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Abstract We determined the effects of soluble or coated
nanocrystalline hydroxyapatite paste (nano-HA) and enamel
matrix derivative (EMD) on proliferation, adhesion, and
migration of periodontal ligament fibroblasts (PDLs). Cul-
tured PDLs were stimulated with nano-HA paste or EMD in a
soluble form or were coated to the surface of cell culture
dishes. Proliferation of PDLs on coated nano-HA and EMD
was quantified by various methods including bromodeoxyur-
idine (BrdU) incorporation and Western blot. Cell migration
was investigated in a modified Boyden chamber. The surface
integrin profile of PDLs was determined using an integrin-
specific ELISA, and integrin-specific signaling was measured
by immunoblotting of phosphorylated focal adhesion kinase
(FAK). Coated nano-HA stimulated PDL proliferation to a
larger extent as compared with coated EMD. PDL migration

towards a nano-HA or EMD gradient was more efficiently
mediated by soluble EMD as compared with nano-HA but
vice versa, adhesion of PDLs to compound-coated dishes was
more effectively mediated by nano-HA as compared with
EMD. Mechanistically, majorly integrin α5β1-mediated
adhesion of PDL and both coated compounds mediated a
significant increase in FAK activation though to a different
extent. Current findings offer two different modes of action
for EMD and nano-HA paste. EMD efficiently acts as a
chemoattractant in its soluble form, while nano-HA paste
effectively serves as a synthetic extracellular matrix compo-
nent in its coated form. Our findings suggest that EMD and
nano-HA paste display different molecular characteristics and
apply alternative routes to mediate their beneficial effects on
periodontal tissues.
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Introduction

The aim of periodontal therapy is to control periodontal
tissue inflammation and to produce predictable regeneration
of periodontium lost as a result of periodontal disease. A
variety of treatment approaches for the restoration of lost
periodontal structures have been suggested by several
authors [1–5]. Among these different treatment modalities,
different types of bone replacement grafts, guided tissue
regeneration (GTR), enamel matrix derivative (EMD),
growth factors, or combined approaches were employed
with varying success for the regeneration of tooth-
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supporting structures. Although GTR is one of the best
documented regenerative approaches, the clinical applica-
tion is often difficult, and the outcome of regenerative
therapy appears to be affected by several confounding
factors [6]. Thus, the bacterial contamination of exposed
barrier membranes and the underlying healing tissues have
been associated with reduced clinical outcomes [7]. An
alternative approach to obtain periodontal regeneration is the
use of bone replacement graft techniques. These techniques
are based on the concept of filling the intrabony defect with
a number of grafting materials to stimulate bone repair,
including autografts, allografts, xenografts, and alloplasts.
The use of different types of alloplastic grafts for regener-
ative periodontal treatment has been shown to significantly
improve probing depths and clinical attachment levels [8, 9].
However, histological analysis revealed no or only an
unpredictable amount of periodontal regeneration following
the application of alloplastic materials [10, 11].

Recently, a fully synthetic nanocrystalline hydroxyapa-
tite (nano-HA) paste (Ostim®, Heraeus Kulzer, Hanau,
Germany) containing 65% water and 35% of nanostruc-
tured apatite particles has been introduced for augmentation
procedures in osseous defects [12, 13]. Advantages of such
a nanostructured material in comparison to bulk material
are the close contact with surrounding tissues, quick
resorption characteristics, and a high number of molecules
on the surface. The nano-HA paste has already been used
for the treatment of various types of metaphyseal fractures
such as the calcaneus and tibia in orthopedic surgery [14],
as well as for tooth perforations [15], jaw cysts [16], and
peri-implantitis lesions [17]. Findings from recent clinical
studies have indicated that the treatment of periodontal
intrabony defects with nano-HA paste may provide addi-
tional clinical benefits in terms of clinical attachment level
gains and probing depth reductions as compared with open
flap debridement alone [18, 19]. Experimental studies
demonstrated that nanosized ceramics may represent a
promising class of bone graft substitutes due to their
improved osseointegrative properties [20, 21]. In particular,
experimental animal studies demonstrated an undisturbed
osseous-integration and complete resorption of the material
within 12 weeks [21]. Recent research showed that
synthetic nanostructured HA enhanced osteoblast functions
[22] and increased biocompatibility for microvascular
endothelium [23]. However, there is still only limited data
on the molecular mechanisms mediated by nano-HA paste,
particularly its effects on cultured cells derived from adult
human periodontal tissues [24, 25]. Current evidence
suggests that periodontal ligament (PDL) fibroblasts play
a major role in the periodontal wound healing process [26].
Since the attachment of PDLs to bone graft materials
(BGM) is of importance to periodontal therapy involving
placement of BGM, we investigated the interactions of

