
ORIGINAL ARTICLE

Effects of enamel matrix proteins in combination
with a bovine-derived natural bone mineral
for the repair of bone defects

Richard J. Miron & Lingfei Wei & Dieter D. Bosshardt &
Daniel Buser & Anton Sculean & Yufeng Zhang

Received: 6 November 2012 /Accepted: 23 April 2013 /Published online: 8 May 2013
# Springer-Verlag Berlin Heidelberg 2013

Abstract
Objectives Previously, the use of enamel matrix derivative
(EMD) in combination with a natural bone mineral (NBM)
was able to stimulate periodontal ligament cell and osteo-
blast proliferation and differentiation. Despite widespread
use of EMD for periodontal applications, the effects of
EMD on bone regeneration are not well understood. The
aim of the present study was to test the ability of EMD on
bone regeneration in a rat femur defect model in combina-
tion with NBM.
Materials and methods Twenty-seven rats were treated with
either NBM or NBM + EMD and assigned to histological
analysis at 2, 4, and 8 weeks. Defect morphology and
mineralized bone were assessed by μCT. For descriptive
histology, hematoxylin and eosin staining and Safranin O
staining were performed.

Results Significantly more newly formed trabecular bone
was observed at 4 weeks around the NBM particles
precoated with EMD when compared with NBM particles
alone. The drilled control group, in contrast, achieved min-
imal bone regeneration at all three time points (P<0.05).
Conclusions The present results may suggest that EMD has
the ability to enhance the speed of new bone formation
when combined with NBM particles in rat osseous defects.
Clinical relevance These findings may provide additional
clinical support for the combination of EMD with bone graft
for the repair of osseous and periodontal intrabony defects.
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Introduction

The treatment of bone defects or deficiencies still poses a
great clinical challenge in periodontology and oral surgery.
Although a variety of techniques exist to manage this prob-
lem, each technique presents its own advantages and disad-
vantages. One modality which has been shown to facilitate
periodontal regeneration by stimulating new cementum, al-
veolar bone, and periodontal ligament (PDL) formation is
the application of an enamel matrix derivative (EMD) [1–4].
The major component of EMD is amelogenins, a family of
hydrophobic proteins that account for more than 95 % of the
total protein content of the enamel matrix [5]. Other proteins
found in the enamel matrix include enamelin, ameloblastin
(also called amelin or sheathlin), amelotin, apin, and various
proteinases [6, 7]. In order to improve the outcomes
obtained with EMD, various combinations of EMD and
different types of bone grafting materials have been used.
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Findings from controlled clinical studies have indicated that
a combination of EMD and some types of grafting materials
may additionally improve the clinical outcomes compared
to treatment with EMD alone or to grafting materials alone
[8–14]. Despite the fact that periodontal regeneration has been
histologically demonstrated and is accompanied by substan-
tial clinical improvements following the use of EMD in
intrabony defects [1], much less emphasis has been placed
on determining the effects of EMD on pure bone defects.

One widely used and well-documented grafting material
is the natural bone mineral (NBM), which is a highly puri-
fied anorganic bone matrix mineral from bovine origin. The
material possesses an excellent biocompatibility and
osteoconductivity and is routinely used in reconstructive
bone surgery. Recently, we have demonstrated that EMD
significantly increased cell attachment, proliferation and
differentiation of human primary osteoblasts, and PDL cells
on EMD-coated NBM particles when compared to control
particles in vitro [15]. EMD also stimulated the release of
growth factors, cytokines, and differentiation markers in-
cluding bone morphogenetic protein 2, transforming growth
factor beta 1, collagen1α1, alkaline phosphatase, and
osteocalcin [15, 16]. To complement previous in vitro find-
ings, the aim of the present study was to investigate the
combination of EMD and NBM particles in a rat femur
defect to determine the effects of EMD solely on bone
regeneration. We hypothesized that precoating EMD on
NBM particles would have a positive effect on bone regen-
eration in this model system due to the abundance of pro-
genitor cells in the bone marrow cavity.

