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Objective — To study the mechanisms which promote the
interactions of amelogenin proteins with the forming mineral to
establish suitable conditions for the biomimetic synthesis of
enamel in vitro.

Design — Saturated calcium phosphate solutions were used in
conjunction with recombinant amelogenin proteins to induce
mineral formation on glass-ceramics substrates containing
oriented fluoroapatite crystals (FAP). The height of mineral
layers formed on these substrates within 24 h was measured
by atomic force microscopy (AFM).

Experimental Variables — The effect of protein concentration,
pH and degree of saturation (DS) on the growth of apatite
mineral was evaluated. Mineralization experiments were
performed at 0, 0.4 and 1.6 mg/ml amelogenin concentrations.
Mineralization solutions were used at pH values of 6.5, 7.4, 8.0
and 8.8 and DS of calcium and phosphate between 9 and 13.
Outcome Measure — Height and morphology of mineralized
layer formed on glass-ceramic substrates as determined from
AFM measurements.

Results — Homogeneous nucleation and crystal growth of thin
layers on the FAP were observed, when calcium and
phosphate ions were added. The height of these layers grown
on (001) planes of FAP was strongly dependent on the protein
concentration and pH. At concentrations of 0 and 0.4 mg/ml
crystal grew 5-15 nm on the FAP, while they grew
approximately to 200 nm at 1.6 mg/ml. The enhanced crystal
growth was observed only at pH 6.5, 7.4 and 8.0, while layers
only 20 nm thick were obtained at pH 8.8. An increase in DS
resulted in uncontrolled growth of calcium phosphate mineral
covering large areas of the substrate.

Conclusions - Protein concentration, pH and the saturation of
the mineralizing solution need to be considered carefully to
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provide suitable conditions for amelogenin-guided growth of

apatite crystals.

Key words: amelogenin; apatite; atomic force microscopy;
enamel; mineralization

Introduction

The extracellular matrix of developing enamel is unlike
other matrices of mineralized tissues. For bone, dentin
and cementum mineralization arises from a fibrous
collageneous matrix that reinforces itself through the
incorporation of apatite nanocrystals, while enamel
maturation is generated quite differently (1). Formation
of a viscous gel directs the growth of fibrous nano-
crystals at the same time as it is degraded to facilitate
the transformation into a tissue consisting of 95%
mineral (2).

Amelogenin proteins are the main compound of the
developing enamel matrix and have been associated
with the formation of long fibrous and aligned apatite
crystals in dental enamel. Amelogenin is highly hydro-
phobic and assembles in vitro into nanospheres of
about 15-30 nm diameter and into a more hetero-
geneous distribution between 10 and 200 nm in vivo (3).
Amelogenin has been shown to act as a signaling
molecule and cell-adhesion protein (4,5). Amelogenin
also binds to specific sites on the long axis of enamel
crystallites (6) and several functions related to protein—
mineral interaction have been postulated. These
include: 1) amelogenin acts as a spacer between grow-
ing crystals and prevents early crystal fusion; 2) amel-
ogenin prevents crystal growth perpendicular to the
c-axis of apatite, but may enhance growth rates parallel
to the c-axis and 3) amelogenin promotes the formation
of thin, (diameter 50 nm) long (several 100 um)
and aligned apatite crystals packed into enamel rods.
In vitro experiments confirmed an effect of amelogenin
on crystal morphology (3). At concentrations above
50 ug/ml of recombinant amelogenin, the formation of
significantly more elongated apatite crystals compared
with protein-free solutions was observed (7).

Amelogenin proteins have a low solubility limit in
aqueous solutions and tend to precipitate at concen-
trations of 0.7 mg/ml at physiological pH (8). In a
recent study, we reported that the growth rate of the
(001) plane of apatite crystals as well as the binding

specificity to apatite increases by about 20 times if
amelogenin proteins were present at concentrations
above the solubility limit (9).

