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The control of hydroxyapatite crystal initiation and growth during enamel development is thought to
be mediated by the proteins of the extracellular matrix. However, the precise nature of these critical
mineral-protein interactions remains obscure. In this study, fluid tapping mode atomic force microscopy
was used to image, for the first time, the binding of extracellular proteins found in enamel matrix (amelogenin
and albumin) to developing enamel crystals. Both albumin and amelogenin were found to be associated
with the crystal surfaces under conditions close to physiological; however, the binding of the two proteins
was distinctly different. Albumin appeared to bind as a monomer, whereas amelogenin was bound as
aggregates resembling previously described “nanosphere” structures. Both proteins were arrayed on the
crystal surface in a distinctive banding pattern, perpendicular to the c-axis. This pattern was coincident
with recently identified positively charged domains on the crystal surface, suggesting that an electrostatic
interaction with the net negatively charged proteins controls the proteins’ spatial distribution on the
mineral surface. Desorption using phosphate buffers of increasing ionic strength indicated that both
amelogenin and albumin were tightly bound to the crystals, but amelogenin alone was observed to bind
more strongly to certain crystal faces, suggesting a more specific role for this protein in the control of crystal
morphology and growth.

Introduction

Dental enamel is the most extreme case of biominer-
alization and is the only current model in which biological
crystals can be obtained for interventive studies with
minimum alterations to their surface characteristics. The
physical properties of enamel and its physiological function
are related to the orientation, morphology, and disposition
of the mineral component within the tissue. Calcium
hydroxyapatite crystals are the major inorganic compo-
nent of all mammalian skeletal tissues, but crystals
derived from enamel are larger and more uniform than
those found in dentine or bone,1,2 implying a high degree
of control during their development. The control of skeletal
mineral development (and by implication the onset of
calcified tissue pathologies such as osteoporosis and ectopic
calcification) is thought to be mediated via the proteins
of the extracellular matrix binding to the crystal surfaces
and subsequent protein-mineral interactions.

Enamel crystals are initially deposited in a protein-
rich matrix within the developing tissue.3,4 The young

(secretory stage) crystals appear as thin ribbons extending
from the amelodentinal junction toward the enamel
surface, and much of the early crystal growth is elongation
in the direction of the crystal c-axis.5 In the later stages
of enamel development, protein secretion ceases and
matrix degradation reaches a maximum prior to almost
complete matrix withdrawal.6 Matrix degradation and
removal is accompanied by increased growth of the crystals
in both width and thickness,7 suggesting a possible
inhibitory role for matrix proteins during enamel devel-
opment. This is supported by in vitro data reported by
Robinson et al.8 which showed that crystal growth did not
occur in the presence of enamel matrix proteins.

Enamel matrix proteins comprise a diverse group which
includes amelogenins,9 amelin (ameloblastin/sheathlin),10

enamelin,11 enzymes,12,13 and serum-derived components
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such as albumin.14 Of these, the amelogenins (which
comprise approximately 90% of the matrix proteins) and
albumin have both been shown to inhibit crystal growth
in vitro,15,16 but very little is known about these protein-
mineral interactions or the binding process. It is probable
that the binding of enamel proteins such as amelogenin
and albumin to developing enamel crystal surfaces is
governed by the interaction between specific protein motifs
and the crystal surface. In a previous AFM study, we
reported that the surfaces of developing enamel crystals
carried 30-50 nm domains of positive charge, interrupted
by small (∼15 nm wide) areas of negative charge or lower
positive charge density, perpendicular to the c-axis.17 Such
charge domains may be sites for specific matrix-mineral
interactions which control the binding process and there-
fore play a key role in skeletal tissue mineral development.

There is extensive literature on the adsorption of
proteins, particularly serum proteins, to metals,18-24

glass,25-30 and polymers.25,26,30-32 Recently, Kandori et al.33

reported on a study of serum albumin and lysozyme
binding to synthetic calcium hydroxyapatites; however,
there have been no reports of the adsorption of proteins
to skeletal tissue mineral surfaces and only a few AFM
studies of protein binding to related surfaces.34,35 In a study
of protein and peptide binding to calcite, Wierzbicki et
al.35 used AFM and molecular modelling to identify
potential binding sites on the mineral surface. The
replacement of surface carbonate ions by carboxyl groups
on the protein was shown to increase the binding energy
significantly, and specific alignment of the oyster shell
protein molecules on calcite surfaces was clear in the AFM
images.

