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N
anocrystalline apatite is the mineral
phase in bone, dentin, and enamel.
It provides stiffness, strength, wear

resistance, and forms part of a hierarchical,
high-toughness, low-density composite with
collagen and other proteins.1�3 The biomin-
eral in vertebrate bone and teeth resembles
hydroyxlapatite (OHAp), one of the apatite
endmembers. Theother commonendmem-
bers are fluorapatite (FAp), and chlorapatite
(ClAp). OHAp, ClAp, and FAp share the same
general composition Ca10(PO4)6(OH,F,Cl)2

4,5

and exhibit a nearly identical crystal structure
(Figure 1).6 Substituents in the apatite lattice
alter the structure and stoichiometry, intro-
duce vacancies, modulate physiochemical
properties of the mineral, and are of impor-
tance for applications from biomaterials to
phosphors and high-energy lasers.7,8

While apatite is sparingly soluble at phy-
siological pH, the bone mineral surface
(>500 000 m2 in an average human) is in
rapid exchange with ionic species present
in solution, thus acting as a sorbent and
ion-exchanger in contact with body fluids.11

Bone apatite is substituted with significant
amounts of carbonate and provides a re-
servoir of essential ions for biological func-
tions, including calcium, magnesium, and
sodium.9,12�17 Certain species (e.g., F�, Al3þ,
Sr2þ, bisphosphonates) accumulate in bone,
where they can alter mineral solubility and
crystallite size, interfere with collagen-mineral
bonding, and affect bone cells. This can be
advantageous, for example, fluoride reducing
the susceptibility of enamel to caries,18 or
detrimental, as in skeletal fluorosis19 or in
aluminum-induced bone disease.20

Despite the importance of the interfacial
processes occurring at the surface of apatite
nanocrystals, our understanding of struc-
ture, chemical composition, and bonding
across the interface is rather limited. This is
at least in part due to the small length
scale, complex three-dimensional structure,
and hard/soft hybrid nature that complicate
quantitative imaging.Despite recent progress
in atomic resolution elemental mapping by
electron energy loss spectroscopy (EELS) or
energy dispersive X-ray spectroscopy (EDS) in
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ABSTRACT Nanocrystalline biological apatites constitute the mineral phase of

vertebrate bone and teeth. Beyond their central importance to the mechanical function

of our skeleton, their extraordinarily large surface acts as the most important ion

exchanger for essential and toxic ions in our body. However, the nanoscale structural and

chemical complexity of apatite-based mineralized tissues is a formidable challenge to

quantitative imaging. For example, even energy-filtered electron microscopy is not

suitable for detection of small quantities of low atomic number elements typical for

biological materials. Herein we show that laser-pulsed atom probe tomography, a

technique that combines subnanometer spatial resolution with unbiased chemical

sensitivity, is uniquely suited to the task. Common apatite end members share a number

of features, but can clearly be distinguished by their spectrometric fingerprint. This fingerprint and the formation of molecular ions during field evaporation can be

explained based on the chemistry of the apatite channel ion. Using end members for reference, we are able to interpret the spectra of bone and dentin samples, and

generate the first three-dimensional reconstruction of 1.2� 107 atoms in a dentin sample. The fibrous nature of the collagenous organic matrix in dentin is clearly

recognizable in the reconstruction. Surprisingly, some fibers show selectivity in binding for sodium ions overmagnesium ions, implying that an additional, chemical level

of hierarchy is necessary to describe dentin structure. Furthermore, segregation of inorganic ions or small organic molecules to homophase interfaces (grain boundaries)

is not apparent. This has implications for the platelet model for apatite biominerals.