The ionic conditions in which the enamel matrix
matures are strictly regulated by a layer of ameloblast
cells. Calcium levels (0.5 mM) are unusually low com-
pared to the surrounding tissues or blood plasma. The
pH of the fluid space under the ameloblasts varies at
different stages of the amelogenesis, between approxi-
mately 5.8 and 7.4 (10). This suggests that the physical-
chemical driving force for crystallization, e.g. the
degree of saturation (DS), is kept low to facilitate the
transfer of control over crystal nucleation and growth
to the matrix protein. In this study, we tested the
hypothesis that only low DS of the mineralizing solu-
tion and a narrow pH range will enable amelogenin
proteins to interact with the forming apatite crystal and
control their texture and morphology.

Materials and methods

A glass-ceramic containing rod-like fluoroapatite (FAP)
crystals (1 um wide, 3-6 ym long) was used to immo-
bilize proteins and study the protein-mineral interac-
tions in calcium phosphate solutions (11,12). These
substrates are unique because of their uniaxial align-
ment of FAP manufactured by high-temperature
extrusion. The application of this glass-ceramic for
in vitro mineralization studies has been described
recently (9,13). Briefly, FAP substrates were cut per-
pendicular to the extrusion axis into 2.5 mm thick discs
and ground through a series of silica papers and pol-
ished with diamond paste (1, 0.25 and 0.1 ym). Due to
the crystal texture, samples exposed predominantly
hexagonal (001) planes of FAP on the surface. Topo-
graphic images by atomic force microscopy (AFM)
(Fig. 1) revealed very flat substrates facilitating the
imaging of assembled proteins and their interaction
with apatite crystals (6, 14). Furthermore, the initial
height difference between glass matrix and the FAP
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Fig. 1. AFM-image of glass-ceramic substrate after polishing and
before immersion into mineralizing solutions. Section analysis shows
that the surfaces of FAP crystals (dark hexagon) are about 3-6 nm
below the level of the surrounding glass matrix (bright color).

crystals of about 5 nm served as a reference to measure
precisely the crystal growth on FAP.

The recombinant full-length human amelogenin,
rH174, was synthesized by Escherichia coli bacteria as
described previously (15). The protein was purified
using C4 beads and stored in 0.1% trifluoroacetic acid
(TFA) at concentration between 1.5 and 2.5 mg/ml, as
determined by UV-photospectroscopy.

FAP substrates were immersed for 24 h into various
protein and/or calcium phosphate solutions designed
to study the influence of protein concentration, pH and
DS on interactions between amelogenin and apatite
mineral. Mineralizing solutions were prepared from
Ca(NOs),, KH,PO,, KCI, dissolved in 0.1% TFA and
double de-ionized water. We used three solutions with
different ionic concentrations of calcium and phos-
phate containing 150 mM KCI. The reference solution 1
was adapted from concentrations determined in the
secretory stage of enamel fluid with DS of 9.4 at pH 7.4
(10). This solution was also used at pH 6.5, 8.0 and 8.8.
Solutions 2 and 3 have higher calcium levels and DS.
The ion concentrations, pH and DS are listed in
Table 1. The DS (pK, — p) to hydroxyapatite (pK,
(HAP) = 58.6) was calculated according to Larsen (16).
All solutions were buffered with 50 mM Tris and the pH
adjusted with HCI. Solutions were prepared for the
mineralization experiments by dilution from the

Table 1. lon concentrations of solutions used

Solution no. [Ca®*] (mmol/l) [PO3-]1 (mmol/l) pH DS

1 0.5 2.45 7.4 9.4
21 1.27 7.4 11.6

3 3.1 1.86 7.4 12.9

Degree of saturation (DS) was calculated with respect to hydroxyapatite
(pKa = 58.6). pH measured at 37°C. All solutions contained 150 mM
KCI and 50 mM Tris-buffer.
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eightfolded separate calcium and phosphate stock
solutions, as described earlier (9). The experiments
were performed by placing a FAP substrate into a
1.5 ml siliconized test tube and adding each compound
of corresponding solutions to a total volume of 400 gl.
The immersed substrates were kept in an incubator at
37°C on a horizontal shaker, removed from solution
after 24 h, immediately rinsed with de-ionized water
and gently dried with dust-free air. Each experiment
was repeated at least three times. All substrates were
imaged before and after the experiment using an AFM
(Nanoscope III, Digital Instrument, USA) in tapping
mode with high aspect-ratio Si-tips operating at
approximately 300 kHz resonance frequency. The
height of the FAP-crystal with respect to the sur-
rounding glass was determined as an average from
three randomly selected points on the crystal. The
overall average for each sample was determined from
the measurements on five crystals. Student’s ¢-test was
applied to test for differences between groups with a
confidence level of p < 0.05.