cultured human PDL fibroblasts with a novel nanostruc-
tured bone replacement graft. Comparison of these results
with those of EMD, a material already well-analyzed in this
context, allowed us to determine possible similarities or
differences in the mechanisms mediated by both materials.
The current study was designed to determine how nano-HA
paste affects the attachment, migration, and proliferation of
PDL fibroblasts and further, to suggest a molecular
explanation for these phenotypes.

Materials and methods

Reagents

Nano-HA paste (Ostim®) was obtained from Heraeus
Kulzer (Germany)). The paste consists of a suspension of
pure HA in water prepared by a wet chemical reaction.
After completion of the paste, the HA content yields 35%.
The average size of the needle-shaped HA crystals are
about 18 nm; the atomic ratio of calcium-phosphorus is
1.67. The material is characterized by a large bioactive
specific surface area of 106 m2g-1 [27]. For current
experiments, hydroxyapatite paste was dissolved in phos-
phate buffered saline (PBS, pH 5.2) to a final concentration
of 10 mg/ml used in cell adhesion experiments. Other
materials were dissolved in standard cell culture PBS.
Nano-HA paste was extensively rinsed with standard PBS
after coating but prior to use for adhesion or cell
proliferation experiments. In migration assays, nano-HA
solution was diluted to a final concentration of 100 μg/ml.
The Emdogain® (EMD) was supplied by Straumann
(Switzerland). EMD is a product purified from porcine
enamel matrix protein extracts containing 90% ameloge-
nins. The remaining 10% include proline-rich non-
amelogenins, tuftelin, tuft protein, and serum proteins
[28]. Since EMD is highly hydrophobic, it is suspended
in a vehicle of propylene glycol alginate. To create a
viscous solution required for our experiments, lyophilized
EMD was mixed with 3 ml of a 7.5% acetic solution to
achieve a stock solution of 10 mg/ml that was used for
coating of cell culture dishes in migration studies as well as
cell adhesion and proliferation assays.

Cell culture and media

Human PDL fibroblasts were obtained from healthy human
periodontal tissues isolated from third molars extracted for
orthodontic reasons from three young volunteers (two
males and one female aged 14 to 18 years). Prior to
extraction, patients were informed about the study and
agreed to experimental use of the extracted teeth. The study
was conducted in accordance with the second Helsinki

746 Clin Oral Invest (2012) 16:745–754



Declaration. In brief, PDL tissue fragments were mechanical-
ly removed under sterile conditions by scraping the middle
third of the root surface with a sharp blade. Tissue explants
were maintained in Dulbecco`s modified Eagle`s medium
(DMEM) (Invitrogen, Carlsbad, CA, USA) containing 1%
penicillin/streptomycin (Invitrogen, Carlsbad, CA, USA), 1%
fungizone (Sigma, St. Louis, MO, USA), and 10% fetal
bovine serum (FBS; PAA, Pasching,Austria).Within 3weeks,
the PDL explants were successfully forming primary cultures
with a sufficient number of new cells. Cultures were incubated
in a humidified atmosphere of 5% CO2 and 95% air. Tissue
culture medium was changed every 2 days until confluence
(approximately 7×104 cells/cm2) was reached, and cells
were passaged at a 1:2 split ratio following trypsinization
with 0.05% trypsin (Invitrogen, Carlsbad, CA, USA). Cell
cultures were tested on a regular base to be free of
mycoplasma, and cell growth was monitored by phase-
contrast microscopy. All cells demonstrated a fibroblast-like
morphology and a comparable rate of proliferation. In order
to investigate whether the cells were not merely gingival
fibroblasts, cells were tested for alkaline phosphatase (ALP).
As most of the cells were strongly positive for ALP, it was
assumed that the cells were indeed periodontal fibroblasts.
PDL fibroblasts were used for experiments between passages
4 and 9, and all experiments were performed in triplicate.