KEYWORDS: apatite . atom probe tomography . organic�inorganic interfaces . biomineralization . dentin . bone
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scanning transmission electronmicroscopy (STEM), the
resolution and chemical sensitivity in biological miner-
als are greatly limited by the susceptibility of these
materials to electron beam damage. Furthermore,
many physiological ions with low atomic number have
unfavorable spectroscopic properties that can make
quantification very difficult or impossible.
We have recently shown that atom probe tomogra-

phy (APT), an imaging mass spectrometry technique,
may rise to the challenge.21,22 APT is based on the
phenomenon of field evaporation, where ions succes-
sively desorb from a microtip in the presence of an
electric field.23 The chemical identity of each ion is
determined by time-of-flight mass spectrometry. APT
is capable of simultaneously mapping the structure
and composition of nanoscale volumes (105�106 nm3)
with subnanometer spatial resolution and parts-
per-million (ppm) chemical sensitivity.23,24 The advent
of laser-pulsed APT has widened the scope of the
technique to include a range of dielectric materials,
including a small number of biological and geological
minerals.21,25�28 We show here that APT is well suited
for the analysis of apatite-based materials by investi-
gating spectral features of synthetic and geological
apatite end members. We then expand our spectral
analysis to vertebrate bone and dentin as examples
for apatite-mineralized tissues that contain a range
of inorganic substituents and organic molecules.
Finally, we discuss preliminary data showing that
APT captures the fibrous nature of the collagenous
organic matrix and reveals additional detail regard-
ing the chemical nanostructure of homophase and
heterophase interfaces.

RESULTS AND DISCUSSION

Crystallinity and phase purity of synthesized apatite
single crystals were verified by X-ray diffraction, Raman

spectroscopy and Fourier transform infrared spectros-
copy (see Supporting Information, Figures 5�9). The
primary difficulties encountered in APT of low conduc-
tive, composite materials are (a) developing appropri-
ate sample preparation protocols and (b) finding APT
operational parameters that minimize sample failure
while optimizing the quality of spectra and reconstruc-
tions. APT sampleswere prepared by focused ion beam
(FIB) milling. We identified operational parameters
(laser pulse energy Pe = 150 pJ, laser pulse frequency
Pf = 200 kHz) for APT of synthetic OHAp in a systematic
study of the influence of laser pulse energy and laser
pulse frequency on background level, spectral resolu-
tion, and the accuracy of the measured compositions
as indicators of data quality (Supporting Information,
Figure 1). Apatite mass spectra indicate the forma-
tion Ca2þ, O2

2þ/O2
þ, and PxOy

þ cluster ions during
field evaporation (Figure 2). In addition, the channel
ions give rise to characteristic spectral features. Ele-
ments that typically substitute in bone apatite, includ-
ing Mg2þ, Naþ, and Sr2þ, and trace amounts of 69Gaþ

implanted during FIB-based sample preparation, were
also detected.
The stoichiometry of the apatite samples (Table 1)

agrees reasonably well with predictions for OHAp and
ClAp. However, the amount of oxygen is lower and the
amount of phosphorus is higher than predicted. This
error is relatively small for OHAp and ClAp, but more
pronounced in FAp. As the Ca/P ratio is sensitive to
instrumental parameters, run time parameters for FAp
could likely be optimized. At this time, it is not clear
why the stoichiometry of FAp as determined by APT
deviates significantly from that of the other apatites.
In atom probe spectra of metals and elemental

semiconductors, monatomic ions predominate. Spec-
tra of compound semiconductors and dielectrics in-
clude numerous molecular ions. However, the process

Figure 1. Apatite crystal structure. (A) The apatite unit cell with four distinct crystallographic positions (sites): six tetrahedral
phosphates (B); four Ca(1) coordinated by nine oxyanions (C); six Ca(2) coordinated by six oxyanions and one channel ion (D);
and two channel sites, which are occupied by F�, OH�, or Cl� and are coordinated by three Ca(2) (E).9 The Ca(2) site shows the
channel ion positions from the FAp, ClAp, and OHAp crystal structures.10 While unit cell parameters change slightly and the
symmetry of the crystal is affectedby the position of the channel ion, the structures are highly similar. Thermal ellipsoidswere
rendered according to the atom-specific anisotropic thermal parameters at 80% probability level.
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of field evaporation and molecular ion formation in
dielectric materials remains poorly understood. Inspec-
tion of apatite spectra reveals that calcium, which forms
primarily ionicbonds, has amarkedlydifferentpropensity
to form molecular ions than the covalently bound phos-
phorus. In addition, differences in the chemical nature of
the channel ion lead to characteristic spectralfingerprints
of the structurally nearly identical apatite end members.
In apatite spectra, phosphorus occurs in molecular

