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ABSTRACT

Purpose: To repair large-size bone defects, most bone-defect-filling materials in clinic need to obtain osteoinductivity either
by mixing them with particulate autologous bone or adsorbing bone morphogenetic protein 2 (BMP2). However, both
approaches encounter various limitations. In this study, we hypothesized that our novel particles of biomimetic BMP2-
coprecipitated calcium phosphate (BMP2-cop.BioCaP) could serve as an independent and biodegradable osteoinducer to
induce bone formation efficiently for these bone-defect-filling materials, for example, deproteinized bovine bone (DBB).

Materials and Methods: We alternately layer-by-layer assembled amorphous and crystalline CaP triply to enable a “bamboo-
like” growth of the particles. We functionalized BioCaP by coprecipitating BMP2 into the most outer layer of BioCaP. We
monitored the degradation, osteoinductivity, and foreign-body reaction of either BMP2-cop.BioCaP or its combination
with DBB in an ectopic site in rats.

Results: After 5 weeks, the BMP2-cop.BioCaP significantly induced new bone formation not only alone but also when mixed
with DBB. Its osteoinductive efficiency was 10-fold higher than the adsorbed BMP2. Furthermore, BMP2-cop.BioCaP also
reduced significantly the host foreign-body reaction to DBB in comparison with the adsorbed BMP2. After a 5-week
implantation, more than 90% of BMP2-cop.BioCaP degraded.

Conclusions: These findings indicate a promising clinical potential for BMP2-cop.BioCaP in the repair of large-size bone
defects.

KEY WORDS: biomimetic, bone morphogenetic protein, bone regeneration, calcium phosphate, layer-by-layer,
osteoinducer

INTRODUCTION

Large-size bone defects exceed the self-healing capacity

of bone tissue and often a profibrotic microenvironment

is formed in the defects.1 To realize their osseous resto-

ration, bone-defect-filling materials are indispensable.

Although autografts are still regarded as the “gold stan-

dard” bone-defect-filling materials, their application is

still limited because of the low available quantity as

well as donor-site pain and morbidity.2 Consequently,

allografted, xenografted, and synthetic calcium phos-

phate (CaP)-based materials (e.g., deproteinized bone

and biphasic CaP) are widely adopted clinically for the

treatment of large-size bone defects. These materials are
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also highly osteoconductive so that they can signifi-

cantly enhance the migration of osteogenic cells. However,

such an enhancement is still too limited to realize osseous

restoration. They intrinsically lack osteoinductivity for

inducing bone regeneration in a profibrotic environment.

One common approach used clinically is to combine

bone-defect-filling materials with ground autografts3 —

which supplies the necessary osteogenic elements — for

repairing large-size bone defects. In this case, the above-

mentioned limitations of autografts ensue.

One promising approach to this problem is to

confer osteoinductivity to these CaP-based materials by

using an osteoinductive agent, such as bone morphoge-

netic protein 2 (BMP2). BMP2 is a dimeric disulfide-

linked polypeptide growth factor under transforming

growth factors-b superfamily. BMP2 has been approved

by Food and Drug Administration (FDA) and shown to

induce bone formation in animal studies and clinical

trials.4–7 A consensus has been reached that the in vivo

osteoinductive efficiency of BMP2 is highly dependent

on its release kinetics. The present mode of delivery in

clinic – superficial adsorption of BMP2 onto bone-

defect-filling materials8 – is associated with a rapid and

burst release.9,10 Most of such delivered BMP2 is released

too rapidly to induce a sustained osteogenic activity at

the site of the implantation. This difficulty cannot be

overcome satisfactorily merely by increasing the loading

dose of BMP2. Apart from the tremendous expense that

would be incurred, the transient high local concentra-

tion of BMP2, which would be generated, could induce

various side effects, such as an excessive stimulation of

local bone resorption and the induction of bone forma-

tion at unintended sites.11–13

To be optimally osteoinductive, BMP2 needs to be

delivered to target sites at low concentrations in a sus-

tained manner. One such approach is to coprecipitate

BMP2 into a thin layer of biomimetic CaP (BioCaP)

coating that is prepared on the surfaces of biomaterials.4

We have recently shown that coating-coprecipitated

BMP2 induced a significantly higher volume of new

bone surrounding the biomaterials than the super-

ficially adsorbed BMP2.14 In addition, the coating-

coprecipitated BMP2 could also suppress significantly

the host foreign-body reaction to the biomaterials, while

the superficially adsorbed BMP2 could not.15 On the

other hand, although the biomimetic coating technique

is broadly applicable to a series of bone-defect-filling

materials,16 its application is not unlimited because of the

dependence of coating growth on the physicochemical

properties of the underlying biomaterials as well as the

need to prepare the coatings on these materials.