Cell attachment assay

In order to evaluate the potential of nano-HA paste and
EMD to serve as synthetic extracellular matrices (ECM),
cell attachment assays using PDLs were performed. Coated
dishes were prepared by covering suspension dishes
(Greiner, Frickenhausen, Germany) with 10 mg/ml EMD,
nano-HA paste, or fibronectin (Upstate, Charlottesville, VA,
USA) in PBS at 4°C overnight. The ECM protein
fibronectin served as a positive control as this protein is a
strong mediator of cellular adhesion [29]. Prior to use,
plates were washed extensively with PBS, blocked with 1%
bovine serum albumin (BSA) in PBS for 2 h at 4°C and
were washed again with PBS. PDLs (3×105) were seeded
on coated or uncoated dishes and incubated at 37°C for 1 h.
Unbound cells were removed by washing with PBS for
three times. Attached cells were stained with 0.2% crystal
violet (Sigma, St. Louis, MO, USA) in 10% ethanol, lysed,
and quantified by determination of absorbance in a micro-
plate reader (Tecan M200, Munich, Germany) at 565 nm.
The assays were performed in triplicate and presented as
the average of three data points as plotted in arbitrary units.

BrdU proliferation assay

The PDL proliferation rate was determined by BrdU
incorporation over night using a cell proliferation ELISA

(Roche, Basel, Switzerland) according to the manufac-
turer’s guidelines. In brief, PDL fibroblasts were plated on
35-mm Petri dishes coated with various compounds (BSA,
nano-HA paste, EMD, or fibronectin) at 5×103 cells per
cell culture dish in DMEM with 10% FBS. The culture
plates were incubated for 24 h with BrdU at 37°C in a 5%
CO2 atmosphere. Next day, cells were harvested and BrdU
incorporation measured using the BrdU ELISA. Each
experiment was performed in triplicate for each experimen-
tal group (BSA, nano-HA paste, EMD, and fibronectin).

MTS assay for metabolic activity

The amount of PDLs was determined using the CellTiter 96
Aqueous One solution assay (Promega, Mannheim, Ger-
many) which is based on the conversion of the MTS
tetrazolium compound into a colored formazan product.
PDL fibroblasts were plated in DMEM with 10% FBS onto
96-well plates coated with various compounds (BSA, EMD,
nano-HA paste, or fibronectin) at 5×103 cells per well and
allowed to attach over night. Subsequently, medium was
exchanged, and the MTS compound was added into each
well for 3 h at 37°C after which the absorbance was
measured at 490 nm. Each experiment was performed in
triplicate for each experimental group (BSA, EMD, nano-
HA paste, and fibronectin) and data plotted as mean±SD.

Cell migration assay

PDL migration was measured in a modified Boyden chamber
by using a FluoroBlokTM 24-multiwell insert system (BD,
Heidelberg, Germany). The inserts of the chamber consist of a
light-opaque polyethylene membrane with 8.0-μm-sized
pores blocking the transmission of light within the range of
490–700 nm. Some 1×105 cells per chamber were loaded in
500 μL DMEM (Invitrogen, Carlsbad, CA, USA). The outer
well was loaded with 750 μL DMEM containing 100 μg/ml
EMD, nano-HA paste, BSA (Sigma, St. Louis, MO, USA),
or alternatively, 5 ng/ml bibasic platelet-derived growth
factor (PDGF-BB, Peprotech, Hamburg, Germany). Cells
were allowed to migrate for 24 h under standard conditions
at 37°C. Subsequently, cells were fixed in 4% paraformal-
dehyde (PFA) in PBS and stained with 0.5 μg/ml 4`, 6-
damino-2-phenylindole dihydrochloride (DAPI) (Sigma, St.
Louis, MO, USA). The number of cells migrated through the
FluoroBlok inserts were counted under a fluorescence
microscope (Zeiss, Jena, Germany) and plotted as an average
of three test samples.

