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’ INTRODUCTION

Self-assembly of proteins is a commonplace phenomenon in
living systems and is frequently responsible for development of
one-, two-, and three-dimensional functional structures. Exam-
ples include collagen fibrils,1 crystalline bacterial cell surface
layers,2 clathrin-coated vesicles,3 and ferritin cages.4 Matrix pro-
tein self-assembly has received particular interest because of the
significant roles these proteins play in hard tissue growth and
regeneration.5,6 Thus an understanding of the pathways and
mechanisms of matrix protein assembly is important for hard
tissue engineering and may aid in development of biomimetic
approaches to design and synthesize a broad range of functional
molecular structures.

Amelogenin is a major extracellular matrix protein comprising
∼90% of the total protein content in developing tooth enamel.
During early stages, the matrix contains only about 30% mineral,
and the rest is protein and water.7 Amelogenin is mainly com-
posed of hydrophobic regions but has a small portion at the
C-terminus that is hydrophilic. Both in vitro and in vivo experi-
ments have shown amelogenin is able to self-assemble into

higher-order structures.6,8,9 For example, it is well accepted that
amelogenin self-assembles into monodisperse nanospheres at a pH
of 8.0 in vitro.6,8 In addition, a previous in vivo study by Brookes
et al. indicates that amelogenin monomers form hexamers intra-
cellularly before secretion, after which further self-assembly occurs.9

Although the exact roles of amelogenin monomers and assemblies
in directing enamel formation are not fully understood, several in
vitro studies of calciumphosphatemineralization found that amelo-
genin plays a significant role in the formation of high-aspect ratio
hydroxyapatite (HAP).6,10�13 Force spectroscopy and molecular
modeling provided a potential rationale for this control through
determinations of the free energy of binding between the
C-terminal region of amelogenin and the dominant HAP faces.14

In vivo studies showed the importance of amelogenin in proper
enamel formation.15�17

Although the amelogenin environment during mineralization
in vivo is not exactly known, amelogenin will inevitably interact
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ABSTRACT: Because self-assembly of matrix proteins is a key step in hard
tissue mineralization, developing an understanding of the assembly pathways
and underlyingmechanisms is likely to be important for successful hard tissue
engineering. While many studies of matrix protein assembly have been
performed on bulk solutions, in vivo these proteins are likely to be in contact
with charged biological surfaces composed of lipids, proteins, or minerals.
Here we report the results of an in situ atomic force microscopy (AFM) study
of self-assembly by amelogenin—the principal protein of the extracellular
matrix in developing enamel—in contact with two different charged sub-
strates: hydrophilic negatively charged bare mica and positively charged
3-aminopropyl triethoxysilane (APS) silanized mica. First we demonstrate an
AFM-based protocol for determining the size of both amelogenin monomers
and oligomers. Using this protocol, we find that, although amelogenin exists
primarily as∼26 nm in diameter nanospheres in bulk solution at a pHof 8.0 studied by dynamic light scattering, it behaves dramatically
differently upon interacting with charged substrates at the same pH and exhibits complex substrate-dependent assembly pathways and
dynamics. On positively charged APS-treated mica surfaces, amelogenin forms a relatively uniform population of decameric oligomers,
which then transform into twomain populations: higher-order assemblies of oligomers and amelogeninmonomers, while on negatively
charged bare mica surfaces, it forms a film of monomers that exhibits tip-induced desorption and patterning. The present study
represents a successful attempt to identify the size of amelogenin oligomers and to directlymonitor assembly and disassembly dynamics
on surfaces. The findings have implications for amelogenin-controlled calcium phosphate mineralization in vitro and may offer new
insights into in vivo self-assembly of matrix proteins as well as their control over hard tissue formation.
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with lipid, protein, mineral, or other charged biological sur-
faces.12,17,18 Recent in vivo studies showed new bone formation
exhibited much higher acceleration on the negatively charged
surface of HAP than on positively charged surfaces.19 However,
whether surface charge impacts matrix protein assembly and
function during the hard tissue formation in vivo is unknown.
In addition, ex situ studies indicated amelogenin nanospheres
are unstable on a variety of surfaces in vitro.20�22 Therefore,
in situ investigations of amelogenin adsorption and assembly on
chargedmodel surfaces that mimic possible in vivo environments
provide a potential means to better understand amelogenin-
controlled enamel formation and to advance the important long-
term goal of developing new therapies and materials for dental
tissue repair and regeneration.