Recently, we made a breakthrough in modifying the

biomimetic coating procedure. Thereby, we have for the

first time alternately layer-by-layer assembled BMP2-

coprecipitated BioCaP (BMP2-cop.BioCaP) particles

that could serve as an independent “osteoinducer.” This

novel BMP2-cop.BioCaP was designed to be mixed

directly with clinically used bone-defect-filling materials

to induce bone formation. In this study, we monitored

the biological properties of BMP2-cop.BioCaP such as

degradation, osteoinductivity, and foreign-body reac-

tion. We also ascertained whether BMP2-cop.BioCaP

could efficiently induce bone formation surrounding,

and suppress the host foreign-body reaction to a clini-

cally used bone-defect-filling material — deproteinized

bovine bone (DBB).

MATERIALS AND METHODS

In Vitro Investigation

Preparation of Layer-by-Layer Assembled BioCaP Par-

ticles with or without Coprecipitated BMP2. The protocol

(Figure 1) to produce the layer-by-layer assembled BioCaP

particles was derived from our well-established biphasic

biomimetic coating protocols.4,17,18 Briefly, microparticles

of amorphous CaP were obtained in 2,000 mL of the

fivefold-concentrated simulated body fluid (684 mM

NaCl; 12.5 mM CaCl2·2H2O; 21 mM NaHCO3; 5 mM

Na2HPO4·2H2O; and 7.5 mM MgCl2·2H2O [Sigma,

St. Louis, MO, USA]) for 24 hours at 37°C. Thereafter,

the amorphous CaP microparticles were immersed in

1,000 mL of a supersaturated CaP solution (40 mM HCl;

2 mM Na2HPO4·2H2O; 4 mM CaCl2·2H2O; and 50 mM

TRIS base [Sigma] [pH 7.4]) for 48 hours at 37°C.

Thereby, a thick layer of crystalline CaP was deposited

on amorphous CaP microparticles. After drying at room

temperature, these particles were then immersed in the

fivefold simulated body fluid (24 hours) and the super-

saturated CaP solution (48 hours) alternately for a total

of three cycles. During the preparation of the final crystal-

line CaP layer, BMP2 (INFUSE® Bone Graft, Medtronic,

Minneapolis, MN, USA) was introduced into this super-

saturated CaP solution at a final concentration of 2 mg/mL

and coprecipitated with the crystalline CaP layer. The

samples were then freeze dried. The entire procedure was

conducted under sterile conditions.
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Surface Characterization of the BioCaP. The surface

characteristics of BioCaP were evaluated in a scanning

electron microscope (XL 30, Philips, Eindhoven, the

Netherlands). For this purpose, samples of the material

were mounted on aluminum stubs and sputtered with

gold particles to a thickness of 10 to 15 nm.

Determination of the Amount of the Coprecipitated

BMP2. The amount of coprecipitated BMP2 was deter-

mined using a commercially available enzyme-linked

immunosorbent assay (ELISA) kit (PeproTech, London,

UK). 0.05 g of BMP2-cop.BioCaP was dissolved in 1 mL

0.5 M Ethylenediaminetetraacetic acid (EDTA) (pH

8.0). The ELISA was performed according to the manu-

facturer’s instructions. Three samples were used for this

purpose.

Confirmation of the Homogeneous Distribution of the

Coprecipitated Protein by Fluorescence Microscopy. To

investigate the distribution of the coprecipitated

protein within BioCaP, BMP2 was substituted by

a model protein – bovine serum albumin that had

been conjugated with fluorescein isothiocyanate19

(FITC-BSA [Sigma]). FITC-BSA was introduced into

the supersaturated CaP solution at a final concentration

of 2 mg/mL. After freeze drying, the coated samples

were embedded in methyl methacrylate. Six hundred-

micrometer-thick sections were prepared and affixed to

Plexiglas holders. These sections were then ground

down to a thickness of 80 mm for an inspection in a

fluorescence microscope.

