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Abstract Calcium phosphate ceramics are widely used as

bone substitutes in dentistry and orthopedic applications.

For minimally invasive surgery an injectable calcium

phosphate ceramic suspension (ICPCS) was developed. It

consists in a biopolymer (hydroxypropylmethylcellulose:

HPMC) as matrix and bioactive calcium phosphate

ceramics (biphasic calcium phosphate: BCP) as fillers. The

stability of the suspension is essential to this generation of

‘‘ready to use’’ injectable biomaterial. But, during storage,

the particles settle down. The engineering sciences have

long been interested in models describing the settling (or

sedimentation) of particles in viscous fluids. Our work is

dedicated to the comprehension of the effect of the for-

mulation on the stability of calcium phosphate suspension

before and after steam sterilization. The rheological char-

acterization revealed the macromolecular behavior of the

suspending medium. The investigations of settling kinetics

showed the influence of the BCP particle size and the

HPMC concentration on the settling velocity and sediment

compactness before and after sterilization. To decrease the

sedimentation process, the granule size has to be smaller

and the polymer concentration has to increase. A much

lower sedimentation velocity, as compared to Stokes law,

is observed and interpreted in terms of interactions between

the polymer network in solution and the particles. This

experimentation highlights the granules spacer property of

hydrophilic macromolecules that is a key issue for inter-

connection control, one of the better ways to improve os-

teoconduction and bioactivity.

1 Introduction

Calcium phosphate (CaP) ceramics are the main raw

materials used to elaborate granules for bone substitutes.

These ceramics are being increasingly used in orthopedic

[1] and dental fields [2] because of their bioactive prop-

erties. The first injectable polymer-CaP granule composite

was introduced by Klein et al. [3]. The concept of inject-

able calcium phosphate ceramics suspension (ICPCS)

developed in our laboratory is based on association of

biphasic calcium phosphate (BCP) particles and polysac-

charide solution. ICPCS requires suitable rheological

properties to ensure bonding of the mineral phase in situ

with good cell permeability.

The BCP mineral phase is an association of hydroxy-

apatite (HA) and b-tricalcium phosphate (b-TCP). The

suitable weight proportions of HA (60%) and b-TCP

(40%) have provided BCP ceramics with controlled
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bioactivity and biocompatibility. The viscous phase of

ICPCS is a hydroxypropylmethylcellulose (HPMC) solu-

tion, a biocompatible and nontoxic polysaccharide [4].

A similar concept was developed by Chazono et al. [5]

using b-TCP granules as the bioactive fillers and sodium

hyaluronate (Na-Hyal) as the carrier matrix. Another way

of making an injectable calcium phosphate suspension is

to use natural anorganic bovine-derived hydroxyapatite

matrix (ABM). This is a combination of ABM with a

synthetic cell-binding peptide on its surface as the bio-

active fillers and the viscous phase is a water solution of

glycerol and an ionic cellulosic ether (sodium carboxy-

methylcellulose) [6].

Rheological properties of ICPCS are based on different

parameters (polymer concentration, particles size and

volume fraction). In practice, to show better injectability

and avoid demixing phenomena and filter pressing of

suspension during injection from the syringe, BCP particles

must be stable in the suspending medium. The formulation

of this type of biomaterial is also an essential factor for its

stability during storage. Once a homogenous suspension of

solid micron-sized particles with a density higher than that

of the suspending fluid is placed inside a container, the

particles settle out as a consequence of gravitational force.

This physical phenomenon, sedimentation, is observed in

various engineering fields such as chemical engineering

[7], materials [8], food industry [9] and pharmaceuticals

processing [10].

Sedimentation describes the motion of molecules in

solutions or particles in suspensions in response to an

external force such as gravity. In 1952, Kynch [11] pro-

posed a classical model of sedimentation by introducing

the particle flux of a number of particles moving downward

per unit of area per unit of time. However, Kynch’s theory

of sedimentation does not apply to the compression region

[12], where the particles accumulate and become concen-

trated. The excluded volume due to the multi-particle

collective interactions in the compressed zone becomes

important and needs to be incorporated into the model.