Determination of cell surface integrins

Expression of surface integrins in PDLs was determined
using the integrin-mediated cell adhesion combo (Chem-
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icon, Temecula, CA, USA) according to the manufacturer`s
guidelines. In brief, 1×105 cells were seeded per well coated
with various integrin antibodies as supplied in the kit. After
1 h incubation at 37°C, unbound cells were removed by
washing with PBS, and adherent cells were stained with
0.2% crystal violet (Sigma, St. Louis, MO, USA) in 10%
ethanol, lysed, and quantified by determination of absor-
bance in a microplate reader at 565 nm (Tecan M200,
Munich, Germany). Results are shown in arbitrary units.

Immunoblotting

For detection of proteins in Western blots, monoclonal mouse
anti-phospho-Erk (E-4) and anti-actin (C-2) as well as
polyclonal rabbit anti-Erk2 (C-14), anti-pY-FAK (Tyr-397),
and anti-FAK (A-17) were obtained from Santa Cruz
Biotechnology. Further reagents used were rabbit monoclonal
anti-Akt and anti-pS-Akt (Ser473) antibodies (Cell Signalling
Technology).

Cells were incubated in the presence of standard culture
medium, PBS, nano-HA paste, or EMD in standard culture
medium. Protein samples were analyzed by SDS-PAGE
using an XCell SureLock Mini-Cell (Invitrogen, Carlsbad,
CA, USA) in combination with precast NuPAGE 4–12% or
10% Bis–Tris gels (1 mm; NuPAGE 4–12% or 10% Bis–
Tris gels, Invitrogen) at 200 V according to the manufac-
turer's guidelines. Following electrophoresis, proteins were
blotted to a PVDF membrane and were incubated for at
least 1 h in blocking buffer (5% BSA and 1% Tween-20 in
Tris-buffered saline. Membranes were incubated overnight
with appropriate dilutions of primary antibody in blocking
buffer. The next day, membranes were washed and
incubated for 1 h with alkaline-phosphatase-conjugated
secondary antibody solution in blocking buffer (dilutions,
anti-mouse antibody 1:3,000 and anti-rabbit antibody

1:5,000; Sigma, St. Louis, MO, USA). After additional
washing steps, antibody complexes were visualized on film
by Immun-Star AP substrate (Bio-Rad, Germany).

Data analysis

Statistical analysis was performed with Student’s t test.
Differences were considered significant at a p value<0.05
(two-tailed).

Results

Effects of nano-HA paste and EMD on PDL adhesion

PDL fibroblasts were seeded on plastic dishes coated with
nano-HA, EMD, and fibronectin (as a positive control), and
the adhesion potential of these compounds was assessed
(Fig. 1). Fibronectin was most effective in this setting but
also nano-HA-mediated adhesion (about half the value of
the positive control fibronectin). The strength of adhesion
of PDL fibroblasts to EMD was low but still doubled the
amount reached by the negative control BSA. Taken
together, cellular adhesion of PDLs towards nano-HA
paste-coated cell culture dishes was stronger as compared
with EMD. However, both materials did not reach the
adhesive potential of the extracellular matrix component
fibronectin.