Atomic forcemicroscopy (AFM)providesan idealmethod
of investigating protein-mineral binding because imaging
can be performed in real time under physiological fluids.
These fluids can easily be exchanged during imaging, or
proteins can be injected into the fluid cell. The aim of the

present study was to use fluid tapping mode AFM to
observe the interaction of albumin and amelogenin
proteins with developing natural enamel crystals in order
to investigate protein-mineral binding and to determine
whether protein binding was related to the charge domains
recently described on the crystal surfaces.17

Experimental Procedures
Source of Material. Preparation of Enamel Crystals. De-

veloping enamel crystals, free from all endogenous matrix protein,
were obtained from the mandibular incisors of six week old male
Wistar rats as described in our previous publications.36,37

Proteins Used in Binding Experiments. Bovine serum albumin
(BSA) (Sigma U.K.) (MW 65 kDa) was dissolved in 20 mM Tris
to a final concentration of 50 µg/mL. The pH of the solution was
adjusted to pH 7.4 by titration with small quantities of dilute
HCl. Recombinant mouse amelogenin (M 179) (MW 17.9 kDa)
representing the full-length nascent amelogenin molecule lacking
only the N-terminal methionine and phosphorylation at serine-
1638 was used at a final concentration of 20 µg/mL in 20 mM Tris,
pH 7.4.

Atomic Force Microscopy. Protein-Crystal Binding. Matu-
ration stage enamel crystals, prepared as described above, were
sonicated for 2 min in HPLC-grade methanol to separate
aggregated crystals.37 Approximately 2 µL of this suspension
was then placed onto freshly cleaved mica. The methanol
evaporated rapidly, leaving a spread of dispersed hydroxyapatite
crystals on the surface. Protein solution (either BSA or amelo-
genin) (20 µL) was then added, and the sample was introduced
to the AFM fluid cell in approximately 100 µL of distilled water
(pH 7.4). Images were obtained 5 min after addition of the protein.

All samples were imaged on a Digital Instruments Nanoscope
IIIa Multimode AFM, equipped with an E type scanner (∼15 µm
× 15 µm maximum scan range in the x-y direction) using a
commercially available fluid cell (Digital Instruments, Santa
Barbara, CA). Tapping mode images were obtained using oxide
sharpened silicon nitride NP-S cantilevers of quoted spring
constant 0.32 N/m (Digital Instruments U.K., Cambridge) and
radii of curvature 5-40 nm. Cantilevers were resonated at
approximately 9 kHz, and images were obtained at a tapping
amplitude of approximately 80% of free amplitude.

Desorption of Protein from Crystal Surfaces. Desorption of
proteins from the crystal surfaces was achieved using increasing
strengths of phosphate buffer at pH 7.4.39,40 Time-lapse images
of the crystals were then obtained.

Determination of Surface Roughness. Surface roughness
measurements of the crystal and crystal-protein surfaces were
obtained using the Nanoscope 4.23 r 3 software where the
roughness (Ra) is calculated from the standard deviation of the
surface relative to a center plane. The mean roughness in a small
area (∼30 nm × 30 nm) was determined, and the average crystal
roughness was calculated as the mean roughness over 50 such
areas along the crystal surface. Differences in surface roughness
measurements were compared statistically using an unpaired t
test.

Results

Binding of Bovine Serum Albumin to Maturation
Stage Enamel Crystals. Figure 1a shows a typical
maturation stage enamel crystal in the absence of protein,
and Figure 1b shows a typical crystal imaged after the
addition of BSA. The protein-free enamel crystals were
typically a few hundred nanometers long, 50-100 nm
wide, and less than 50 nm high. After the addition of BSA,
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the AFM images clearly show the presence of globular
structures,presumablyBSA,associatedwithboththemica
and enamel crystal surfaces. BSA was bound to the crystal
surface in a distinct “banding” pattern, with each band
perpendicular to the c-axis and comprising three to four
of the globular structures (arrowed). Measurements made
from cross sections along the c-axis indicate that the full
width at half-height of these globular structures was
approximately 20 nm and the height was a few nano-
meters, which is in broad agreement with the size of
monomeric BSA measured by AFM.41 The structures
observed on the mica surface under these solution
conditions were considerably larger (75-100 nm in
diameter) and presumably correspond to aggregated
protein.

