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ABSTRACT

The contro] of hydroxyapatite crystal initiation
and growth during enamel development is thought
to be mediated via the proteins of the extracellular
matrix. However, the precise nature of these
matrix-mineral interactions remains obscure. The
aim of the present study was to use a combination
of atomic and chemical force microscopy to
characterize developing enamel crystal surfaces
and to determine their relationship with
endogenous enamel matrix protein (amelogenin).
The results show regular and discrete domains of
various charges or charge densities on the surfaces
of hydroxyapatite crystals derived from the
maturation stage of enamel development. Binding
of amelogenin to individual crystals at
physiological pH was seen to be coincident with
positively charged surface domains. These
domains may therefore provide an instructional
template for matrix-mineral interactions.
Alternatively, the alternating array of charge on
the crystal surfaces may reflect the original
relationship with, and influence of, matrix
interaction with the crystal surfaces during crystal
growth.
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Evidence for Charge Domains
on Developing Enamel
Crystal Surfaces

INTRODUCTION

Dental enamel is the most extreme example of mammalian
biomineralisation. Its physical properties and physiological function are
fundamentally related to the composition, orientation, morphology, and
disposition of the mineral component within the tissue. Enamel mineral
takes the form of crystals of carbonated calcium hydroxyapatite which are
larger and more uniform than those found in the mesenchymal skeletal
tissues such as dentin and bone (Daculsi and Kerebel, 1978). The control of
hydroxyapatite crystal deposition and growth is therefore a central process
in enamel development. This control has long been thought to be mediated
via the proteins of the developing enamel matrix (Akita er al.. 1992:
reviewed by Robinson et al., 1995). Precise control mechanisms remain
obscure, but interactions between crystal surfaces and specific
stereochemical arrays on extracellular matrix proteins have been implicated
(Simmer and Fincham, 1995).

During enamel formation, very thin, ribbon-like crystals of
hydroxyapatite are initially deposited in a complex extracellular organic
matrix, composed primarily of a family of related proteins derived from a
single gene—the amelogenins (Fincham and Moradian-Oldak, 1995). These
proteins are subject to extensive post-secretory processing, generating a
spectrum of discrete components with specific spatial distribution within
the developing tissue (Brookes ef al., 1995). We have previously
demonstrated that failure to remove the organic matrix results in incomplete
crystal growth and therefore maturation of the tissue, implying an inhibitory
or at least modulating role for these proteins in terms of crystal growth
(Robinson et al., 1989, 1992). However, despite a great deal of effort,
techniques applied to date have been unable to elucidate the precise
behavior of specific matrix components at mineral surfaces where,
presumably, any control must be effected.

We have recently used the atomic force microscope (AFM) to provide
topological images of hydroxyapatite crystals from developing enamel,
revealing putative kink and growth sites which may be important
determinants in the mechanisms of crystal growth during enamel
biomineralization (Kirkham ez al., 1998). AFM is ideally suited for
biological imaging, since specimens do not need to be dehydrated, fixed,
stained, or coated, and, most importantly, imaging can be carried out under
fluids, maintaining the correct biological milieu (Ikai, 1996). In addition,
with the use of functionalized AFM tips which are chemically modified by
thiol-linked self-assembled monolayers, chemical force microscopy (CFM)
(Noy et al., 1997) can be used to provide more specific information about
surface charge properties of skeletal mineral crystals and binding strengths
of interacting ligands.

The aim of the present study was to use CFM to map the surface charge
characteristics of developing enamel crystals and to investigate how this
might relate to protein-mineral interactions.
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images with the functionalized
tips were obtained under fluids of
various pH, by means of the Mo-
lecular Imaging™ picoSPM
controlled by Nanoscope Illa
electronics (Digital Instruments,
Santa Barbara, CA, USA) with a
40 x 40 pm scanner in lateral
force mode.