Nano-HA paste and EMD stimulate PDL proliferation

In order to determine whether coated nano-HA or EMD
affect cell proliferation, PDLs were seeded on compound-
coated plastic dishes, and cell proliferation was assessed by
incubation with BrdU that incorporated into the DNA of

Fig. 1 Effect of nano-HA, EMD, and fibronectin on PDL adhesion.
Cells were cultured on 35-mm cell culture dishes coated with the
various compounds at 5×103 cells per dish in DMEM with 10% FBS.
Cell adhesion was analyzed by crystal violet staining and subsequent

colorimetric quantification. Error bars represent the standard deviation
of the mean (n=3) as plotted in arbitrary units. *Significantly different
from negative control (p<0.05)
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proliferating cells. Cell proliferation was induced in a
substrate-dependent manner (Fig. 2), and the maximal
effect was observed once cells were seeded on nano-HA
paste. Cells grown on coated EMD proliferated slower,
roughly comparable to the control fibronectin. The
negative control BSA did not yield a significant effect on
proliferation.

To further investigate the effect of nano-HA and EMD
on PDL proliferation and as an independent proliferation
control, we used the MTS assay to measure cell viability.
Data suggest that nano-HA and EMD significantly
increased the metabolic rates of PDL fibroblasts if
compared with the negative control BSA (Fig. 3). As
detected above, adhesion of PDL to nano-HA induced
proliferation most efficiently, whereas EMD and the ECM
protein fibronectin were comparable but stimulated prolif-
eration to a smaller extent than nano-HA. Thus, nano-HA
and EMD demonstrated a beneficial effect on PDL
viability and proliferation.

Pro-proliferative cues in several cell types are often
transduced by molecular signaling via ERK1/2 and Akt
kinases; therefore, we hypothesized that cultivation of
PDLs on nano-HA or EMD may engage ERK1/2 and Akt
activation. Phosphorylation, as a measure of ERK1/2
activation in PDLs, was detected by Western blot analysis
using specific antibodies against phosphorylated ERK1/2.
The amount of phosphorylated ERK1/2 increased upon
cultivation of PDLs on nano-HA, EMD, and fibronectin
(Fig. 4). The phosphorylation level of ERK1/2 in PDLs
seeded on nano-HAwas higher as compared with EMD and
fibronectin, reflecting data obtained by BrdU and MTS
proliferation assays. Likewise, activation of Akt in PDLs
was detected by Western blot using antibodies recognizing
phosphorylation of Akt at serine 473. Akt is linked to PI3K
signaling, another major pathway of intracellular signal
transduction that has a major role in the transmission of

proliferation in a variety of cells [30]. Results demonstrated
that nano-HA and EMD as well as fibronectin as a positive
control stimulated Akt phosphorylation to a significant
extend. The phosphorylation of Akt in PDLs upon seeding
on nano-HA-coated dishes was higher as compared with
EMD and fibronectin, comparable to data obtained above
(Fig. 4).

Influence of nano-HA paste and EMD on PDL migration

The influence of nano-HA and EMD on PDL adhesion and
proliferation raised the question if these proteins might
affect cell migration as well. This prompted us to analyze
whether or not both materials act as chemoattractants if
applied in a soluble form; therefore, we loaded the lower
chamber of a modified Boyden chamber with cell medium
supplemented with the soluble forms of both compounds or
5 ng/ml PDGF-BB, a potent inductor of fibroblast migra-
tion. PDLs were seeded into FluoroBlok chambers and
were allowed to migrate for 24 h. Subsequent analysis
revealed that the negative control BSA attracted less than
20 cells into the filter, whereas EMD with more than 60
counts promoted cellular migration significantly stronger
than BSA. PDGF-BB as the positive control was most
effective in this setting and attracted about 125 cells per
microscopic field. Soluble nano-HA paste on the other hand
did not induce significant cell migration, barely above the
negative control BSA. Taken together, our findings suggest
that EMD may act as a chemoattractant but nano-HA paste
does not (Fig. 5).

Molecular mechanism underlying nano-HA paste and EMD
effects in PDLs

The effects of nano-HA and EMD on PDL adhesion, PDL
migration, and PDL proliferation raised the question on the

Fig. 2 Effect of nano-HA, EMD, and fibronectin on PDL prolifera-
tion. Cells were cultured on 35-mm cell culture dishes coated with the
various compounds at 5×103 cells per dish in DMEM with 10% FBS.

