
electric field inside a SAM through the follow-
ing relationship

Ein ¼ Nðmmol=edmolÞ ð1Þ
where N, dmol and e are, respectively, the surface
density, the height of the molecules, and the ef-
fective dielectric constant inside the monolayer
(26, 27). For our SP-SAM, we assumed that N is
1.8 × 1014 molecules/cm2, e is between 2 and 3, mmol

is 6.4D for the SP state and 13.9D for theMC state,
and dmol is 2.2 nm (13); conversion efficiency from
SP-to-MC state is ~66%. Using these values, we can
estimate the difference in the electric fields (Ein)
between the SP andMC states as 5.0 ~ 7.5 MV/cm,
which is much larger than the electric fields that
can be produced by applying a gate voltage using
the bottom-gate structure.
To confirm this hypothesis, we performed gate

voltage sweeps using the bottom-gate structure
with various irradiation times. Figure 4 shows the
contour plots of the resistance as a function of
temperature and gate voltage for increasing times
of UV light irradiation, which was performed at
5 K. The irradiation was stopped during the gate-
sweep mode electrical measurement. The k-Br
device without SP-SAMwas not affected by UV or
visible light irradiation (fig. S9). For k-Br devices
with SP-SAM, the contour plot shifted in the
positive voltage direction with elapsed UV-light
irradiation time, reflecting a gradual progress of
the hole carrier injection, as expected from Eq. 1.
After the irradiation time of 60 s, a sudden re-
sistance drop appeared at negative gate voltage
(VG ≈ −4 V), showing the (field-effect assisted)
photoinduced superconducting transition. When
the irradiation time reached 180 s, a superconduct-
ing phase could be observed even without gate
voltage. The observed voltage shift after 180 s is
~9 V, which leads to the difference in the built-in
potential of 4.3 MV/cm. This value is somewhat
smaller than the results obtained theoretically by
Eq. 1 (5.4 ~ 8.1 MV/cm). One reason for this dis-
crepancy is a decline of the conversion efficiency
of SP-to-MC photoisomerization because of the
lamination of the crystal; it is well known that
the free volume around spiropyrans has an effect
on the photochromic response (28).
Finally, a phase diagram of the k-Br as a

function of temperature and irradiation time
(with applied gate voltage) was obtained by
superimposing Fig. 4, A to G, as shown in Fig. 4I.
We found continuous shift of the contour plots in
Fig. 4, A to G, without noticeable color gradation
difference in the overlapping areas. In addi-
tion, we observed a portion of a superconducting
dome resembling that of the superconducting
cuprates (29) and the k-Br with conventional FET
configuration (20). These results indicate that the
photoinduced effect was caused not by thermal
heating or interface chemical reactions but rather
by the (hole) carrier doping. Furthermore, the
field-induced carriers and the photoinduced car-
riers were working as the same type of carriers
that are indistinguishable from one another
in the k-Br crystals. This means that SP-SAM
EDL can expand the limit of electrostatic car-
rier doping beyond the density that can be

accumulated only by means of a normal FET
configuration.
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DENTAL MATERIALS

Amorphous intergranular phases
control the properties of rodent
tooth enamel
Lyle M. Gordon,1* Michael J. Cohen,1 Keith W. MacRenaris,2 Jill D. Pasteris,3

Takele Seda,4 Derk Joester1†

Dental enamel, a hierarchical material composed primarily of hydroxylapatite nanowires,
is susceptible to degradation by plaque biofilm–derived acids. The solubility of enamel
strongly depends on the presence of Mg2+, F−, and CO3

2–. However, determining the
distribution of these minor ions is challenging. We show—using atom probe tomography,
x-ray absorption spectroscopy, and correlative techniques—that in unpigmented rodent
enamel, Mg2+ is predominantly present at grain boundaries as an intergranular phase
of Mg-substituted amorphous calcium phosphate (Mg-ACP). In the pigmented enamel, a
mixture of ferrihydrite and amorphous iron-calcium phosphate replaces the more soluble
Mg-ACP, rendering it both harder and more resistant to acid attack. These results
demonstrate the presence of enduring amorphous phases with a dramatic influence on
the physical and chemical properties of the mature mineralized tissue.