The purpose of this investigation was to utilize the in situ high-
resolution capabilities of atomic force microscopy (AFM) to
elucidate amelogenin assembly pathways and dynamics on two
model surfaces of opposite physicochemical character: (1) nega-
tively charged hydrophilic bare mica, which can be considered a
model of cell membranes surfaces composed predominantly of
anionic phospholipids23 or the negatively charged (001) faces
of HAP in vivo,24 and (2) positively charged 3-aminopropyl
triethoxysilane (APS) mica, which may be viewed as a proxy
for the positively charged (100) faces of HAP in physiological
conditions.24�26 In contrast to many approaches [i.e., nuclear
magnetic resonance (NMR),27 dynamic light scattering (DLS),28�31

small-angle X-ray scattering (SAXS),29,32 transmission electron
microscopy (TEM)]30,31,33 used for the study of amelogenin self-
assembly, AFM enables direct monitoring of self-assembly on
surfaces at the single molecule or near-single molecule level
because: (1) AFM height measurements are accurate to <1 Å34

and (2) AFM imaging can be performed in situ in solution
conditions close to physiological conditions at surfaces, where
the course of assembly is largely dictated by intermolecular inter-
actions and interfacial phenomena. Thus while previous efforts
predominantly utilized bulk assays to investigate amelogenin
self-assembly in “substrate-free” buffer solutions or high-resolution
techniques to examine ex situ samples assembled on subst-
rates,20�22,29�31 the present study represents a successful at-
tempt to directly observe amelogenin self-assembly on charged
model surfaces under buffered environments, which may better
represent the in vivo context of amelogenin assembly and enamel
formation.

’EXPERIMENTAL SECTION

Amelogenin (rP172) Preparation. Purified recombinant por-
cine amelogenin full-length rP172 was prepared as described previ-
ously.35 The rP172 protein has 172 amino acids and is an analogue
to the full-length native porcine P173 but lacks the N-terminal methio-
nine and a phosphate group on Ser16. The protein was expressed in
Escherichia coli strain BL21-codon plus (DE3-RP, Strategene) and
purified by ammonium sulfate precipitation and reverse-phase high-
performance liquid chromatography (HPLC, C4-214TP510 column,
Vydac, Hesperia, CA).
AFM Imaging. Both ex situ (in air) and in situ (in fluid) AFM

imaging were done in tapping mode or ScanAsyst mode at room tem-
perature with either a NanoScope IIIa or 8. Negatively charged hydro-
philic bare mica and positively charged mica silanized by APS36 were
used as twomodel surfaces of opposite physicochemical character. Ame-
logenin protein solution at pH of 3.8 (NaOAc�HOAc buffer, 25 mM)
and pH of 8.0 (Tris�HCl buffer, 25 mM) was prepared by directly

adding related buffer solutions into prelyophilized 0.1 mg of protein in a
plastic vial to reach concentration of 0.75 or 2.0 mg/mL. AFM samples
were prepared by directly depositing them onto freshly cleaved mica or
freshly made APS-treated mica.36 In situ imaging was performed using a
commercial fluid cell and silicon nitride tips under ScanAsyst mode. All
the height values were determined manually from the images using
NanoScope Analysis software or analyzed by using the SPIP 5.1.4 program.
TEM Characterization. TEM samples were prepared by pipetting

one drop of amelogenin solution (0.75mg/mL, 25mM, pH of 8.0 Tris�
HCl buffer) onto a carbon-coated electron microscopy grid; 2% phos-
photungstic acid was used for negative staining. TEMwas conducted on
a JEOL 2100F instrument operated at 200 kV, and images were collected
using a Gatan CCD imaging system.
Dynamic Light Scattering (DLS). DLS was performed using a