Proliferation was determined by BrdU incorporation. Error bars
represent the standard deviation of the mean (n=3). *Significantly
different from negative control (p<0.05)
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molecular basis of these observations. Typically, transmem-
brane receptors of the integrin type mediate cell adhesion;
therefore, we analyzed the surface expression profile of
integrin receptors on PDLs by ELISA. Our results revealed
that PDLs express a wide range of integrins on their surface
(Fig. 6); however, α5β1 and both of its subunits, α5 and β1,
displayed a higher amount of surface expression as
compared with other integrins. This indicates that α5β1

might be a major mediator of PDL adhesion. In order to
analyze if the adhesive effects of nano-HA and EMD are

mediated by receptors of the integrin type, lysates of PDLs
seeded on compound-coated dishes were analyzed by
Western blot for the phosphorylation level of focal adhesion
kinase (FAK), a major component of integrin signaling. As
a measure for integrin-specific activation of this kinase we
analyzed phosphorylation of tyrosine residue 397, the auto-
activation site of FAK (FAKpY397). Clearly, nano-HA
paste and EMD both induced phosphorylation of FAK at
this site (Fig. 7a), with nano-HA being more effective in
this setting (Fig. 7b), indicating that both compounds affect
PDLs in an integrin-dependent manner.

Discussion

A variety of materials are used in the treatment of
periodontal disease to promote periodontal wound regener-
ation and repopulate the damaged area by desirable cells.
Recent studies identified nanostructured HA paste as a
promising class of bone graft substitutes [13, 31]. However,
the mechanism how this material promotes periodontal
regeneration remained elusive. The objective of this study
was to determine how nanostructured HA paste affects PDL
adhesion, migration, and proliferation; therefore, we used
the compounds in this study in a soluble or a surface-coated
form. The preparation and concentration of EMD was
described in previous in vitro studies [32, 33]. Our results
indicate that nano-HA paste is a strong stimulator of PDL
attachment. Furthermore, data suggest that nano-HA paste
acts as a stimulator of cell migration and proliferation.
Adhesion assays revealed a stronger increase in cell
attachment in case of nano-HA paste if compared with
EMD. An explanation might be provided by the composi-
tion of this specific material. Although the active ingredient
of EMD, amelogenin, was described to mediate cell

Fig. 4 Effect of nano-HA, EMD, and fibronectin on PDL prolifera-
tion. Cells were cultured on 35-mm cell culture dishes coated with the
various compounds at 5×103 cells per dish in DMEM with 10% FBS.
Proliferation was determined by Western blot-based detection of
phospho-ERK1/2 and phospho-Akt (Ser473) antibodies as a direct
measure for the activation of the proliferation-linked kinases ERK1/2
and Akt. α-Actin served as an internal control to ensure equal loading
of protein in each lane

Fig. 3 Effect of nano-HA,
EMD, and fibronectin on PDL
viability. Cells were cultured on
35-mm cell culture dishes
coated with the various com-
pounds at 5×103 cells per dish
in DMEM with 10% FBS. PDL
fibroblasts viability that is
directly linked to proliferation
was determined by an MTS
assay. Data are shown as the
mean±SD. *Significantly dif-
ferent from negative control
(p<0.05)
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adhesion [34], nano-HA paste is much more effective in
this context. This might be explained by the fine size of the
nanocrystalline HA particles, which exhibit high solubility,
high surface reactivity, high surface energy, and high
capacity for ion exchange reaction [35]. Our findings are
supported by Webster et al. [20], who reported an increased
initial attachment of osteoblasts grown on nanophase HA
compared with conventional ceramics. Similarly, Mateus et
al. [36] showed that nanohydroxyapatite microspheres have
the ability to promote adhesion and proliferation of
osteoblasts. Furthermore, it was shown that proteins interact
differently with nanophase materials compared with con-
ventional ceramics of similar chemistries [37].