T
ooth enamel has evolved to resist the most
grueling conditions of mechanical stress,
fatigue, and wear (1). In addition, it is ex-
posed to chemical attack in the corrosive
environment of the oral cavity. Caries, or

tooth decay, commonly begins with the de-

mineralization of enamel because of produc-
tion of acid by oral bacteria (2, 3). Caries has
an extremely high relative incidence of disease,
with nearly 100% of adults worldwide having or
having had caries (4). Although drinking water
fluoridation is credited with reducing caries by
an impressive 25% across all age groups, current
dental expenditure in 2012 has been hovering
at ~$110 billion in the United States alone (5).
As the most prevalent chronic disease, caries
thus remains an important public health prob-
lem. A substantial challenge encountered in char-
acterizing structure and chemistry of enamel is
its complex, hierarchical, and graded architec-
ture with substantial heterogeneity in structure
and composition. Closing this gap in our knowl-
edge will aid development of quantitative models
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of enamel mechanical properties, connect the
tissue-level etiology of caries to the underlying
material structure and properties, and help in-
novate prophylaxis, early detection, and mini-
mally invasive intervention.
Enamel is composed of single-crystal hydrox-

ylapatite [OHAp, Ca10(PO4)6(OH)2] nanowires
that have a rhombohedral shape with typical
cross-sectional edge lengths of 25 to 50 nm
(Fig. 1) (6, 7). Nanowires are elongated parallel
to the crystallographic [00.1] direction and have
very large aspect ratios. On the order of 104

nanowires are bundled in rods. Rods are ar-
ranged in a dense three-dimensional (3D) weave
interspersed with interrod enamel; this arrange-
ment serves to deflect and arrest cracks (8). Spe-

cific features depend, among others, on location
within the enamel layer of a given tooth. In the
inner enamel of rodent incisors, rods are ar-
ranged in decussating layers (Fig. 1). In outer
enamel, rods are packed in parallel instead
and reach the enamel surface at a character-
istic angle. Superimposed on the hierarchical
structure, however, is a level of chemical het-
erogeneity that has been much more difficult
to capture.
Enamel is highly mineralized at 96 weight

percent (wt %) mineral, ~3 wt % water, and only
~1 wt % residual biomacromolecules (6). How-
ever, even small amounts of substituting ions
such as magnesium (0.2 to 0.5 wt % Mg2+), car-
bonate (2 to 4 wt % CO3

2–), and fluoride (F–)

strongly affect its properties (9). This is com-
monly ascribed to substitutional defects in the
OHAp lattice. For example, Mg2+ substitution for
Ca2+ or CO3

2– substitution for either PO4
3– or OH–

results in increased solubility (10). Given the low
solubility of fluorapatite, F– substituting for OH–

is thought to decrease enamel susceptibility to
acid attack and enhance remineralization. The
concentration of these ions typically is graded
over tens to hundreds of micrometers, with
Mg2+ and CO3

2– concentration increasing from
the enamel surface to the dentino-enamel junc-
tion (3). Little is known about the distribution
of ions at the length scale of rods or individual
nanowires and the interfaces between them.
We used a comparative approach to under-

stand the interplay between susceptibility to
acid attack, mechanical properties, and nano-
scale structure and chemistry. Rodent enamel
is a generally accepted model system for human
enamel (11).We therefore comparedunpigmented
“regular” rodent enamel with pigmented rodent
enamel. Pigmented enamel is a reddish-brown,
iron-rich type of outer enamel frequently found
as an outermost layer on the incisors of rodents,
shrews, and a few other species (12). Typically
only 10 to 15 mm thick, its structural organiza-
tion, but not its chemistry, is similar to that of
the regular outer enamel directly underneath.
The susceptibility of enamel to dissolution in

acidic environments was evaluated qualitatively
by means of acid etching (13). Under conditions
designed to approximate the intra-oral environ-
ment during carious attack, we observed that
etching is highly anisotropic even at the level of
individual rods (Fig. 2). In regular mouse inner
enamel, etching results in a “forest” of aligned
nanowires, indicating that dissolution along
the boundaries between {hk.0} facets is much
more rapid than at the (00.1) face. When reg-
ular enamel is topically treated with fluoride
before etching, dissolution along the grain bound-
aries is still the prevalentmode, but the extent is
reduced. Although evidence in the literature led
us to expect increased resistance of pigmented
enamel to acid attack (14), we were surprised by
the dramatic effect that indicates a change in
mechanism. Specifically, etching parallel to the