Later, Davis and Russel [12] proposed an extension of

Kynch’s batch sedimentation theory that introduced a dif-

fusion term relating to the osmotic pressure.

Different approaches have been proposed to describe the

settling process. In most of the existing models for sedi-

mentation, the concentration and geometrical aspects of the

solid particles have been considered, but the role of char-

acteristics of suspending medium has essentially be

regarded in terms of its viscosity, rather than its nature [7].

For polymer-based composite biomaterials, analysis of the

sedimentation process becomes much more complicated,

since the polymer can interact with the particles and

eventually promote particle aggregation [7].

To date most publications on modeling of sedimentation

have accounted for the effect of particle’s nature such as

shape, size and density as well as interparticles interactions

in concentrated suspensions [7, 8, 13–15]. Among them,

several studies have been devoted to the understanding of

the stability of suspensions or settling phenomena from a

fundamental point of view [13]. With this respect, the most

important parameter appears to be the volume fraction of

particles, that governs their interactions.

The ICPCS show sedimentation phenomena during

storage and it is difficult to shake this product (viscous

paste) before use. Therefore, it is better to control the

sedimentation. The present study concerns the settling

properties of biphasic calcium phosphate particles, at a

fixed volume fraction, under different conditions (sus-

pending medium concentration, particle size and steriliza-

tion). Our work is dedicated to the understanding of the

effect of the formulation on the stability of calcium phos-

phate suspension before and after steam sterilization, since

this step is unavoidable from an applicative point of view.

The irradiation of polymeric materials with gamma rays

leads to the formation of very reactive intermediates, free

radicals, ions and excited states [16, 17]. It was found that

hydroxyl radicals (OH) are the main active species for

chain breakage of cellulosic polymer molecules [16].

HPMC, as a cellulosic derivative, does not support this

sterilization mode [18]. For that, in the present work we

used steam sterilization as alternative. By steam steriliza-

tion, the polymer does not degrade and the product remains

intact without any chemical changes [19].

In a preliminary study [20], the effects of different

suspending media and especially different particle sizes

were investigated. The role of characteristics of suspending

media such as viscosity on the settling of particles was

briefly presented, as well as the effect of the polymer

molecular weight. The characteristics of the suspending

media are here more quantitatively considered and com-

pleted by an investigation of the steam sterilization effect.

The relevance of this study is that the stability of this

suspension is not so easy to reach and we have to know the

law of sedimentation before and after the regular steam

sterilization process to understand and adapt the formula-

tion of the blend to allow a ready to use injectable

biomaterial.

In this paper, we first study the rheological behavior of

hydroxypropylmethylcellulose solutions, which will serve

as suspending medium of the particles. Secondly, we dis-

cuss the stability of calcium phosphate suspensions. The

sedimentation study of BCP particles at fixed volume

fraction is presented as a function of the viscosity of the

suspending medium and the particle size, before and after

steam sterilization.
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2 Materials and methods

2.1 Materials

2.1.1 BCP particles

The CaP ceramics used in this study was BCP (60% HA

and 40% b-TCP) prepared in our laboratory by precipita-

tion of calcium-deficient apatite (CDA) and sintering [21].

The Ca/P ratio of the BCP is 1.6. After sintering at 1050�C

during 7 h, the BCP granules were milled and sieved to two

ranges (40–80 and 80–200 lm in diameter).

2.1.2 HPMC solutions

The polysaccharide used in this study was HPMC Metho-

celTM E4M (Colorcon�, UK). As specified by the producer

the methoxyl degree of substitution (DS) is 1.9, the

methoxyl content is between 28 and 30%, and the hydroxyl

content is between 7 and 12%. The average molecular

weight is 290,000 Da. Aqueous solutions of HPMC poly-

mer were prepared with deionized water at different con-

centrations (2 and 3% w/w).

2.2 Methods

2.2.1 SEM analysis

Image observations and granulometry analysis of BCP

particles were carried out using scanning electron micros-

copy (SEM) (LEO 1450 VP, Oberkochen-Zeiss, Germany).

