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Clinical application of calciumphosphate cement (CPC;with incorporatedpolymeric porogens) in an injectable form
implicates that loading methods for growth factors are limited. In view of this, the current study evaluated the in
vitro and in vivo release kinetics of bone morphogenetic protein-2 (BMP-2) loaded on poly(D,L‐lactic-co-glycolic
acid) (PLGA) microparticles (CPC/PLGA), BMP-2 incorporation into the liquid phase of CPC (CPC/liquid), and
BMP-2 absorbed to the surface of preset, porous CPC (CPC/surface) as a control via an in vitro release experiment
and in vivo usingmicroSPECT imaging with 125I-labeled BMP-2. In addition, the osteoinductive capacity of scaffolds
generated via the different BMP-2 loading methods was assessed in a subcutaneous rat model. Additional controls
consisted of porous CPC scaffolds (CPC/porous) and CPC/PLGA (CPC/control) without BMP-2 loading. The results re-
vealed that it is feasible to load BMP-2 into CPC via adsorption to PLGA-microparticles or the liquid phase of CPC,
which resulted in a similar release profile over the course of 28 days, despite distinct protein distribution patterns.
Compared to CPC-scaffolds with surface-loaded BMP-2, these loadingmethods showed a similar release profile, ex-
cept for a significantly decreased burst release. As such, the observed osteoinductive capacity for only CPC-scaffolds
with surface-loaded BMP-2 is likely to be related to this difference in burst release. It remains unclear towhat extent
the differential BMP-2 loadingmethods for injectable CPC can affect the biological response in a bone environment.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Calcium phosphate (CaP) based materials are widely used as bone
substitute materials in orthopedic, reconstructive and oral surgery due
to their performance [1,2]. CaP-based materials are available in various
forms, for example as granules or blocks. More interestingly, injectable
CaP-based pastes (e.g. of brushite or apatitic nature [3]) are also available
and have the advantage of optimal bone defect filling throughminimally
invasive surgery. Injectable CaP-based cements have shown biocompat-
ibility and osteoconductivity, although in vivo degradation and tissue in-
growth were difficult to control [1,4,5].

To enhancematerial degradation, different approaches have been ex-
plored to introduce porosity within CaP cement (CPC), including the use
of sodium bicarbonate to obtain CO2-gas bubbles during cement setting
and mixing biodegradable polymer microparticles (e.g. gelatin [6] or
poly(D,L-lactic-co-glycolic acid) (PLGA) [7–10]) as porogens homoge-
neously through the cement powder. Although porosity is instanta-
neous when using the CO2-gas bubble method, the lack of control
on pore size and distribution is disadvantageous [11]. In contrast,
rials (309), Radboud Univer-
Nijmegen, The Netherlands.
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PLGA-microparticles create a delayed porosity, after the
PLGA-microparticles are degraded by means of hydrolysis in a pro-
cess called bulk erosion [10], with, importantly, homogeneously
dispersed pores of desired size. In addition, Félix Lanao,
Leeuwenburgh, Wolke, and Jansen [12] reported that the hydroly-
sis of PLGA-microparticles can be controlled depending on the
PLGA molecular weight, end-group chemistry, and/or morphology.
In view of this, CPC degradation and bone formation were shown to
be highest when dense acid-terminated PLGA-microparticles were
incorporated in CPC [13].

Further empowerment of CPC for biological performance can be
achieved by incorporating biologically active compounds, including
growth factors. Previously, it has been reported that biologically active
additives can be absorbed on preset CPC. For example, CPC surface load-
ing of the growth factor bonemorphogenetic protein-2 (BMP-2) demon-
strated to induce bone formation at ectopic locations in rats [14] and
rabbits [15] and increased bone formation at orthotopic locations in rab-
bits [16]. However, the clinical application of CPC is in an injectable form,
for which the loading of additives on the surface of preset CPC is not fea-
sible. Consequently, a biologically active compound needs to be incorpo-
rated during the CPC setting (i.e. included into the powder or the liquid
phase of CPC). In view of this, growth factor loading onto included
porogens (e.g. PLGA-microparticles) represents an approach to intro-
duce biologically active compounds for the injectable CPC. It has been
reported that incorporation of BMP-2 adsorbed PLGA-microparticles
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Table 1
Overview of the different compositions.

Group CPC
(wt.%)

PLGA (wt.%)
Hollow or Dense

PLGA
burnt out

BMP-2
added to

CPC/porous 70 30 (H) Yes –

CPC/control 70 30 (D) No –

CPC/PLGA 70 30 (D) No PLGA-porogens
CPC/liquid 70 30 (D) No Liquid phase
CPC/surface 70 30 (H) Yes Surface

Table 2
Secondary structure analysis of BMP-2 dissolved in 2% Na2HPO4 or PBS.