Materials and methods

Animals and surgical protocols

Twenty-seven male Wistar rats (mean body weight, 200 g)
were used in this study with all handling and surgical pro-
cedures in accordance with the policies of the Ethics Com-
mittee for Animal Research, Wuhan University, China. All
animals were kept at 20–25 °C under a 12-h light/dark cycle
and allowed food and water ad libitum. All operations were
carried out under sterile conditions with a gentle surgical
technique. The surgeon (YF) was blinded to the treatment.
A single intramuscular dose of penicillin 40,000 IU/ml was
administered postoperatively. No significant preoperation or
postoperation fractures were produced.

Femur defect drilling was performed under general anes-
thesia by intraperitoneal injection of sodium pentobarbital
(40 mg/kg body weight). A linear skin incision of approx-
imately 1 cm in the distal femoral epiphysis was made
bilaterally, and blunt dissection of the muscles was
performed to expose the femoral condyle [17, 18]. Then, a

2.2-mm-diameter anteroposterior bicortical channel was cre-
ated perpendicular to the shaft axis to remove cancellous
bone by using a trephine bur at a slow speed irrigated under
saline solution to avoid thermal necrosis. The drilled holes
were rinsed by injection with saline solution in order to
remove bone fragments from the cavity. The morphology
and position of the hole are presented in Fig. 1a. An equal
amount of implant materials (0.1 g per hole) was then gently
placed to fill the grilled defects according to group alloca-
tion: drilled control, NBM, and NBM + EMD (Emdogain®
[i.e., EMD + propylene glycol alginate carrier], Institut
Straumann, Basel, Switzerland), respectively (9 rats used
at each time point (18 defects)). The three treatment groups
were randomly divided into three groups of six defects.
Each animal received two types of treatments such as con-
trol defects and NBM alone, or control defects and NBM +
EMD, or NBM and NBM + EMD at each time point.

At each time point, 2.4 and 8 weeks after femur
surgery, rats in these three groups were sacrificed ac-
cordingly. All femurs were removed and assigned to
histological evaluation.

μCT analysis

The samples were fixed in 4 % formaldehyde for 24 h at
room temperature. A μCT imaging system (μCT 50, Scanco
Medical AG, Bassersdorf, Switzerland) was used to evaluate
new bone formation within the defect region. All samples
were placed in a custom-made holder to ensure that the long
axis of the drilled channel was oriented perpendicular to the
axis of X-ray beam. Scanning was performed at 55 kV and
114 μA with a thickness of 0.048 mm per slice in medium
resolution mode, 1,024 reconstruction matrix, and 200 ms
integration time.

Histological preparation and immunohistochemical studies

Femoral condyles were decalcified in 10 % ethylenedia-
minetetraacetic acid for 2 weeks, changed twice per week,
and then dehydrated in a series of graded concentration of
ethanol from 70 to 100 %. To get a distinct view of the
defect, the orientation and alignment of femurs were care-
fully considered during paraffin embedding. A series of
slices starting at a distance of 1 mm proximal from the end
of the growth plate with a length of 2 mm were chosen for
evaluation. For analysis of the bone regeneration process
within the defect, the central region of the 2.5-mm-diameter
defect was defined by analyzing a circular contour as area of
measurement per slice, thus to obtain a consistent volume of
interest and to avoid including the native bone margins.

