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bstract

alcium phosphate ceramics such as hydroxyapatite (HA) have been widely used to repair and reconstruct damaged parts of the human skeleton.
his material is currently available as injectable cements, granules or macroporous blocks. The most common materials are granules because
f their ability to be implanted in the human body. In this study, a new manufacturing procedure to fabricate either dense or microporous or

acroporous hydroxyapatite spherical granules based on a lost wax method and leading to beads with a fully controlled porosity was developed.
he as-obtained HA granules porous structure was impregnated by gentamicin and lambda phage and the antibiotic and phage releasing kinetics
ere studied as a function of time and porosity.

 2012 Elsevier Ltd. All rights reserved.
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.  Introduction

Bioceramic materials such as calcium phosphate ceram-
cs, and in particular hydroxyapatite (HA) and �  tricalcium
hosphate (�-TCP) because of their excellent biocompatibility,
ioactivity and osteoconduction properties, have been widely
sed to repair and reconstruct damaged parts of the human
keleton and especially as bone substitutes in the filling of bone
efects.1 These materials are available in the form of injectable
ements, granules or macroporous blocks. Calcium phosphate
ranules have been generally selected for classical bone filling.2

owever, such granules present irregular shapes and do not allow
or optimal filling of bone cavity or defect. To overcome this
roblem, adjunction of a binding agent such as fibrin glue has
een found to stabilise the granules in the implantation site and
roduce a composite that can be moulded into the defect without
mpty spaces.3
Please cite this article in press as: Meurice E, et al. Functionalisation of po
doi:10.1016/j.jeurceramsoc.2012.01.014

Many processing routes have been used for fabrication of
orous hydroxyapatite granules, such as hydrothermal conver-
ion of natural corals,4 crushing of sintered blocks, granulation
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y vibration and rolling,5 dripping procedure, casting in plas-
er mould, emulsion methods6 and spray-drying. A new method
imilar to the lost wax process has been developed by our team.
his method consists in building a calcium carbonate scaffold
round a template constituted of piled up calibrated PMMA
oly(methyl methacrylate) beads. Thermal treatment led to the
emoval of the organic beads, thus resulting in a porous calcium
arbonate scaffold. This empty space could then be filled by a
A powder aqueous slurry and subsequent elimination of the

arbonate scaffold allowed to obtain controlled size and shape
A beads.7

Besides their use as bone filling material, microporous HA
eads could be used in the orthopaedic field as drug delivery
arriers for substances such as growth factors, anticancer drugs
nd antibiotic agents. Microporous HA (i.e. with a pore size
round the micrometer) could be obtained by partial sintering of
he ceramic material. It was thus possible to impregnate them by
ctive substances like gentamicin antibiotic for its prophylactic
ction8 or phages used for phage therapy in case of nosocomial
iseases.9

In this study, we present the fabrication process for dense,
rous hydroxyapatite for bone substitutes. J.  Eur.  Ceram.  Soc.  (2012),

icro- and macro-porous HA beads from our lost wax process
nd we give comparative results of drug loading and release rate
f gentamicin antibiotic and lambda phage in the microporous
A beads.
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.  Experimental

.1.  HA  powder  synthesis

HA powder was prepared by an aqueous precipita-
ion technique using a diammonium phosphate solution
nd a calcium nitrate solution. After successive steps of
recipitation–calcination–milling, the as-obtained powder dis-
layed a surface area of 5 m2/g, a mean particle size of 1 �m and

 Ca/P ratio of 1.667.10 A complete densification was achieved
y pressureless sintering after 3 h at 1250 ◦C.

.2. Fabrication  of  ceramic  beads

The porous ceramic beads were fabricated through the lost
ax process. The first step consisted in building a template
f organic beads, infiltrating it by a calcium carbonate slurry
nd burning the organic species by thermal treatment. The as-
esulting voids were then filled with a HA powder slurry and
he carbonate surrounding carapace was destroyed by another
hermal treatment (Fig. 1).

.2.1. Preparation  of  the  organic  skeleton
An organic skeleton was built by stacking PMMA beads
Please cite this article in press as: Meurice E, et al. Functionalisation of po
doi:10.1016/j.jeurceramsoc.2012.01.014

Diakon TM Ineos Acrylics Holland, Saluc Belgium) with diam-
ters in the range from 100 �m to 3 mm. Bridging between
olymeric beads was obtained by a chemical treatment under
ressure using acetone (RPE 99.8% Carlo Erba, France) which

s
t
w
i

Fig. 1. HA spherical granules
 Ceramic Society xxx (2012) xxx–xxx

artially dissolved the PMMA bead surfaces and induced weld-
ng of the individual bodies (Fig. 1a).