Metallization of BCP particles was realized by using a

Desk III gold–palladium sputter coater (Denton Vacuum,

France). The particle size distribution was determined from

high resolution SEM images for a population of over 13000

and 3400 particles (40–80 and 80–200 lm, respectively).

Each experiment was performed in triplicates.

Image observations of sediments of ICPCS were realized

using SEM. Sediment samples obtained after one week of

storage were frozen at -80�C during 24 h and dried. Sam-

ples were then sputter-coated with gold–palladium.

2.2.2 Density measurements of BCP particles

The true density of BCP particles was measured using helium

pycnometry Micrometrics� AccuPyc 1330 (Bedfordshire,

UK). The true density was determined for 660.2 and

650.1 mg of BCP particles (40–80 and 80–200 lm, respec-

tively). Each experiment was performed in triplicates.

2.2.3 Rheological measurements of HPMC solutions

Rheological measurements of HPMC polymer solutions

(unsterilized and sterilized samples at 2 and 3% w/w). were

carried out at 25�C using the rheometer ‘‘RheoStress 300’’

(ThermoHaake�, Germany) with a titanium cone-plate

geometry (60 mm diameter, 1� cone angle, 52 lm gap).

Steady shear tests were carried out to determine flow

curves (viscosity vs. shear rate) of polymer solutions. In

this study different flow curves could be well describe

using the simplified Cross equation [22]:

g ¼ g0

1þ k _cð Þn ð1Þ

where g (Pa s) is the viscosity at a given shear rate _c (s-1);

g0 (Pa s) is the limiting Newtonian viscosity; k (s) is the

relaxation time and n is the exponent of the power law.

Dynamic oscillatory measurements were carried out to

determine storage (G0) and loss (G00) moduli of different

polymer solutions as a function of frequency (x) at fixed

stress (1 Pa).

Each experiment was performed in triplicates.

2.2.4 Sterilization

HPMC solutions and calcium phosphate suspensions were

sterilized by Alphaklave� 23 autoclave (HMCE, France)

according to the standard pharmaceutical procedure (121�C

during 20 min) [23].

2.2.5 Sedimentation study of BCP particles

Different calcium phosphate suspensions were made by

mixing BCP particles (40–80 or 80–200 lm) with HPMC

solution (2 or 3% w/w). The blends were mixed with a

spatula by addition of BCP particles to HPMC solution.

After mixing, the blends were added in the bottle and were

sterilized. In the present work, we used a fixed BCP ratio

(40% w/w) as published previously [20].

Sedimentation investigations were realized before and

after steam sterilization of the suspensions.

The sedimentation study of different suspensions was

carried out at room temperature, using 14 mm large and

100 mm height sealed vials. The boundary between the

sedimented BCP particles and the clear supernatant phase

were determined visually, for each sample, as a function of

time (Fig. 1). In parallel, the behavior of the same BCP

particles dispersed in deionized water was used as a ref-

erence. The volume percentage of the settled BCP particles

concentrated phase as a function of time was calculated

according to the following formula [20]:
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Height ð%Þ ¼ Ht

H0

ð2Þ

where Ht (m) is the height of settled phase at a given time

and H0 (m) is the initial height of the suspension at time 0.

The maximum duration for the sedimentation study was

25 days.

Each experiment was performed in triplicates.

3 Results

3.1 BCP particles

The SEM images (Fig. 2) indicate that the BCP particles

are not spherical. Their shape is rather irregular, with sharp

edges and does not seem to change drastically with the

average size. The particles size distributions (Fig. 3) indi-

cate that distribution clearly displays a maximum for each

granulometry. The mean diameters in volume were 70 ± 5

and 170 ± 10 lm for 40–80 lm and 80–200 lm granul-

ometry, respectively.

The obtained true density of BCP particles was

3.14 ± 0.02 g cm-3 for the both granulometries. This

value is still more or less as the estimated value

(3.12 g cm-3) obtained from the theoretical density of HA

(3.16 g cm-3) [24] and b-TCP (3.07 g cm-3) [25].