The response of examined PDL fibroblasts towards
surface-coated EMD showed an increase in proliferation
as documented before [32, 38]. Interestingly, the prolifer-
ation of PDL on coated nano-HA paste was duplicated as
compared with the tested ECM protein or EMD. In contrast
to this observation, our previous study [39] demonstrated a

twofold less proliferation potential of nano-HA paste in
comparison to EMD. However, in this previous work,
PDLs were stimulated with nano-HA and EMD in a soluble
form, a condition where nano-HA affects PDLs much less
efficient as compared with EMD (Fig. 5), whereas
proliferation in the present study has been assessed using
nano-HA and EMD in a surface-coated form. One reason
for the opposing findings obtained by using nano-HA in a
soluble or a coated form might be the enhanced adhesion of
PDLs on coated nano-HA as described in our present study.
This results in an increase in integrin signaling as measured
by increased autophosphorylation of FAK in immunoblots.
Previous in vitro studies demonstrated the ability of
integrins to mediate cell attachment to extracellular matri-
ces [40, 41]. Alterations in cellular adhesion result in an
increase in cell proliferation [42]. Signaling pathways
downstream of integrins are cross-connected to those of
certain receptor tyrosine kinases that induce cell prolifera-
tion. Thus, the enhanced effects of nano-HA and EMD

Fig. 5 Effect of nano-HA, EMD, and PDGF-BB on PDL fibroblast
migration. The cells were plated at 1×105 cells per well on the top of
the inlay of a Boyden chamber and were allowed to migrate for 24 h

towards a gradient of soluble nano-HA, EMD, or PDGF-BB. Error
bars represent the standard deviation of the mean (n=3). *Signifi-
cantly different from negative control (p<0.05)

Fig. 6 Expression of the surface
expression profile of various
integrins on PDL fibroblasts by
ELISA. The results are
expressed in arbitrary units as
compared with negative control
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might be linked via integrin-receptor tyrosine kinase cross-
talk. Indeed, there is evidence that integrins transduce
signaling pathways by phosphorylation of focal adhesion
kinases that leads to the activation of ERK1/2 [43]. This
implicates that surfaces mediating strong cellular adhesion
might increase cell proliferation as well. Consequently, we
observed that nano-HA increases cellular proliferation
much stronger as compared with EMD, which reflects the
cell adhesion capacity of both compounds. The mitogenic
effect of nano-HA on cell proliferation was mediated by
activation of ERK1/2 and Akt, which was more pronounced
than that following exposure to EMD. These findings are
supported by our previous research demonstrating that
increased proliferation rates of PDLs in the presence of
nano-HA paste are linked to activation of ERK1/2 and Akt
[39, 44]. An explanation for this phenomenon might be the

cellular response to the microstructure of nano-HA paste.
As described by Garcia et al. [45], there is an integrin-
mediated cross-connection between the cellular surface and
the cellular activity. The surface composition of the nano-
particles containing nano-HA paste might be the adequate
stimulus for integrin-mediated cell proliferation. Indeed, de
Ruijter et al. [46] demonstrated that various calcium
phosphate ceramic coatings modulated integrin expression
patterns resulting in different proliferation rates of
osteoblast-like cells.

Our migration assay revealed that EMD attracted more
PDLs than nano-HA paste. The findings on EMD were
corroborated by Chong et al. [38], who described increased
migration of PDLs towards EMD. This effect might be
induced by small amounts of contaminating protein within
the EMD preparation that act chemotactic. While ameloge-
nins comprise almost 90% of the proteins in EMD, the non-
amelogenins include several different types of proteins,
such as tuftelin, ameloblastin, enamelin, and enamel
proteases [47]. However, the precise biologic mechanisms
of these proteins remain unclear. Recently, it was suggested
that some EMD components have growth factor-like
functions [47] and act as bone morphogenetic protein-like
molecules [48]. Migration towards nano-HA paste in our
study was probably mediated by a stream of nanoparticles
through the filter of the Boyden chamber. A possible
explanation for enhanced cell migration might be the
influence of calcium (Ca2+) ions released by nanoparticles
that directly acted on integrins, as these receptors are
metalloproteins, whose activation depends on the complex-
ation of Mg2+- and Ca2+-ions [49]. These divalent cations
bind to the integrin subunit I and coordinate the association
of integrin αβ-dimers with their cognate ligands. Altering
the balance between Ca2+ and Mg2+ might directly affect
the adhesive properties of integrin receptors, which results
in altered cellular adhesion and migration.