Desorption using phosphate buffers is a standard
method of removing proteins that are electrostatically

bound to surfaces,39,40 and this technique was used here
to study protein desorption from the crystals. Phosphate
buffer solutions of two ionic strengths (200 and 500 mM)
were introduced into the fluid cell to investigate protein
desorption. Figure 1c shows a typical crystal after albumin
binding 2 min after the addition of 200 mM phosphate
buffer. Figure 1d shows the same crystal 10 min after the
introduction of 500 mM phosphate buffer. Under these
phosphate buffer conditions, although the protein struc-
tures on the crystal surface could be discerned in Figure
1c, theywereverymuch less clearly resolved than inFigure
1b. Surface roughness measurement (Ra) provides a
semiquantitative parameter which can be used to make
comparisons between the surfaces of protein-free crystals
and the same crystals following protein binding and
following treatment with phosphate buffers. The rough-
ness of the protein-free and protein-bound crystal surfaces
was measured in each of the cases shown in Figure 1, and(41) Mori, O.; Imae, T. Colloids Surf., B 1997, 9, 31.

Figure 1. Tapping mode AFM images of maturation stage enamel crystals before and after the binding of BSA and during
desorption of the protein from the mineral surface using phosphate buffer. (a) Crystals imaged under distilled water (pH 7.4) prior
to the introduction of protein to the fluid cell. (b) Appearance of a typical crystal 5 min after the introduction of protein (20 µL of
BSA in 20 mM Tris, pH 7.4, at a final concentration of 50 µg/mL), imaged under a further 100 µL of distilled water. Bands of protein
on the crystal surface are visible and are indicated by the arrows. (c) Appearance of a typical crystal 2 min after the exchange of
the solution in the fluid cell with 200 mM phosphate buffer. Protein is still visible although the same high definition of the structures
as seen in (b) cannot be achieved under the phosphate buffer. (d) Appearance of the same crystal imaged 10 min after the exchange
of the 200 mM phosphate buffer in the fluid cell with 500 mM phosphate buffer. There is no evidence for protein remaining on
the mineral surface under these conditions.

2510 Langmuir, Vol. 17, No. 8, 2001 Wallwork et al.



the results are summarized in Table 1. These data show
that the binding of BSA to enamel crystals is clearly
characterized by a statistically significant (p < 0.01)
increase in the measured roughness. The addition of the
200 mM phosphate buffer resulted in an almost complete
removal of the BSA from the mica surface as evidenced
by the absence of globular structures, suggesting non-
specific binding of protein. However, there was no
significant change in the roughness of the protein-bound
crystal surface under these conditions, indicating that
the globular (BSA) structures were indeed still present
on the crystal surfaces although less clearly resolved by
AFM. Addition of 500 mM phosphate buffer resulted in
an observable loss of globular structures from the crystals
(Figure 1d) and a concomitant decrease in the measured
roughness to a value that was not statistically different
from that of the protein-free crystals, indicating complete
desorption of protein from the crystal surfaces under these
conditions.

Binding of Amelogenin to Maturation Stage
Enamel Crystals. Similar experiments were carried out
to characterize the binding of amelogenin to maturation
stage enamel crystals, and the AFM images are presented
in Figure 2. Figure 2a shows a typical enamel crystal before
introduction of amelogenin protein to the AFM fluid cell,
and Figure 2b shows a typical image after the injection
of amelogenin. Once again, globular structures can clearly
be seen associated with the crystal surfaces in a similar
banding pattern to that described for BSA, despite the
problem of tip contamination, which is extremely difficult
to avoid when proteins are injected into the fluid cell. In
contrast to the BSA binding, these images indicated
binding of protein aggregates to the crystal surfaces. Each
of the globular structures seen measured 25-30 nm in
width, which is much larger than would be expected for
monomeric amelogenin.