Wyatt DynaPro Nanostar DLS instrument (Wyatt Technology, Santa
Barbara, CA) at 22 �C on solutions prepared according to the same
procedures as used for the AFM studies. The data were analyzed using
Dynamics 7.0 software and produced by the program performing a
regularization fit using a Raleigh sphere model on the Dynals algorithm.

’RESULTS AND DISCUSSION

AFM-Based Protocol for Determining the Size of Amelo-
genin Monomers and Oligomers. In order to elucidate the
assembly pathway, degree of oligomerization, and architecture of
the resulting structures, we first developed an AFM-based proto-
col for determining the size of amelogenin particles. Calibration
curves recently developed by us show a good estimate of themass
of globular proteins, and their oligomers can be achieved by
measuring particle heights.37 To demonstrate the feasibility of
using these calibration curves to follow amelogenin self-assembly
on surfaces, we began by measuring amelogenin particle heights
using pH of 3.8 buffered protein solution, because previous
studies showed amelogenin exists almost exclusively as mono-
mers under this condition.27,30 We found amelogenin particles
deposited on APS mica had uniform heights of 1.4 ( 0.4 nm
when measured ex situ and 2.3( 0.3 nm when measured in situ
(Figure 1 and Figure S1, Supporting Information). Taking the
molecular weight of amelogenin rP172 (20 kDa), we find both
measurements fall squarely on the calibration curves of Cho et al.
(Table S1, Supporting Information).37

We then examined amelogenin particles formed in buffer
solution at pH of 8.0, because previous research showed amelo-
genin exists almost exclusively as nanospheres under this condi-
tion.6,8,30 In good agreement with previous findings,30 our DLS
analysis on bulk solutions revealed nanospheres having a dia-
meter of 26.4 ( 0.6 nm. (Hereafter the term “nanospheres”
refers to amelogenin assemblies measuring ∼26 nm diameter in
bulk solution by DLS.) On APS mica, we found that the amelo-
genin particles had uniform ex situ heights of 4.1 ( 0.6 nm and
in situ heights of 6.7 ( 1.0 nm (Figure 1 and Figure S1,
Supporting Information). As with the monomers, these ex situ
and in situ heights fall on the calibration curves at precisely
the same molecular weight. However, that molecular weight cor-
responds to a hydrodynamic diameter of only 10.4 ( 1.3 nm
(Table S1, Supporting Information).While this is less than half of
the value determined for nanospheres in bulk solution by DLS, it
is in excellent agreement with TEM measurements of amelo-
genin particles deposited on carbon grids showing the nanopar-
ticles had uniform diameters of 10.8( 1.8 nm under these same
solution conditions (Figure 2). Moreover, previously reported
TEM data gave similarly sized nanoparticles at pH of 7.2.30,33



17408 dx.doi.org/10.1021/ja206849c |J. Am. Chem. Soc. 2011, 133, 17406–17413

Journal of the American Chemical Society ARTICLE

From the calibration curves, we find these heights correspond to
a protein mass between 140 and 290 kDa, with an average of
200 kDa. That is, they represent oligomers containing between
7 and 14 monomers and are, on average, decameric oligomers.
Amelogenin particles formed under the same conditions and
deposited on bare mica exhibited similar ex situ heights of 4.5(
0.9 nm (Figure S1, Supporting Information).
A number of previous ex situ AFM (tapping mode) studies

reported diameters of amelogenin particles on surfaces closer to
the ∼26 nm diameter of the nanospheres seen in DLS.20,30,31,38