In Vitro Monitoring of the Release Kinetics of the Copre-

cipitated Protein in BioCaP. To monitor the release

kinetics of the coprecipitated protein in BioCaP, FITC-

BSA (2 mg/mL) was introduced into supersaturated CaP

solution for the final immersion. Six samples were used

to determine the total amount of coprecipitated FITC-

BSA. These samples were immersed in 1 mL of 0.5%

EDTA (pH 8.0) and vortexed twice for 5 minutes to

Figure 1 Schematic graphs demonstrating the layer-by-layer assembling process of biomimetic calcium phosphate (BioCaP).
Microparticles of amorphous CaP that were initially obtained from the fivefold simulated body fluid were immersed into
supersaturated CaP solution for 48 hours and the fivefold simulated body fluid for 24 hours alternately. Thereby, amorphous CaP
and crystalline CaP were layer-by-layer assembled. Then, the particles were immersed into a supersaturated CaP solution with
2 mg/mL bone morphogenetic protein 2 (BMP2). After 48 hours, the particles were air dried and ready for use. The increase of
particle size was attributed to both the layer-by-layer growth of coatings and the aggregation of particles by the growing coatings.
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ensure complete dissolution of coatings. The superna-

tants were withdrawn for analysis of total loading of

FITC-BSA.

To monitor the release kinetics, six samples of DBB

mixed with FITC-BSA-cop.BioCaP at a volume ratio of

4:1 and six samples of DBB bearing an equivalent

amount of adsorbed FITC-BSA (included for the

purpose of comparison and prepared likewise as the

adsorption of BMP2) were incubated in sealed 10-mL

glass tubes containing 2 mL of phosphate-buffered 0.9%

saline (pH 7.4). The tubes were incubated for up to 35

days in a shaking water bath (60 agitations/min), which

was maintained at 37°C. The sampling and measure-

ment with spectrophometer were performed following

the protocol as previously published.15 Fluorescence

readings were converted to amounts of protein using a

standard curve, which was generated by preparing a

dilution series of FITC-BSA in 5 mL of phosphate-

buffered 0.9% saline. The temporal release of FITC-BSA

was expressed as a percentage of the total amount that

had been coprecipitated into the crystalline layer of the

BioCaP or that had been adsorbed directly onto the DBB

particles.

In Vivo Investigation

We adopted a subcutaneous bone induction model in

rats to further evaluate the BMP2-cop.BioCaP in vivo in

aspects of degradation, osteoinductivity, and foreign-

body reactivity. We measured the following parameters:

(1) volume density of newly formed bone; (2) volume

density of foreign-body giant cells (FBGCs); (3) volume

density of BioCaP; and (4) osteoinductive efficiency of

BMP2.

Grouping. As an experimental animal model, we used

adult male Wistar rats (200–220 g). Six groups were

established (n = 6 animals per group): (1) BioCaP; (2)

BMP2-cop.BioCaP; (3) DBB alone; (4) DBB bearing

adsorbed BMP2; (5) DBB mixed with 0.07 cm3 BioCaP;

and (6) DBB mixed with 0.07 cm3 BMP2-cop.BioCaP.

The amount of BMP2-cop.BioCaP (0.07) was deter-

mined according to our previous study.15 It showed

that about 10 to 15 mg of the coating-coprecipitated

BMP2 could sufficiently induce bone formation. About

0.07 cm3 BMP2-cop.BioCaP contains 10.29 1 1.94 mg

BMP2 according to the ELISA result.

0.15 g of DBB (about 0.35 cm3) per sample was

used. The samples of DBB bearing adsorbed BMP2

(about 13.5 mg) were prepared as described previously.15

The loading process was achieved by introducing a

75 mL aliquot of stock solution (0.18 mg/mL) into 1-mL

Eppendorf tubes containing 0.15 g of DBB particles.

Surgery and Histology. Animal experiments were con-

ducted with the permission of and in accordance with

the regulations laid down by the Animal Protection

Commission of the State of Bern (Switzerland). Eigh-

teen rats were used in this study. Each rat received two

samples from two different groups: they are either non-

BMP2-containing discs (groups 1, 3, and 5) or BMP2-

containing discs (groups 2, 4, and 6). To the end, six

animals were used for each group (n = 6 animals per

group).

