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β-Tricalcium phosphate (β-TCP) ceramics are approved for the repair of osseous defects. In large defects, how-
ever, the substitution of the material by authentic bone is inadequate to provide sufficient long-termmechanical
stability. We aimed to develop composites of β-TCP ceramics and receptor activator of nuclear factor κ-B ligand
(RANKL) to enhance the formation of osteoclasts and promote cell mediated calcium phosphate resorption.
RANKL was adsorbed superficially onto β-TCP ceramics or incorporated into a crystalline layer of calcium phos-
phate by the use of a co-precipitation technique. Murine osteoclast precursors were seeded onto the ceramics.
After 15 days, the formation of osteoclasts was quantified cytologically and colorimetrically with tartrate-
resistant acidic phosphatase (TRAP) staining and TRAP activity measurements, respectively. Additionally, the
expression of transcripts encoding the osteoclast gene products cathepsin K, calcitonin receptor, and of the sodi-
um/hydrogen exchanger NHA2 were quantified by real-time PCR. The activity of newly formed osteoclasts was
evaluated by means of a calcium phosphate resorption assay. Superficially adsorbed RANKL did not induce the
formation of osteoclasts on β-TCP ceramics. When co-precipitated onto β-TCP ceramics RANKL supported the
formation of mature osteoclasts. The development of osteoclast lineage cells was further confirmed by the
increased expression of cathepsin K, calcitonin receptor, and NHA2. Incorporated RANKL stimulated the cells to
resorb crystalline calcium phosphate. Our in vitro study shows that RANKL incorporated into β-TCP ceramics
induces the formation of active, resorbing osteoclasts on the material surface. Once formed, osteoclasts mediate
the release of RANKL thereby perpetuating their differentiation and activation. In vivo, the stimulation of
osteoclast-mediated resorption may contribute to a coordinated sequence of material resorption and bone
formation. Further in vivo studies are needed to confirm the current in vitro findings.

© 2014 Elsevier Inc. All rights reserved.
Introduction

Skeletal defects arising from resections of bone tumors, trauma, or
total joint arthroplasties with bone deficiencies need to be filled with
suitable grafting materials. Autologous bone is widely accepted as the
standard biologic material to augment bone healing and to reconstruct
bone defects. In the USA, more than 500.000 bone grafting procedures
are performed annually [1]. Autologous bone grafts provide essential
elements for bone formation such as osteogenic cells, osteoinductive
factors, and an osteoconductivematrix. There are, however, critical lim-
itations associated with the harvest of autologous grafts, such as donor
site morbidity, prolonged surgery time and limited supply [2]. Allograft
bone is readily available from bone banks and its harvest is not asso-
ciated with donor site morbidity. However, application of allografts
edic Surgery, Inselspital, Bern
erland. Fax: +41 632 3600.
includes the added risks of disease transmission and immunogenically
induced graft rejection [3,4]. Bone substitute materials represent a
promising alternative to autologous and allogenic bone transplants.
Calcium phosphate (CaP) ceramics such as beta-tricalcium phosphate
(β-TCP) ceramics have been approved for the repair of osseous defects.
In small well-vascularized defects these ceramicmaterials are degraded
through passive dissolution and cellular resorption and replaced by new
bone [5]. However, in large bonedefects, the substitution of thematerial
by authentic bone is incomplete [6,7]. Due to the brittleness of the
material and unstable union of the material–host bone junction incom-
plete material turnover may compromise mechanical stability of the
reconstructed bone [7–9]. Previously, osteoinductive growth factors
such as the bone morphogenetic proteins (BMP) have been used to
improve bone defect healing with calcium phosphate based biomate-
rials [10–13]. In humans, BMP-2 and BMP-7 have been approved to
promote bone healing in tibia fractures, long bone non-unions, and
spinal fusions [14,15]. Clinical studies investigating the use of BMPs
in bone defects are lacking, though. In animal models, local delivery
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of BMP-2 and BMP-7 has been shown to promote fracture healing as
well as healing of long bone critical size defects [16–19]. However,
material turnover of BMP-2 loaded β-TCP ceramics remained incom-
plete when the materials were used to fill critical size segmental
bone defects although bone formation was enhanced significantly
[13]. Stimulating the differentiation and activity of osteoclasts
seems to be a promising alternative to improve material substitution
in order to make use of these materials for the reconstruction of large
bone defects.