Longitudinal serial sections, 4 μm thick, were cut and
mounted on polylysine-coated microscope slides. For de-
scriptive histology, hematoxylin and eosin (H&E) staining
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Fig. 1 μCT images
demonstrating the morphology
and defects either left unfilled
(a–c), filled with NBM (d–f), or
filled with NBM + EMD (g–i)

Fig. 2 Representative sections
of H&E staining demonstrate
the healing of defects left
unfilled (a–f), filled with NBM
(g–l), or filled with NBM +
EMD (m–r) at 2, 4, and
8 weeks post-implantation.
More newly formed bone can
be observed in groups treated
with NBM and NBM + EMD
when compared to control drill
defects. Arrowhead, newly
formed bone; black arrow,
osteoclasts; asterisk, filled
graft; black scale bar, 500 μm;
white scale bar, 50 μm
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and Safranin O staining (Sigma #S2255; Sigma-Aldrich, St.
Louis, USA) were performed according to manufacturer’s
protocol. Specimens were examined under microscopic light
by using Olympus DP72 microscope (Olympus Co., Japan).
To validate the results, each experiment was repeated at least
three times.

Evaluation of new bone formation

After digitizing the images deriving from H&E-stained sec-
tions, bone regeneration score was operated by three indi-
vidual blinded observers to the identity of sections using a
semiquantitative visual scoring method. Bone formation
was evaluated using a bone score ranging from 0 to 5 as
previously described (0, no bone formation; 1, minimal
bone formation (only very small area in the defect); 2, low
bone formation (less than one fourth of the defect); 3,
moderate bone formation (less than one half and more than
one fourth of the defect); 4, abundant bone formation (less
than three fourths of the defect and more than one half of the
defect); and 5, complete bone formation (more than three
fourths of the defect).

Qualification of the regenerated bone was done according
to Safranin O staining by using Image-Pro Plus 6.0 software
(Media Cybernetics, USA). Areas of newly formed bone
which acquired a bluish-green stain were delineated manu-
ally and then calculated as the percentage of new bone area

in total cross-sectional area [(bone area/total area)×100 %]
[19]. As previously mentioned, integrated optical density
was representative parameters to assess the immunostaining
intensity [20]. Nine randomly selected representative fields
(2,048×1536 pixels) from each section were identified
(original magnification ×10) and averaged.

Statistical analysis

All statistical analysis was performed by using Statistical
Package for the Social Sciences (SPSS) 17.0 software
(SPSS, Chicago, IL). Data (percentage of new bone
formation and COL-1 staining intensity) were expressed
as mean±standard deviation and analyzed using one-way
ANOVA and post hoc t test. For the bone regeneration
score, the Kruskal–Wallis H test was used followed by
Mann–Whitney U test if statistically significant. A 5 %
(P<0.05) level of significance was adopted.

Results

μCT analysis

μCT reconstruction was used to visualize the ability of
unfilled, NBM-filled, and NBM + EMD-filled groups to
influence new bone formation (Fig. 1). As can be seen from
the unfilled control groups, little to no bone formation was
observed at 2 weeks post-implantation (Fig. 1a) with little
new bone formation occurring at the cortex of defects at 4
and 8 weeks post-implantation (Figs. 1b and 2c). Defects
filled with NBM material initially demonstrate a large filled
area of mineralized tissue since NBM grafting particles are
mineralized (Fig. 1d). Increases in new bone formation
are observed at 4 and 8 weeks post-implantation
(Fig. 1e, f). A similar trend is observed for defects
filled with NBM + EMD when compared to NBM
alone (Fig. 1g–i). Due to the inability to quantify solely
mineralized tissues produced from new bone (as op-
posed to the mineralized tissue contained in NBM
particles), a conventional histological approach was uti-
lized to quantify new bone formation using morpho-
histometric analysis (Figs. 2, 3, 4, and 5).

Histological observation and immunohistochemical
assessment

During all experiments, the implantation’s foreign body
reaction was weak and there was no sign of inflammation.
At each time point of 2, 4, and 8 weeks, representative
sections of H&E staining and Safranin O staining are
presented in Figs. 3 and 5, respectively, showing the inter-
face between the tissue and the implanted graft.