The rats were acclimatized to their new surround-

ings for 5 days. Housing is in compliance with the

national guidelines for animal experimentation. Surgery

was performed under conditions of general anesthesia

(using Vetalar® [ketamine hydrochloride], Boehringer

Ingelheim Vetmedica, Inc., St. Joseph, MO, USA).4 Two

samples per rat were surgically implanted within lateral

dorsal subcutaneous pockets (one on the left side and

one on the right) and were trapped therein by suturing

the incision site. After surgery, the rats were kept in cages

of animal facility of Bern University for 1, 2, and 3

weeks. The animals were fed ad libitum with hay, granu-

lated food, and water.

Five weeks after surgery, the samples were

retrieved, chemically fixed, and embedded in methyl

methacrylate as previously reported.4,18 By applying a

systematic random-sampling strategy,20 the samples

were sawed vertically to the short axis, into 10 to 12

slices of 600 mm thickness with 1 mm apart. Odd- or

even-numbered slices of each sample were separately

mounted on Plexiglas holders and polished. The odd-

numbered slices were surface stained with McNeal’s

tetrachrome, basic fuchsine, and toluidine blue O21 for

the histomorphometric analysis of various parameters

(see below). The even-numbered slices were subjected

to the tartrate-resistant acid phosphatase (TRAP) reac-

tion4,22 and counterstained with methyl green. They

were used to estimate the volume density of multi-

nucleated osteoclasts. Applying a two-step systematic

random-sampling strategy, 25 to 30 images at a final

magnification of ¥320 were recorded in a Leica DMRA

microscope (Leica, Wetzlar, Germany) and printed in

color for the histomorphometric analysis.
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Histomorphometric Analysis. In the present study, the

space under the fibrous capsule that embraced the whole

block of implants (subcapsular space) was taken as the

reference space. The reference space was estimated using

Cavalieri’s methodology.23 This involves measuring the

cross-sectional area of a defined number of tissue sec-

tions at a fixed distance apart through the reference

volume. The cross-sectional area of each section was

estimated using the point-counting technique.24

The volume densities of the bone, the multinucle-

ated cells, and the remaining materials were determined

stereologically from its area density on tissue sections by

the point-counting technique.24 The volume density of

FBGCs was obtained by subtracting that of TRAP-

positive osteoclasts from that of multinucleated cells.4

To compare the foreign-body reaction with either

BMP2-cop.BioCaP, BioCaP, or DBB in different groups,

the volume density of FBGCs was normalized to the

corresponding volume density of BMP2-cop.BioCaP,

BioCaP, or DBB.

The total volume of bone and the remaining

BioCaP material were estimated by multiplying the

volume densities of each parameter by the correspond-

ing subcapsular reference volume. The osteoinductive

efficiency of BMP2 was estimated by dividing the total

volume of bone by the amount of BMP2. Because

more than 90% of BMP2-cop.BioCaP was degraded,

we assumed that all the coprecipitated BMP2 in its

outer layer was completely used. The BMP2 that was

adsorbed onto DBB should also be exhausted after 5

weeks because it exhibited a burst release. Therefore,

we use the total loading of BMP2 to estimate the

osteoinductive efficiency.

Statistical Analysis

All data are presented as mean values together with the

standard deviation (mean 1 standard deviation). Data

were compared using a one-way analysis of variance

with the significance level being set at p < .05. Post hoc

comparisons were made using Bonferroni’s corrections.

RESULTS

In Vitro Characterization

In this study, we assembled three-dimensional particles

using this novel biomimetic layer-by-layer assembling

technique. Under scanning electron microscopy, the

amorphous CaP microparticles that were derived from

the fivefold simulated body fluid in the first cycle

showed morphology of irregular clusters of micro-

spheres with a diameter of 1.5 to 3 mm (Figure 2A). After

immersing these amorphous CaP microparticles in

supersaturated CaP solution for 48 hours, a crystalline

CaP deposited on their surfaces and showed plate or

needle-like crystals (see Figure 2B). After three cycles of

alternate immersion, the particle size increased from the

initial 5 to 20 mm up to 100 to 1000 mm (see Figure 2D)

with a crystalline outer layer (see Figure 2C). The copre-

cipitated protein is located within the whole outer

crystalline CaP layer (Figure 3A). As anticipated, the

FITC-BSA that was adsorbed onto DBB was released

rapidly, being completely exhausted after 13 days (see

Figure 3B). In contrast, protein that was coprecipitated

into BioCaP was released gradually and at a steady rate

after the third day until the 35th day, at which in junc-

ture the initial depot had been depleted by no more than

50.1% (see Figure 3B). The total loading of BMP2 in

0.35 cm3 BMP2-cop.BioCaP is 51.13 1 9.68 mg, with a

coprecipitation rate of 30.1 1 5.7%.