ions ranging in size from POþ to P4O10
þ (Figure 3,

Supporting Information Table 1). The relative abundance

of the fragments increases from POþ (13�16%) to
PO2

þ (63�64%) and then decays to PO3
þ (13�16%).

No monatomic Pþ/2þ was detected. These relative
abundances are in contrast to spectra of metal oxides,
for example magnetite (Fe3O4), where the monatomic
metal ion (Fe2þ) is the most abundant (67.4%), and the

Figure 2. APT spectra of synthetic and geological apatites: Ions common to all apatites include Ca2þ and CaPO3
þ (light blue),

Oþ/O2
2þ and O2

þ (purple), a variety of PxOy
nþ clusters (pink) and Hx

þ species (light gray). End members give rise to
characteristic ions such as CaFþ and PxOyFn

þ in FAp (green), Clþ, ClOþ, and PO2Cl
þ in ClAp (yellow), and PxOy(OH)

þ in OHAp
(orange). FIB-implanted Ga (/) and other low-level inorganic substituents (red) are also detected. For a comprehensive list of
ions formed, including those with mass-to-charge ratios >150, please see Supporting Information Table 1 and Figure 2.

TABLE 1. APT Compositional Measurements of Apatites

mole fraction (atomic %)

sample Ca P Ca/P O/P O X

calcd (OHAp) 22.7 13.6 1.66 4.13 59.1 4.55 (X = H)
calcd (FAp/ClAp) 23.8 14.3 1.66 3.99 57.1 4.8 (X = F/Cl)
OHAp 23.8 16.9 1.41 3.33 56.4 2.9 (X = H)
FAp 30.7 15.6 1.97 3.20 49.9 3.6 (X = F)
geoFAp 31.5 14.3 2.20 3.47 49.6 3.1 (X = F)
ClAp 24.7 16.3 1.52 3.36 54.7 2.9 (X = Cl)

Figure 3. The relative abundance of PxOy
þ ions in apatite

spectra differs from that of Fe2þ/FeOx
þ ions in magnetite.21

The error bars indicate the standard deviation of the data
across four synthetic and geologic apatites (OHAp, ClAp,
FAp, geoFAp). Themagnetite data are from a single data set
obtained from a geologic single crystal.21

A
RTIC

LE



GORDON ET AL. VOL. 6 ’ NO. 12 ’ 10667–10675 ’ 2012

www.acsnano.org

10670

relative abundance of ion type decreases with the
number of oxygen atoms in the cluster (Figure 3).
The phosphate P�O bond is clearly more robust under
atom probe conditions than typical M�O bonds in
transition metal oxides. This may be rationalized by
considering the stabilization of the P�O bond by
resonance (mesomerism) and its greater covalent nat-
ure (P�O, 61% vs Fe�O, 49%) based on Pauling
electronegativity values.29

The Ca�O bond, on the other hand, is much less
robust. Nearly all calcium was detected as Ca2þ with
only a trace amount of CaOþ apparent in spectra and
less than 1%CaPO3

þ (Supporting Information, Figure 3),
where oxygen likely bridges between Ca and P. Clearly,
when phosphorus and calcium compete for oxygen,
phosphorus wins in the vast majority of cases. This
may be a consequence of the lesser covalent nature
of the Ca�O bond (21%) and the reduced ability of
calcium to engage in d-orbital-mediated, ligand-to-
metal charge-transfer.
While the channel ions share a similar environment,

they give rise to characteristic sets of spectral features
(Figure 2, Supporting Information, Table 1). Fluoride in
FAp occurs as CaFþ (47%), PO2F