Results

The surface of a polished FAP glass-ceramic is shown in
the AFM image of Fig. 1. The characteristic hexagonal
crystal habits of the (001) planes of apatite was revealed
and was about 3-6 nm below the surface of the sur-
rounding glass layer as shown in the section analysis in
Fig. 1. These substrates were immersed into solutions
containing 0.4 mg/ml amelogenin at different pH.
Amelogenin assembled into nanospheres that adhered
to the glass-ceramic surfaces at pH 6.5, 7.4 and 8.0
(Fig. 2a). However, at pH 8.8, no protein adhesion was
observed (Fig. 2b). Solutions that contained 1.6 mg/ml
amelogenin precipitated a gel-like matrix as soon as the
pH was raised above 6. FAP substrates immersed into
these protein solutions did not reveal the characteristic
20 nm amelogenin nanospheres. Instead, larger
spheres (~100-200 nm) were observed at all pH values;
however, the number of spheres per surface area was
lower at pH 8.8 (Fig. 2c).

In a second series of experiments, FAP substrates
were immersed into solutions containing calcium and
phosphate at different pH values without proteins. No
mineral precipitation was observed at pH 6.5 by AFM
(Fig. 3a). With increasing pH, the amount of mineral



Fig. 2. AFM-images of substrates after
immersion for 24 h in amelogenin protein
solutions: (a) at pH 7.4 and 0.4 mg/ml; (b) at
pH 8.8 and 0.4 mg/ml and (c) at pH 7.4 and
1.6 mg/ml amelogenin.

Fig. 3. AFM images of substrates after
immersion for 24 h into calcium phosphate
solutions with different pHs: (a) pH 6.5; (b) pH
7.4; (c) pH 8.0 and (d) pH 8.8.

precipitate increased (Fig. 3b—d). This precipitate was
spherical with diameters of about 10-15 nm. Further-
more, we observed that the height of the FAP crystals
increased with respect to the glass surface when
exposed to mineralizing solutions at pH 7.4 and
above. As shown in the AFM image of Fig. 3b, the step
between the FAP and the surrounding glass dis-
appeared, indicating that a mineralized layer of about
3-6 nm formed on the FAP. This layer grew slightly
thicker at pH 8.0 and 8.8, with heights of about 5 and
10 nm above the glass layer (Fig. 3c, d).

In a third series, FAP substrates were immersed into
solutions containing calcium and phosphate and
amelogenin at concentrations of 1.6 mg/ml at different
pH values. At pH values of 6.5, 7.4 and 8.0, mineralized
layers of about 150-250 nm formed on the (001) planes
of FAP. The mineral layer did not consist of one
monolithic crystal grown on a single-crystal FAP, but
was composed of smaller, elongated crystals that nuc-
leated specifically on the FAP surface. As shown in
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30.0 nm

Fig. 4a—c, the hexagonal shape of the FAP crystals was
maintained after superficial mineralization occurred;
however, the edges of the crystal now appeared irre-
gular. Crystal growth was only observed on the FAP
crystals, while the surrounding glass matrix did not
exhibit significant amounts of mineral precipitates or
adhering protein nanospheres. In contrast, at pH 8.8
the layer height did not exceed 20 nm (Fig. 4d). At this
pH, FAP crystals showed spherical precipitate of about
15-40 nm attributed to protein and/or mineral. Fur-
thermore, larger spheres (100 nm) adhered to both
glass and FAP and were attributed to protein assem-
blies as seen in Fig. 1d. There was no statistical differ-
ence found in the height of the layers formed on FAP at
pH 6.5, 7.4 and 8.0. The layer height at pH 8.8 was
significantly lower as illustrated graphically in Fig. 5.
In the fourth experimental group, FAP substrates
were immersed into calcium phosphate solutions at a
physiological pH of 7.4 with a much higher DS. As
expected, the amount of mineral formed increased

Orthod Craniofacial Res 8, 2005/232-238 | 235
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Fig. 4. AFM images of substrates after immersion for 24 h into
calcium phosphate solutions containing 1.6 mg/ml amelogenin at
different pHs: (a) pH 6.5; (b) pH 7.4; (c) pH 8.0 and (d) pH 8.8.