However, the apparent agreement is misleading due to tip con-
volution effects associated with lateral AFM measurements of
particle size.34 This effect adds ∼5�15 nm onto the true dia-
meter, depending on tip sharpness. Over a wide range of experi-
mental conditions and AFM tips, we found that amelogenin
oligomers gave lateral measurements ranging from∼10 to 26 nm
(Figure S2, Supporting Information), while the heights were
always the same to within the experimental errors noted above.
In previous work using SAXS, Aichmayer et al.29,32 found that

the nanospheres were oblate spheres with an aspect ratio of 2:1

and had a major radius in bulk solution that was smaller than the
hydrodynamic radius determined from DLS by about 2 nm (at
pH of 7.8). They reasoned that this difference in size could arise
because nanospheres contain a dense core and a loose shell.
However, even if the AFM tip were to compress or penetrate this
loose outer shell deduced from the SAXS data, the maximum
particle diameter measured by AFM should still be more than
two times what we observed.
The results presented here suggest that, although 26 nm

nanospheres dominate the particle distributions in solution at
pH of 8.0,6,8,30 they are not stable on these substrates and rapidly
disassemble into a nearly uniform population of this lower-order
unit. The result is consistent with previous findings of Tarasevich
et al.,20�22 who indicated amelogenin�surface interactions
could promote disassembly of nanospheres and is supported
by direct in situ observations that are described below. These new
data quantify the oligomer sizes that form through this process,
delineate the effect of substrate charge, and demonstrate that dis-
assembly occurs in within the time period required to engage the
AFM tip (∼5 min).
To summarize, these results show the previously developed

protein calibration curves can be applied to amelogenin, enabling
us to identifymonomers and quantify the size of the oligomers on
surfaces. There is a clear difference between the 26 nm nano-
spheres previously defined through bulk solution studies and the
much smaller oligomers observed on surfaces. Amelogenin sur-
face interactions caused adsorption of uniform oligomers of
7�14monomers, presumably disassembled from nanospheres in
solution. Finally, the comparison of particle heights and lateral
dimensions provides a rationale for the disparities in AFM-based
diameters reported previously.20,30,31,38

Amelogenin Self-Assembly Pathway and Dynamics. The
successful application of height measurements using the calibra-
tion curves to determine the size of amelogenin monomers
and oligomers enabled us to perform an in situ investigation of

Figure 1. AFM height images of amelogenin particles on APS mica surfaces from 0.75 mg/mL of protein solution in NaOAc�HOAc buffer (25 mM, pH
of 3.8) or Tris�HCl buffer (25 mM, pH of 8.0). (a) Ex situ, pH of 3.8, height =1.4( 0.4 nm, based on 105 counts. (b) In situ, pH of 3.8, height =2.3( 0.3,
based on 110 counts. (c) Ex situ, pH of 8.0, height = 4.1( 0.6 nm, based on 190 counts. (d) In situ, pH of 8.0, height = 6.7( 1.0 nm, based on 201 counts.

Figure 2. TEM image of amelogenin particles on a carbon grid at pH of
8.0 (protein concentration = 0.75 mg/mL), and diameter = 10.8 (
1.8 nm, based on 112 counts.
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amelogenin self-assembly on surfaces, providing further insights
into the behaviors and functions of themonomers and oligomers.
We found that amelogenin exhibited distinctly different adsorp-
tion and assembly behavior on APS mica, where the surface is
positively charged vs freshly cleaved bare mica with its negatively
charged, hydrophilic surface.
Amelogenin Self-Assembly Pathway and Dynamics on APS

Mica Surface at pH of 8.0. As discussed above, at a pH of 8.0 on

APS mica surfaces, amelogenin initially formed a uniform popu-
lation of oligomers with in situ heights of 6.6 nm. As shown in
Figure 3, during in situ imaging, these oligomers continuously
increased in height and assembled into larger oligomers, some of
which aggregated to form spherical clusters of oligomers. At the
same time, the number density of oligomers decreased (Figure 3).
Both the changes in size and number density were initially rapid
before leveling off (Figure 3f). High-resolution images show that

Figure 3. In situ AFM images of amelogenin particles on APS mica (pH of 8.0) at different time points showing the assembly pathway and kinetics:
(a) t = 25.1; (b) t = 60.6; (c) t = 91.1; (d) t = 143.6; and (e) t = 397.1min. The three circled particles provide reference points. (f) Time evolution to show
total number of particles per unit area (white dots) and height of oligomers (black dots).