þ (36%), and a number
of PxOyFz

þ ions with lower abundance (total: 17%).
ClAp spectra indicate that chloride, unlike fluoride,
readily forms a monatomic ion (Clþ, 76%) and ClOþ

(21%). The propensity of chloride to form molecular
ions with phosphorus is significantly smaller (PO2Cl

þ,
<3%). The fingerprint of OHAp consists of a series of
ions of the general form PxOy(OH)z

þ, primarily PO2(OH)
þ,

which accounts for 63% of all detected hydroxyl
groups. While these ions could in principle form by
recombination of phosphorus and oxygen-containing
ions with residual hydrogen in the vacuum system,
their absence in ClAp and FAp spectra indicates that
they indeed form from the channel ion. However, the
fingerprint peaks represent only 48% of the predicted
number of hydroxyl ions. It is likely that the remain-
ing hydroxyl groups evaporate as Hx

þ and OxHy
þ ions

or potentially neutral atomic or molecular hydrogen,
which go undetected.
The Ca�F bond, despite its weakly covalent char-

acter (9%), is surprisingly robust and accounts for∼5%
of the Ca ions and ∼47% of the fluoride in FAp. In
comparison, only trace amounts of CaClþ ions were
formed from ClAp, and CaOHþ was not observed in
OHAp. This is likely a consequence of the high elec-
tron affinity and first ionization potential of fluorine
that also limits formation of the Fþ and FOþ species.
Chloride, on the other hand, is readily oxidized to Clþ

and ClOþ; oxyanions and hydroxyl groups give rise to
Oþ or pick up a proton and evaporate as OHþ. The
abundance of PxOyXz

þ clusters follows the same trend
as the P�X bond strength, that is, P�O > P�F > P�Cl.
The tendency of chloride to oxidize further reduces the
likelihood for the formation of such clusters.

Larger molecular ions of the formula, PxOyXz
þ do not

represent discrete fragments of the apatite crystal
lattice, as the phosphate tetrahedra are not vertex
or edge linked and do not lie within bonding distance
of the channel ion. The formation of these ions implies
that atoms/ions have some mobility and can react to
form larger ions (for an example of surface diffusion
during APT of metals, see ref 30). Chemical intuition
predicts that a reaction would occur by nucleophilic
attack of an “X�” species (e.g., F�) on an electrophilic
phosphorus atom. If X� has a limited lifetime because
of competing processes (e.g., oxidation to form Xþ),
this attack is less likely to occur. Whether the reaction
occurs via nucleophilic attack is what actually happens
under the extremely high electric field at the tip of the
sample is not known. Regardless, a fluoride atomhas to
move at least 0.21 nm off its lattice position to reach
the bonding distance of a phosphorus ion, and the
formation of an O-bridged P2Ox cluster requires that a
distance of 0.17 nm be closed. While surface diffusion
and the formation of clusters reduces the resolution of
thecompound's reconstructionbyasmall amount,31 these
molecular ions account for only∼2�3% of the total ions,
and they are homogeneously distributed within the re-
construction. It is thus unlikely that large molecular ions
lead to artifacts that could affect interpretation of the data.
Bone and dentin are hierarchically structured mate-

rials with three major components, apatite (∼72 wt %
of dry, defatted material), organics (∼20 wt %), and
water.32,33 The mineral phase best resembles OH-
deficient OHAp substituted with significant carbonate
(5�8 wt %) and smaller levels of Naþ and Mg2þ

(0.5�1.0 wt %).9,11,33,34 Approximately 1 wt % of the
composite is citrate (C6H5O7

3�) that may be associated
with themineral surface and/or the collagen fibrils that
constitute the majority of the organic fraction.16,35 The
poorly crystalline mineral is thought to be present in
irregular platelets approximately 50 3 25 3 2�5 nm3 in
size.36,37 In forming bone and mineralizing tendon,
these platelets are roughly aligned with their crystal-
lographic c-axis parallel to collagen fibrils.38 Within a
fibril, platelets are generally parallel to each other.
However, with increasing age, as the amount of intrafi-
brillar and interfibrillar mineral increases and platelets
grow, the orientation of platelets with respect to each
other becomes less homogeneous.39�41