3.2 HPMC solutions

3.2.1 Flow curves of HPMC solutions

The flow curves of HPMC solutions are shown in Fig. 4.

The steady state viscosities as a function of shear rate were

obtained before and after steam sterilization. The flow

curves had a similar profile. They all showed a Newtonian

zone at low shear rates but at high shear rate they exhibited

a shear-thinning behavior. The critical shear rate corre-

sponding to the transition from Newtonian to power law

behavior moves to lower values with increasing concen-

tration as found usually for HPMC solutions [4].

The relaxation time (k), the limiting Newtonian vis-

cosities (g0) and the exponent of the power law (n) were

determined at different concentrations and the values are

H
ei

gh
t

H0

Ht

   0 t
Time

Fig. 1 Schematic representation of settling kinetics. Ht is the height

of settled phase at a given time and H0 is the initial height of the

suspension at time 0

Fig. 2 SEM micrographs

of BCP particles (40–80

and 80–200 lm)
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Fig. 3 Particles size volume distributions of BCP. Data obtained

from high resolution SEM images for a population of over 13000 and

3400 particles (40–80 and 80–200 lm respectively)

1802 J Mater Sci: Mater Med (2010) 21:1799–1809

123



reported in Table 1. The increase of k and g0 with the

polymer concentration is usual for entangled polymer

solutions as well as the slight decease of the exponent n.

3.2.2 Viscoelastic properties of HPMC solutions

The dynamic storage (G0) and loss (G00) moduli of the

HPMC solutions were measured. Figure 5 shows mechan-

ical spectra of HPMC solution at 3%. G0 and G00 increase

strongly with frequency. HPMC solution shows a pre-

dominant viscous character at low frequencies, the loss

modulus being higher than the storage modulus. The sep-

aration between G0 and G00 values tends to decrease with an

increase of frequency until the cross-over frequency, as it is

commonly observed for HPMC solutions [4, 26] as well as

water soluble cellulose ethers derivatives [27]. A similar

behavior was observed for the 2% HPMC solution (with a

higher cross-over frequency—not shown here).

3.2.3 Effect of steam sterilization on rheological behavior

Inhomogeneous solutions and white precipitate were

observed right after steam sterilization. Clear solutions

were progressively recovered at room temperature (Fig. 6).

The limiting Newtonian viscosity, the relaxation time and

the exponent of the power law after steam sterilization

were characterized (Table 1). For HPMC at 3%, a small

difference was remarked on these parameters. A stronger

decrease of k and g0 after steam sterilization was observed

for HPMC at 2%.

Dynamic measurements confirmed the results obtained

from flow curves. A small decrease of the dynamic moduli

(i.e. G0 and G00) before and after steam sterilization of

HPMC at 3% was also observed (Fig. 5).

3.3 Sedimentation study of BCP particles

In this section we first describe the settling behavior of

calcium phosphate suspensions, as a function of the BCP

granulometry and HPMC concentration at a constant BCP

ratio. The second part deals with the effect of the steam

sterilization.

Densities of the fluids and solid particles; as well as the

dimensions of the sieved fillers are given in Table 2.

Sedimentation of particles sets in after a given time

resulting in the formation of a clear aqueous phase at the

top of the tube and sediment phase at the bottom. As the

aqueous supernatant phase is perfectly clear, the corre-

sponding profile shows a very sharp and pronounced

boundary between the two phases. This boundary moves

downward with time. The kinetics of sedimentation were
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Shear rate (s-1)

V
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co
si
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 (

P
a.

s)

Unsterilized sample

Sterilized sample

3%

2%

Fig. 4 Flow curves of different HPMC solutions (2 and 3%) at 25�C

before and after steam sterilization. Measurements were carried out

using a titanium cone-plate geometry (60 mm diameter, 1� cone

angle, 52 lm gap)

Table 1 Rheological

parameters of HPMC solutions

obtained by Cross model

Concentration

(% w/w)

Sterilization Limiting viscosity

(Pa s)

Relaxation time

(10-3 s)