Figure 4. In situ AFM images of amelogenin particles on APS mica (pH of 8.0) at different time points: (a) t = 15.0; (b) t = 64.9; and (c) t = 413.2 min.
The circled particle provides a reference point. White and black arrows indicated amelogenin oligomer and monomer respectively.
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the oligomers first adsorbed on the surface with a dendritic mor-
phology (Figure 4a) before eventually becoming isolated parti-
cles (Figure 4b). Careful examination of high-resolution images
collected at late stages revealed a film of lower height particles
(black arrow) coexisting on the surface with the oligomers (white
arrow) and clusters (Figure 4c). Their measured in situ heights
of 2.5 nm showed they were monomers (Table S1, Supporting
Information).37

Quantitative analysis (Figure 3f) of the images shows that
the final population of clusters, oligomers, and monomers can
easily account for the reduction in the initial number of oligomers.

At t = 25.1 min (Figure 3a), within a 2000� 2000 nm2 area there
were 1857 oligomers having an average in situ height of∼6.6 nm.
According to the calibration curve (Table S1, Supporting In-
formation), these were composed of ∼10 monomers. There-
fore, the total number of amelogenin molecules within this area
was ∼18 570. At t = 397.1 min (Figure 3f), the average in situ
height had grown to ∼9.3 nm, while the total number of oligo-
mers had fallen to 298. An oligomer with an in situ height of
9.3 nm is composed of 22 amelogenin monomers (Table S1,
Supporting Information). Therefore, the total number of ame-
logenin molecules contained in the oligomers within the observ-
ation area had decreased to ∼6556. Thus, between 25.1 and
397.1 min, the total number of amelogenin molecules contained
in oligomers within the observation area decreased by 12 014. If
we assume the amelogenin molecules that dissociated from
the oligomers formed the film of monomers observed at t =
397.1 min, then, when evenly distributed across the surface, the
density of monomers would have been only one per 333 nm2.
According to the calibration curve, the hydrodynamic diameter
of an amelogenin monomer is ∼4.4 nm, which implies a fully
dense monolayer would contain approximately 1 monomer per
15 nm2. This shows that a monolayer containing all the amelo-
genin molecules dissociated from the oligomers over this time
period could easily fit within the available surface area.
Amelogenin Adsorption and Desorption Dynamics on Mica

Surfaces at pH of 8.0. Although similar size amelogenin oligo-
mers were observed on both APS and bare mica surfaces under
ex situ AFM imaging, further comparisons showed amelogenin

Figure 5. In situ AFM height images of amelogenin particles on mica
surface at pH of 8.0 from different protein concentrations: (a) 0.75 and (b)
2.0mg/mL, in which amelogenin oligomers are bright yellow in color. Note
the relatively small number of adsorbed oligomers as compared to Figure 3.