350 -
-—--Noam

300+ 9
— -J-- 0.4 mg/ml amg
g --&-- 1.6 mg/ml amg
= 2504 .
o ~
< SN
w Y
S 200 .
) S
> -
Ll A
%5 150+ \
= AN
o N
£ 100- \

N
\\
\\
50+ .
2 :
0 [} __:=|_::==I:Fl=::::: T ::::::l__::‘ 1
6 6.5 7 7.5 8 8.5 9

Fig. 5. Graph comparing the height of the mineralized layer formed
on FAP crystals at different pHs and protein concentrations. Layer
height was greatly increased when 1.6 mg/ml amelogenin was used at
pH between 6.5 and 8.0.

substantially with DS. In the protein-free calcium
phosphate solution a dense layer of mineral precipitate
and homogenous crystal growth was observed at DS of
11.6. The FAP layer height was about 15 nm (Fig. 6a).
When DS was further raised to 12.8, strong precipita-
tion occurred, covering the entire surface of the FAP
substrate with a dense mineral layer, as shown in
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Fig. 6. AFM images of substrates after immersion for 24 h into cal-
cium phosphate solutions with increased degrees of saturation (DS)
and with and without amelogenin: (a) DS = 11.6, no amelogenin; (b)
DS = 12.8, no amelogenin; (c) DS = 11.6, 1.6 mg/ml amelogenin and
(d) DS = 12.8, 1.6 mg/ml amelogenin.

Fig. 6b. This growth pattern changed considerably
when 1.6 mg/ml amelogenin protein was added to
these calcium phosphate solutions. At DS of 11.6
mineral formation occurred predominantly on FAP
crystals (Fig. 6¢). The layer height (162 nm) obtained
and the microstructure of the layers were comparable
to the layers formed at DS of 9.4, as described above
(Fig. 4). Compared to the protein-free experiment at
DS of 11.6, there was no significant heterogeneous
precipitation on the glass matrix observed. At the
higher DS of 12.8, homogeneous growth of apatite on
FAP occurred. The height of this homogeneous growth
was at 145 nm comparable with the samples obtained
at lower DS. However, large areas (>50% of total sur-
face area) of the substrates immersed into solutions
with DS of 12.8 nm exhibited additional crystallization
around the FAP and on the glass matrix (Fig. 6d).

Discussion

The interaction of proteins with inorganic ions and
compounds is dependent on a variety of biochemical as
well as physical-chemical parameters. In a recent
study, we showed that growth rates of apatite crystals
along the c-axis drastically increased in the presence of



full-length amelogenin proteins (9). The solubility limit
of the amelogenin appeared to be the decisive factor in
inducing enhanced crystal growth. Protein-guided
growth was only observed when the amelogenin con-
centration exceeded the solubility limit.

In this study, we examined if other factors, pH and
DS, affect the ability of amelogenin to promote apatite
crystal growth. Amelogenin molecules assembled into
nanospheres with a variety of diameters depending on
the pH (17). In this study, nanospheres formed and
adhered to the glass-ceramic substrate at pH between
6.5 and 8.0. The nanosphere diameters were in the
range of 20-30 nm, with a more monodisperse distri-
bution at pH 7.4 and 8.0. At pH 8.8, however, no or few
amelogenin nanospheres adhered to the FAP substrates
as revealed by AFM. It has been shown that amelogenin
still assembles into nanospheres at this pH (14), but
according to this study, the assembled proteins no
longer adhere to the apatite and glass surfaces provided
in the substrate. This lack of protein binding indicates a
change in the secondary structure of the molecule,
which may have been induced by changes in surface
charges, since the isoelectric point of the hydrophilic
portion of amelogenin is at approximately pH 8.0 (3).
When the protein concentration was raised above the
solubility limit, which differs with pH, the characteristic
nanosphere formation and adhesion was no longer
observed. It has been reported that the size of amelo-
genin nanospheres, when measured by dynamic light
scattering, increased to about 60 nm in diameter at
concentrations of 4 mg/ml (18). In this study, the size
of amelogenin nanospheres was drastically increased to
diameters between 100 and 200 nm once the concen-
tration was raised above the solubility limit. However,
only a sparse amount of protein adhered to the sub-
strate at 1.6 mg/ml and hence the majority of the
protein was not detected by the AFM analysis.