The development and activation of osteoclasts are governed by a
microenvironment containing many contributing components such as
different cell types, membrane bound and soluble factors, and matrix
proteins. Among those, colony stimulating factor 1 (CSF-1) and receptor
activator of nuclear factor kappa-B ligand (RANKL) are indispensable
factors during osteoclastogenesis [20–23]. CSF-1 is a constitutive part
of the hematopoietic microenvironment [24]. The activity of RANKL is
determined by the ratio of RANKL and its decoy receptor osteoproteger-
in (OPG) which is modulated by various osteotropic factors including
vitamin D3, parathyroid hormone (PTH), tumor necrosis factor (TNF)-
α, and interleukins [21,25–30].

It was hypothesized that the release of RANKL from β-TCP ceramics
might enhance the differentiation of mononuclear precursors to osteo-
clasts aswell as the survival and the activity of osteoclasts on the surface
of thematerials. As RANKL is indispensable for recruitment, activity, and
survival of osteoclasts the factor needs to be delivered continuously to
maintain osteoclastic activity on bone substitute materials and to
promote osteoclast-mediated material resorption effectively. With
respect to future in vivo applications of RANKL delivery from β-TCP
ceramics we further suggested that the sole delivery of RANKL without
supplemental addition of CSF-1 will be sufficient because the inflam-
matory processes at repair site will provide the local microenvironment
to support osteoclast differentiation and activity. In the present in vitro
study, a previously established co-precipitation technique was applied
to incorporate RANKL into β-TCP ceramics. By means of a sustained
RANKL release system we aimed to stimulate osteoclastogenesis and
osteoclast activity on thematerial surface as a potential tool to enhance
osteoclast-mediated material resorption.

Materials and methods

Immobilization of RANKL and BSA on β-TCP ceramics

Porous β-TCP ceramics (diameter 14 mm, thickness 2 mm, pore size
150–200 μm, porosity 75% ± 5%; Robert Mathys Foundation, Bettlach,
Switzerland) were coated with RANKL (Amgen Inc., Thousand Oaks,
CA, USA) and bovine serum albumin (BSA, Sigma Aldrich, Basel,
Switzerland) as bioinactive RANKL substitute protein either by ad-
sorption or by co-precipitation, i.e. protein incorporation as described
previously in detail [31–34]. Adsorption to the surface of the materials
was performed by immersion of ceramics in an aqueous protein
solution (phosphate buffered saline, total volume of 2.5 ml; protein
concentrations 5 μg/ml and 25 μg/ml) for 48 h at 37 °C [Adsorption].
Protein co-precipitation was performed with a two-step procedure:
First, the ceramics were immersed for 24 h at 37 °C in 5-times
concentrated simulated body fluid (Na+ 733.5 mM, Cl− 720.0 mM,
HPO4

2− 5.0 mM, SO4
2− 2.5 mM) in the presence of Mg2+ (7.5 mM) to

inhibit crystal growth. An amorphous layer of calcium phosphate was
thereby created serving as a seeding substratum for the subsequent
crystalline calcium phosphate layer containing the respective proteins.
Afterwards, the second layer was generated by incubating the ceramics
for 48h at 37 °C in a supersaturated solution of calciumphosphate (Na+

140.0 mM, Ca2+ 4.0 mM, Cl− 144.0 mM, HPO4
2− 2.0 mM) with a total

volume of 2.5 ml in the presence of RANKL (5 μg/ml, 25 μg/ml)
or BSA (5 μg/ml) [Co-precipitation]. In a third coating procedure
protein co-precipitation and adsorption were combined: First,
the co-precipitation technique was performed in the presence of
5 μg/ml BSA to create a bioinactive layer of crystalline calcium
phosphate. Subsequently, RANKL (5 μg/ml, 25 μg/ml) was adsorbed to
the ceramics as described above [CaP precipitation/adsorption].
RANKL uptake and release from β-TCP ceramics

Protein uptake and release were quantified with the human
sRANKL ELISA development kit (Peprotech EC Ltd., London, UK) ac-
cording to the recommendations of the manufacturer. Protein up-
take was quantified indirectly by determination of the protein
concentration within the coating solutions before and after the
coating procedures. The coating procedures were also performed
without the addition of ceramics to the coating solution in order
to quantify the loss of RANKL due to protein binding to the plastic
well. Protein release from the ceramics into the culture media
was quantified in 3-day intervals.
Cell cultures on β-TCP ceramics