α-Helix β-Sheet Random coil (%)

BMP-2 dissolved in
PBS

14 40 40

BMP-2 dissolved in
2% Na2HPO4

14 40 40

The analysis was conducted based on the CD spectrum using the Gauss-Newton
algorithm method.
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into CPC results in a sustained in vivo release of the growth factor at both
ectopic [17] and orthotopic locations [18] in rats, and an increased bone
formation was observed compared to non-loaded scaffolds at orthotopic
locations [18]. Another approach is to add biologically active compounds
to the liquid phase of CPC. It has been reported that the inclusion of
transforming growth factor (TGF)-β1 to the liquid phase of CPC in-
creased the formation of bone in rat calvarial bone defects [19]. Since
growth factor release and related biological effect are likely to be carrier
dependent, the release kinetics and osteoinductive capacity of different
loading approaches need to be evaluated.

In the present study, different loading methods for BMP-2 into CPC
were evaluated in terms of in vitro and in vivo release and in vivo
osteoinductive capacity. For injectable CPC, BMP-2 was either adsorbed
onto dense PLGA-microparticles or added to the liquid phase of CPC.
For comparison, BMP-2 was loaded onto the surface of pre-set, porous
CPC. Radiolabeled BMP-2 was used to monitor release profiles in vitro
aswell as in vivo using a subcutaneous ratmodel, inwhich growth factor
retention was analyzed via single-photon emission computed tomogra-
phy (SPECT). BMP-2 loaded scaffolds without radiolabel were histologi-
cally analyzed for osteoinductive capacity of the different loading
methods in a rat subcutaneous implantation model. It was hypothesized
that in view of an injectable CPC, the addition of BMP-2 via incorporated
PLGA-microparticles would result in an increased BMP-2 release and
subsequent improved osteoinductive properties in CPC/PLGA compared
to CPC/liquid due to a faster degradation of the PLGA-microparticles com-
pared to that of the ceramic matrix of CPC.

2. Materials and methods

2.1. Materials

Calcium phosphate cement (CPC) consisted of 85% alpha tri-calcium
phosphate (α-TCP; CAM Bioceramics BV, Leiden, The Netherlands), 10%
dicalcium phosphate anhydrous (DCPA; J.T. Baker Chemical Co., USA)
and 5% precipitated hydroxyapatite (pHA;Merck, Darmstadt, Germany),
and was sterilized using gamma irradiation (>25 kGy; Isotron BV, Ede,
The Netherlands). The cement liquid applied was a sterilized 2 wt.%
aqueous solution of Na2HPO4. Acid terminated poly(D,L-lactic-co-glycolic
acid) (PLGA; Purasorb®, Purac Biomaterials BV, Gorinchem, The Nether-
lands) with a lactic to glycolic acid ratio of 50:50 and amolecular weight
(Mw) of 17±0.02 kg/mol was used for microparticle preparation. Com-
mercially available recombinant human BMP-2 (BMP-2; R&D Systems
MN, USA) was used.

2.2. Methods

2.2.1. Analysis of the BMP-2 secondary structure
Circular dichroism (CD) spectra of BMP-2 (0.1 mg/mL) dissolved in

2 wt.% aqueous solution of Na2HPO4 or BMP-2 (0.1 mg/mL) dissolved
in PBS were recorded in the range 195–260 nm at a scan rate of 2 s per
nmwith a Jasco J-810 spectropolarimeter (Oklahoma City, OK) to visual-
ize protein conformation. A quartz cell of 0.1 cm thickness was used. CD
spectra values were expressed as mean residue ellipticities (in degrees
cm−2 dmol−1). The results were further subjected to a non-linear re-
gression analysis to illustrate the secondary structure using the Gauss–
Newton algorithm method.
2.2.2. Preparation of hollow and dense PLGA-microparticles
To prepare hollow PLGA-microparticles of around 50 μm in diameter,

a double-emulsion-solvent-extraction technique (water-in-oil-in-water)
was used, as described previously [10]. Microparticles were produced by
adding 500 μl of distilled water to 1400 mg PLGA in 2 mL dichloro-
methane (DCM). The mixture was emulsified using a Turrax® emulsifier
for 60 s at 6000 rpm. Then, 6 mL 0.3% aqueous poly(vinyl alcohol) (PVA,
Acros Organics, Geel, Belgium) solutionwas added and emulsified for an-
other 60 s at 6000 rpm to produce the second emulsion. The emulsion
was transferred to a stirred beaker, afterwhich 394 mL 0.3% PVA solution
and 400 mL of 2% isopropylic alcohol solution were added slowly. After
1 h of stirring, the microparticles were allowed to settle for 15 min and
the solution was decanted. Then, the microparticles were washed and
collected through centrifugation at 1500 rpm for 5 min, lyophilized and
stored at −20 °C until use. The size distribution of the microparticles
was determined by image analysis (Leica Qwin®, Leica Microsystems).
The microparticles were imaged by scanning electron microscopy (SEM;
JEOL6310 at 15 kV).

To prepare dense PLGA-microparticles of around 50 μm in diameter, a
single-emulsion technique was used, as described before [12]. Micropar-
ticles were produced by dissolving 0.4 g of PLGA in 4 mL DCM. The solu-
tion was transferred into a stirred beaker containing 150 mL of 0.3% PVA
solution and 50 mL of 2% IPN solution. After 1 h of stirring, the micropar-
ticles were allowed to settle for 1 hmin and the solution was decanted.
Then, the microparticles were washed and collected through centrifuga-
tion at 1500 rpm for 1 min and lyophilized. Subsequently, the micropar-
ticles were sterilized by gamma irradiation (>25 kGy; Isotron BV, Ede,
The Netherlands) and stored at −20 °C until use. The size distribution
of the microparticles was determined by image analysis (Leica Qwin®,
Leica Microsystems). The microparticles were imaged by scanning elec-
tron microscopy (SEM; JEOL6310 at 15 kV).