Figure 6. Tip-induced desorption of amelogenin. (a�e) In situ height images of amelogenin particles on mica during continuous scanning at con-
stant force in buffered protein solution (protein concentration = 0.75mg/mL, 25mMpHof 8.0 Tris�HCl buffer): (a) t = 548, (b) t = 1597, (c) t = 2121,
(d) t = 3170, and (e) t = 3613 s. (f) Time dependence of the percent coverage of amelogenin-free regions.
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adsorption, assembly, and disassembly proceeded differently on
the two oppositely charged substrates. First, the oligomer density
on APS mica was much higher than on bare mica (Figure S3,
Supporting Information). Second, high-resolution images at the
earliest times investigated showed that, although amelogenin
existed almost exclusively as oligomers on APS mica, on the bare
mica surfaces large amounts of low-height dendritic particles
coexisted along with the oligomers (Figure S4, Supporting In-
formation). The ex situ heights of these particles were around
1.4 nm, which indicates they were monomers (Table S1, Sup-
porting Information). This phenomenon was also observed
previously on bare mica surfaces (Figure S2d, Supporting In-
formation),31 although it did not attract much attention in the past.
The observation of amelogenin monomers on bare mica

surfaces indicates that the interaction between the amelogenin
and bare mica favors disassembly of nanospheres into monomers
instead of oligomers. Since the calculated isoelectric point for
amelogenin rP172 is at pH of 7.05,30 oligomers are more nega-
tively charged under pH of 8.0 conditions than monomers.
Therefore, it is reasonable that the positively charged APS mica
promotes the adsorption or stabilization of oligomers, while the
negatively charged mica surface favors adsorption of monomers
over oligomers. The adsorption of negatively charged monomers
on negatively charged bare mica maybe due to the presence of
Tris-H+ cations or the possible formation of NH 3 3 3O hydrogen
bonds between amides (NH) from amelogenin and O from bare
mica. This preference for adsorption of monomers over oligo-
mers was also observed under in situ conditions even when the
protein concentration was increased from 0.75 to 2.0 mg/mL
(Figures 5 and 6).
We reasoned that the binding affinity between the slightly

negatively charged amelogenin monomers and the negatively
charged bare mica surface should be fairly weak due to electro-
static repulsion. To test this hypothesis, we continuously scanned
a single area (800� 800 nm2) of Figure 5a in amelogenin buffer
solution (protein concentration = 0.75 mg/mL, 25 mM pH of
8.0 Tris�HCl buffer) using a constant force. This force was
adjusted to as small value as was possible while still successfully
obtaining images. We found that continuous in situ scanning
caused a significant decrease in the number of adsorbed mono-
mers within the scanned area (800 � 800 nm2) (Figure 6a�d),
while the surrounding areas showed no significant change
(Figure 6e). Quantitative analysis of the images revealed that,
during the observation period, the fraction of the surface free
of amelogenin increased steadily with time (Figure 6f). The
amelogenin film height was ∼2.3 nm, close to the in situ AFM
height of a monomer (Table S1, Supporting Information). This
observation shows: (1) disassembly of the nanospheres present in
solution leads to a monolayer thick film of amelogenin, and (2)
although the interaction between amelogenin and baremica favors
the adsorption or stabilization of a large population of monomers,
the shear forces created by the AFM tip are sufficient to gradually
remove these monomers. This effect suggests an approach to
patterning amelogenin on surfaces and thus offers a potential
approach to investigating amelogenin-controlled mineralization.
Implications for Matrix Protein Assembly Pathways and

Dynamics In vivo. Although determining the in vivo micro-
environment in which amelogenin assembles and enamel forms
remains a challenge, interactions of amelogenin with various
surfaces, such as those of the forming mineral, nonamelogenin
proteins, and cell surfaces, are inevitable.12,17,18,39 The results
presented here demonstrate that the dynamics of amelogenin

adsorption and self-assembly depend on substrate surface prop-
erties. While negatively charged bare mica only weakly adsorbs
amelogenin monomers, a high density of amelogenin oligomers
adsorb on APS mica, consistent with Wallwork et al.’s indication
that positive sites of HAP promotes adsorption of amelogenin.26