.2.2.  Preparation  of  the  calcium  carbonate  scaffold
The as-prepared organic skeleton was then impregnated by

he calcium carbonate suspension in order to fill the voids
etween polymeric PMMA beads.

A CaCO3 powder (Mikhart 2, Provençale s.a, France) show-
ng a surface area of 3.3 m2/g, a mean particle size of 3 �m and

 purity level superior to 99% was used.
A 64 wt.% dry matter CaCO3 aqueous slurry was pre-

ared. Slurry deflocculating was assured by adding Darvan C
R.t.Vanderbilt. Co) in an amount corresponding to 1.5 wt.% of
he CaCO3 content. An organic binder (Duramax B1001, Rohm
nd Haas) in an amount equal to 4 wt.% of the CaCO3 content
as also added to ensure a consolidation of the green material
uring the thermal treatment necessary for PMMA elimination.
lip preparation was carried out using a planetary ball mill with
gate container and balls. Milling duration was fixed to 1 h with

 180 rpm rotation speed. After the infiltration process (Fig. 1b),
he sample was dried in a plaster mould and then underwent a
wo-dwell thermal treatment (220 ◦C during 20 h followed by
50 ◦C for 10 h). The elimination of PMMA beads created a con-
rolled size macroporosity within the ceramic. After this thermal
reatment, the 3% residual organic ensured enough mechanical
rous hydroxyapatite for bone substitutes. J.  Eur.  Ceram.  Soc.  (2012),

trength for the handling of samples during the later stages and
he sample was constituted of macropores, the size of which
as equal to that of the used PMMA beads. These cavities were

nterconnected. Fig. 1b shows macroscopic and microscopic

 elaboration procedure.

dx.doi.org/10.1016/j.jeurceramsoc.2012.01.014


ARTICLE IN PRESS+Model
JECS-8610; No. of Pages 6

pean

v
c
F

2

m
m
c

s
t
m

s
s
1
a
i
d
a
u
t

2
r
s
i
a

u
b

s
t
r
p
t
b
2

2
b

2
r

t
o
w
p
n
T
o
p
p
a

l
d
n
t
2
t
p
I
6

w
U
w
w

2
2
T
E
u
t
b
T
w
b
o
B
(
u
p
G
s

3
w
o
y
p
o
r
m
m
i

3

3

n
o
u

E. Meurice et al. / Journal of the Euro

iews of a CaCO3 impregnated organic skeleton. The calcium
arbonate scaffold after thermal treatment is presented in
ig. 1c.

.2.3.  Manufacturing  of  dense  or  microporous  HA  beads
HA aqueous slurries were prepared under the same experi-

ental conditions as the CaCO3 suspensions with a 75 wt.% dry
atter content, using 1.5 wt.% of Darvan C (relatively to the HA

ontent).
The calcium carbonate scaffold was impregnated by aqueous

uspensions of hydroxyapatite in order to fill the cavities left by
he PMMA beads. This operation was performed into a plaster
ould in order to enhance the drying.
Fig. 1d represents a macroscopic view of a polished CaCO3

caffold filled with HA after drying. After filling of the CaCO3
caffold by the HA powder, the material was heated up to
000 ◦C to change the calcium carbonate into lime and to induce

 pre-sintering of the HA, which reinforced the ceramic beads
n order to give them a better resistance during the subsequent
estruction step of the calcium carbonate scaffold (see here-
fter). A XRD analysis of a HA/CaCO3 powder mixture, heated
p to 1000 ◦C, did not show any chemical reaction between these
wo compounds.

During cooling, the samples were quenched into water from
00 ◦C. Lime thereby transformed into calcium hydroxide, this
eaction being accompanied by a significant swelling of the
tructure, which caused the Ca(OH)2 new formed ceramic dis-
ntegration and the HA beads release. After this step, HA beads
nd Ca(OH)2 powder were separated by mechanical sieving.

Fig. 1e shows a macroscopic view of HA beads obtained
sing a CaCO3 scaffold made from various PMMA calibrated
eads with diameters in the range from 100 �m to 3 mm.

In order to obtain different porosity ranges, beads were
intered at different temperatures: 1275, 1150 and 1100 ◦C. Sin-
ering at the highest temperature allowed obtaining 97.5% as
elative density and consequently the sample was free of open
orosity and exhibited only 2.5% of closed porosity. On the con-
rary, the lowest temperatures (1150 and 1100 ◦C) led to porous
eads characterised by micronic open porosity volumes equal to
0% and 42%, respectively.