Desorption experiments carried out under the same
conditions as those described above for BSA were also
performed on the amelogenin-mineral complexes, and
the images of this process are shown in Figure 2c,d. The
corresponding roughness data are summarized in Table
2. Introduction of 200 mM phosphate buffer into the fluid
cell (Figure 2c) resulted in the removal of some proteins
from the crystal surface and the almost complete removal
of proteins from the mica substrate. The amelogenin also
appeared to be more loosely bound to the crystal surface,
resulting in displacement of the proteins during scanning.
Bound protein aggregates were still clearly visible in
Figure 2c, and the measured roughness was not signifi-
cantly different to that of the crystals before the addition
of the phosphate buffer. Introduction of 500 mM phosphate
buffer into the fluid cell (Figure 2d) produced different
results to those seen with BSA. Protein was removed from

the upper surface of the crystal which then exhibited a
measured roughness that was significantly reduced
compared with the previous measurement (p < 0.01) but
still rougher than the original protein-free crystals.
However, amelogenin aggregates remained closely as-
sociated with the sides of the crystal (arrowed), even after
prolonged exposure to the phosphate buffer.

Discussion

The results presented here clearly demonstrate the use
of AFM in the study of protein-enamel crystal associa-
tions. Under conditions of physiological pH, BSA and
amelogenin, which are both components of the developing
enamel matrix, bind to the natural hydroxyapatite crystal
surfaces in an arrangement which corresponds closely to
the previously reported charge patterns on these mineral
surfaces,17 suggesting that protein binds to maturation
stage enamel crystals in a predetermined pattern dictated
by the surface charge distribution.

Our measurements of the size of the bound BSA,
although clearly convoluted with the tip shape42 and
possible distortion under the force of the probe, compare
with previous AFM studies.41 In aqueous solution, BSA
adopts a prolate ellipsoidal conformation with an 11.6 nm
long axis and a 2.7 nm short axis. Our measured width
and height (20 nm and approximately 4 nm) are slightly
greater than these dimensions but typical for AFM
measurements of the protein on a surface. This suggests
that BSA binds to the crystal surfaces in a monomeric
form and not as a large aggregate, examples of which
could be seen on the mica surface around the crystal. Such
aggregation is not uncommon, but it is perhaps surprising
that these aggregates do not appear to adsorb directly
onto the mineral surface or onto the first layer of protein.
One possible explanation for why this does not occur is
that BSA undergoes a conformational change upon binding
to the mineral surface which prevents further association
with proteins from solution and this conformationally
altered state binds preferentially. BSA undergoes a
reversible partial unfolding around 316 K,43 which Jackson
et al.19 have reported increases the tendency to bind to a
Ti electrode, and complete thermal denaturation further
increased the protein binding in this study. However, at
the temperature at which our experiments were performed
(297 K) no conformational change of BSA would be
expected. Conformational change upon binding is, how-
ever, a reasonably well-documented phenomenon; for
example, Sheller et al. also observed that albumin formed

(42) Engel, A.; Schoenberger, C. A.; Muller, D. J. Curr. Opin. Struct.
Biol. 1997, 7, 279.

(43) Lin, V. J. C.; Koenig, J. L. Biopolymers 1976, 15, 203.

Table 1. Roughness Measurements of Maturation Stage
Enamel Crystals before and after Addition of Bovine

Serum Albumin and Following Desorption of the Protein
with Increasing Strengths of Phosphate Buffera

experimental conditions surface roughness (nm)

maturation stage crystals in
20 mM Tris, pH 7.4

0.55 ( 0.03

crystals + serum albumin in
20 mM Tris, pH 7.4

1.10 ( 0.08b

crystals + serum albumin in 200 mM
phosphate buffer, pH 7.4

1.01 ( 0.04b

crystal + serum albumin in 500 mM
phosphate buffer, pH 7.4

0.59 ( 0.01

a Results show mean roughness ( standard deviation; n ) 50.
b Significantly different to original crystals in the absence of protein
(p < 0.01).