Non-adherent CSF-1 dependent osteoclast precursor cells
(OPC) were grown from bone marrow cells harvested from femora
and tibiae of 6-week-old, male C57BL/6J mice. Cell harvest was
approved by the local commission for animal experimentation
(Bern, Switzerland) and conducted in accordance with its regula-
tions. After equilibration of the β-TCP ceramics in α-MEM supple-
mented with 10% FBS (not heat inactivated) and 1% Pen/Strep
(100 U/ml and 100 μg/ml, respectively), 8 × 106 OPC were seeded
onto each β-TCP ceramic. For positive and negative controls, cells
grown on BSA coated ceramics were stimulated with CSF-1
(30 ng/ml)/RANKL (100 ng/ml) and CSF-1 (30 ng/ml) only, respec-
tively. For experimental groups, cells were grown on RANKL-coated
ceramics with exogenous addition of CSF-1 (30 ng/ml) or CSF-1
(30 ng/ml) and osteoprotegerin (OPG, 100 ng/ml, Amgen Inc., Thou-
sand Oaks, CA, USA). Cells were grown for a period of 15 days. The
media were changed every 3 days. From day six of culture, the
media were acidified by adding 15 meq/l H+ according to Arnett et
al. [35] in order to activate osteoclasts and to reduce the precipita-
tion of calcium ions from the media onto the ceramics.
TRAP and Hoechst staining of murine BMC
To visualize the cells grown on the ceramics, nuclei were stained

usingHoechst 33342 (Sigma, Basel, Switzerland). Staining for tartrate re-
sistant acid phosphatase (TRAP Kit, Sigma Aldrich, Basel, Switzerland)
was performed to identify osteoclast lineage cells. For this purpose, cell
seeded ceramics were washed with PBS and subsequently fixed with
4% buffered paraformaldehyde for 10 min. Afterwards, the samples
were washed with demineralized water and incubated with 0.7 ml
TRAP staining solution for 5 min. The samples were rinsed again with
demineralized water and incubated with Hoechst 33342 nuclear stain
(5 μg/ml) in PBS for 10 min. Finally, the ceramics were washed with
PBS and demineralized water and were dried overnight at room
temperature.
TRAP assays

To determine the cellular TRAP activity, cells grown on β-TCP
ceramics were lysed in 0.7 ml 0.1% Triton X-100 and 1 M NaCl and
frozen at−20 °C. Thereafter, 50 μl of thawed cell lysate was transferred
to a new plate and 50 μl 4-nitrophenyl phosphate (4.61 mg/ml)/40mM
Na-tartrate/50 mM Na-acetate (pH 4.8) was added. The reaction was
stopped after 60 min with 50 μl 0.2 N NaOH and the absorbance was
measured at 405 nm (Infinite M200, Tecan Austria GmbH, Grödig,
Austria).
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Real-time PCR

The levels of mRNA encoding cathepsin K (Ctsk), calcitonin receptor
(Calcr), and the sodium/hydrogen exchangerNha2weremeasured. OPC
were grown on β-TCP ceramics as described above. Total RNA was
isolated using the RNeasy Mini Kit from Qiagen (Cat. No. 74106), ac-
cording to the recommendations of the manufacturer. The total RNA
was reverse transcribed with Moloney murine leukemia virus
(MMLV) reverse transcriptase (Promega, M170B), using random
primers (Promega, C118A), nucleotide mix (Roche, 11581295001),
and RNAse inhibitors (Roche: 03335402001). Total RNAwas quantified
spectrophotometrically (Thermo Scientific NanoDrop 2000 Spec-
trometer, Software v1.4.1). For amplification in an ABI 7500 Fast
Real-Time PCR System (Applied Biosystems, Software SDS
v1.4.0.25), Assays-on-Demand (Applied Biosystems) were used
for Ctsk (Mm00484039_m1), Calcr (Mm00432271_m1), and Nha2
(Mm00724785_m1). The CT values were normalized against
β-glucoronidase (Gusb, Mm00446953_m1) mRNA. The reactions
were performed using the TaqMan Universal PCR Master Mix (Ap-
plied Biosystems, 4352042) with Assay-on-Demand mixtures
diluted to 1:20 and 10 ng cDNA. The reaction mixes were
preincubated for 20 s at 95 °C. Thereafter, 45 cycles of 3 s at 95 °C
and 30 s at 60 °C each were performed.
Calcium phosphate resorption assays