2.2.3. 125I-labeling of BMP-2
BMP-2was labeledwith 125I, as described previously [20]. Briefly, in a

500 μl eppendorf tube coated with 100 μg iodogen, 10 μl of 0.5 M phos-
phate buffer saline (PBS) was added. Growth factor (75 μg) and 3 mCi
125I (Perkin-Elmer, Boston, MA) was added and incubated at room tem-
perature for 10 min. To remove the non-incorporated 125I, the reaction
mixturewas loaded onto a pre-rinsed disposable Sephadex G-25 column
(NAP5;GEhealthcare Bio-SciencesAB, Uppsala, Sweden) thatwas eluted
with PBS, 0.1% BSA. The labeling efficiency of the procedure was 55% and
the specific activity of the labeled protein was 22.0 μCi/μg.

2.2.4. Experimental groups
The following experimental groups were generated (for composi-

tion see Table 1):

1. CPC/control (pre-set dense CPC scaffold containing dense
PLGA-microparticles)

2. CPC/porous (pre-set instant porous CPC scaffold; PLGA-microparticles
burnt out)

3. CPC/PLGA (CPC/control scaffold with BMP-2 adsorbed onto dense
PLGA-microparticles)

4. CPC/liquid (CPC/control scaffold with BMP-2 added to the liquid
phase)

5. CPC/surface (CPC/porous scaffold with BMP-2 loaded on the surface)



Fig. 1. Characterization of scaffold material. Microscopic SEM images of scaffold material (A) CPC/control and (B) CPC/porous. Original magnification is 75×, bar represents 25 μm.
PLGA-microparticles (arrows) and created pores after burning out PLGA-microparticles (arrowheads) are indicated. (C) Protein distribution using alexa fluor 488 labeled BSA as a
model protein. BSA was loaded on PLGA-microparticles and incorporated in CPC (CPC/PLGA), included in liquid phase of CPC (CPC/liquid) or absorbed onto the surface of instantly
porous preset CPC (CPC/surface). Bar represents 500 μm.
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2.2.5. Preparation of CPC/PLGA scaffolds
For the in vitro release experiment, the scaffolds were loaded with

125I-BMP-2 solutions using a hot/cold mixture of BMP-2, containing
0.5 μCi per scaffold. For the in vivo release experiment, the scaffolds
were loaded with 125I-BMP-2 solutions using a hot/cold mixture of
BMP-2, containing 15 μCi per scaffold. For the evaluation of the
osteoinductive capacity of the different loadingmethods, BMP-2 without
radiolabel was used.

The different experimental groups were generated as previously
reported (for CPC/porous and CPC/surface see [14]; for CPC/control,
CPC/PLGA and CPC/liquid see [12]; for composition see Table 1). In
short, 0.69 g dense or 0.3 g hollow PLGA-microparticles were added to
0.7 g sterile CPC, after which sterile Na2HPO4 solution was added to the
CPC/PLGA in a liquid/powder ratio of 0.40 and mixed for 20 s. After
mixing, the cement was immediately injected into a Teflon mold to en-
sure a standardized shape of the scaffolds (Ø 7.8 mm, height 2.8 mm).
For CPC/porous and CPC/surface, an instantaneous open porous structure
was created by placing the pre-set scaffolds in a furnace at 650 °C for 2 h
to burn out the polymer.

For the adsorption of BMP-2 to the PLGA-particles, a volume of 240 μl
0.1% BSA/PBS solution containing 10 μg BMP-2 was added to the sterile
dense PLGA-microparticles, after which the microparticles were frozen,
lyophilized and used. To include BMP-2 in the liquid phase of CPC, a
Na2HPO4 solution containing 10 μg BMP-2 was used. For surface-loaded
BMP-2, a volume of 30 μl growth factor solution containing 5 μg BMP-2
was applied to the surface of each side of the instantaneous open porous
scaffold to obtain 10 μg BMP-2/scaffold. Thereafter, the scaffolds were
frozen and lyophilized.

2.2.6. Characterization of scaffold material

2.2.6.1. Porosity measurements. To determine total porosity of the scaf-
folds, CPC/control and CPC/porous (n=6) were placed in a furnace at
650 °C for 2 h to burn out the polymer. Subsequently, the microporosity
and total porosity were calculated using the following equations [10]:

εεtot ¼ 1− mburnt
V � ρHAP

� �
� 100% ð1Þ

εmicro ¼ 1− mburnt
mnanoporous

� �
� 100% ð2Þ

Legend

εtot total porosity (%)
εmicro microporosity (%)
mburnt average mass sample (after burning out polymer) (g)
mnanoporous average mass intrinsic nanoporous sample (g)
V volume sample (cm3)
ρHAP density hydroxyl apatite (g/cm3)

2.2.6.2. Scanning electron microscopy (SEM). CPC/control and CPC/
porous scaffolds were sputter-coated with gold and examined and
photographed using SEM (Jeol 6310, Nieuw-Vennep, The Netherlands)
at an acceleration voltage of 10 kV.