SCIENCE sciencemag.org 13 FEBRUARY 2015 • VOL 347 ISSUE 6223 747

Fig. 1. Overview of mouse incisor enamel structure. (A and B) SEM images of a lactic acid–etched cross-section. (C) In this bright-field TEM image of a
FIB-prepared thin section and (inset) selected-area diffraction pattern (SAED) of the edge of one enamel rod, alignment of nanowires parallel to the
crystallographic c axis of the apatite lattice is apparent. Scale bars, 5 mm (A); 250 nm (B); 200 nm (C); and 2 nm−1 (inset).

Fig. 2. SEM images of lactic acid-etched rodent enamel and sintered OHAp cross-sections. (A)
Mouse (Musmusculus) incisor inner enamel. A comparison of sections before and after etching is provided
in fig. S12. (B) Fluoride-treated mouse inner enamel. (C) Rat (Rattus norvegicus) pigmented enamel. (D)
Sintered synthetic OHAp. Scale bars, 250 nm.
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grain boundaries is strongly suppressed, and
slight dissolution of the nanowires on the (00.1)
face leads to a characteristic honeycomb appear-
ance in etched pigmented enamel. In contrast,
etching of randomly oriented, polycrystalline
OHAp with very low impurity levels is only mild-
ly anisotropic. At comparable times of exposure
to acid, only minor corrosion at the OHAp grain
boundaries was observed, and there was little to
no evidence of bulk dissolution or a strong de-
pendence of etch rate on grain orientation.
We confirmed these observations through

quantitative assessment of the rate at which
enamel is etched. Because of their larger size,
incisors from the European rabbit (Oryctolagus
cuniculus) were used as a model for regular
enamel, and from the North American beaver
(Castor canadensis) as a model for pigmented
rodent enamel. Although these organisms be-
long to different orders—the beaver is a rodent,
and the rabbit is a lagomorph—recent evidence
puts them in a monophyletic clade (Glires), and
the structure of their outer enamel is similar (15).
An additional advantage of beaver incisor is
that the outer enamel is much thicker (>100 mm)
than, for example, in the rat, with no noticeable
structural difference in the arrangement of ap-

atite nanowires between the outermost 10 to
15 mm of pigmented enamel and the underlying
regular outer enamel (fig. S1).
A known area, typically 10 to 20 mm2 in size,

of the enamel surface was exposed to a lactic
acid solution (250 mM, initial pH = 4.0, 37°C).
The concentration of relevant ions in the etchant
was monitored over time by using inductively
coupled plasma mass spectrometry (ICP-MS)
(fig. S14). The average loss of enamel mass per
unit time and area was determined from time-
concentration data, assuming a linear depen-
dency, which is reasonable at short etching
times. Consistent with electron microscopy and
earlier qualitative observations (14), pigmented
beaver enamel etches at a much lower rate
(115 T 15 ng mm−2 min−1, n = 3 incisor segments)
than that of regular rabbit enamel (655 T 60 ng
mm−2 min−1, n = 3 incisor segments). At least
some of this difference could in principle arise
from slight structural or chemical differences
in the outer enamel between the two species.
However, when the regular outer enamel of the
beaver was exposed with the careful mechan-
ical removal of the pigmented layer, the etch-
ing rate was comparable with that of rabbit
enamel (695 T 60 ng mm−2 min−1, n = 3 incisor

segments). Topical treatment of the enamel so
exposed with fluoride at neutral pH reduced etch-
ing rates substantially (205 T 35 ngmm−2 min−1,
n = 3 incisor segments). However, the etch rate
of fluoridated enamel is still about twice faster
than that of pigmented enamel, indicating that
pigmentation affords better protection against
acid attack. However, remineralization in the
presence of fluoride, at different pH, and over
longer time periods may give different results.
Taken together, the electronmicroscopy of etched
enamel surfaces and quantitative measurement
of etch rates is strong evidence that the compo-
sition of enamel is heterogeneous across the
diameter of individual nanowires and that this
heterogeneity affects the anisotropic etching of
grain boundaries and the overall susceptibility
of enamel to corrosion.
Beyond the impact on acid etching, enamel

composition also affects the mechanical proper-
ties. We systematically determined enamel hard-
ness as a function of the distance from the
enamel surface using nanoindentation (fig. S2).
Pigmented outer enamel of beavers and rats is
harder (5 to 6 GPa, n = 3 incisors, 170 indents)
than the underlying nonpigmented outer (4 to
5 GPa, n = 3 incisors, 386 indents) and inner