To quantify osteoclast-mediated resorption induced by immobilized
RANKL, 24-well plates were coated with a crystalline CaP layer as
described previously by Miyazaki et al. [36]. In brief, equal amounts of
0.12 MNa2HPO4 and 0.2 M CaCl2 (50mM Tris–HCl, pH 7.4) were prein-
cubated in a 5% CO2 incubator at 37 °C. Upon mixing, CaP precipitates,
thereby forming a slurry. The CaP slurry was then washed with sterile
water and suspended in 1 ml sterile water per 75 μl slurry. 500 μl of
the suspension containing either 25 μg/ml RANKL or 5 μg/ml BSA was
poured into each well of 24-well plates and then dried at room
temperature over 3 days. Murine OPC were treated with 30 ng/ml
CSF-1 and 100 ng/ml RANKL for 5 days on UpCell Surfaces (Thermo
Fisher Scientific Inc., Waltham, MA, USA) to induce the formation of
mature osteoclasts.Mature osteoclastswere detached at 4 °C and trans-
ferred onto the CaP coated wells at a density of 3700 cells/well. A third
group of dried CaP layers coated by co-precipitation of 25 μg/ml RANKL
received additional treatment by preincubation with cell culture medi-
um (α-MEM supplemented with 30% FBS (not heat inactivated) and 1%
Pen/Strep (100 U/ml and 100 μg/ml)) for 24 h prior to osteoclast
seeding according to Miyazaki et al. [36]. Preincubation was performed
to remove the fraction of RANKL from the cultures which was liberated
passively from the CaP layers within the first 24 h. RANKLwas added to
the cultures at concentrations of 0 ng/ml, 20 ng/ml, and 100ng/ml. After
48 h, cells were fixed with 4% paraformaldehyde (PFA). Wells were
stained with tartrate-resistant acidic phosphatase (TRAP) and von
Kossa to visualize osteoclasts and to quantify resorption pits,
respectively. The total area of resorption pits was quantified by taking
digital photographs from a 14.3 mm2-area (field of view) from each
well and the areaswhere CaPwas removedwere quantifiedwith ImageJ
1.46r (Wayne Rasband, National Institutes of Health, USA). The results
were displayed as resorbed area per field of view.
Table 1
RANKL immobilization on β-TCP ceramics.

RANKL in coating solution [μg/ml]

Before coating (A) After coating w/o ceramic (B) After c

Co-precipitation 25.00 22.41 0.06
Adsorption 25.00 18.14 17.80
CaP precipitation/adsorption 25.00 18.14 17.62
Statistics

For all analyses three independent experiments were performed.
The individual experimentswere conductedwith n=6 per experiment
and experimental group. The data demonstrated were chosen from a
single representative experiment.

All data are presented as means ± standard deviation from individ-
ual experiments. Data were analyzed statistically by one-way ANOVA
and Sidak post-hoc test using SPSS® software for Mac (Version 16,
SPSS Inc., Chicago, IL, USA).

Results

Uptake and release of RANKL

As shown in Table 1, co-precipitation of RANKL (62.5 μg in 2.5 ml)
onto β-TCP ceramics resulted in an immobilization of 55.88 μg RANKL
corresponding to a coating efficiency of 89%. The coating efficiency
achieved with RANKL adsorption (62.5 μg in 2.5 ml) was 3.5%
(0.85 μg) on native ceramics (adsorption) and 5% (1.3 μg) on ceramics
that underwent CaP precipitation before the adsorption procedure
(CaP precipitation/adsorption) without significant differences between
the two adsorption procedures.

The absolute amounts of RANKL released passively from the
ceramics within the first 6 days were significantly higher when RANKL
was immobilized using the co-precipitation technique as compared to
adsorption (day 3: co-precipitation: 2.7 ± 0.8 μg/ml, adsorption:
0.2 ± 0.1 μg/ml, CaP precipitation/adsorption: 0.4 ± 0.2 μg/ml,
p b 0.05 vs. co-precipitation; day 6 co-precipitation: 0.2 ± 0.03 μg/ml,
adsorption: 0.02 ± 0.01 μg/ml, CaP precipitation/adsorption: 0.02 ±
0.01 μg/ml, p b 0.05 vs. co-precipitation) (Fig. 1a). There were no statis-
tical differences of the absolute passive release of RANKL between the
co-precipitation and the two adsorption techniques on days 9, 12, and
15. Correlation of the protein release with the total amounts of RANKL
immobilized onto the ceramics showed that the protein retention was
significantly improved with the co-precipitation technique (Fig. 1b).
On day 3 and day 6, the relative passive release of RANKL was signifi-
cantly lower when RANKL was co-precipitated as compared to superfi-
cial adsorption of RANKL (day 3: co-precipitation: 12.3 ± 3.7%,
adsorption: 89.0 ± 8.0%, CaP precipitation/adsorption: 75.7 ± 6.0%;
day 6: co-precipitation: 1.0 ± 0.2%, adsorption: 9.1 ± 1.4%, CaP precip-
itation/adsorption: .4.7 ± 2.4%). The cumulative passive release of
RANKL was 13.5% following co-precipitation, 99.1% following adsorp-
tion, and 82.5% following CaP precipitation/adsorption after 15 days.