Fig. 3 Nonparametric analysis of the H&E staining images reveals
that significantly higher new bone formation was observed in drilled
defects filled with NBM + EMD when compared to control and NBM
groups at 4 weeks (*P<0.05). At 2 and 8 weeks post-implantation,
higher yet nonsignificant difference in new bone formation was
detected between NBM + EMD and NBM alone treatment groups
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After 2 weeks, regenerated new bone and fibrous
tissue were observed in treatment groups filled with
both NBM and NBM + EMD (Fig. 2g, j, m, p), while
the mesenchymal cells derived from marrow cavity oc-
cupied the whole drilled cavity of the drilled control
group (Fig. 2a, d). No visible difference in new bone
formation was observed between NBM and NBM +
EMD groups at 2 weeks. At 4 weeks post-operation,
minimal bone formation in the control samples could be
observed with large voids still present (Fig. 2b, e). In
contrast, by 4 weeks post-implantation, new bone for-
mation in both the NBM precoated with EMD and
NBM only filled defect (Fig. 2h, n) increased dramati-
cally. In morphology, mature bone lacuna with the pres-
ence of osteocytes in the NBM + EMD-filled defect
was more analogous when compared to NBM alone.

In both experimental groups, multinuclear osteoclasts
were visible between the interface of new bone and
NBM particles. At 8 weeks post-operation, the continual
progression of new bone formation around NBM parti-
cles was observed around NBM particles either
precoated with/without EMD (Fig. 2i, l, o, r). Defects
that were left unfilled were still void of any substantial
amount of regenerated new bone formation (Fig. 2c, f ).

The bone regeneration score (Fig. 3) was graded by the
H&E staining images by using a semiquantitative analysis.
Significantly much more newly formed bone was observed
around both NBM + EMD and NBM alone when compared
to the drilled control group at all time points (P<0.05).
Statistical analysis revealed new bone formation was signif-
icantly higher in the NBM + EMD group at 4 weeks when
compared to NBM alone (P<0.05). At 8 weeks, no

Fig. 4 a–r Representative sections of Safranin O staining demonstrating the healing of treatment at 2, 4, and 8 weeks post-implantation. Red arrow,
osteoclast; arrowhead, osteoblast; asterisk, NBM particle; solid triangle, fibrous ossification; black scale bar, 500 μm; white scale bar, 50 μm
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significant difference between NBM + EMD and NBM
could be observed although results still demonstrate
increased bone formation in the defects treated with
NBM + EMD.

Safranin O staining was utilized to quantify newly
formed bone by delineating manually and calculating the
percentage of new bone area in total cross-sectional area
(Figs. 4 and 5). Consistent with the bone regeneration score,
the fraction of new bone formation (Fig. 5) in defects filled
with EMD + NBM was significantly higher among the three
treatments at 4 and 8 weeks post-implantation (P<0.05).
Although no significant difference between the NBM +
EMD group and NBM only group could be observed
at 2 weeks, the percentage of new bone formation
increased dramatically from 9.517 ±0.404 % at 2 weeks
to 15.618±0.353 % at 4 weeks and maintained stability
of 16.135±0.273 % at 8 weeks, which were both sig-
nificantly higher when compared to NBM alone and
control unfilled defects (P<0.05).

Discussion

EMD is a widely used biologic agent capable of enhancing
periodontal wound healing/regeneration [1]. In vitro studies
on EMD have been well documented in both osteoblasts and
PDL cells [15, 21–24]. EMD has a significant influence on
cell behavior of many cell types by mediating cell attach-
ment, spreading, proliferation, and survival as well as ex-
pression of transcription factors, growth factors, cytokines,
extracellular matrix constituents, and other molecules in-
volved in the regulation of bone remodeling [21, 25].

Although extensive literature provides strong evidence
that EMD enhances periodontal regeneration, the effects
on bone formation have primarily been limited to intrabony
defects [1]. The specific stimulatory effects of EMD on bone
formation in osseous defects have received much less atten-
tion. Although EMD has shown some osteopromotive effect
on the early healing phases in rat femur defects [26], EMD
failed to stimulate significant new bone formation in
calvaria defects [27–29], rabbit tibia defects [30], and peri-
implant defects in dogs when combined with various other
grafting materials [31].