Substrates that were immersed into calcium phos-
phate solutions without proteins showed only little or
no mineral formation. The amount of precipitate
increased with pH and DS (Fig. 3). The mineral preci-
pitation was attributed to heterogeneous nucleation of
calcium phosphate that randomly formed on the glass-
ceramic surface. With increasing pH, growth of FAP
was observed, indicated by the increase in height of the
FAP crystals in relation to the surrounding glass matrix.
This type of crystal growth was attributed to the
homogeneous nucleation of apatite on the FAP crystals
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of the substrates. The layers grown on FAP reached a
maximum height of only 10 nm at the highest pH of
8.8.

In contrast, the layer height increased drastically
when 1.6 mg/ml of amelogenin were added to the
mineralizing solution with pH 6.5, 7.4 and 8.0, but was
almost unchanged at pH 8.8. Hence, the ability of
amelogenin to interact and assemble an inorganic
phase is dependent on the pH. In conjunction with the
above observation that amelogenin nanospheres do not
bind to inorganic charged surfaces at high pH (Fig. 1c)
we presume that the secondary structure of ameloge-
nin is altered at pH 8.8, reducing its binding affinity and
its ability to interact with the forming mineral. In the
physiological range of pH and as long as the pH
remains below the isoelectric point (8.0) of the hydro-
phobic portion of amelogenin, the protein is able to
bind and promote apatite crystallization. We have
confirmed by Raman spectroscopy and previously
reported that the crystals formed on FAP are carbon-
ate-containing apatite with organic phases.

In our experimental system that includes calcium
phosphate solutions at a DS of 9.4 and an amelogenin
concentration of 1.6 mg/ml, the growth rates were
about 0.2 ym per day. In vivo, dental enamel grows by
about 2 yum per day, mineralizing the entire crown
within 4 years. With the current approach it would yet
take about 40 years to grow the size of a complete
enamel crown in vitro. We therefore attempted to
increase DS in order to provide higher concentrations
of calcium and phosphate, assuming it would acceler-
ate the growth of apatite. Nevertheless, the results did
not support this hypothesis. Using an amelogenin
concentration of 1.6 mg/ml and adding additional
calcium and phosphate ions to increase DS from 9.0 to
11.6 resulted only in a comparable height of the layer
grown on FAP and continued to preserve the hexagonal
shape of the original FAP template, indicating that the
reaction was restricted to the FAP surface. A further
increase of DS to 12.8 resulted again not only in similar
heights of layers grown on FAP, but also caused mineral
formation on the surrounding glass. We assume, in this
case, that the protein was not able to restrict crystal-
lization to the FAP template. By increasing the calcium
and phosphate concentration of the solution, crystal-
lization became controlled by the physical chemistry of
the solution and no longer by the activity of the
amelogenin protein. This suggests that there is only a
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narrow range of supersaturation in calcium and phos-
phate that can be controlled by amelogenin proteins. If
the ratio between the DS in inorganic ions exceeds the
concentration of available proteins, crystallization will
be controlled by the physical-chemical driving forces
and thus result in conventional heterogeneous or
homogeneous crystallization. To transfer the control
over crystal assembly to the organic phases and mac-
romolecules, saturation in calcium and phosphate
must be kept low. Such protein-guided crystal growth
in vitro is basically analogous to the process of bio-
mineralization in vivo, in which extracellular matrix
proteins control mineral formation, while cells supply
the extracellular space with matrix proteins and mon-
itor specific concentration of inorganic ions through
ion pumps. Matrix proteins can now be synthesized by
cloning and recombination techniques of modern
biotechnology, while micro and nanotechnology allows
monitoring of ionic levels with nano-Mol precision.
Considering that the usual task of the biological cell can
be managed by biochemists and tissue engineers, we
conclude that an in vitro approach to regenerate a
mineralized tissue is feasible.
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