2.2.6.3. Distribution of protein in the different formulations. To visualize the
distribution of added protein when adsorbed or included in the different
scaffolds, albumin from bovine serum (BSA) labeledwith Alexa Fluor 488
(Invitrogen, Life Technologies Europe BV, Bleiswijk, The Netherlands)
was used as a model protein. The loading of labeled BSA (10 μg BSA/scaf-
fold) to the different CPCs was similar as described previously, resulting
in groups 3, 4 and 5. The scaffolds were frozen, lyophilized and fixed in
4% formalin overnight. Subsequently, the tissue blocks were embedded



Fig. 2. Longitudinal in vitro scintigraphic assessment (A) CPC/PLGA, CPC/liquid and
CPC/surface during 28 days and (B) the in vitro burst release (after 1 day), sustained
release (the release per day from day 1–28) and the retention after 28 days. The release
and retention is expressed as percentage of the ratio of initial loading amount. Bars
represent the mean±SD (n=6). (a) pb0.001 compared to CPC/PLGA and CPC/liquid,
(b) pb0.01 compared to CPC/PLGA.

Fig. 3. (A) Representative U-SPECT/CT-scan of rat implanted with CPC scaffolds. (B)
Representative U-SPECT scans of CPC/PLGA, CPC/liquid or CPC/surface during 28 days.

286 F.C.J. van de Watering et al. / Journal of Controlled Release 164 (2012) 283–290
in methylmethacrylate (MMA). Perpendicular to the scaffold diameter,
thin sections (~10 μm) were prepared using a microtome with diamond
blade (Leica Microsystems SP 1600, Nussloch, Germany) [21]. The MMA
sections were visualized using a fluorescence microscope with a Zeiss fil-
ter set 00, consisting of a 530–585 nm band-pass excitation filter (Carl
Zeiss B.V., Sliedrecht, The Netherlands).
Table 3
Overview of implants placed, retrieved and used for histomorphometrical evaluation.

Implants placed Implants retrieved Implants used
for analysis

CPC/porous 3 3 3
CPC/control 3 3 3
CPC/PLGA 6 6 5a

CPC/liquid 6 6 5a

CPC/surface 6 6 5a

a Deviations from the number of implants retrieved due to fracturing of implants
during histological processing.
2.2.7. In vitro release experiment
The different CPC scaffolds loaded with 125I-BMP-2 (n=6; 0.5 μCi/
scaffold) were placed in 10 mL glass vials for evaluation of the in vitro
BMP-2 release kinetics and incubated in 3 mL PBS at 37 °C for 28 days.
At days 1, 3, 7, 14, 21 and 28, the samples were carefully transferred to
new vials containing fresh PBS, after which gamma emission of the scaf-
folds was measured in a shielded well-type gamma counter (Wizard,
Pharmacia-LKB, Uppsala, Sweden). Standards were measured simulta-
neously to correct for radioactive decay. The remaining activity in the
scaffolds was expressed as percentage of the initial dose.
2.2.8. In vivo experiment

2.2.8.1. Animals. Fifteen healthy young adult (8 weeks old)maleWistar
rats were used as experimental animals, of which 9 animals were used
for the in vivo release experiment (two implants per animal) and 6 an-
imals were used to evaluate the osteoinductive capacity of the different
CPC formulations (4 implants per animal). The research was reviewed
and approved by the Experimental Animal Committee of the Radboud
University (RUDEC 2011‐186) and national guidelines for the care and
use of laboratory animals were observed.

image of Fig.�2
image of Fig.�3
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2.2.8.2. Surgical procedure. Anesthesia was induced and maintained by
Fig. 4. Longitudinal in vivo (A) release assessment analyzed via a small animal U-SPECT
II scanner of CPC/PLGA, CPC/liquid and CPC/surface during 28 days and (B) the in vitro
burst release (after 1 day), sustained release (the release per day from day 1–28) and
the retention after 28 days. The release and retention is expressed as percentage of the
ratio of initial loading amount. Bars represent the mean±SD (n=4). (a) pb0.01 com-
pared to CPC/PLGA and CPC/liquid; (b) pb0.05 compared to CPC/liquid.
Isoflurane inhalation (Rhodia Organique Fine Limited, Avonmouth, Bris-
tol, UK). To minimize post-operative discomfort, Rimadyl (Carprofen,
Pfizer AnimalHealth, NewYork, USA)was administered subcutaneously
(5 mg/kg) before the surgery. CPC scaffolds were subcutaneously im-
planted into the back of each rat. To insert the scaffolds, rats were
immobilized on their abdomen and the skin was shaved and disinfected
with chlorhexidine. On both sides of the vertebral column, two small
paravertebral incisions were made through the full thickness of the
skin. Lateral to the incisions, a subcutaneous pocket was created using
blunt dissection. Subsequently, one implant was inserted into each
pocket. Finally, the skin was closed using staples (Agraven, Instruvet,
Boxmeer, The Netherlands). In total, for the in vivo release experiment
eighteen implants (two implants per animal; n=6 for each experimen-
tal group) and for the osteoinductive capacity evaluation twenty-four
implants (4 implants per animal; n=3 for groups 1–2 and n=6 for
groups 3–5) were placed according to a randomization scheme.