In Vivo Study

Histological Results. Five weeks after the subcutaneous

implantation, BioCaP distributed compactly and did

not induce new bone formation (Figure 4A). Connec-

tive tissue infiltrated into the BioCaP particles, on the

surfaces of which multinucleated FBGC was frequently

found (see Figure 4A1). In contrast, BMP2-cop.BioCaP

distributed loosely and induced a large volume of new

bone (see Figure 4B). BMP2-cop.BioCaP was tightly

integrated into the new bone (see Figure 4B1).

Five weeks after implantation, new bone was only

found surrounding the DBB either with adsorbed

BMP2 (Figure 5B) or mixed with BMP2-cop.BioCaP

(see Figure 5D). No new bone formation was found sur-

rounding the DBB either alone (see Figure 5A) or mixed

with BioCaP (see Figure 5C). Bone was deposited abun-

dantly surrounding the DBB with BMP2-cop.BioCaP

(see Figure 5D), but only sporadically surrounding the

DBB with adsorbed BMP2 (see Figure 5B). The remain-

ing BioCaP showed clusters of round, ellipse, or irregu-

lar microparticles (see Figure 5C1). They distributed

among the DBB particles (see Figure 5C) with con-

nective tissue filling in between (see Figure 5C1). For

the DBB with BMP2-cop.BioCaP, bone tissue formed

with BMP2-cop.BioCaP as center and deposited on

the surfaces of both BMP2-cop.BioCaP and DBB (see

BMP2-cop.BioCaP: An Osteoinducer 647



Figure 5D). Bone tissue was found tightly integrated

with BMP2-cop.BioCaP and DBB without intervening

tissues (see Figure 5D1).

Histomorphometric Results. The volume density of bone

surrounding BMP2-cop.BioCaP was 0.36 1 0.07 mm3/

mm3 (Figure 6A). The remaining percentage of BMP2-

cop.BioCaP (5.6 1 2.1%) was significantly lower

than that of BioCaP (34.2 1 6.4%) (see Figure 6B).

The volume ratio of FBGCs to BMP2-cop.BioCaP

(0.063 1 0.0198 mm3/mm3) was also significantly lower

than that to BioCaP (0.110 1 0.0188 mm3/mm3) (see

Figure 6C).

The volume density of bone surrounding DBB

mixed with BMP2-cop.BioCaP (0.06 1 0.03 mm3/mm3)

was significantly higher than that surrounding

DBB with adsorbed BMP2 (0.007 1 0.009 mm3/mm3)

(Figure 7A). The osteoinductive efficiency of BMP2 in

the group of DBB mixed with BMP2-cop.BioCaP was

10-fold higher than that in the group of DBB with

Figure 2 Scanning electron micrographs depicting the morphologies of the initial amorphous calcium phosphate (CaP) particles
(A), the initial layer of crystalline CaP (B), and the final bone morphogenetic protein 2-coprecipitated biomimetic CaP (C and D).
Bars = 5 mm in A, B, and C. Bar = 200 mm in D.

Figure 3 (A) Fluorescence micrographs depicting the distribution of coprecipitated protein in the outer layer of biomimetic calcium
phosphate (BioCaP). Fluorescein isothiocyanate–bovine serum albumin (FITC-BSA) (green signal) was used to as a substitute for
bone morphogenetic protein 2 (BMP2). Bar = 100 mm. (B) Graph depicting the in vitro release kinetics of FITC-BSA from
deproteinized bovine bone (DBB) with BMP2-cop.BioCaP and DBB with adsorbed FITC-BSA.
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adsorbed BMP2 (see Figure 7B). The remaining per-

centage of BioCaP in the group of DBB with BMP2-

cop.BioCaP (8.4 1 5.5%) was significantly lower than

that in the group of DBB with BioCaP (24.9 1 6.1%)

(see Figure 6B). The mixture with DBB did not signifi-

cantly influence the remaining percentage of BioCaP

regardless of the coprecipitation of BMP2 (see Figure 6).