Moreover, amelogenin interaction with surfaces results in struc-
tures other than nanospheres, including monomers, oligomers,
and higher-order assemblies, such as clusters of oligomers. There-
fore, our results imply that, while amelogenin self-assembly into
nanospheres may be a key step during the early stages of enamel
formation, surface induced disassembly of nanospheres may also
be an important process, particularly during enamel crystal growth
andmaturation. In particular, when the interaction between ame-
logenin and a surface is stronger than the interactions holding
nanospheres together, their disassembly should be a common
phenomenon.
Our findings also show that amelogenin surface interactions

not only promote disassembly of nanospheres, as also indicated
in recent ex situ studies by Tarasevich et al.,20�22 but also induce
adsorption of decameric oligomers to an extent that depends on
surface chemistry. These oligomers function as intermediates in
self-assembly of larger oligomers and oligomer clusters as well as
in disassembly into monomers. We speculate that, in analogy to
the roughly circular clusters of these oligomeric intermediates
that form on the surface, the nanospheres observed in bulk solu-
tion by DLS and Cryo-EM40,41 may consist of spherical clusters
of these oligomeric intermediates forming in bulk solution.
These findings further indicate that amelogenin may form a

broad range of quaternary structures in vivo and exhibit much
more complicated assembly dynamics and functions than previ-
ously appreciated.6,8,12,28 These structures may well have distinct
biological functions, for example, monomers and small oligomers
might control the growth and aspect ratio of the crystallites,
while nanospheres may control the spacing and organization of the
crystallites, as suggested by Tarasevich et al.20,42 In addition, the

Figure 7. Proposed pathway of amelogenin self-assembly and structural
dynamics in vivo. (I) Intracellular amelogenin monomers (green) and
hexamers (red) in ameloblast cells.9 (II) Amelogenin nanospheres as-
semble after secretion. (III) Monolayer of amelogenin monomers forms
after nanospheres interact with negatively charged hydrophilic surface.
(IV) Decameric amelogenin oligomers form following disassembly of
nanospheres through interaction with positively charged surfaces.
(V) Decameric oligomers exhibit unexpected structural dynamics on
positively charged surfaces in situ and form a mixture of higher-order
assemblies of oligomers and monomers.
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important role that surface charge plays in mediating amelogenin
adsorption, assembly, and disassembly dynamics may offer in-
sights into the mechanism of amelogenin controlled HAP
morphology and growth kinetics in vivo. For example, the weak
adsorption of amelogenin monomers on negatively charged sur-
faces suggests the alteration of crystal growth kinetics and mor-
phology can be understood in terms of reversible binding of
amelogenin to the negatively charged (001) faces of HAP.24

Although more in vivo and in vitro studies are needed to
obtain a complete understanding of amelogenin self-assembly
and structural dynamics in vivo, because the occurrence of both
positively and negatively charged surfaces should be common
during enamel formation, the self-assembly pathway and struc-
tural dynamics proposed in Figure 7 provide a feasible scenario
for amelogenin assembly.

’CONCLUSIONS

By developing an AFM-based protocol for determining the
size of amelogenin particles, we have unambiguously assigned
dimensions to amelogenin monomers and oligomers adsorbed
onto mica substrates and investigated the dynamics of amelo-
genin assembly in situ. The results demonstrate that, while DLS
data show amelogenin exists almost exclusively as nanospheres in
solution at pH of 8.0, no such particles appear on either bare or
APS-treated mica. Instead, amelogenin initially forms a nearly
uniform population of oligomers containing 10 (+4/�3) mono-
mers. Moreover, the fate of amelogenin nanospheres and oligo-
mers that adsorb to the surface is highly dependent on substrate
surface properties. Amelogenin�substrate interactions appear to
play a significant role in determining the extent to which
oligomers adsorb, assemble, and disassemble, possibly compet-
ing with protein�protein or interoligomeric interactions. We
expect the protocol described here will also be useful for investi-
gating mineralization of amelogenin following its assembly. We
also believe the findings reported in this study hold clues for
understanding matrix protein assembly and function during hard
tissues formation in vivo, because interactions between matrix
proteins, such as amelogenin, and natural surfaces, such as the
developing mineral, are commonplace in in vivo environments.
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