.3.  Application  of  microporous  HA  beads  to  the  delivery  of
iological agents

.3.1.  Chemical  functionalisation:  antibiotic  loading  and
elease evaluation

At first, the microporous HA beads were impregnated with
he broad-spectrum antibiotic gentamicin. HA beads with 20%
f open porosity and diameters in the range from 600 to 700 �m
ere vacuum impregnated with a solution of gentamicin (20 mg
er gram of HA), and then dried at 37 ◦C for 24 h. The impreg-
ation efficiency was evaluated by thermogravimetric analysis.
he drug release was measured by static and dynamic meth-
Please cite this article in press as: Meurice E, et al. Functionalisation of po
doi:10.1016/j.jeurceramsoc.2012.01.014

ds. For the static method, 1 g of the impregnated sample was
lunged in different liquid media such as distilled water, a phos-
hate buffer solution (PBS) or simulated body fluid (SBF), in

 50 cm3 cell, placed in an incubator at 37 ◦C (Binder APT

c
g
t
w
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ineTM C150). Dynamic trials were also performed, using only
istilled water as the media in order to show if there was a sig-
ificant difference between the dynamic and static methods. For
he dynamic method, 1 g of impregnated beads was placed in a

 cm3 flow cell thermostated by a digital dry bath (Fisher scien-
ific FB15103). The fluid circulation was performed by a high
recision tubing pump with planetary drive (ISMATEC IPC-N
SM936). Distilled water was used as solvent with a flow rate of

 cm3/min.
Gentamicin release evaluation was performed at a 255 nm

ave light on a UV-visible spectrophotometer (SHIMADZU
V-2500 PC). Using a calibration curve, the optical densities
ere converted to mg/ml of gentamicin. Data were recorded
ith a specific spectroscopy software (UV.Prob 2.21).

.3.2. Biological  functionalisation

.3.2.1.  Bacterial  strain,  phage,  media  and  growth  conditions.
he bacterial strain used in this study were the �  phage-sensitive
scherichia coli  K12 (A324). Bacteria were grown at 37 ◦C
nder 170 rpm agitation in Luria-Bertani broth (LB - bactotryp-
on 5 g/l, yeast extract 10 g/l, NaCl 5 g/l, pH 7.2). For solid test,
acteria were grown on LB Agar (LB and agar 15 g/l) at 37 ◦C.
he �vir phage was a modified lytic phage and stock solution
as prepared by infection of A324.11 HA samples were incu-
ated 24 h in 5 ml of �vir phage stock, and then rapidly washed
nce in LB medium to remove excess of phage suspension.
acterial growth was measured by optical density at 620 nm

OD620). E.  coli  K12 (A324) was grown in 30 ml LB at 37 ◦C
nder shaking with a starting OD620 of 0.03. At OD620 0.12,
hage-loaded HA samples were added into the culture tubes.
rowth was followed until complete lysis of bacteria or until

tationary phase.
For solid test, the �  phage-loaded HA samples were washed in

0 ml LB medium at 37 ◦C under 170 rpm shaking. LB medium
as renewed after 3, 6, 18, 24 and 48 h. E.  coli  K12 was spread
n LB agar plates in 3 ml R-Top medium (Bactotrypton 10 g/l,
east extract 1 g/l, NaCl 8 g/l and agar 8 g/l) to promote �vir
hage diffusion. Then �  phage-loaded HA samples were placed
n LB agar plates before R-Top medium solidification. Bacte-
ial lysis was measured according to the standard disk-diffusion
ethod.12 After 48 h of incubation at 37 ◦C, lysis plaques were
easured and defined as the total diameter of the lysis plaque

ncluding the sample.

.  Results  and  discussion

.1.  Chemical  functionalisation

Thermogravimetric analysis carried out on HA beads impreg-
ated with gentamicin (Fig. 2) showed an initial weight loss
f 0.4% between 20 and 110 ◦C which corresponds to resid-
al moisture. A second weight loss appeared from 240 ◦C, and

◦

rous hydroxyapatite for bone substitutes. J.  Eur.  Ceram.  Soc.  (2012),

ontinued up to 600 C. This behaviour was induced by the
entamicin combustion, with a weight loss (2%) equal to the gen-
amicin weight introduced within HA beads. So, it shows that the
hole gentamicin amount used for impregnation was completely

dx.doi.org/10.1016/j.jeurceramsoc.2012.01.014
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ig. 2. Thermogravimetric analysis of gentamicin loaded HA 20 vol.% micro-
orous beads (1150 ◦C).