The animalswere housed in pairs. In the initial postoperative period,
the intake of water and food was monitored. Further, the animals were
observed for signs of pain, infection and proper activity. At the end of
the implantation time, the rats were sacrificed by CO2-suffocation.
2.2.8.3. In vivo release experiment. At days 0, 1, 3, 7, 14 and 21 after im-
plantation of the CPC scaffolds, rats were scanned using a small-animal
SPECT scanner (U-SPECT II, MILabs, The Netherlands). Anesthesia was in-
duced and maintained by Isoflurane inhalation (Rhodia Organique Fine
Limited, Avonmouth, Bristol, UK). On day 28, rats were sacrificed and
scanned post mortem followed by a CT scan for anatomic reference. The
animals were placed prone in the SPECT scanner and scanned for
40 min using a rat 1.0-mm-diameter-pinhole collimator tube. Scans
were reconstructed with MILabs reconstruction software, which uses an
ordered-subset expectation maximization algorithm, with a voxel size
of 0.375 mm. The amount of radioactivity in a specifiedvolumeof interest
around the implants was quantified and expressed as percentage of orig-
inal dose per scaffold (PMOD software, version 3.15, PMOD Technologies
Ltd.). To achieve accurate quantification, standards containing 0, 1, 3, 10
or 30 μCi 125I were scanned at the same days.

2.2.8.4. Implant retrieval and histological preparations. The specimens
without radiolabeled BMP-2 (n=6) were retrieved after a 4-week im-
plantation period. After sacrifice, scaffolds with surrounding tissues
were excised andfixed in 10%phosphate-buffered formaldehyde solution
(pH 7.4). Subsequently, the tissue blocks were dehydrated in increasing
ethanol concentrations (70–100%) and embedded inmethylmethacrylate
(MMA). Perpendicular to the diameter of the scaffolds, thin sections
(10 μm) were prepared using a microtome with diamond blade (Leica
Microsystems SP 1600, Nussloch, Germany) [21]. Three sections of each
scaffold were stained with methylene blue and basic fuchsin and exam-
ined using light microscopy (Leica Microsystems AG,Wetzlar, Germany).

For CPC/PLGA, CPC/liquid and CPC/surface, two MMA samples
were polished and gold sputter-coated prior to analysis with scanning
electron microscopy (JEOL 6330) using Back-Scattered Electron (BSE)
mode for histomorphometrical analysis.

2.2.8.5. Histological and histomorphometrical evaluation. Sections of
MMA-embedded specimens (at least 3 sections per specimen) were
quantitatively assessed using computer-based image analysis techniques
(Leica® Qwin Pro-image analysis system, Wetzlar, Germany). The analy-
sis technique is based on color recognition depending on staining intensi-
ty. From digital images (magnification: 5×), the total amount of
newly-formed bone surrounding the CPC scaffold was determined and
expressed in area measures (mm2).

2.2.9. Statistical analysis
Statistical analysis was performed using GraphPad Instat 3.05 soft-

ware (GraphPad Software Inc., San Diego, CA) using one-way analysis
of variance with a Tukey multiple comparison post test. Differences
were considered significant at p-values less than 0.05.

3. Results

3.1. Analysis of the BMP-2 secondary structure

CD spectra of BMP-2 dissolved in PBS or 2% Na2HPO4 were
comparatively analyzed, showing only limited differences in
molar CD values at 200–235 nm. Additionally, secondary struc-
ture analysis based on the obtained CD spectra revealed no signif-
icant differences in α-helix, β-sheet or random coil structure of
BMP-2 dissolved in 2% Na2HPO4 compared to BMP-2 dissolved in
PBS (Table 2).

3.2. Characterization of scaffold material

The preparation of hollow PLGA-microparticles with a double-
emulsion-solvent-extraction technique and dense PLGA-microparticles
with a single-emulsion technique resulted in microparticles with a sim-
ilar average size of 58.4±35.0 μm and 62.4±28.9 μm (p>0.05),
respectively.

image of Fig.�4


Fig. 5. (A) Histological overview sections of CPC/control and CPC/porous. Bar represents 1000 μm. Histological sections are stained with methylene blue and basic fuchsin. (B) Mag-
nification of histological sections of CPC/PLGA, CPC/liquid and CPC/surface. Bone (b) is indicated in the sections. Original magnification is 20×. Bar represents 100 μm. Histological
sections are stained with methylene blue and basic fuchsin. (C) Cross-sections observed with back scattering SEM of CPC/PLGA, CPC/liquid and CPC/surface. For back scattering SEM
micrographs bone appears dark gray (+) while the CPC scaffold is lighter (−).
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Since the principle of CPC preparation was based on either combina-
tion of CPC with hollow PLGA-microparticles (CPC/porous and CPC/
surface) or CPC with dense PLGA-microparticles (CPC/control, CPC/
PLGA and CPC/liquid), surface examination of the scaffolds was carried
out for only CPC/porous and CPC/control. Surface examination showed
that for CPC/control, a homogenous distribution of PLGA-microparticles
within the implant material was observed (Fig. 1A). For CPC/porous,
PLGA-microparticles were completely burnt out and an instant porous
scaffold material was observed (Fig. 1B). Porosity measurements of
CPC/porous and CPC/control scaffolds demonstrated a microporosity of
42.5±3.0% and 59.9±2.9% and a total porosity of 72.3±1.4% and
80.7±1.4% for CPC/porous and CPC/control, respectively.