Exponent of the

power law

2 Unsterilized 1.50 ± 0.14 14.0 ± 4.88 0.76 ± 0.03

3 Unsterilized 5.59 ± 0.96 28.3 ± 3.47 0.81 ± 0.08

2 Sterilized 0.88 ± 0.02 6.80 ± 1.09 0.78 ± 0.08

3 Sterilized 5.40 ± 0.47 21.7 ± 1.18 0.85 ± 0.07

0,1

1

10

100

1000

0,1 1 10 100 1000

Frequency (rad.s-1)

G
' ,

 G
" 

(P
a)

G" NS
G' NS
G" S
G' S

Fig. 5 Storage (G0) and loss (G00) moduli dependence on frequency

(x) for HPMC solution (3%) at 25�C before (NS) and after (S) steam

sterilization. Measurements were carried out at fixed stress (1 Pa)

using a titanium cone-plate geometry (60 mm diameter, 1� cone

angle, 52 lm gap)
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obtained very easily by marking visually the sediment

volume as a function time.

The data obtained for different HPMC concentrations,

BCP granulometries and sterilization effect are displayed

in Fig. 7. It can first be seen that the settling is much slower

than in pure water and that the level of the sediment is

substantially higher. All the curves present, in the begin-

ning of the experiment, a linear section corresponding to a

constant sedimentation velocity. After the linear part the

settling velocity slows down progressively. The front vol-

ume stabilizes at some equilibrium value. The same

behavior was observed for sterilized and unsterilized

samples. Suspensions with water, as a suspending fluid,

showed a very rapid kinetic of sedimentation with a max-

imal compactness [20].

The influence of the BCP granulometry, HPMC con-

centration and sterilization effect on the sedimentation

properties is quantified in Table 3, where the experimental

sedimentation velocity has been reported. Results show

clearly that sedimentation velocity (experimental veloc-

ity) increases with increasing BCP particle’s size and

decreasing HPMC concentration. This can readily be

expected since both the viscosity and the size of the par-

ticles control the sedimentation rate. It is also found that

the larger the particles, the larger the sediment volume

(although the same volume fraction of particles is present

in each case). The sediment volume is also increased, for a

given particle size, when the polymer concentration

increases.

Assuming that the sedimentation of BCP particles in a

gravitational field follows the Stokes law, knowing the

particle size, densities and viscosities (Table 2), the Stokes

sedimentation velocity can be estimated using Eq. 3 [28]:

Us ¼
2g qs � qf

� �
d2

9g0

ð3Þ

where Us (m s-1) is the Stokes sedimentation velocity, qs

(kg m-3) is the solid-phase density, qf (kg m-3) is the fluid

density, d (m) is the sedimentation diameter of a solid-

phase particle, g (m s-2) is the gravitational acceleration,

and g0 (Pa s) is the Newtonian viscosity of the suspending

fluid. The geometry of particles plays an important role in

Fig. 6 Photographs of different HPMC solutions at 3%: a just after steam sterilization, b 1 h after steam sterilization and c 1 day after steam

sterilization

Table 2 Properties of HPMC

solutions and BCP particles

used in this study

a Obtained from particles size

volume distributions of BCP

Material Size distribution

(lm)

Average diametera

(lm)

Concentration

(% w/w)

Limiting viscosity

(Pa s)

Density

(g cm-3)

HPMC – – 2 1.50 ± 0.14 1.10 ± 0.14

HPMC – – 3 5.59 ± 0.96 1.22 ± 0.27

BCP 40–80 70 ± 5 – – 3.14 ± 0.02

BCP 80–200 170 ± 10 – – 3.14 ± 0.02

1804 J Mater Sci: Mater Med (2010) 21:1799–1809

123



sedimentation phenomena. In the Stokes law, particles are

considered spherical. So, in the calculation we considered

an equivalent diameter for angular particles.

The Stokes equation is applicable only if the Reynolds

number (Re) is less than 2 for the lamellar flow region [14].