To establish whether APT of bone-type materials is
feasible, we analyzed samples prepared from rat femur
cortical bone and elephant tusk dentin (ivory). As
mechanically weak interfaces and the presence of
organics can lead to sample failure during APT, we
used FIB milling to lift out samples such that the
collagen fibril direction was aligned with the long axis
of the tip. Consistent with expectations, the resulting
spectra (Figure 4, Supporting Information Figure 4) are
similar to those of synthetic OHAp (Figure 2), with
Mg2þ (0.5�1.7 atom %) and Naþ (0.25�0.6 atom %)
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as substituents. Additional features include peaks cor-
responding to Cþ/2þ, Nþ/2þ, molecular ions of the
general formula C1�4N0�1O1�2H0�2

þ, and presumably
organic ions that we have not identified (Supporting
Information Table 2). While we cannot distinguish
which “CHO”-containing ions arise from carbonate,
citrate, or collagen, the origin of nitrogen and of larger
molecular ions must be organic macromolecules.21,22,42

Given the small sample size and the heterogeneous
nature of bone and dentin, the match between the
expected and the experimentally determined stoichi-
ometry is reasonable (Supporting Information Table 3).
Strikingly, in a reconstruction of an elephant tusk

dentin sample, there are “CHNO”-rich fibers that run
approximately parallel to the analytical z-direction
(Figure 5), which corresponds to the long axis of the
elephant tusk, and is the direction in which the

collagen fibrils are oriented.39,43 The smallest organic
features that can be distinguished in APT reconstruc-
tions have cross sections corresponding to collagen
microfibrils consisting of 5 collagen triple helices
(2.7 3 4 nm2).44 Larger assemblies are also apparent.
We have not yet been able to identify features with
the typical periodicity of hole and gaps zones of collagen.
Some, but not all, organic fibers colocalize with high

sodium concentrations (Figure 5E). These fibers do not
colocalize with magnesium ions, indicating that the
binding is specific. We did not observe fibers that show
selective binding of Mg2þ (Figure 5F). Cations are most
likely bound by acidic amino acids or proteoglycans in
the collagenous organic matrix. Specificity in binding
implies that there are subtle differences in the organic
fibers. For example, some fibers could contain a protein
or proteoglycan that binds Naþ specifically. This

Figure 4. Spectrum of elephant tusk dentin highlighting the hydrogen, calcium, oxygen, phosphate, other inorganic ions,
identified organic molecular fragments, the spectral signature of OHAp and a number of unidentified molecular ions likely
corresponding to organic molecule fragments.

Figure 5. 3D reconstruction of a sample of elephant tusk dentin. (A) Isosurface (blue) of the number density of organic
fragment ions (1.4 nm�3, ions listed in Supporting Information Table 2). (B�D) Slices through the reconstructed volume
parallel to the XZ plane (B), YZ plane (C), and XY plane (D). Isosurfaces (1.4 nm�3) are rendered in red. End-caps48 show the
organic fragment number density. In B and C, a high density of organic fibers oriented roughly parallel to the z-axis (black
arrows) is apparent. Fiber spacing is generally larger in the XZ plane than in the YZ plane. (E�G). Elemental maps generated
from 5 nm thick slices parallel to the XY plane (left, z = 147�151 nm; right, z = 47�51 nm) showing mass density of organics
(E) number density of Naþ, and number density of Mg2þ. Some organic fibers (dashed ellipses), but not all (white arrows),
colocalize with sodium. Mg2þ is evenly distributed across the entire slice. Note that the Mg maps comprise only the minor
isotopes (25Mg, 26Mg). On the basis of the natural abundances, we estimate that ions atm/z = 12 comprise 34%Cþ and 66% 24