The volume ratio of FBGCs to BMP2-cop.BioCaP

(0.013 1 0.018 mm3/mm3) was also significantly lower

than that to BioCaP (0.155 1 0.019 mm3/mm3) at the

presence of DBB (see Figure 6C). The volume ratio of

FBGCs to the DBB mixed with BMP2-cop.BioCaP

(0.009 1 0.005 mm3/mm3) was significantly lower than

that to the DBB either alone (0.039 1 0.012 mm3/mm3),

with adsorbed BMP2 (0.038 1 0.006 mm3/mm3), or

with BioCaP (0.043 1 0.004 mm3/mm3) (see Figure 7C).

DISCUSSION

In this study, we have, for the first time, developed three-

dimensional BioCaP particles (100–1000 mm) by modi-

fying the principle for preparing the thin (10–50 mm)

and substrate-dependent BioCaP coatings. In this novel

particles, the advantage of the coatings in coprecipitat-

ing and slowly releasing proteinaceous cytokines

was maintained. We showed that this novel BMP2-

cop.BioCaP, serving as an independent “osteoinducer,”

could induce bone formation efficiently and suppress

the host foreign-body reaction when it was mixed with

DBB – a clinically used bone-defect-filling material. In

addition, BMP2-cop.BioCaP also exhibited a proper

degradation rate in vivo.

In our previous studies, we have already shown that

the BMP2-coprecipitated biomimetic coating is very

broadly applicable to bone-defect-filling materials and

dental implants. This was proven by the success in the

preparation of this coating on a broad range of bioma-

terials (e.g., metallic,4,25 inorganic,15 and polymeric

materials26) that have completely different geometries,

topographies, and surface chemistries.16 Albeit so, this

type of biomimetic coating on bone-defect-filling mate-

rials has the limitation that their growth relies still highly

on the proper surface roughness and/or active surface

chemistry of the bone-defect-filling materials.16 In this

study, we modified the biomimetic coating technique

and developed this BMP2-cop.BioCaP with an aim

of completely breaking through these limitations. The

BMP2-cop.BioCaP exhibited no dependence on the

physiochemical properties of bone-defect-filling mate-

rials and thus can possibly be applied with any kind of

granular bone-defect-filling materials used clinically.

Figure 4 Light micrographs of the cross sections through biomimetic calcium phosphate (BioCaP) (A and A1) and bone
morphogenetic protein 2-coprecipitated BioCaP (B and B1) after a 5-week implantation in subcutaneous site in rats. The sections
were stained with McNeal’s tetrachrome, basic fuchsine, and toluidine blue O. Yellow arrows point to the foreign-body giant cells
lying on BioCaP. Black arrows point to the remaining BioCaP. Asterisks indicate the newly formed bone. Bars = 200 mm in A and B.
Bars = 30 mm in A1 and B1.
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Meanwhile, this BMP2-cop.BioCaP is also easily

handled clinically, which will significantly favor its clini-

cal application.

The alternate assembling of the amorphous and

crystalline layer was indispensable to increase signifi-

cantly the volume of BioCaP particles. This is because

the amorphous CaP layer is very thin (1.5–10 mm) and

the crystalline CaP is hardly beyond 100 mm. By this

alternate layer-by-layer approach, we use the amorphous

CaP layer as a connection and seeding layer for the

growth of another layer of crystalline CaP. The BioCaP

grows in a “bamboo-like” pattern with the amorphous

CaP as the nodes and the crystalline CaP as the intern-

odes. After three cycles of alternate soaking in the

fivefold simulated body fluid and supersaturated CaP

solution alternately (Figure 1), the size of the BioCaP

significantly increased from the initial 5 to 20 mm to

100 mm to 1 mm (Figure 2). The increase in size was

attributed both to the “bamboo-like” layer-by-layer

growth of coatings and to the aggregation of underlying

particles by the growing coatings (Figure 1). The current

size of BMP2-cop.BioCaP seemed correct for sustaining

the osteoinductive effect of coprecipitated BMP2

because a large amount of new bone was induced with

high efficiency (Figure 7B).