Protein distribution was visualized using Alexa Fluor 488-labeled
BSA as amodel protein (Fig. 1C). The protein in CPC/surfacewas only ob-
served peripherally and not in the center of the implants. In contrast, the
protein in CPC/PLGA and CPC/liquid was distributed throughout the en-
tire scaffold, showing localization of protein on the PLGA-microparticles
for CPC/PLGA and a more dispersed pattern for CPC/liquid.

3.3. In vitro release

The in vitro release for CPC/PLGA, CPC/liquid and CPC/surface, dur-
ing 28 days is depicted in Fig. 2. All scaffolds retained their integrity
during the entire experiment. CPC/surface showed an initial burst re-
lease within 1 day (~40%), followed by a sustained release till day 28
(Fig. 2A). Both CPC/PLGA and CPC/liquid showed a limited burst re-
lease within 1 day (~10%), followed by a sustained release from day
1 till day 28 with a similar pattern compared to CPC/surface (Fig. 2A).

The cumulative BMP-2 releasewas significantly higher for CPC/surface
compared to CPC/PLGA and CPC/liquid, reaching after 28 days a release of
70.0±2.2%, 45.7±1.7% and 48.4±1.5%, respectively (pb0.0001; Fig. 2A).
From day 3 onward, the cumulative BMP-2 release from CPC/liquid was
significantly higher compared to CPC/PLGA (pb0.01; Fig. 2A).

The relative amounts of BMP-2 released during the different phases
(i.e. burst release, sustained release, and retained BMP-2 after 28 days)
are depicted in Fig. 2B. For CPC/surface, the burst release was significant-
ly higher compared to CPC/PLGA and CPC/liquid (Fig. 2B; pb0.001; for
CPC/PLGA 10.5±2.3% and for CPC/liquid 13.1±2.7%; for CPC/surface
40.4±4.6%). The release rate per day fromday 1–28 (Fig. 2B) of CPC/sur-
face compared to CPC/PLGA and CPC/liquid was significantly lower
(pb0.0001, release rate of 0.53±0.02%, 0.52±0.02% and 0.40±0.03%
per day for CPC/PLGA and CPC/liquid, CPC/surface, respectively). After
28 days, the retention for CPC/surface was significantly lower compared
to CPC/PLGA and CPC/liquid (pb0.0001, retention of 54.3±1.7%, 51.6±
1.5% and 30.0±2.2% for CPC/PLGA, CPC/liquid and CPC/surface,
respectively).

3.4. In vivo experiment

3.4.1. General observation of the experimental animals
All 6 animals used for the evaluation of the osteoinductive capacity of

the different formulations, recovered uneventfully from the surgical pro-
cedure and remained in good health. From the 9 animals used for the in
vivo release experiment, one animal died after 21 days. Clinical exami-
nation indicated that the cause of death was an anesthetic-induced re-
spiratory depression during in vivo scanning. All remaining 8 animals
recovered uneventfully from the surgical procedure and remained in
good health. The total number of implants placed, retrieved and used
for histomorphometrical evaluation is depicted in Table 3.

3.4.2. In vivo release
The in vivo release during 28 days from CPC/PLGA, CPC/liquid and

CPC/surface, is depicted in Fig. 3. CPC/surface showed an initial burst
release within 1 day followed by a sustained release from day 1 till
day 28 (Fig. 4A). Both CPC/PLGA and CPC/liquid showed a limited
burst release within 1 day (~10%), followed by a sustained release
from day 1 till day 28 with a similar pattern compared to CPC/surface
(Fig. 4A). The cumulative BMP-2 release was significantly higher for
CPC/surface compared to CPC/PLGA and CPC/liquid reaching up to
90.1±1.3%, 61.3±4.7 and 65.2±1.9% after 28 days, respectively
(pb0.0001; Fig. 4A).

The relative amounts of BMP-2 released during the different phases (i.e.
burst release, sustained release, and retained BMP-2 after 28 days) are
depicted in Fig. 4B. For CPC/surface, the burst releasewas significantly higher

image of Fig.�5
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compared to CPC/PLGA and CPC/liquid (Fig. 4B; pb0.001; for CPC/PLGA
10.3±8.5%, for CPC/liquid 8.5±3.0 and for CPC/surface 51.8±7.1%). The re-
lease rate per day from day 1–28 (Fig. 4B; % per day) of CPC/surface com-
pared to CPC/liquid was significantly lower (pb0.01, release rate of 1.4±
0.3% and 2.1±0.1% per day for CPC/surface and CPC/liquid, respectively). Be-
tween CPC/surface and CPC/PLGA (p=0.47; for CPC/PLGA 1.8±0.4%) and
between CPC/PLGA and CPC/liquid (p=0.14) no differences were observed.