Table 2. Roughness Measurements of Maturation Stage
Enamel Crystals before and after Addition of M179

Amelogenin and Following Desorption of the Protein
with Increasing Strengths of Phosphate Buffera

experimental conditions surface roughness (nm)

maturation stage crystals in
20 mM Tris, pH 7.4

0.55 ( 0.03

crystals + amelogenin in
20 mM Tris, pH 7.4

1.95 ( 0.10b

crystals + amelogenin in 200 mM
phosphate buffer, pH 7.4

1.78 ( 0.12b

crystal + amelogenin in 500 mM
phosphate buffer, pH 7.4

0.82 ( 0.03b

a Results show mean roughness ( standard deviation; n ) 50.
b Significantly different to original crystals in the absence of protein
(p < 0.01).
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exclusively monolayers on a hydrophobic surface32 and
attributed this to conformational changes in the adsorbed
protein.

The isoelectric point of BSA is at pH 4.6,44 and it would
therefore be expected to carry a net negative charge at
the neutral pH used in these studies. The net surface
charge of hydroxyapatite is a subject of conflicting reports
in the literature. Previous work, based upon measure-
ments of ú potential, have claimed both overall positive
and negative surface charge for hydroxyapatite crystals.45

Kandori et al.33 reported the surface of synthetic hy-
droxyapatite to be negatively charged at pH 6 and suggest
that P-OH groups act as surface charge sites. However,
there are reports of calcium-rich surface layers on biologi-
cally derived crystals that support the view of a net
positively charged crystal surface46 and our own previous
work37 has shown that enamel crystals are immobilized

under fluid by binding to negatively charged substrates,
providing further evidence that these crystals possess a
net positive charge at their surface at neutral pH. We
therefore propose that the surface of these natural
hydroxyapatite crystals comprises large domains of posi-
tive charge separated by narrower bands of negative (or
less dense positive) charge.17 Because BSA is net nega-
tively charged at pH 7.4, we suggest that carboxylate
groups play the key role in electrostatic binding to the
positive domains of this crystal charge motif. Kandori et
al.33 have also postulated that the binding of BSA to
synthetic hydroxyapatite was through an electrostatic
interaction between the negatively charged BSA and
localized positively charged sites on the crystal, so-called
C-sites. Rouhana et al. have used electrochemical tech-
niques to study a range of globular proteins including
BSA47 binding to a platinum electrode and have shown
that under anodic potentials surface carboxylate groups

(44) Theodre, J. All About Albumin; Academic Press: New York,
1996.

(45) Chander, S.; Fuerstenau, D. W. In Adsorption on and Surface
Chemistry of Hydroxyapatite; Misra, D. N., Ed.; Plenum Press: New
York, 1984; p 29.

(46) Mafe, S.; Manzanares, J. A.; Reiss, H.; Thomann, J. M.; Gramain,
P. J. Phys. Chem. 1996, 96, 861.

(47) Rouhana, R.; Budge, S. M.; MacDonald, S. M.; Roscoe, S. G.
Food Res. Int. 1997, 30, 303.

Figure 2. Tapping mode AFM images of maturation stage enamel crystals before and after the binding of M179 amelogenin and
during the desorption of the protein from the mineral surface using phosphate buffer. (a) Crystals imaged under distilled water
(pH 7.4) prior to the introduction of protein to the fluid cell. (b) Appearance of a typical crystal 5 min after the introduction of protein
(20 µL of M179 in 20 mM Tris, pH 7.4, at a final concentration of 20 µg/mL), imaged under a further 100 µL of distilled water.
(c) Appearance of a typical crystal 2 min after the exchange of the solution in the fluid cell with 200 mM phosphate buffer. (d)
Appearance of the same crystal imaged 10 min after the exchange of the 200 mM phosphate buffer in the fluid cell with 500 mM
phosphate buffer. Although the protein has been removed from the upper surface of the crystal, it remains bound to the sides.
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play a major role as the active binding groups. One role
of BSA in vivo is to transport Ca2+ ions, and these are
likely to be abundant in the surface of calcium hydroxy-
apatite mineral crystals. There may also therefore be an
interaction between surface carboxylate groups of the BSA
with calcium ions in the mineral surface which mediates
the banding pattern of bound protein.