748 13 FEBRUARY 2015 • VOL 347 ISSUE 6223 sciencemag.org SCIENCE

Fig. 3. APT reconstructions and compositional profiles. (A) Mg (24Mg2+)
ion positions in mouse outer enamel. (B) F (40Ca19F+) ion positions in fluoride-
treated mouse inner enamel. (C) Fe (56Fe2+) ions in pigmented rat enamel.
Scale bars, 10 nm. The view direction is parallel to the long axis of the nano-
wires. (D to F) Representative concentration profiles across grain boundaries.
(G) Isosurface (0.5 atomic %) surrounding Mg-rich multiple grain boundary in

(A). (H) Isosurfaces (5 atomic%) enveloping Fe-richmultiple grain boundary in
(C). Scale bars in (G) and (H), 5 nm. (I to K) Representative proxigrams of
multiple grain boundaries in (I) mouse outer enamel, (J) fluoride-treated outer
mouse enamel, and (K) pigmented rat enamel.The distance d is relative to the
isosurface. In concentration profiles and proxigrams, the solid line represents
the mean and the shaded area the mean T SD, based on counting statistics.
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enamel (4.5 GPa, n = 3 incisors, 18 indents). The
hardness does not change abruptly but rather
decreases gradually from the pigmented enamel
surface toward the nonpigmented outer enamel.
The concentration of iron is graded in the same
direction (fig. S2). In rat enamel, a structural
transition between the outer and inner enamel
may contribute to the gradient in mechanical
properties (12, 14). In beaver enamel, no such
transition is apparent. Furthermore, in both rat
and beaver, hardness is nearly constant across
the unpigmented outer enamel of the extreme
mesial and distal aspect of the incisor (fig. S2).
Clearly, the presence of iron has a substantial
impact on enamel hardness. A likely function
of the hardness gradient is to maintain a sharp
edge on the continuously growing incisor (15).
Thus, iron not only protects enamel against

acid attack but also increases mechanical hard-
ness. Etching indicates that there are compo-
sitional differences across grain boundaries
between nanowires. Atom probe tomography
(APT) is a technique suited to compositional
mapping at such length scales (16, 17). The re-
cent introduction of ultraviolet laser-pulsed APT
has enabled the investigation of the chemical
nanostructure of mineralized tissues such as the
chiton tooth, bone, and dentin (16, 17). During
APT, single atoms or small clusters on the surface
of a very sharp specimen are field-evaporated
after a laser pulse. The resulting ions are pro-
jected onto an imaging detector and identified
by their time of flight. The identity and position
of each ion are used to create 3D reconstructions
of the sample, with a spatial resolution typical-
ly better than 0.2 nm. Because of its unbiased
sensitivity across the periodic table, APT is par-
ticularly powerful for samples with low-atomic-
number components.
We prepared samples of inner and outer en-

amel from ground and polished tooth sections

by means of focused ion beam (FIB) milling (18).
APT spectra show the typical features of OHAp
and a range of minor constituents, including Mg
and Na in regular enamel, and Fe in pigmented
enamel (fig. S3) (17). In 3D reconstructions, the
cross sections of faceted nanowires are apparent
from the distribution of minor ions (Fig. 3, A to
C). At grain boundaries in regular enamel, Mg2+

is enriched ~20 times over the apparent solubil-
ity limit of ~0.03 atomic % in the bulk of the
nanowire (table S1). This peripheral enrichment
confirms earlier in vitro experiments, showing
that Mg2+ is not readily incorporated into the
apatite crystal lattice (10, 19). In pigmented enam-
el, Fe is almost completely excluded from the
interior of the nanowires (< 0.2 atomic %). No
Fe was detected in regular enamel, and only
trace amounts of Mg were present in pigmented
enamel (table S1). Concentration profiles across
the grain boundaries (Fig. 3, D to F) reveal that
the concentration of minor ions is sharply ele-
vated over a narrow region. The absolute con-
centration and total amount of Mg or Fe atoms
at grain boundaries varies considerably, even
between the boundaries on one nanowire and
its neighbors. This variability may result from
differences in surface energy of the particular
facets but is likely also dependent on the ki-
netics of crystallite growth.
A convenient way to visualize the 3D distribu-