After 28 days, a significant lower protein retention for CPC/
surface was observed compared to CPC/PLGA and CPC/liquid
(Fig. 4B; pb0.0001; for CPC/PLGA 39.2±4.2%, for CPC/liquid 36.0±
3.2% and for CPC/surface 9.9±1.3%).

3.4.3. Osteoinductive capacity of the different formulations
The structural integrity of the scaffolds wasmaintained in all exper-

imental groups. A fibrous capsule surrounding CPC/control and CPC/
porous, without the presence of inflammatory cells at the interface
was observed (data not shown). Ingrowth of soft tissue was observed
peripherally in CPC/control and throughout the implants in CPC/porous
and no bone formationwas observed in the vicinity of these scaffolds. A
fibrous capsule surrounding CPC/PLGA, CPC/liquid and CPC/surface,
without the presence of inflammatory cells at the interface was ob-
served (data not shown). In 4 out of 5 CPC/surface, a limited amount
of bone was formed at the periphery of the scaffold, while no bone for-
mation was observed in the vicinity of CPC/PLGA and CPC/liquid scaf-
folds (Fig. 5B). Back-scatter SEM micrographs confirmed the observed
peripheral bone formation in CPC/surface (Fig. 5C). Quantitative results
of ectopic bone formation revealed a total amount of bone in the periph-
ery of CPC/surface of 3.6±3.0 mm2.

4. Discussion

To enhance the biological performance of CPC biologically active
compounds, such as BMP-2, can be introduced. The clinical application
of CPC in an injectable form requires an integrated loading of BMP-2
via either PLGA-microparticles or the liquid phase of the cement. In
view of this, the current study comparatively evaluated the in vitro and
in vivo release profiles aswell as the osteoinductive potential of CPC scaf-
folds in a rat subcutaneous implantation model, in which BMP-2 was (i)
loaded onto dense PLGA-microparticles (CPC/PLGA), (ii) added to the
liquid phase of the cement (CPC/liquid), or (as a control) (iii) adsorbed
onto the surface of preset scaffolds (CPC/surface). It was hypothesized
that in view of an injectable CPC, the addition of BMP-2 via incorporated
PLGA-microparticles would result in an accelerated BMP-2 release lead-
ing to improved osteoinductive properties for CPC/PLGA compared to
CPC/liquid. The in vitro and in vivo release assays revealed that the
BMP-2 burst release from CPC/surface was significantly increased com-
pared to CPC/PLGA and CPC/liquid. The BMP-2 retention for CPC/surface
was significantly lower after 28 days compared to CPC/PLGA and CPC/
liquid, despite a significantly increased sustained release rate for CPC/
PLGA and CPC/liquid. The ectopic rat model demonstrated that only
CPC/surface is capable of inducing ectopic bone formation.

The release profiles of the different scaffold formulations revealed
similar patterns consisting of a burst release followed by a sustained re-
lease. However, the cumulative release was significantly increased at all
time points for surface-loaded BMP-2 compared to that for incorporated
BMP-2 (via either PLGA-microparticles or the liquid phase of the CPC).
This difference in cumulative release ismainly dependent on the largedif-
ference (~30% in vitro, ~40% in vivo) in burst release observed for
surface-loaded BMP-2 compared to that for incorporated BMP-2. The dif-
ference in burst release is likely to be related to the manufacturing pro-
cess of the different scaffolds, which results in an evidently distinct
protein distribution. Surface loaded BMP-2, was located peripherally
and hence in direct contact with the surrounding environment in which
BMP-2 could be released fast and freely. In contrast, incorporated
BMP-2 was located throughout the CPC and hence any released BMP-2
had to diffuse out of the scaffold. In addition, the protein diffusion within
CPC is dependent on the scaffold porosity, for which differences existed
regarding the temporal presence of porosity (i.e. directly for CPC/surface
and after degradation of PLGA-microparticles for CPC/PLGA and CPC/
liquid). Previous studies have demonstrated that the dense acid terminat-
ed PLGA-microparticles degrade in vitro between 2 and 6 weeks [12] and
are completely degraded in vivo after 4 weeks (current manuscript) at
ectopic locations. In vitro degradation of plain CPC (without PLGAmicro-
particles) starts fromweek1 [12,22] and is limited, but canbe substantial-
ly increased via the effect of acidic degradation products of PLGA. The fact
that all 3 experimental groups still show a linear sustained release indi-
cates that degradation (of the CPC) is governing release. However, a rela-
tionship between release and porosity is not univocally established.
Remarkably, similar release kinetics were observed for CPC/PLGA and
CPC/liquid, where it was expected that the rapid degradation of
PLGA-microparticles would evoke a faster release of adsorbed BMP-2. In
viewof this, it appears that liberated BMP-2molecules from the degraded
PLGA-microparticles readily adsorb to the ceramic matrix of CPC, after
which overall release kinetics show large similarity to scaffolds with
BMP-2 loaded via the liquid phase of the cement [23,24].