Besides the size, the degradability of a CaP-based

biomaterial is very important for the in vivo longevity

and efficacy of its biological effects.27 After 5 weeks, 60 to

82% of BioCaP degraded (Figure 6B), which indicated a

significantly higher degradability of BioCaP than most

of the clinically used CaP-based bone-filling materials.

Such a rapid degradation is associated with its high

Figure 5 Light micrographs of the cross sections through deproteinized bovine bone (DBB) alone (A), DBB with adsorbed bone
morphogenetic protein 2 (BMP2) (B), DBB with biomimetic calcium phosphate (BioCaP) (C and C1), and DBB with
BMP2-cop.BioCaP (D and D1) after a 5-week implantation in subcutaneous site in rats. The sections were stained with McNeal’s
tetrachrome, basic fuchsine, and toluidine blue O. Asterisks indicate the newly formed bone. Bars = 200 mm in A, B, C, and D.
Bars = 30 mm in C1 and D1.
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dissolubility of BioCaP. This is because BioCaP was pre-

pared in biomimetic principle without the involvement

of nonphysiological conditions (e.g., high temperature)

and was composed of both amorphous CaP and cry-

stalline calcium-deficient hydroxyapatite with a low

crystallity.26 In contrast, most of the clinically used

bone-defect-filling materials are sintered, which leads

to the significantly increased crystallinity and thus

decreased dissolubility.28

Apart from the spontaneous dissolution, the degra-

dation of a material is also accelerated by many types

of cells (e.g., fibroblasts and monocytes/macrophages)

through phagocytotic mechanisms.29 When their phago-

cytic capacity is exceeded, macrophages can also fuse to

form FBGCs. In contrast, these multinucleated FBGCs

had a significantly higher resorptive efficiency30 and

played a major role in the degradation of BioCaP. Inter-

estingly, although the volume ratio of FBGCs to BMP2-

cop.BioCaP was significantly decreased (Figure 6C), the

degradation rate of BMP2-cop.BioCaP was significantly

increased in comparison with BioCaP (Figure 6B). In

fact, the suppression of FBGCs to CaP coatings in the

presence of coprecipitated BMP2 could be found from 2

to 3 weeks.4 These findings suggested that other resorp-

tion mechanisms played key roles in the degradation

of BMP2-cop.BioCaP. The activities of osteoblasts and

osteoclasts during the osteogenesis may account for

this phenomenon. Besides, except phagocytic activity,29

osteoblasts-mediated mineralization can generate many

protons31 that may promote the degradation of BMP2-

cop.BioCaP. Conventionally, these protons have to be

neutralized by an extracellular buffering system to

Figure 6 Graph depicting the volume density of new bone (A), percentage of remaining bone morphogenetic protein 2 (BioCaP)
(B), and volume ratio of foreign-body giant cells (FBGCs) to BioCaP (C) that were associated with BioCaP within the subcapsular
space (reference volume) for the four groups, 5 weeks after subcutaneous implantation in rats. Mean values (n = 6 animals per
group) are represented together with the standard deviation. *p < .05; **p < .01; ***p < .001. BMP2-cop.BioCaP = bone
morphogenetic protein 2-coprecipitated BioCaP; DBB = deproteinized bovine bone.

Figure 7 Graph depicting the volume density of new bone (A), osteoinductive efficiency of bone morphogenetic protein 2 (BMP2)
(B), and volume ratio of foreign-body giant cells (FBGCs) to bone morphogenetic protein 2 (BioCaP) (C) that were associated with
BioCaP within the subcapsular space (reference volume) for the four groups, 5 weeks after subcutaneous implantation in rats. Mean
values (n = 6 animals per group) are represented together with the standard deviation. *p < .05; **p < .01; ***p < .001.
DBB = deproteinized bovine bone.
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prevent their accumulation.32 CaP materials with a high

dissolubility may directly neutralize the protons, which

promote the activities of osteoblasts. The calcium and

phosphate ions generated in this way can greatly support

the process of osteogenesis. Consequently, a CaP mate-

rial that bears the greater solubility shows the higher

osteoconductivity.33 In this study, the osteogenesis was

significantly promoted by the coprecipitated BMP2,

which also increased significantly the osteoblast-

mediated degradation and reuse of BioCaP. On the other

hand, the mixture with DBB did not significantly

influence the degradation rate of either BioCaP or

BMP2-cop.BioCaP (Figure 6B), which indicated that the

degradation property of BMP2-cop.BioCaP was not

influenced by the targeting bone-defect-filling materials.