Formation of osteoclasts on β-TCP ceramics

Cells on β-TCP ceramics were stained with Hoechst 33342 to visual-
ize nuclei and for TRAP to identify osteoclast lineage cells after 15 days
of cell culture (Fig. 2).Multi-nucleated TRAPpositive osteoclasts formed
on β-TCP ceramics coated by co-precipitationwith 25 μg/ml RANKL and
treated with 30 ng/ml exogenous CSF-1. Addition of OPG (100 ng/ml)
inhibited osteoclast formation mediated by co-precipitated RANKL. On
ceramics coated by adsorption with 25 μg/ml RANKL and treated with
30 ng/ml exogenous CSF-1 there was no formation of osteoclasts
found. Furthermore, osteoclasts did not form on β-TCP ceramics coated
Volume of coating solution [ml] Total RANKL uptake [μg]

oating with ceramic (C) (D) (B–C) × D

2.5 55.88
2.5 0.85
2.5 1.30



Fig. 1. Passive release kinetics of RANKL. The total release per 3 day interval (μg/ml, A) and
cumulative release (% of proteinuptake, B) during the course of 15 days are shown. RANKL
was immobilized onto β-TCP ceramics at a concentration of 25 μg/ml by co-precipitation,
adsorption (adsorption performed on native ceramics), or CaP precipitation/adsorption
(adsorption performed on ceramics pre-treated with CaP precipitation). Mean values
are represented ± standard deviation (n = 6 for each group), *p b 0.001.
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with RANKL at a concentration of 5 μg/ml either by adsorption or co-
precipitation (data not shown).

TRAP activity assays were carried out to quantify osteoclast forma-
tion. Co-precipitation of 25 μg/ml RANKL resulted in higher levels of
TRAP activity as compared to superficial adsorption of 25 μg/ml
RANKL and to the respective negative controls (co-precipitation of
BSA and exogenous treatment with CSF-1) (Fig. 3). TRAP activity
found with RANKL co-precipitation was similar to the values found in
the positive controls (co-precipitation of BSA and exogenous treatment
with CSF-1 + RANKL). Addition of OPG (100 ng/ml) to ceramics coated
by RANKL co-precipitation prevented the increase of TRAP activity
resulting in similar levels as compared to the negative controls. With
adsorption of RANKL (25 μg/ml, +30 ng/ml CSF-1), TRAP activity was
similar to that found in the negative controls (superficial adsorption
BSA, +30 ng/ml CSF-1) and significantly lower as compared to the
respective positive controls (superficial adsorption BSA, +30 ng/ml
CSF-1, +100 ng/ml RANKL). No induction of TRAP activity was
observed when β-TCP ceramics were coated with 5 μg/ml RANKL inde-
pendent of whether co-precipitation or adsorption was performed
(data not shown).

Gene expression of osteoclast markers

To determine the relative levels of mRNA encoding cathepsin K,
calcitonin receptor, and NHA2, real-time PCR was carried out. Co-
precipitation of 25 μg/ml RANKL resulted in higher transcript levels of
CTSK (Fig. 4A), calcitonin receptor (Fig. 4B), and NHA2 (Fig. 4C) as
compared to superficial adsorption of 25 μg/ml RANKL and to the
respective negative controls (co-precipitation of BSA and exogenous
treatment with CSF-1). When 25 μg/ml RANKL was adsorbed to β-TCP
ceramics, increased transcript levels of CTSK (Fig. 4A), calcitonin
receptor (Fig. 4B), and NHA2 (Fig. 4C) were observed compared to the
negative controls. However, the relative mRNA levels were significantly
lower as compared to the respective positive controls (adsorption of
BSA, exogenous treatment with CSF-1 (30 ng/ml) and RANKL
(100 ng/ml)) and to ceramics coated by co-precipitation with 25 μg/ml
RANKL (+30 ng/ml CSF-1, no exogenous addition of RANKL). The up-
regulation of cathepsin K, calcitonin receptor, and NHA2 was prevented
when OPG was exogenously added to the cell cultures on ceramics co-
precipitated and adsorbed with 25 μg/ml RANKL.