tion of impurities at multiple grain boundaries is
by way of an isoconcentration surface (isosur-
face) (Fig. 3, G and H) that encloses a volume in
which the concentration of a given ion is higher
than a threshold. Proximity histograms (proxi-
grams) (Fig. 3, I to K) report the average mole
fraction of ions as a function of distance to this
surface (20). The physical dimensions and the
exceptionally high concentration of trace ions
in the associated proxigrams—~60 times the
apparent solubility limit for Mg and at least 80

times the solubility limit for Fe—are strong
indications that an intergranular phase that is
chemically and structurally distinct from apatite
is present. In regular enamel treated topically
with fluoride, there is colocalization of F and
Mg (Fig. 3, E and J, and fig. S13), indicating
that grain boundaries and grain edges serve as
short-circuit diffusion pathways. Thus, an un-
derstanding of the fundamental processes of
tooth decay must account for transport along
grain boundaries and the participation of the
Mg-rich intergranular phase (21). Intergranular
phases are known to strongly affect mechanical
properties of ceramic materials (22); the increased
hardness of pigmented enamel is likely a result
of the structural and compositional difference
of the interphase.
Although the existence of Mg-rich phases in

enamel—in particular, dolomite [CaMg(CO3)2], huntite
[Mg3Ca(CO3)4], andwhitlockiteCa9Mg(PO4)6(PO3OH)—
has been proposed previously, these phases have
not been observed experimentally (19). The strong
enrichment of Mg2+ at interfaces and in the in-
tergranular phase (~90% of total Mg) observed
by APT allows us to use x-ray absorption spec-
troscopy to probe its structure. The position and
intensity of transitions in Mg K-edge x-ray ab-
sorption near-edge structure (XANES) spectra
are sensitive to the coordination number, geom-
etry, bond length, andorder at intermediate range.
Many Mg-containing minerals can be identi-
fied by their spectral fingerprints (23). Spectra of
enamel lack the pre-A, D, and E peaks that are
characteristic for crystalline dolomite, huntite,
and whitlockite (Fig. 4, A and B). However, the
Mg-rich intergranular phase shows a striking
similarity to spectra of synthetic Mg-substituted
amorphous calcium phosphate (Mg-ACP), Mg/
phosphate rich amorphous calcium carbonate
(ACC) in the lobster cuticle, andMg-silicate glasses
(23, 24). The dominant feature in spectra of these

SCIENCE sciencemag.org 13 FEBRUARY 2015 • VOL 347 ISSUE 6223 749
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Fig. 4. X-ray absorption spectra. (A) MgK-edge XANES and (B) k2-weighted EXAFS spectra. (C) Fe K-edge XANES and (D) k3-weighted EXAFS spectra. A post-
edge shoulder at ~7138 eV (black arrow) appears in pigmented enamel and amorphous FePO4∙2H2O. In EXAFS spectra, fits (dashed lined) are overlaid on
experimental data (solid lines).
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amorphous materials is the transition associated
with the first coordination sphere (feature B), with
little or no features that depend on order beyond
the first shell. At the same time, the lower-edge
energy is indicative of a lower coordination num-
ber andMg-Obonddistance consistentwith amor-
phous materials.
Confirming this assessment, the Mg K-edge