Low friction

High friction Atomic Force Microscopy

(AFM)

AFM images of protein-mineral
binding were obtained by means of
a Nanoscope llla AFM (Digital
Instruments) fitted with a flow cell.
Enamel crystals were added to
freshly cleaved mica as described
previously. Recombinant am-
elogenin (M179, Simmer et al.,
1994) was introduced into the flow
cell at 50 pg/mL in 20 mM Tris,
pH 7.4. Images were obtained by
means of standard 200-um Si;N,
cantilevers (Park Scientific
Instruments, Northampton, UK) in
tapping mode at near-resonance
frequencies (9 KHz), with a reson-
ance amplitude of 0.6 V, set point
of 0.5 V, and scan rates of 2.5 Hz,

uM

Figure 1. Surface characteristics of hydroxyapatite crystals isolated from the developing enamel of rat
é] CFM image obtained in lateral force mode with a carboxyl-

s of high and low friction, corresponding to alternating charge domains, can be seen. (b)
ﬂ:tercl force mode with an amino-modified tip. Bands of :’?h and low friction can

incisor feeth, imaged under fluid at pH 7.4.
modified tip. Bang
CFM image obtained in

be seen which are a reverse image of those obtained with the carboxyl-modifi

Pace topography of crystals. (d) Typical AFM (height) image of crystal
tip. For both (c) and (d), crystal surfaces were smooth, suggesting that the
patterns observed in CFM lateral-force mode were not related to differences in height.

sur!

image of (b) above, showin
obtained with a non-modifieg

MATERIALS & METHODS

Preparation of Enamel Crystals

Individual crystals, free from all endogenous matrix protein, were
prepared from the maturation stage of developing rat incisor
enamel as described previously (Robinson et al., 1996; Kirkham et
al., 1998).

Chemical Force Microscopy (CFM)

Isolated developing enamel crystals were immobilized on
specially prepared substrates as described previously (Zhang et
al., 1999). Chemically modified (“functionalized™) Si;N, tips
were generated by being coated with a 10-nm chromium
adhesion layer followed by 100-nm gold (99.99% pure) deposited
by thermal evaporation at a constant rate of 0.1 nm/sec. Self-
assembled monolayers (SAMs) were then formed by immersion
of the tips in solutions containing either 0.1 mM 11-
mercaptoundecanoic acid (Aldrich, Poole, UK) or 0.1 mM 11-
amino- | -undecanethiol hydrochloride (Dojindo, Tokyo, Japan) in
0.5 mM ethanol for 24 hrs at room temperature. Upon removal
from solution, the tips were rinsed thoroughly with absolute
ethanol and. finally, distilled water (pH = 7) before use. CFM

with 256 lines taken per image.

RESULTS

Chemical Force Microscopy
of Maturation-stage Enamel
Crystals

We used chemical force micros-
copy with functionalized tips (both negatively and positively
charged) in lateral force mode to interrogate the surfaces of
individual maturation-stage crystals from developing enamel
in an attempt to identify variations in surface charge. CFM
revealed repeating alternating domains of surface charge in the
direction of the crystallographic “¢” axis (Figs. la, 1b),
comprising broad bands (from 30 to 50 nm in width)
interrupted by narrower domains (approx. 15 nm in width).
Carboxylated (negatively charged) and amino-terminated
(positively charged) tips produced reciprocal images of each
other, suggesting that the banding pattern observed was due to
distinct differences in charge, or charge density, at the crystal
surface. The corresponding topographic (height) images (Fig.
lc) showed no evidence of surface features which might
induce artefacts in the lateral force images.

tips. (c) AFM (height)

Atomic Force Microscopy of Crystal-Protein Interactions

Fig. 2 shows the alignment of amelogenin protein about the “c”
axis of individual crystals from the maturation stage of
developing rat incisor enamel. The protein appeared to be
present in the form of spheres, approximately 30 nm in width.
The size and form of the spheres were similar to those
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Surface Charge on Developing Enamel Crystals

Figure 2. AFM at increasing magnifications (A-C) images of hydroxyapatite crystals isolated from the developing enamel of rat incisor teeth following

exposure fo amelogenin protein. Amelogenin can be seen to have aggregated to form spherical structures (arrowed) which align along the crystal “c”

axis corresponding fo the positive charge domains seen in CFM.

described previously for amelogenin aggregates or nanospheres
(Moradian-Oldak et al., 1994). The periodicity of the spacing
of amelogenin aggregates along the crystal “c” axis closely
corresponded to that of the positively charged domains
revealed by CFM. Desorption of protein by means of
increasing concentrations of phosphate buffer confirmed this.