Resorptive activity of osteoclasts

To quantify osteoclast mediated resorption, cell culture plates were
coated with crystalline CaP. 25 μg/ml RANKL incorporated into the CaP
layer by protein co-precipitation increased osteoclast-mediated
resorption of crystalline CaP compared to incorporated BSA (25 μg/ml
RANKL co-precipitation: 8.1% area resorption; 5 μg/ml BSA co-
precipitation: 0.7% area resorption; p b 0.001) (Fig. 5). Exogenous
addition of 20, or 100 ng/ml RANKL resulted in a significantly higher
CaP resorption in the groups with RANKL co-precipitation as compared
to BSA co-precipitation (25 μg/ml RANKL co-precipitation + 20 ng/ml
exogenous RANKL: 11.3% area resorption; 5 μg/ml BSA co-
precipitation + 20 ng/ml exogenous RANKL: 2.8% area resorption;
p b 0.001; 25 μg/ml RANKL co-precipitation + 100 ng/ml exoge-
nous RANKL: 20.4% area resorption; 5 μg/ml BSA co-precipitation
+ 100 ng/ml exogenous RANKL: 3.5% area resorption; p b 0.001).

24 h preincubation with cell culture medium (+30% FBS) inhibited
CaP resorption in the groups with RANKL co-precipitation. Without ex-
ogenous addition of RANKL, osteoclast-mediated calcium phosphate re-
sorption was similar to the respective group with BSA co-precipitation
(0.8% vs. 0.7%, p = 0.578). Exogenous addition of 20 ng/ml or
100 ng/ml RANKL following preincubation resulted in a dose dependent
increase of CaP resorption (20 ng/ml RANKL: 8%; 100 ng/ml RANKL:
12%).

Discussion

Bone defects requiring reconstruction are an increasing problem
faced by orthopedic clinicians. Today, these defects aremost often treat-
ed with autologous or allogeneic bone grafts. Calcium phosphate
ceramics seem to be a favorable alternative to bone grating. However,
pure calcium phosphate ceramics are not suitable to reconstruct large
bone defects because these bone substitute materials are not replaced
by authentic bone completely. Due to the brittleness of the material in-
complete material turnover results in unstable union of the material–
host bone junction and compromises long-term mechanical stability
[7–9]. Furthermore, the degradation process and the formation of new
bone are not coordinated because calcium phosphate ceramics do not
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Fig. 3. TRAP activity of osteoclast precursors seeded onto β-TCP ceramics after a cell cul-
ture period of 15 days. β-TCP ceramics were coated with BSA (5 μg/ml) and RANKL
(25 μg/ml) by adsorption or co-precipitation. Cultureswere treatedwith exogenous addi-
tion of CSF-1 (30 ng/ml), CSF-1 + RANKL (30 ng/ml, 100 ng/ml), or RANKL + OPG
(100 ng/ml each). Values are presented as means ± SD, n = 6. *p b 0.001 versus coated
RANKL (co-precipitation) and exogenous treatment with CSF-1; † b 0.001 versus coated
BSA (co-precipitation) and exogenous CSF-1+ RANKL; ‡p b 0.001 versus coated BSA (ad-
sorption) and exogenous CSF-1 + RANKL.
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possess intrinsic triggers to initiate resorption and they do not provide
signals to couple resorption to bone formation.

In the past, research on the reconstruction of bone defects with bio-
materials has focused on the stimulation of bone formation with
osteoinductive growth factors such as bone morphogenetic proteins 2
and 7 (BMP-2, BMP-7) [37–43]. Efforts to improve the degradation of
ceramic materials have mostly been limited to adjustments of the
chemico-physical properties in order to enhance the solubility of the
materials such as variations of the Ca/P ratios or the addition of stron-
tium and magnesium [44–48]. Since the dissolution process itself
cannot be controlled in vivo, the application of highly soluble CaP
ceramics may result in premature disintegration of the materials caus-
ing mechanical instability. Furthermore, the implantation of CaP
ceramics into living tissue causes an inflammatory response. The extent
of the inflammatory response is influenced by the solubility of the
materials, i.e. the release of calcium and phosphate ions, the re-
precipitation of calcium phosphate crystals, and the accumulation of
microparticulate degradation products [49–54]. The establishment of a
chronic inflammatory response may, in turn, lead to local osteolysis
and bone destruction [50,51,55,56]. The use of CaP ceramics that are re-
sorbed slowly by osteoclasts and not degraded rapidly through passive
dissolution will decrease the accumulation of pro-inflammatory disso-
lution products. Therefore, supporting osteoclast-mediated material
resorption with RANKL may be advantageous to modifications of
physico-chemical properties aiming at accelerating the dissolution pro-
cess. Furthermore, material degradation must be balanced with a
patient's ability to form new bone to ensure mechanical stability of
Fig. 2.DAPI and TRAP stainings of cell cultures onβ-TCP ceramics after a 15 day culture period. (
ment with exogenous CSF-1 (30 ng/ml) only; (C, D) positive control: β-TCP ceramic coated wi
ogenous RANKL (100 ng/ml); (E, F) experimental group 1:β-TCP ceramic coatedwith RANKL (2
group 2: β-TCP ceramic coated with RANKL (25 μg/ml) by co-precipitation, treatment with exo
(25 μg/ml) by co-precipitation, treatment with exogenous CSF-1 (30 ng/ml) and exogenous OP
auto-fluorescence of the ceramic material). TRAP staining was negative in negative controls an
skeletal reconstructions. It has been shown previously that osteoclasts
can regulate the activity of bone forming osteoblasts through coupling.
Coupling may be mediated by bioactive factors secreted by osteoclasts,
liberated from the bone matrix during resorption, or presented on the
membrane of osteoclasts [57–59]. Thus, the stimulation of osteoclast
mediated material resorption may also foster osteoblast activity and
contribute to a coordinated sequence of material resorption and bone
formation finally resulting in the substitution of the biomaterials by
new bone.