Mg2þ while the totals of the ions at m/z = 12.5 and 13 consist only of 14% CHþ (at m/z =13).
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could influence the charge density of such fibers,
their self-assembly behavior, nucleation and growth
of OHAp during mineralization, or the amount of
water bound by the fiber, and thus its mechanical
and self-healing properties. We first reported spe-
cific ion binding by fibers in the organic matrix of the
chiton tooth.21 Having observed such specificity in
invertebrate mollusks and mammals, it is intriguing to
think that a chemical level of hierarchymay be a general
feature that controls self-assembly and/or functional
properties of biomineralized tissues. Atom probe is cur-
rently the only technique that is able to detect chemical
heterogeneity in biomaterials at this length scale.
While heterophase interfaces between organic

fibers and the mineral can be readily identified in
3Dmaps of the organic fragment iondistribution, there
are no features in reconstructions that correspond to
homophase interfaces, that is, grain boundaries be-
tween crystallites. Furthermore, we see no evidence of
segregation of Naþor Mg2þ to either grain boundaries
or organic�inorganic interfaces. Instead, Naþ and
Mg2þ are nearly homogenously distributed through-
out themineral phase. This is in apparent contradiction
to the current model of bone9,41 and dentin,40,45

including elephant dentin39,46,47 that posits that apa-
tite crystallites have irregular platelet habit and that
organic and inorganic species, particularly citrate and
magnesium, segregate to platelet surfaces, where they
influence the biological properties of the material.
There are three alternative explanations for this con-
undrum: (1) OHAp occurs in irregular shapes that
correspond to the spaces between the organic fibrils
(Figure 5B�D). The appearance of platelet shaped
crystallites in TEM is an artifact. (2) Naþ and Mg2þ do
no segregate. There are platelets, but they cannot be
recognized in APT reconstructions based on the Na or
Mg distribution. (3) There are platelets, and Naþ and
Mg2þ do segregate, but interfaces cannot be resolved
due to limitations of APT.
We have observed segregation of Na and Mg to

interfaces in dental enamel (not shown), which
argues against alternative 2. Analysis of small-angle
X-ray scattering data does not necessarily agree with
a platelet habit, arguing in favor of alternative 1.11

We believe that a substantial amount of additional
information will be required to arrive at a complete
understanding of crystallite habit and interfacial
segregation in different bone-type composites.

CONCLUSION

APT offers unrivaled spatial resolution and unbiased
chemical sensitivity in compositionally and texturally
complex materials. Laser pulsing enables the analy-
sis of low conductivity materials. We have shown
herein that apatites, a class of phosphate minerals with
exceptional flexibility in accommodating substituents
and of broad importance for multiple disciplines, are
suitable for APT investigation. APT spectra of different
apatite end members, including OHAp, FAp, and ClAp,
show a common set of atomic andmolecular ions but a
unique spectrometric fingerprint specific to the chan-
nel ion. We can rationalize the preferential formation
of atomic and cluster ions using simple concepts of
electronegativity and bond strength. Simulations of
the field evaporation process may help develop a
quantitative understanding of the process.
Using the synthetic apatites for reference,we analyzed

elephant tusk dentin and rat femur cortical bone as
examples of structurally and chemically complex biologi-
cal nanocomposites. Atom probe spectra clearly identify
ions derived from organic matrix molecules. Reconstruc-
tions reveal fibrous organic structures that likely corre-
spond to individual collagen microfibrils and their
assemblies in elephant dentin. We observed specificity
in ion binding for some fibers, indicating a previously
unknown level of chemical hierarchy in the structure of
dentin. This is the second example for chemical hetero-
geneity at the single-fiber level after our discovery in the
chiton tooth, and may represent a widespread biological
strategy in biomineralization. The functional significance
of the observed specificity is not yet clear.
Current reconstructions do not reproduce the platelet

habit of theOHAp crystallites. It is not clearwhether this is
a limitation of atom probe tomography,49 whether plate-
lets are an artifact of electron microscopy, or whether
interfaces in bonematerials are far more diffuse than the
description as discrete platelets implies.We are optimistic
that the structural and chemical information gleaned
fromelectronmicroscopy, APT, and their correlative com-
binationwill enable amuch-improved characterization of
bone and other biomineralized tissues. Such analytical
information, which has implications for our understand-
ing of how organisms manipulate apatite structure
and chemistry for different applications in bone, dentin,
and enamel will help analyze pathological changes and
provide a basis for the development of bioinspired
nanocomposites.