As previously described, the dominant types of integrins
found on PDL fibroblasts are β1, α2, α5, and αvβ3 [50]. In
accordance to these findings, we detected a prevalent
surface expression of α5β1 integrin on PDL fibroblasts.
FAK, as a specific key component of signal transduction
pathways triggered by integrins [51, 52] was analyzed by
Western blot. Aggregation of integrins and the cytoskeletal
proteins tensin, paxillin, and talin are proposed to induce
FAK activation and autophosphorylation by integrins in cell
adhesion [51]. As the phosphorylation and thereby activa-
tion of FAK at tyrosine residue 397 was clearly demon-
strated for nano-HA and EMD, it can be concluded that
these reagents cause an increase in integrin signaling. This
is succeeded by increased cellular adhesion, migration, and
proliferation, which we observed in our assays.

Numerous in vitro approaches described specific mod-
ifications of gingival, bone, and other mesenchymal cells in

Fig. 7 Phosphorylation of focal adhesion kinase (FAK) in response to
stimulation by nano-HA and EMD. Cells were cultured on 35-mm cell
culture dishes coated with the various compounds at 5×103 cells per
dish in DMEM with 10% FBS. a The amounts of FAK and its
autophosphorylated form FAKpY397 in human PDLs after stimula-
tion with BSA, nano-HA, or EMD. b Densitometric analysis of the
immunoblots indicating the ratio of phosphorylated FAKpY397 as
compared with the total FAK level, which is a measure for integrin-
specific activation of FAK
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the presence of various calcium phosphate materials [53, 54].
However, in this context, it has to be pointed out that
differences in the physicochemical and structural character-
istics between the novel nano-HA paste and the various
forms of HA used in the past can lead to differences in the
regenerative and osteoconductive properties. Material prop-
erties like porosity, surface geometry, and surface chemistry
play a determinant role in osteoconductive capacities of a
graft [55]. Alliot-Licht et al. [56] evaluated cellular events in
PDL fibroblasts occurring in the presence of HA with a
particle size <20 μm. They found that increased protein
synthesis, decreased proliferation, and alkaline phosphatase
activity occurred on PDLs in the presence of HA particles.
Our results were corroborated by Sun et al. [24], who
demonstrated that nanophase HA can promote PDL fibro-
blast proliferation and osteogenic differentiation compared
with dense-HA. Furthermore, they reported that the in-
creased proliferation capability of PDL fibroblasts under the
influence of nanometer HA indicated a better compatibility
and dissolvability of nanometer HA as compared with dense-
HA. These findings were supported by Zhang et al. [25],
who found that 1% nanohydroxyapatite/chitosan scaffolds
enhanced proliferation of human PDLs as compared with
pure chitosan scaffolds. A recent study demonstrated the
ability of nanocrystalline hydroxyapatite embedded in a
matrix of silica gel to promote adhesion and proliferation of
PDL fibroblasts [44]. However, results obtained by our in
vitro experimental model cannot recreate the complex
interactions of cells in vivo. Thus, the concentration of
nanostructured HA paste and EMD used in the present study
and the way of dilution are different from the clinical setting.

In sum, our findings present evidence that EMD and
nano-HA paste both mediate their beneficial effects via two
different modes of action and therefore have different
characteristics. EMD exhibited a pronounced chemotactic
effect once applied in solution, and nano-HA supported
cellular adhesion in its solid state, providing a basis for
PDL fibroblasts to settle down. This implicates a potential
synergy between both materials and a putative beneficial
effect for the wound healing of patients if applied in
combination. Further studies will reveal if these findings
can be transferred to a clinical setting.
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