Two studies have investigated the potential of RANKL immobilized
to non-sintered calcium phosphate cements to stimulate osteoclasto-
genesis [60,61]. Both studies found that RANKL induced osteoclast for-
mation from RAW 264.7 cells when adsorbed onto the surface of
cured calcium phosphate cements but not when incorporated into the
material by addition to the liquid phase during the preparation of the
cement. Inactivation of RANKL when incorporated into the liquid
phase of calcium phosphate cements may be due to the initial basic
pH, the exothermic setting reaction, or the irreversible entrapment of
RANKLmolecules in themesopores of the cement [60,61]. Bioactive fac-
tors cannot be incorporated into calciumphosphate ceramics during the
preparation of thematerials due to sintering temperatures above 700 °C
[46,47,62]. Therefore, the immobilization of the protein has to be the
final step in RANKL-CaP ceramic composite preparation.

This study shows for the first time that RANKL can be immobilized on
β-TCP ceramicswith a calciumphosphate co-precipitation technique and
that RANKL released from thematerials induces the formation of actively
resorbing osteoclasts. TRAP staining and quantitative determination of
TRAP activity demonstrated that ceramics coated by co-precipitation
with 25 μg/ml RANKL induced the differentiation of non-adherent osteo-
clast precursors towards mature osteoclasts. Osteoclastogenesis was
inhibited by OPG, proving that the differentiation of osteoclasts was in-
duced by RANKL. Analysis of the osteoclast differentiation markers ca-
thepsin K, calcitonin receptor, and NHA2 demonstrated the osteoclast
nature of the developing cells on the mRNA level. Furthermore, RANKL
incorporated into crystalline calcium phosphate by protein co-
precipitation stimulated the resorption activity of mature osteoclasts.

The technique by which RANKL is immobilized on the CaP ceramics
seems to play a key role for the support of osteoclast development and
activation. Protein adsorption did not achieve a sufficient immobiliza-
tion of RANKL. The coating efficacy achieved with RANKL adsorption
was only 3.5% indicating that RANKL has an insufficient binding affinity
to calciumphosphate ceramics. This is in contrast to other bioactive pro-
teins including BMP-2 and VEGF that have been immobilized onto CaP
ceramics with superficial adsorption successfully and may be due to
the differences in isoelectric points, hydrophobic properties, and struc-
ture of the proteins [32,39–42,63]. Co-precipitation improved the coat-
ing efficacy of RANKL significantly to approximately 90%. Thus,
approximately 56 μg RANKL was available to be released from β-TCP
ceramics. To distinguish whether the amelioration of RANKL immobili-
zation found with the co-precipitation technique was due to the incor-
poration of RANKL in the crystalline layer of CaP or merely due to the
modification of the surface morphology, we performed a third coating
technique.With this procedure, the surface structure was first modified
by creating a bioinactive layer of crystalline calcium phosphate. Subse-
quently, RANKL was superficially adsorbed onto the modified surface.
RANKL immobilization using this technique was similar to that found
with conventional adsorption. In accordance with a previous study
[31], these results demonstrate that the improvement of RANKL immo-
bilization applying the co-precipitation technique occurred, primarily,
A, B)Negative control:β-TCP ceramic coatedwith BSA (5 μg/ml) by co-precipitation, treat-
th BSA (5 μg/ml) by co-precipitation, treatment with exogenous CSF-1 (30 ng/ml) and ex-
5 μg/ml) by adsorption, treatment with exogenous CSF-1 (30 ng/ml); (G, H) experimental
genous CSF-1 (30 ng/ml); (I, J) experimental group 3: β-TCP ceramic coated with RANKL
G (100 ng/ml). DAPI staining was positive in all groups (blue fluorescence, note the blue
d experimental groups 1 and 3. Scale bars represent 100 μm.
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Fig. 5. Resorptive activity of osteoclasts grown on crystalline calcium phosphate. BSA
(5 μg/ml BSA-CaP) and RANKL (25 μg/ml RANKL-CaP) were incorporated into crystalline
calcium phosphate by protein co-precipitation. A third group (25 μg/ml RANKL-CaP)
was preincubatedwith cell culturemedium containing 30% FBS for 24 h prior to osteoclast
seeding (preincubation). Osteoclasts were treated with exogenous addition of RANKL
(0 ng/ml, 20 ng/ml, 100 ng/ml). Values are presented as means ± SD, n = 6. *p b 0.05
vs. 5 μg/ml BSA-CaP, 0 ng/ml exogenous RANKL; †p b 0.01 vs. 25 μg/ml RANKL-CaP,
0 ng/ml exogenous RANKL; ‡p b 0.001 vs. 25 μg/ml RANKL-CaP, 100 ng/ml exogenous
RANKL.
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through the incorporation of proteins into the three-dimensional struc-
ture of the crystalline CaP layer and was not significantly affected by
modifications of the surface morphology.