Reynolds number is given by:

Re ¼
qf Usd

g0

ð4Þ

where Us (m s-1) is the Stokes sedimentation velocity, qf

(kg m-3) is the fluid density, d (m) is the sedimentation

diameter of a solid-phase particle and g0 (Pa s) is the

Newtonian viscosity of the suspending fluid.

Reynolds number can be estimated, from the suspen-

sions characteristics to be in the range, 1.4 9 10-5 \
Re \ 2.7 9 10-3, so that the particles under study were

indeed in the Stokes sedimentation region.

Table 3 compares the calculated Stokes velocity of the

BCP particles using Eq. 3 (where the mean diameter of the

particles has been used) with the experimental velocity.

From the experimental data, the experimental velocity of

sedimentation in the homogeneous part of the suspension is

derived by considering the variation with initial time of the

total volume of particles located above a given fixed hor-

izontal plane.

It can be seen that the values of the experimental

velocity do not agree with those obtained with Stokes

calculation. However, the dependence of the theoretical

velocity on particle size and solution concentration was

qualitatively obtained. The experimental sedimentation

viscosities are systematically lower than the calculated

ones. The difference varies between a factor 3 and a factor

70. The largest discrepancies are observed for the largest

particles in the 2% solution, whether the suspension has

been sterilized or not. This point will be further addressed

in the discussion.

At equilibrium, after settling was completed, the bound-

ary between the sedimented BCP particles and the clear

supernatant phase remains constant. This value depends on

BCP granulometry and HPMC concentration. The final

40
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Fig. 7 Settling kinetic for different BCP particles (40–80 and 80–200 lm) with different HPMC concentrations (2 and 3%): a unsterilized

samples and b sterilized samples

Table 3 Values of sedimentation velocity and sediment volume obtained for different suspensions

HPMC concentration

(% w/w)

BCP size distribution

(lm)

Sterilization Experimental

velocity U (m s-1)

Stokes velocity

Us (m s-1)

U/Us Sediment

volumea (%)

2 40–80 Unsterilized 5.77 9 10-7 3.63 9 10-6 1.59 9 10-1 59.65 ± 2.21

3 40–80 Unsterilized 2.93 9 10-7 9.16 9 10-7 3.21 9 10-1 66.07 ± 3.12

2 80–200 Unsterilized 7.34 9 10-7 2.13 9 10-5 3.46 9 10-2 51.67 ± 1.38

3 80–200 Unsterilized 4.13 9 10-7 5.39 9 10-6 7.66 9 10-2 62.50 ± 2.61

2 40–80 Sterilized 6.11 9 10-7 6.18 9 10-6 9.89 9 10-2 51.92 ± 3.09

3 40–80 Sterilized 3.77 9 10-7 9.49 9 10-7 3.98 9 10-1 65.38 ± 2.57

2 80–200 Sterilized 8.81 9 10-7 3.61 9 10-5 2.45 9 10-2 46.15 ± 1.89

3 80–200 Sterilized 4.82 9 10-7 5.58 9 10-6 8.64 9 10-2 61.54 ± 2.06

a Volume fraction inside the sediment at equilibrium
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sediment volume decreases with increasing BCP granul-

ometry and decreasing HPMC concentration (Table 3). The

results indicate that the main factor affecting the sediment

volume is the polymer concentration and the second one is

the particle size.

The settling behavior of each suspension before and

after steam sterilization was compared. Results show

clearly that the sedimentation velocity increases slightly as

it can be expected from a decrease of suspending medium

viscosity. The final sediment volume decreases for 2%

HPMC solution and is only slightly changed for 3% solu-

tion after steam sterilization.

3.4 Morphology of sediments

Figure 8 displays the architectural organization of particles

inside the sediment. Both unsterilized and sterilized sam-

ples, after one week of storage, show the presence of

HPMC on the BCP particles. The HPMC concentration is

far above what can be expected from adsorbed chains

anchored onto the particles. The measurement of the

viscosity of the supernatant solution leads to a remaining

polymer concentration of 1.5% for the HPMC solution

initially at 2%. The sediment that presents a regular orga-

nization of particles and the presentation of the dry poly-

mer observed by SEM were the same before and after

steam sterilization. BCP particles (especially of the

smallest dimensions) appear imbedded in the polymer

layer.