The release kinetics is a crucial factor for the osteoin-

ductive efficiency of BMP2. In a clinical application,

BMP2 is simply adsorbed superficially onto the bone-

defect-filling materials, which is associated with a high-

dose burst release and thus low osteoinductive efficiency.8

In contrast, the coating-coprecipitated BMP2 showed a

slow and sustained release and thus a significantly higher

osteoinductive efficiency than the adsorbed BMP2.14,15 In

line with this principle, DBB with BMP2-cop.BioCaP

induced significantly higher volume density of bone than

the DBB with adsorbed BMP2 (Figure 7A). Accordingly,

the osteoinductive efficiency of BMP2 in the group of

DBB with BMP2-cop.BioCaP was 10-fold higher than

that in the group of DBB with adsorbed BMP2

(Figure 7B). These findings indicated that BMP2-

cop.BioCaP could act as a powerful “osteoinducer” to

induce efficiently new bone formation for other granular

clinically used bone-defect-filling materials. Although

the newly formed bone originated from the BMP2-

cop.BioCaP, it did not stay unattached but integrated

tightly onto the DBB (Figure 5D1) without the interven-

ing of connective tissues. Thereby, DBB, BMP2-

cop.BioCaP, and the new bone form an interconnected

bony network (Figure 5D). In contrast, for the BioCaP

without the coprecipitation of BMP2, BioCaP and DBB

were isolated by fibrous connective tissues (Figure 5C1)

and no bone tissue was detected (Figure 5C).

One concern associated with the use of DBB is its

biocompatibility. Although DBB can integrate with bone

in a pro-osteogenic environment such as in noncritical-

sized bone defects and/or in the presence of a sufficiency

of autologous bone chips,34 it can provoke significant

foreign-body reactions in a profibrotic environment

such as at a subcutaneous site35 or in critical-sized bony

defects.1 Foreign-body reactivity is histologically charac-

terized by the local accumulation of macrophages, their

fusion to form FBGCs, and the deposition of dense

fibrous connective tissue.30 FBGCs begin to appear

between the 2nd and the 10th days after implantation.36

They often persist for the whole lifetime of the implant37

and their presence is known to be associated with the

failure of biomaterials.30 The foreign-body reaction may

significantly hinder the regeneration of bone and the

osseointegration of DBB. In this study, we found that the

volume ratio of FBGCs to DBB was significantly lower

in the group of DBB with BMP2-cop.BioCaP than that

in the group of either DBB alone, DBB with adsorbed

BMP2, or DBB with BioCaP (Figure 7C). This finding

indicated that BMP2-cop.BioCaP could not only induce

bone formation efficiently but also significantly suppress

the host foreign-body reaction to DBB. Such suppression

was most probably attributed to the extensive osteogen-

esis.15 The suppression of osteogenic activity on the for-

mation of FBGCs may be partially mediated by the

elevated levels of osteopontin, which is enriched during

bone regeneration. Osteopontin was previously shown

to suppress the fusion of macrophages into FBGCs both

in vitro and in vivo.38

The volume ratio of FBGCs to DBB in the group of

DBB with adsorbed BMP2 is similar with that in the

group of DBB alone. This finding indicated that the

transient high local concentration of BMP2 that was

generated by its burst release did not influence the

formation and accumulation of FBGCs at the 5-week

juncture. Because bone-formation activity cannot be

sustained when BMP2 was liberated in a single high-

dose burst, the volume density of osseous tissue that was

laid down was low (Figure 7A) and insufficient to hinder

the formation of FBGCs (Figure 7C).

CONCLUSIONS

In this study, we developed a novel BMP2-cop.BioCaP as

an independent slow delivery system for BMP2. BMP2-

cop.BioCaP can serve as “osteoinducer” to induce bone-

formation efficiently and to suppress the foreign-body

reaction to a clinically used bone-defect-filling material.

In addition, this material also exhibited proper degrad-

ability.All these properties confer this BMP2-cop.BioCaP

a very promising potential for the application clinically

to repair large-size bone defects.
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