DISCUSSION

In a previous study, we demonstrated that maturation-stage
enamel crystals remained in position during AFM scanning in
contact mode under fluids when bound to negatively charged
substrates (Zhang et al., 1999). Scanning was carried out under
simulated enamel fluid at physiological pH, implying an overall
positive surface charge for developing enamel crystals in vivo.

Previous work, based upon measurements of zeta
potential, has generated conflicting results in terms of net
surface charge on hydroxyapatite crystal surfaces (reviewed by
Chander and Fuerstenau, 1984). However, there are reports of
calcium-rich surface layers on biologically derived crystals
which are commensurate with the findings described here
(Mafe et al., 1996).

The results of the chemical force microscopy reported here
are supported by these earlier findings of overall positive
charge on the developing crystal surfaces. The contrast in the
CFM images arises from a twisting of the AFM cantilever due
to lateral frictional forces, presumably arising from attractive or
repulsive electrostatic interactions between the charged tip and
the substrate (Noy et al., 1995). This suggests that the bands or
domains on the crystal surfaces might represent alternating
charge polarity or domains of similar polarity but different
charge density. If the broader bands are positively charged and
the narrower bands negative, then a net positive surface charge
would result. Alternatively, both bands may be positive but of
differing charge density. Again, this would result in an overall
positively charged crystal surface.

The CFM images shown here were obtained under ethanol,
which produced the greatest definition and resolution. CFM
imaging under physiological solutions is less successful, due to

the presence of ions which result in an electric double-layer
(Butt et al., 1995; Hillier ef al., 1996), obscuring the tip-sample
interactions and limiting resolution. The repeating pattern of
surface charge density or polarity is previously unreported, and
its imaging has been made possible only by the use of chemical
force techniques. The pattern has been a consistent finding
from many such experiments and with different operators using
different preparations of maturation-stage crystals. It is not
possible, by these techniques, to determine what groups give
rise to the charge variations and how these relate to the
hydroxyapatite crystal lattice, if at all, since the AFM is unable
to resolve at the atomic level on biological samples due to their
inherent surface roughness. One further constraint of the
technology is that it is not possible to compare younger crystals
derived from the secretory stage of enamel development with
the maturation-stage crystals. CFM with lateral force as
described here requires that the substrate be smooth so that
there is no artefact induced by surface topography. Our
previous studies have demonstrated that there is a significant
decrease in crystal surface roughness with development
(Kirkham et al., 2000). This limits the application of the
technique to crystals from the maturation stage, since secretory-
stage crystals are too rough. Further investigations are under
way with force-mapping techniques to address this problem.
The role of amelogenin in the control of crystal growth has
long been debated. Previous reports have suggested an
inhibitory role, operating either via direct binding to the
crystals, obscuring growth sites, or by provision of a physical
(hydrophobic) barrier preventing access of mineral ions to
developing crystal surfaces (Aoba and Moreno, 1991;
Robinson et al., 1995; Simmer and Fincham, 1995). During
enamel development, amelogenin is sequentially degraded to
generate a range of lower-molecular-weight processing
products which are temporally and spatially restricted and have
various degrees of affinity for the mineral phase. In the present
study, we used a recombinant full-length amelogenin molecule
(M179) which lacks only the N-terminal methionine and
phosphorylation at serine-16. The protein appeared to adopt the
form of spheres, approximately 30 to 50 nm in diameter, which
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closely resemble previously reported “nanosphere” structures
observed both in vitro (Fincham et al., 1994) and in vivo
(Robinson ef al., 1981). Such structures have been reported to
contain > 100 individual amelogenin molecules in vitro and are
aggregates of the nascent protein (Moradian-Oldak et al.,
1994). However, in vivo, they probably are comprised of a
mixture of parent molecules and their breakdown products.
Nascent amelogenin has been previously reported to bind to
hydroxyapatite and to enamel crystals (Aoba and Moreno,
1991; Robinson et al., 1997). The association of nanospheres
with crystal surfaces observed in the present study
demonstrates, for the first time, that the parent protein in its
aggregated form binds to developing crystals.