4 Discussion

4.1 Rheology of HPMC solutions

The flow properties of HPMC solutions are typical of those

of macromolecular solutions [4]. The limiting Newtonian

viscosity (g0) values obtained at relatively low shear rates

increase when the polymer concentration rises, and at the

same time the Newtonian plateau limit, as seen by the

critical shear rate corresponding to the transition from

Newtonian to shear thinning behavior, shifts to a lower

shear rates.

The sensitivity of rheological measurement allowed us

to evidence changes in the HPMC solution coming from

steam sterilization. A decrease after steam sterilization of

g0 and k was noted for HPMC solution at 2% (w/w).

Viscoelastic results confirmed this behavior with a small

difference in G0 and G00 before and after steam sterilization.

Under the conditions of steam sterilization the different

HPMC solutions undergo some gelation followed by the

flocculation and formation of aggregates [29, 30]. The heat

treatment induced physical gelation of water-soluble

polysaccharide solutions as the result of the strong hydro-

phobic interactions between the polymer chains [31]. The

polymer assumed a new spatial configuration after steam

sterilization, which appeared to be the main cause of tur-

bidity and phase separation. The decrease in viscosity

could be explained by the formation of the irreversible

aggregates and considering that rehydration is less favored

Fig. 8 SEM micrographs of

ICPCS sediments after 1 week of

storage (BCP ratio = 40% w/w;

HPMC concentration = 3%;

BCP granulometry =

40–80 lm). Images showing the

architectural organization of

particles inside the sediment

before and after steam

sterilization
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than dehydration [32]. The effect of steam sterilization was

also studied by Bohic et al. [32]. The light scattering

experiments on aqueous solution of HPMC showed that the

water affinity is rather good and the results seem to favor

chain conformation changes during steam sterilization

rather than degradation processes.

Since the intrinsic viscosity measurements (not men-

tioned in this work) and solely on the basis of the molecular

weight before and after steam sterilization, we assume that

there is no degradation of HPMC in deionized water.

Previously experiments carried out for silted HPMC indi-

cated that macromolecular chains became more ‘‘compact’’

after steam sterilization and the effect was explained by the

formation of intra- and intermolecular associations during

the sterilization stage originating from the temperature-

induced phase separation [33].

4.2 Stability of calcium phosphate suspensions

As already shown above the effect of the particles size on

the sedimentation process was obtained. It is found that, at

given HPMC concentration, the particles with larger size

lead to more rapid settling. As the HPMC concentration is

increased, and thus also the viscosity of the suspending

medium, the sedimentation rate decreases. If this behavior

is in qualitative agreement with the Stokes law, the settling

velocity appears always lower than predicted [7, 15, 28].

Furthermore, the divergence with this behavior depends on

the concentration and on the size of the particles.

Our experiments have been carried out at a volume

fraction of particles (/) of 17.4%, clearly in the semi-dilute

or concentrated range. In this regime, collective hydrody-

namic interactions have to be taken into account. Different

models proposed both empirical [34] and theoretical

[35, 36] approaches. Experimental data from the literature

were summarized and correlated by several groups [15, 37,

38] in the form of Eq. 5:

U

Us
¼ 1� /ð Þ�K ð5Þ

where U (m s-1) is the experimental sedimentation

velocity, Us (m s-1) is the Stokes sedimentation velocity

and K is a negative constant. A value of -6.55 is often

considered, so that U/Us should be on the order of 0.4, in

our experimental conditions. Our experimental results

(Table 3) lead to the conclusions that even lower sedi-

mentation rates are observed. This effect could be attrib-

uted to the presence of a concentrated polymer solution as a

suspending medium and to polymer particles interactions.