The in vivo release of BMP-2 in the current studywas ~10–20%higher
compared to the in vitro release of the different formulations. However,
the observed in vitro and in vivo release kinetics of the different scaffolds
followed a similar pattern. These findings corroborate earlier observa-
tions, in which despite similar release patterns (i.e. a burst release
followed by a sustained release) differences regarding the amounts be-
tween the in vitro and in vivo release kinetics of BMP-2 from CPC were
observed ranging from 50% [24] to 80% [25]. This difference is likely de-
pendent on the availability of proteins within body fluid and the large
buffering capacity of the body, which can be responsible for the differ-
ence in release amounts, re-adsorption of the protein and BMP-2 clear-
ance from the vicinity of the scaffold [26]. Therefore, Ruhé, Boerman,
Russel,Mikos, Spauwen, and Jansen [24] and Li, Bouxsein, Blake, Augusta,
Kim, Li, Wozney, and Seeherman [25] suggested to perform the in vitro
release experiment in protein-rich buffer solution to simulate more the
body fluid and therefore simulating more the in vivo release of the
growth factor. However, for the extrapolation of in vitro data to the in
vivo situation protein-rich buffer solution alone was not sufficient be-
cause the in vitro release profile of BMP-2 loaded CPC performed in a
protein-rich-buffer still underestimated the in vivo release profile with
~20% [24]. Therefore, the predictive value of in vitro release patterns im-
plicates an underestimation of the in vivo situation.

In the current study, the in vivo release of BMP-2 from the different
CPC scaffolds was analyzed noninvasively with SPECT imaging. With
SPECT the pharmacokinetic profile of 125I-labeled proteins could be
monitored quantitatively and the (localization of the) 125I-labeled pro-
teins could be visualized in the rats [27,28]. However, tracking the re-
leased 125I-BMP-2 molecules could not be visualized due to limitations
in the sensitivity. Nevertheless, due to a fixed implant position, concen-
trated 125I-BMP-2molecules in thedifferent scaffolds could be visualized
and analyzed accurately and reliably.

Although it seems straightforward to assume that the biological ac-
tivity of BMP-2 upon loading onto the surface of or into the scaffolds
might be compromised, earlier reports and side-experiments in the cur-
rent study provide evidence to prove this assumption wrong. For exam-
ple, in the current study as well as previously reported [14], the addition
of surface-loaded BMP-2 increased the osteoinductive properties of CPC,
indicating no effect on the bioactivity of BMP-2 upon surface loading. In
addition, several reports showed that the different loading methods to
incorporate BMP-2 into CPC used in the current study (i.e. adsorption
of BMP-2 to PLGA-microparticles or addition of BMP-2 to the liquid
phase of CPC) are capable to evoke either osteoinductive responses
[17,18] or enhance osteogenic responses [19]. Further indirect proof for
retained biological activity of BMP-2 was obtained via secondary struc-
ture analysis of dissolved BMP-2, which revealed no conformational
changes of the protein upon dissolution in the liquid phase of cement.
Unfortunately, direct evidence for retained biological activity of BMP-2
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upon loading into CPC via adsorption to PLGA-microparticles or addition
to the liquid phase remains unavailable, since cell culture experiments
with CPC scaffolds or releasate are impossible in viewof the effects of cal-
cium release from CPC [29,30]. Taken together, the indirect evidence in-
dicates that the lack of an osteoinductive effect of BMP-2 incorporated
within CPC is mainly dependent on an insufficient amount of (burst) re-
leased BMP-2 rather than to an altered BMP-2 bioactivity.

Previous reports assumed that for clinical applications in a bone envi-
ronment, a burst release is needed to result in an “above threshold”
amount of exogenous BMP-2 to trigger bone regenerative cells to stimu-
late bone formation [31–33]. However, lack of consensus exists regarding
appropriate amounts of BMP-2 [18,34]. In viewof that, the BMP-2 loading
methods for injectable CPC used in this study appeared unable to induce
bone formation ectopically. This observation is likely to be related not
only to the release profile asmentioned earlier, but also to the spatial dis-
tribution of BMP-2 throughout the entire scaffold (in contrast to con-
densed availability at the periphery of the scaffold following surface-
loading, which showed osteoinductive capacity). Still, BMP-2 loading for
CPC via adsorption to PLGA-microparticles or addition to the liquid
phasemight be a feasiblemeans to accomplish the stimulation of bone re-
generation at orthotopic locations. Further, it has to be emphasized that
addition of BMP-2 to the liquid phase of CPC is preferred above adsorp-
tion to PLGA-microparticles, since the manufacturing process is more
straightforward and less labor-intensive.

In conclusion, the present study demonstrated that BMP-2 loading is
feasible for injectable CPC via adsorption to PLGA-microparticles or ad-
dition to the liquid phase of CPC. These loading methods resulted in a
similar release profile over the course of 28 days, despite distinct pro-
tein distribution patterns. Compared to CPC-scaffolds with surface-
loaded BMP-2, these loading methods showed a similar release profile,
except for a significantly decreased burst release. As such, the observed
osteoinductive capacity for only CPC-scaffolds with surface-loaded
BMP-2 is likely to be related to this difference in burst release. It remains
unclear to what extent the differential BMP-2 loading methods for in-
jectable CPC can affect the biological response in a bone environment.
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