The spatial arrangement of amelogenin aggregates on the
crystal surfaces indicates that binding may be according to a
spatially pre-determined pattern dictated by surface charge
domains on the crystals themselves. These charge domains are
therefore clearly obvious candidates for a role in matrix-
mineral interactions.

This arrangement of amelogenin along the crystal surfaces
would also explain the observed preferential crystal growth
along the “c” axis and apparent inhibition of crystal growth in
width and thickness dimensions in the presence of these
proteins, particularly in the newly secreted tissue. Amelogenin
is sequentially degraded with time by temporally restricted
proteolytic enzymes (Bartlett et al., 1996; Simmer ef al.,
1998), presumably permitting subsequent controlled lateral
growth of the crystals to occur. It is unlikely that amelogenin
would bind to the growing end of the crystal in the same way
as seen in these studies, since this would be a much smaller
surface which could not have the same spatial patterning of
charge (the ends of the crystals in our experiments do not
represent the true ends of the crystal in vivo).

The repeating patterns of crystal surface charge may
therefore be central in providing an instructional template for
interactions with the matrix. Alternatively, the observed
alternation of charge bands on the crystal surface may be a
developmental remnant arising from crystal elongation as the
parent amelogenin aggregate is processed and removed,
reflecting the original relationship with and influence of the
initial matrix structures on the growing crystal.

ACKNOWLEDGMENTS

The authors thank the Biotechnology and Biological Sciences
Research Council of Great Britain (grant no. 24/9709001)
and NIDCR/NIH (grant no. DE13237) for their support of
this work.

REFERENCES

Akita H, Fukae M, Shimoda S, Aoba T (1992). Localisation of
glycosylated matrix proteins in secretory porcine enamel and their
possible functional roles in enamel mineralisation. Arch Oral Biol
37:953-962.

Aoba T, Moreno EC (1991). Structural relationship of amelogenin
proteins to their regulatory function of enamel mineralisation. 4m
Chem Soc 444:85-106.

Bartlett JD, Simmer JP, Xue J, Margolis HC, Moreno EC (1996).
Molecular cloning and mRNA tissue distribution of a novel matrix
metalloproteinase isolated from porcine enamel organ. Gene

Kirkham et al.

J Dent Res 7912) 2000

183:123-128.

Brookes SJ, Robinson C, Kirkham J, Bonass WA (1995). Biochemistry
and molecular biology of amelogenin proteins of developing
enamel. Arch Oral Biol 40:1-14,

Butt H, Jaschke M, Ducker W (1995). Measuring surface forces in
aqueous electrolyte solution with the atomic force microscope.
Bioelectrochem Bioenerget 38:191-201.

Chander S, Fuerstenau DW (1984). Solubility and interfacial
properties of hydroxyapatite: a review. In: Adsorption on and
surface chemistry of hydroxyapatite. Misra DN, editor. New York:
Plenum Press, pp. 29-49.

Daculsi G, Kerebel B (1978). High resolution electron microscope
study of human enamel crystallites: size, shape and growth. J
Ultrastruct Res 65:163-172.

Fincham AG, Moradian-Oldak J (1995). Recent advances in
amelogenin biochemistry. Connect Tissue Res 32:119-124,

Fincham AG, Moradian-Oldak J, Simmer JP, Sarte P, Lau EC,
Diekwisch T, et al. (1994). Self-assembly of a recombinant
amelogenin protein generates supramolecular structures. J Struct
Biol 112:103-109.