Indeed, the size of the particles is large as compared to the

mesh size (n) of the polymer solution (estimated at 40 nm

for the 3% solution, from the crossing point (Gc) of G0 and

G00, and assuming that Gc ¼ kT
n3 , where k is the Boltzmann

constant). In addition, polymer chains and BCP particles

can interact through (i) adsorbed polymer chains,

(ii) interaction between adsorbed chains and free polymer

chain in solution and (iii) compression of the polymer

network attached or interacting with particles. The cou-

pling between particle aggregation and settling phenomena

is responsible for original behaviors as previously reported

in the case of calcium carbonate suspensions [13, 39].

Examination of the normalized sedimentation velocity

(U/Us) shows that the largest decrease is observed for the

largest particles, which can be understood by the fact that

the disturbance they induce on the macromolecular net-

work is higher, and that they are likely to drag a larger

amount of polymer into the sediment.

Surprisingly, lowest polymer concentrations lead also to

stronger effects, for a reason that is not fully understood. It

might be possible that less concentrated polymer solutions

lead to increase the backflow effect and thus decrease the

sedimentation viscosity.

In order to examine the role of steam sterilization on the

stability of calcium phosphate suspensions, the comparison

between unsterilized and sterilized suspensions was carried

out. It is found that steam sterilization slightly affects

the settling behavior of the suspensions. Sedimentation

increases after sterilization because HPMC changes its

conformation in presence of Ca2? ions [32]. The polymer

chains become less hydrophilic and contract its hydrody-

namic volume allowing less space between fillers. This can

explain the decrease of the sediment volume after steam

sterilization. The influence of the parameters (size of the

particles and polymer concentration) on the deviation from

Stokes law is identical to that of unsterilized solutions.

As far as the sediment is concerned, it has been shown

that the sediment volume increases when the polymer

concentration increases. This can readily be explained by

the fact that polymer chains, not to say part of the polymer

solution network are dragged into the sediment. This leads

to an increased separation between particles and hence a

higher sediment volume. The decrease of the sediment

height, when the size of the particles increases, can be

explained by a higher consolidation gravitational force

with larger particles.

Numerous studies have shown that interconnected

macropores are needed to facilitate bone ingrowth [40].

The main advantage of this presentation is the fully inter-

connected properties [41] of the composite after the matrix

dissolution and/or degradation. This experimentation

highlights the granules spacer property of hydrophilic

macromolecules that is a key issue for interconnection

control, one of the better ways to improve osteoconduction

and bioactivity. The different HPMC/BCP interactions

(polymer-particle and particle–particle) may have an

impact on the cohesion of the ceramic particle. This

J Mater Sci: Mater Med (2010) 21:1799–1809 1807

123



suggested that particle boundaries did not withstand the

pressure initiated from polymer interaction during the set-

tling process or/and during the steam sterilization.

5 Conclusions

An investigation of the settling behavior of calcium phos-

phate suspension for various conditions has been presented.

Studies were realized at fixed BCP ratio as a function of the

particle size and suspending medium concentration. The

rheological characterization indicates that HPMC polymer

could be classified as a macromolecular solution and the

influence of steam sterilization on rheological behavior was

observed. The heat treatment induced physical gelation of

water-soluble polysaccharide solutions as the result from

the strong hydrophobic interactions between the polymer

chains. The influence of the suspending medium concen-

tration and the particle size on the settling velocity was

qualitatively described by Stokes’s law. From a quantita-

tive point of view, a strong slowing down of the settling

process, as compared to Stokes predictions, has been evi-

denced, and qualitatively explained in terms of interactions

between particles and polymer chains. The investigation of

the influence of steam sterilization on the settling kinetics

and sediment compactness show a slight difference

between unsterilized and sterilized suspensions. The dif-

ference between the limiting Newtonian viscosity before

and after steam sterilization can account for this observa-

tion. To decrease the sedimentation process, the granule

size has to be smaller and the polymer concentration has to

increase. This experimentation highlights the granules

spacer property of hydrophilic macromolecules that is a

key issue for interconnection control, one of the better

ways to improve osteoconduction and bioactivity.

The limitation of this investigation is due to the appli-

cation of one type of calcium phosphate suspension. It

could be extend to other suspensions.
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