MATERIALS AND METHODS

The following materials were used: hydroxyapatite (OHAp,
Ca5(PO4)3OH, 99.995 wt %) powder, anhydrous calcium chloride
(CaCl2), beta-tricalcium phosphate (Ca3(PO4)2), calcium fluoride
(CaF2), aluminum nitrate nonahydrate (Al(NO3)3 3 9H2O) (Sigma
Aldrich, St. Louis, MO); potassium sulfate (K2SO4) (EMD, Darmstadt,

Germany); glutaraldehyde, sodium cacodylate (Electron Micro-
scopy Sciences, Hatfield, PA); 5 mL alumina combustion boat,
25mLalumina crucible, alumina crucible cover (Coors Tek,Golden,
CO); 1mL tungsten evaporationboat (R. D.Mathis, LongBeach, Ca);
Epo-Fix resin (Struers, Cleveland, OH); LR White resin (London
Resin Company, Aldermaston, Reading, Berkshire, UK); CarbiMet
II SiC grinding paper, Metadi supreme polycrystalline aqueous
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diamond polishing suspension, Microcloth polishing cloths
(Buehler, Lake Bluff, IL); Conductive Liquid Silver Paint (Ted Pella,
Redding, CA). Ultrapure water (F = 18.2 MΩ 3 cm) prepared with a
Barnstead Nanopure UFþUV ultrapure water purification system
(Thermo-Fisher Scientific, Waltham, MA); geological fluorapatite
single crystals (Amongems, Bangkok, Thailand).
K2SO4 was purified twice by recrystallization. Specifically,

25 g of K2SO4 was dissolved in 200 mL of boiling water while
stirring. The K2SO4 solution was vacuum filtered and the filtrate
was transferred to an ice bath to precipitate the K2SO4. The
precipitated K2SO4 was washed with acetone and dried in air
at 120 �C.

Single Crystal Synthesis. OHAp single crystals were synthesized
using a potassium sulfate flux.50 Briefly, 2 g of high-purity OHAp
powder was ground with a porcelain mortar and pestle and
placed into a 5 mL alumina combustion boat. The sample was
heated to 1000 �C (8.33 �C/min) and held at this temperature for
6 h in air to remove water and trace organic material. The
powder was left to cool to room temperature in the furnace
before it wasmixed with K2SO4 at a K2SO4/OHApweight ratio of
1.6:1 (1538 mg K2SO4:960 mg OHAp) with a porcelain mortar
and pestle. The mixture was placed into a 5 mL alumina
combustion boat, heated to 1150 �C (9.2 �C/min), and held at
this temperature for 3 h in air. The sample was then cooled to
room temperature in the furnace. OHAp single crystals were
separated from the solidified flux by mechanically breaking up
large clumps and washing with hot (90 �C) water, followed by
rinsing with methanol and acetone.

Chlorapatite (ClAp) and fluorapatite (FAp) single crystals
were synthesized using a calcium chloride/fluoride flux.51 For
ClAp, CaCl2, andCa3(PO4)2 powdersweremixedwith a porcelain
mortar and pestle in a molar ratio of 3.33:1 (5.5 g of CaCl2 and
4.65 g of Ca3(PO4)2), placed in a 25 mL alumina crucible, and
covered loosely with an alumina cover. Themixture was heated to
1375 �C (5.7 �C/min) and held at this temperature for 15 h in air.
The samplewas cooled slowly to 1220 �C (3 �C/h), and then cooled
to room temperature in the furnace. The sample was washedwith
boiling water by vacuum filtration to remove CaCl2 flux.