Hillier A, Kim S, Bard A (1996). Measurement of double layer forces
at the electrode/electrolyte interface using the atomic force
microscope: potential and anion dependent interactions. J Phys
Chem 100:18808-18817.

Tkai A (1996). STM and AFM of bio-organic molecules and structures.
Surf Sci Rep 26:263-332.

Kirkham J, Brookes SJ, Shore RC, Bonass WA, Smith DAM,
Wallwork ML, ez al. (1998). Atomic force microscopy studies of
crystal surface topology during enamel development. Connect
Tissue Res 39:91-100.

Kirkham J, Brookes SJ, Zhang J, Wood SR, Shore RC, Smith DAM, et
al. (2000). Effect of experimental fluorosis on the surface
topography of developing enamel crystals. Caries Res 35:50-59.

Mafe S, Manzanares JA, Reiss H, Thomann JM, Gramain P (1996).
Model for the dissolution of calcium hydroxyapatite powder. J
Phys Chem 96:861-866.

Moradian-Oldak J, Simmer JP, Lau EC, Sarte PE, Slavkin HC,
Fincham AG (1994). Detection of monodisperse aggregates of a
recombinant amelogenin by dynamic light scattering. Biopolymers
34:1339-1347.

Noy A, Frisbie C, Rozsnyai L, Wrighton M, Lieber CM (1995).
Chemical force microscopy: exploiting chemically-modified
tips to quantify adhesion, friction and functional group
distributions in molecular assemblies. J Am Chem Soc
117:7943-7951.

Noy A, Vezenov DV, Lieber CM (1997). Chemical force microscopy.
Ann Rev Mater Sci 27:381-421.

Robinson C, Fuchs P, Weatherell JA (1981). The appearance of
developing rat incisor enamel using a freeze-fracturing technique.
J Cryst Growth 53:160-165.

Robinson C, Kirkham J, Stonehouse NJ, Shore RC (1989). Control of
crystal growth during enamel maturation. Connect Tissue Res
22:139-145.

Robinson C, Kirkham I, Brookes SJ, Shore RC (1992). The role of
albumin in developing rodent dental enamel: a possible
explanation for white spot hypoplasia. J Dent Res 71:1270-1274.

Robinson C, Kirkham J, Shore RC, Brookes SJ, Bonass WA ( 1995).
Role of the extracellular matrix in enamel development. In:
Dental enamel—formation to destruction. Robinson C, Kirkham
J, Shore RC, editors. Boca Raton, FL: CRC Press, pp. 105-134.



J Dent Res 79(12) 2000 Surface Charge on Developing Enamel Crystals 1947

Robinson C, Brookes SJ, Kirkham J, Bonass WA, Shore RC (1996). (1994). Isolation and characterization of a mouse amelogenin
Crystal growth in dental enamel: the role of amelogenins and expressed in Escherichia coli. Calcif Tissue Int 54:312-319.
albumin. Adv Dent Res 10:173-180. Simmer JP, Fukae M, Tanabe T, Yamakoshi Y, Uchida T, Xue J, et al.

Robinson C, Brookes SJ, Bonass WA, Shore RC, Kirkham J (1997). (1998). Purification, characterization and cloning of enamel matrix
Enamel maturation. In: Dental enamel. CIBA Foundation. serine proteinase 1. J Dent Res 77:377-386.

Chichester, UK: John Wiley & Sons, pp. 156-174. Zhang J, Kirkham J, Wallwork ML, Smith DAM, Brookes SJ, Shore

Simmer JP, Fincham AG (1995). Molecular mechanisms of dental RC, et al. (1999). The use of self-assembled monolayers as
enamel formation. Crit Rev Oral Biol Med 6:84-108. substrates for atomic force imaging of hydroxyapatite crystals

Simmer JP, Lau EC, Hu CC, Aoba T, Lacey M, Nelson D, et al. from mammalian skeletal tissues. Langmuir 15:8178-8183.





