA-b™P°" allows an early detection of
slight changes in transmission and backscattering profiles
before the appearance of a macroscopic scale sedimenta-
tion of the various concentrated dispersions [36]. The light
transmittance reflects the paste stability while the back-
scattering light reflects the velocity of the particle sedi-
mentation [37]. It should be pointed out that BS signal can
only be analyzed if T signal is negligible. Otherwise, the
partial reflection of the light crossing the sample by the
walls of the measurement cell would interfere with the BS
signal. In this study, the suspension stability of p-ICPC was
performed on the Turbiscan LA-b ®*P*™ and p-ICPC (0)
was used as a control.

After a period of storage, tiny particles tend to settle
down to the bottom of the sample cell due to gravity, which
leads to destabilization of the suspension. Interestingly, no
sedimentation occurred in p-ICPC (1) at room temperature
(Figs. 3, 4) even scanning for 10 days. Both T and BS in
p-ICPC (1) remained close to zero all through the sample
cell, even at the top. On the contrary, the p-ICPC (0) under
the same condition stratified rapidly in two phases. The
apparition of the nonaqueous phase was reflected by an
increase in the T signals. Hence, the result confirmed that
fumed silica helps to improve the stability of p-ICPC.



J Mater Sci: Mater Med (2013) 24:1627-1637

Fig. 8 SEM micrograph of MG-63 cells after culturing on the p-ICPC (1) for 3 days. a 500x, b 1000x, ¢ 3000x

Fig. 9 Schematic
representation of formation of
fumed silica network in p-ICPC
and the hydration of p-ICPC
under aqueous circumstances
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According to the Stokes’ law (Eq. 1), the theoretical
sedimentation rate is related to the viscosity: the higher the
continuous phase viscosity, the lower the sedimentation
velocity is. Fumed silica increased the viscosity of the
pastes (Fig. la), and decreased the velocity of the particle
sedimentation effectively, which was further verified by the
stokes’ law. In essence, the improvement on the suspension
stability of p-ICPC is ascribed to the formation of 3D
network of the fumed silica in PEG.

o d2(pp B pf)

s = e (1)

where V, is the sedimentation velocity (m sY; d is the
particle diameter (m); p, and p; are the solid and contin-
uous (oil) phases density (kg m™), respectively; 7 is the
continuous phase viscosity; p is the acceleration of cen-
trifuge (m s72).

Based on the above analysis, we proposed the following
model to elaborate the stability result of fumed silica as
well as surface property, as shown in Fig. 9. In our study,
fumed silica, with rich reactive hydroxyl groups on the
surface [38], interacted with polar molecules PEG by the

hydrogen bonding to form a 3D network. CPC particles are
therefore trapped in the network. If the particles in the
suspension are unstable, it has to overcome the “network
powder” or the yield value. If the potential energy of
particles is lower than the energy to destroy the network,
the network structure will not be destroyed, thus the par-
ticles will be suspended in the liquid to stable the sus-
pension. Kawaguchi et al. [39] considered the adsorption
by the hydrogen bonding inhibited the aggregation of the
silica particles effectively. Therefore, the network formed
by fumed silica imparts the good dispersion to p-ICPC,
not only increasing the viscosity but also inhibiting the
sedimentation.

Figures 5a and 6 showed that p-ICPC (1) had been
converted partially to needle-like HAP after soaking in
SBF for 1d, although partial TECP and DCPA had not
enough time to react to form HAP. With the further
increase of immersion time, the conversion of p-ICPC (1)
to HAP had more substantial increase. The morphology of
the hydrated products changed from the needle, platelet to
the rod-like. The relative intensity, number and size of
HAP also increased with the immersion time. Therefore,
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except the unique replacement between water and PEG, the
hardening mechanism of p-ICPC is the same as that for
aqueous CPC. Once p-ICPC was injected to physiological
environment, the replacement occurred immediately
between water and propylene glycol. With water pene-
trating into the p-ICPC gradually, TECP and DCPA were
dissolved in the form of Ca2+, PO43 ~ and OH™ ions, then
reacted and reprecipitated to form HAP, as shown in Fig. 6.
The rapid dissolution of Na,HPQO, increased the phosphate
concentration effectively, thus accelerated the setting
reaction of p-ICPC to form HAP [40]. Obviously, it was the
replacement between water and PEG that prolonged the
hydration process of p-ICPC.

The cytocompatibility was evaluated by monitoring the
attachment and proliferation of MG-63 osteoblast-like cells
cultured on the p-ICPC. The cell proliferation of p-ICPC (1)
was not significantly different from p-ICPC (0). MG-63 cells
attained normal spindle-like morphology and had developed
with extensions adhering to the surface of the paste. The
results suggested that p-ICPC (1) was cytocompatible.
Among the constituents of p-ICPC (1), CPC has been proved
to support cell attachment and proliferation because the
individual components (Cay(PO,4),0, CaHPO,) and the
product of hydration (HAP) are biocompatible, which have
been applied in clinic for many years [41—43]. In addition,
PEG is known to be biocompatible and used in beverages,
food, cosmetics and biomedical fields. Furthermore, fumed
silica has been proved to be non-toxic in many fields [44, 45].
Therefore, from the composition point of view, it is not
surprising that p-ICPC (1) would be compatible to the
MG-63 cells in present study.

5 Conclusions

A premixed injectable calcium phosphate cement with
excellent suspension stability was fabricated successfully
by using fumed silica as a stabilizing agent and PEG as a
nonaqueous phase. The suspension stability, rheological
property, injectability, phase composition, microstructure
and cytocompatibility in vitro of p-ICPC were systemati-
cally investigated. Although fumed silica decreased the
injectability of p-ICPC, the addition of fumed silica
improved the compressive strength and suspension stability
of the p-ICPC prominently, and had no influence on the
conversion to HAP under aqueous circumstances. The
results showed that p-CPC (1) not only possesses proper
thixotropy, compressive strength and injectability but has
good cytocompatibility as well. It was noteworthy that
p-ICPC (1) had a potent suspension stability observed by
rheometer and Turbiscan LA-b™P°™ These observations
may have applicability to develop other nonaqueous
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injectable biomaterials for non-immediate filling and long-
term storage.
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