As RANKL is indispensable for recruitment, activity, and survival of
osteoclasts the protein needs to be delivered continuously during an
extended time period to induce and maintain osteoclastic activity.
However, conventional adsorption of bioactive factors results in a high
initial burst release with limited long-term bioavailability. With the
co-precipitation technique, a passive burst release of approximately
3 μg/ml RANKL, corresponding to 12% of the immobilized protein was
observed. Therefore, the majority of the immobilized growth factor
was retained from passive release and was available for long-term
cell-mediated release. This is in accordancewith previous studies show-
ing that the co-precipitation technique resulted in an initial burst re-
lease followed by a long-term release of the incorporated proteins [31,
32]. More importantly, these studies showed that the burst release
was of passive nature whereas the long-term release was mediated by
resorbing osteoclasts actively liberating the incorporated proteins.
With respect to the current study, we suggest that the residual passive
release of 3 μg/ml RANKL achieved with the co-precipitation technique
induced the differentiation of osteoclast precursors towards mature os-
teoclasts and the activation of the cells. This is supported by the finding
that osteoclast mediated CaP resorption was not observed when the
passively released fraction of co-precipitated RANKL was removed
Fig. 4.Gene expression of osteoclastmarkers onβ-TCP ceramics seededwith osteoclast pre-
cursors after a cell culture period of 15 days. Relative mRNA amounts of cathepsin K (Ctsk)
(A), calcitonin receptor (Calcr) (B) and Nha2 (C) are shown. β-TCP ceramics were coated
with BSA (5 μg/ml) and RANKL (25 μg/ml) by adsorption or co-precipitation. Cultures
were treated with exogenous addition of CSF-1 (30 ng/ml), CSF-1 + RANKL (30 ng/ml,
100 ng/ml), or RANKL + OPG (100 ng/ml each). Values are presented as means ± SD,
n = 6. *p b 0.001 vs. coated BSA (co-precipitation) and exogenous CSF-1 + RANKL;
†p b 0.001 vs. coated BSA (adsorption) and exogenous CSF-1+ RANKL; ‡p b 0.001 vs. coat-
ed RANKL (co-precipitation) and exogenous CSF-1; #p b 0.001 vs. coated RANKL (adsorp-
tion) and exogenous CSF-1.
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Fig. 6. Schematic illustration of the proposed sequential arrangement of the passive release of RANKL from β-TCP ceramics, differentiation and activation of osteoclasts, osteoclast-
mediated release of incorporated RANKL, and calcium phosphate resorption.
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from the cultures in CaP resorption assays. Subsequently, the newly
formed osteoclasts resorbed the layer of calcium phosphate in which
RANKL was incorporated thereby inducing a sustained cell-mediated
release of RANKL from the materials. The sustained availability of
RANKL then resulted in the perpetuation of osteoclast differentiation
and activation (Fig. 6).

Conclusion

Our study shows that RANKL incorporated into β-TCP ceramics in-
duces the formation of active, resorbing osteoclasts. The differentiation
of osteoclasts is initiated due to a residual passive release of incorporat-
ed RANKL. Once formed, osteoclasts mediate the release of RANKL
thereby perpetuating their differentiation and activation which results
in a stimulation of cell-mediated calcium phosphate resorption
in vitro. In vivo, stimulation of osteoclast-mediated resorptionmay con-
tribute to a coordinated sequence of material resorption and bone for-
mation. Further studies are needed to confirm the current in vitro
findings by means of in vivo experiments.
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