In this study, we sought to characterize the effects of
EMD on pure bone defects in a rat femur model. This model
was chosen because it contains an area with a high number
of mesenchymal progenitor cells in the bone marrow cavity.
Since EMD has been demonstrated to have a significant
effect on PDL regeneration (an area that also contains a
high number of progenitor cells), the major focus of this
study was to determine if EMD could also enhance bone
regeneration where a large pool of osteoblast progenitor
cells are present.

In the presented study, we first sought to characterize new
bone formation by μCT analysis; however, the inability to
accurately quantify new bone formation as opposed to min-
eralized tissue contained in NBM particles led us to utilize a
conventional histological approach to quantify new bone
formation. The results from histological quantification of
new bone formation demonstrated that EMD significantly
increased new bone formation at 4 and 8 weeks post-
implantation when compared to NBM particles alone and
drilled control defects (Fig. 5). The results from this study
are consistent with a previous study demonstrating that
EMD has the potential to rapidly stimulate osteoblast pro-
liferation at early time points and later induces osteoblast
differentiation as assessed by real-time PCR and Alizarin
Red staining [15].

Recently, the effects of EMD on the multilineage differ-
entiation of human PDL cells in vitro have been tested [32].
Although PDL cells treated with EMD under nonselective
growth conditions did not show any evidence of osteogenic,
adipogenic, chondrogenic, neovasculogenic, neurogenic,
and gliogenic differentiation, when supported with selective
growth conditions, EMD upregulated osteogenic,
chondrogenic, and neovasculogenic differentiation, but
suppressed adipogenesis, neurogenesis, and gliogenesis.
The results from Amin et al. demonstrate that under the
right conditions, EMD is able to stimulate osteoblast
differentiation, thus making it likely that EMD can
enhance bone formatting in osseous defects in vivo.

Although EMD has previously been shown not to pos-
sess osteo-inductive potential, it possesses osteopromotive
benefits since the combination with active DFDBA resulted
in enhanced bone induction [33]. Since EMD is capable of

Fig. 5 Percentage of new bone formation measured by analysis of the
Safranin O staining images. Significantly higher new bone formation
was observed in NBM + EMD group when compared to control
unfilled and NBM alone groups at 4 and 8 weeks post-implantation.
*P<0.05, **P<0.01
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enhancing bone formation but may lack the ability to recruit
progenitor cells, it is possible that the additional benefits of
EMD observed in the present study may be caused by the
femur defect model chosen. As femur defects in young rats
are a prominent source of bone marrow, the additional
benefits as seen in the present study when compared to other
calvarial defect studies testing the efficacy of EMD may be
caused by the availability for the defect site to contain a
higher number of mesenchymal progenitor cells. These
findings are in accordance with an in vitro study by Dean
et al. who previously suggested that the effects of EMD are
more beneficial on cells early in their differentiation process
when compared to a more differentiated phenotype [34].
This rationale also provides support for the additional ben-
efits of EMD for the repair of intrabony defects. The peri-
odontal ligament is a highly regenerative tissue which
contains a high number of mesenchymal progenitor cells
capable of differentiating into many cell types. As enamel
matrix proteins are of critical importance for cell differentia-
tion during embryonic development, it is likely that histori-
cally, EMPs act upon a cell type early in their differentiation
process. The results from the present study also seem to hint
that EMDmay target cells early in their differentiation process
and offers rationale for the varied results when EMD is used to
treat osseous defects.

Conclusions

Within the limits of the present study, these findings indicate
that both experimental groups, NBM alone and NBM +
EMD, are viable treatment options for filling osseous de-
fects. Furthermore, the results from this study may suggest
that additional benefits may exist for NBM particles
precoated with EMD as this combination improved new
bone formation both 4 and 8 weeks post-implantation. The-
se results also support the clinical evidence that EMD may
not only be confined to cementum and PDL regeneration but
also that of bone.
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