Although albumin is present during enamel crystal
development, the most abundant components of the
developing enamel matrix are the amelogenins. The data
that are presented here suggest that M179 amelogenin
binds to enamel mineral crystals in a fundamentally
different way than BSA. The measured widths of the
globular protein structures observed here (25-30 nm) are
not consistent with monomeric protein of this molecular
weight. However, the sizes are consistent with previous
results describing supramolecular assembly of amelogenin
into “nanospheres” in vitro,49 the observations by electron
microscopy of Robinson et al.50 using freeze-etched de-
veloping enamel in vivo, and our preliminary analytical
ultracentrifugation data (not shown) which indicates that
under these conditions M179 amelogenin forms aggregates
which comprise approximately 10 monomers. Amelogenin
therefore appears to bind to the mineral surface as an
aggregate. This may be a mechanism by which amelogenin
increases its binding strength to the crystal surface, that
is, by aggregating and therefore increasing the surface
area in contact with the mineral.

The isoelectric point of amelogenin is at pH 6.7,51

suggesting that at pH 7.4 the proteins will carry a small
net negative charge. Under these experimental conditions
of pH and ionic strength, M179 amelogenin appears to
aggregate in solution and the resulting “nanosphere”
structures bind to the positive charge present on the
enamel crystal surfaces.52 The additional adsorption of
aggregates onto the first mineral-bound protein layer is
a further indication of the propensity of this protein to
aggregate. Whether there is a conformational change upon
aggregation or binding of the aggregates to the mineral
is presently unclear, but work is underway to characterize
the solution structure of M179 as a monomer and in
aggregated form. The binding of amelogenin to the sides
of the crystals, even in the presence of 500 mM phosphate
buffer, suggests a very strong interaction and a possible
mechanism for the control of crystal morphology. In
general, proteins appear to bind more strongly to surfaces
at pHs near their isoelectric point.53 Whether this is a
general property of proteins is not known, but the
increased binding strength of amelogenin at pH 7.4
compared with BSA may be due to the solution conditions
being closer to the isoelectric point of M179. Some care

must be exercised in discussion of the isoelectric point of
proteins in the context of binding to surfaces because it
is well-known that the pKa of chemical groups varies when
the groups are in close contact with a substrate. Any
conformational changes of the protein which accompany
binding are also likely to change which groups are solvent
exposed, and these two factors therefore make it highly
likely that the isoelectric point of a bound protein is not
the same as the solution value. The exceptionally high
affinity of the amelogenin “nanospheres” for the sides of
the crystal may reflect a difference in crystal surface
chemistry and a specific binding of amelogenin, perhaps
to sites which correspond to the C-sites identified in
synthetic hydroxyapatite as strong binding sites. Mod-
elling has also shown for example that different calcite
faces bind proteins with widely varying affinities.35 The
strong binding of amelogenin to the crystal sides could
indicate a role for this protein in the observed preferential
growth of enamel crystals in the c-axis, especially in the
early stages of development, when the proportion of the
full-length amelogenin molecule (as used in these experi-
ments) is at its greatest within the tissue.

During enamel development, the proteins of the organic
matrix, including albumin and amelogenin, are degraded
and removed from the tissue by the action of proteases.
The data presented here support the theory that failure
to remove protein, or ingress of protein (albumin) into the
tissue late in development (for example, because of
extravasation associated with increased vascular perme-
ability in inflammation), would be expected to result in
a failure of crystal growth and subsequent eruption of
immature tissue. The resulting clinical appearance would
be of a white “chalky” porous enamel which is charac-
teristic of many enamel hypoplasias.54

Conclusions
The affinity of both serum albumin and full length

amelogenin for maturation stage enamel crystal surfaces
at physiological pH conditions, observed here by AFM
provides strong further evidence that these proteins are
associated with crystal surfaces during enamel develop-
ment as previously suggested from biochemical studies.8
The specific binding motif, which reflects the previously
reported charge domains on the crystal surface, and the
effective removal of protein by phosphate buffer both
suggest an electrostatic interaction between the protein
and mineral surface. There is some evidence that mon-
omeric BSA adopts a different conformation when bound
to the surface but amelogenin exhibits a strong tendency
to aggregate in solution before binding to the mineral.
The more important role of amelogenin in the control of
skeletal mineral crystal morphology and growth is sug-
gested by the specific high affinity of the amelogenin
aggregates for the sides of the crystal.
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