extended x-ray absorption fine structure (EXAFS)
of enamel is nearly indistinguishable from that
of syntheticMg-ACP (Fig. 4, A and B, and fig. S4).
In sharp contrast to the crystalline reference com-
pounds, in which numerous scattering features
from more distant shells are apparent, spectra
of enamel and Mg-ACP are dominated by the
nearest neighbor shell. Analysis of the local en-
vironment around Mg by fitting EXAFS spectra
with theoretical scattering paths (table S2) re-
veals that the nearest-neighborMg-O bond lengths
in enamel (2.03 Å) and Mg-ACP (2.02 Å) are no-
tably shorter than Ca-O bonds in OHAp (2.40 Å)
and ACP (2.36 Å) and also shorter than theMg-O
bonds in the crystalline reference compounds
(2.08 to 2.11 Å) (25, 26). However, Mg-O bonds in
enamel are similar in length to Mg-O bonds ob-
served in Mg-substituted ACC (24). In enamel
and Mg-ACP, this shortening is accompanied by
a reduction in the coordination number from 6
to ~4, which is indicative of an amorphous ma-
terial and/or the presence of water in the first
coordination sphere (23, 24). We conclude that
the environment of themajority ofMg2+ in enamel
exhibits only short- to medium-range order, with
dramatic Mg-O bond shortening, a reduction in
coordination number, and the possibility of water
or hydroxyl ions in the first shell, similar to the
environment of Ca in ACP (25). Although we favor
the interpretation that Mg-ACP is present as an
interphase, an alternate hypothesis is that Mg2+

occupies disordered Ca[II] sites in apatite (27). In
either case, the disordered environment around
Mg is likely to greatly increase the solubility at
the periphery of OHAp nanowires and result in
anisotropic etching.
Qualitative comparison of Fe K-edge XANES

and EXAFS spectra of pigmented beaver enamel
and reference standards suggests that iron is
present in a ferrihydrite-like material (Fig. 4, C
and D, fig. S5, and table S2). Quantitative anal-
ysis of EXAFS along with Mössbauer (fig. S6)
and Raman (fig. S7) spectroscopy confirms the
presence of poorly crystalline ferrihydrite (Fh)
(28). Because the presence of phosphate is known
to inhibit growth of crystalline iron oxyhydrox-
ides, we would expect that metastable Fh forms
from any Fe(II) secreted by ameloblasts, through
oxidation to Fe(III) and subsequent hydrolysis
(29). The presence of Fh in pigmented beaver
enamel is in agreement with results from nutria
(Myocastor coypus) (30) but differs from the
“nearly amorphous magnetite” postulated for pig-
mented enamel of the shrew Blarina brevicauda,
in which pigmented enamel may have arisen
through convergent evolution (12).
However, with both Ca2+ (7 to 19 atomic % Ca)

and PO4
3– (8 to 13 atomic % P) present in APT

reconstructions of the Fe-rich intergranular

phase, the material cannot be simply pure Fh.
Furthermore, the stability of the intergranular
phase against transformation upon heating is
much greater than that of bulk Fh and leads to
different products (fig. S8) (31). Analysis of the
pre-edge region (fig. S9) reveals that the lig-
and field-splitting energy of pigmented enam-
el (10Dq = 1.13 eV) is larger than that of pure
ferrihydrite (0.96 eV) and a small post-edge
shoulder (Fig. 4C). Both are consistent with the
presence of hydrated amorphous iron phos-
phate (a-FePO4·2H2O, 10Dq = 1.19 eV). According
to linear combination analysis of EXAFS spec-
tra, as much as 42% of the iron may be present
in this form (fig. S10). Unlike the correspond-
ing crystalline phases, amorphous phases can
be very accommodating of substituents. The
iron-rich interphase may thus be best described
as a mixture of Fh and amorphous iron-calcium
phosphate. Indeed, we observed that the inter-
phase is strongly graded, ranging in composition
from calcium-rich (Fe/Ca = 0.2) at the periphery
to iron-rich (Fe/Ca = 4) in the center. Given the
corrosion resistance of iron phosphates, replac-
ing Mg-ACP with iron phosphate likely hardens
pigmented enamel against acid attack (32).
We find thatMg2+ segregates at grain boundaries

in regular rodent enamel, as does Fe3+ in pigmented
enamel. We present evidence for the presence
of Mg-ACP as an intergranular phase in regular
enamel andof amixtureof Fhandamorphous iron-
calcium phosphate in pigmented enamel. Last,
we link interphase structure and composition to
the resistance of pigmented enamel against acid
attack and its improved hardness. In addition to
the recent recognition of amorphous phases in
biomineralization as transient precursors (33, 34),
these results demonstrate enduring amorphous
phases with a dramatic influence on the physical
and chemical properties of the mineralized tissue.
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