oaked in the granules. In order to slacken the drug release, a
artial polymer coating was applied on the impregnated beads
s shown in Fig. 3a. To evaluate the drug release rate in close
hysiological environment conditions, the uncoated and coated
entamicin loaded granules were placed in a continuous dis-
illed water flow (6 ml/h). Fig. 3 shows the released gentamicin
mount versus time. Fig. 3a presents the dynamic release of gen-
amicin for beads characterised by an open porosity of 20 vol.%
Please cite this article in press as: Meurice E, et al. Functionalisation of po
doi:10.1016/j.jeurceramsoc.2012.01.014

nd a diameter in the range from 600 to 700 �m without and
ith PMMA coating. In the case of coated loaded beads, only
5% of gentamicin was released whereas for uncoated beads

t
l
o

ig. 3. (a) Dynamic release of gentamicin measured by UV-visible spectrophotometry
b) Static release of gentamicin measured by UV-visible spectrophotometry at 255 nm
elease of gentamicin measured by UV-visible spectrophotometry at 255 nm from loa
ig. 4. Bacterial growth kinetics measured by optical density at 620 nm in
resence of various porosity ceramic phage supports.

ore than 90% of gentamicin was released after 24 h. After this
ime period, the released amount decreased during 5 days. The
MMA coating led to a decrease of the release kinetic of gen-

amicin and allowed the time of prophylactic effect to increase.
ig. 3b and c respectively present the results of static release of
entamicin for beads presenting various porosity levels (from 0
rous hydroxyapatite for bone substitutes. J.  Eur.  Ceram.  Soc.  (2012),

o 30 vol.%) and for beads with 30 vol.% porosity in different
iquid media such as water, PBS and SBF, with an adjusted pH
f 7.4 for all solutions. As expected, the amount of impregnated

 at 255 nm from loaded HA and PMMA coated microporous beads (20 vol.%).
 from loaded bioceramic microporous sample with different porosity. (c) Static
ded bioceramic 30% microporous sample in various liquid media.

dx.doi.org/10.1016/j.jeurceramsoc.2012.01.014
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Fig. 5. Diameter of bacterial lysis plaques in presence of various porosity ceramic phage supports according to the washing time in LB medium. Picture shows an
example of lysis plaque diameter.
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ules and fibrin glue composites for bone tissue engineering. Biomaterials
entamicin increased with the beads porosity. It can also be noted
hat the liquid nature influenced the release kinetic depending
n the solution ionic strength.

.2. Biological  functionalisation

Fig. 4 shows the bacterial lysis efficiency of �  phage-loaded
A samples according to their microporous volume. The dif-

erent microporous volumes were obtained by sintering HA
amples at different temperatures. Control HA was a sample
ithout �-phage impregnation. The �  phage-loaded HA sam-
les were added after two generation times of bacteria and
acterial lysis occurred about 90 min later. The lysis started
arlier and was faster for samples with the largest microp-
rous volumes as shown by the fact that HA with 40% of
orosity (sintered at 1100 ◦C) had a faster kinetic than dense
amples (sintered at 1275 ◦C). It is interesting to note that dense
A samples also had an antibacterial effect suggesting that

he �  bacteriophage strongly interacted with the HA ceramic
urface.

Fig. 5 shows the time release ability of �  phage-loaded HA
amples according to their microporosity. The phage-loaded
A samples were washed in LB medium to check the time

etention as a function of the HA sample porosities. E.  coli
12 was homogeneously spread on LB agar plates and the
ifferent washed phage-loaded HA samples were introduced.
iameter of lysis plaques was measured 48 h later. Release
f phages from all the HA samples was nearly constant in
Please cite this article in press as: Meurice E, et al. Functionalisation of po
doi:10.1016/j.jeurceramsoc.2012.01.014

he first 6 h of washing. After 18 h and until 48 h of washing,
iameter of lysis plaques decreased by 30% for each sam-
le. These results suggest that HA samples are able to retain
hages and to release them several days later, even for dense
aterials.
.  Conclusions

These first experiments revealed that microporous HA micro-
pheres can be used as a matrix for local drug delivery to prevent
nd curate infections associated to bone implants. The drug
elease quantity and duration could be controlled by the mor-
hology and microstructure of HA beads and in particular by
he porosity, which is encouraging for the development of a drug
elivery system meeting the therapeutic dosage criteria.
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