For FAp single crystal synthesis, CaF2 and Ca3(PO4)2 were
mixed together at amolar ratio of 3.33:1 with a porcelainmortar
and pestle (230mgof CaF2 and 280mgof Ca3(PO4)2) and placed
in a 1mL tungsten evaporation boat. Themixture was heated to
1375 �C (5.7 �C/min) and held at this temperature for 15 h under
a constant flow of nitrogen gas. It was cooled slowly to 1220 �C
(3 �C/h), and then cooled to room temperature in the furnace.
Excess calcium fluoride flux was removed by boiling in an
aqueous solution of aluminum nitrate (10 wt % (Al(NO3)3 3 9H2O).
The recovered sample was washed with water repeatedly by
vacuum filtration. The crystallinity and phase purity of all synthe-
sized apatites were verified by X-ray diffraction, Raman spectros-
copy, and Fourier transform infrared spectroscopy.

X-ray Powder and Single Crystal Diffraction. Synthetic OHAp and
ClAp and geological fluorapatite (geoFAp) single crystals were
ground to a fine powder with an agate mortar and pestle.
Powders were loaded into a clean quartz sample holder with a
0.2mmdeep cavity, flattenedwith a glassmicroscope slide, and
fixed in place with a mixture of hairspray and isopropyl alcohol.
Powder diffraction patternswere recorded using Cu�KR radiation
in a D-Max X-ray diffractometer (Rigaku, The Woodlands, TX). The
2θ angle was scanned from 15� and 70� with a step size of 0.04�
and a dwell time of 2 s. Diffraction patterns (Supporting Informa-
tion Figures 5�7) are consistent with patterns simulated using
CrystalDiffract (CrystalMaker Software Limited, Begbroke, Oxford-
shire, UK) and published crystal structures.10

Unit cell parameters of a synthetic FAp crystal were deter-
mined by single-crystal X-ray diffraction at the Northwestern
Integrated Molecular Structure Education and Research Center
(IMSERC) using a PlatformAPEX II (Bruker, Madison,WI) equipped
with a Mo X-ray source. Experimental values (a = b = 9.3886 (
0.0202 Å, c = 6.9060 ( 0.0148 Å, R = β = 90� and γ = 120�) are
consistent with the literature values for (a = b = 9.3973,
c = 6.8782, R = β = 90� and γ = 120�).10

Reflectance Fourier Transform Infrared Spectroscopy. Samples were
analyzed using a Tensor 37 FT-IR (NIR/mid-IR, Bruker, Billerica
MA) bench coupled with a HYPERION microscope equipped

with MCD detector and a 15� objective. Measurements were
made in reflectance mode. Spectra were collected with 4 cm�1

spectral resolution from 7000 to 400 cm�1 (Supporting Informa-
tion Figure 8). Phase purity was confirmed by FTIR and spectra
are consistent with literature spectra.52

Raman Spectroscopy. Raman spectra were recorded in back-
scattering geometry using 532 nm excitation in a WITec al-
pha300R confocal Raman microscope (WITec Instruments Corp.
Maryville, TN) with a spatial resolution of 0.7�1.6 μmand spectral
resolution of 0.9 cm�1. The laser power was set to 10�45 μW
to minimize local heating of the sample. Integration times were
30�60 s. Spectra were calibrated against a silicon standard
(Supporting Information Figure 9). Observed PO4 ν1, ν2, ν3, and
ν4 vibrational modes, lattice modes, and the OH� stretch were
consistent with literature spectra.53

Dissection, Fixation, Dehydration, and Embedding. A central 5 mm
long section of hind-left femur was removed with a bone saw
and fixed in 2.5% gluteraldehyde in cacodylate buffer (100 mM,
pH 7.4) overnight at 4 �C, dehydrated in a graded ethanol series
(50, 75, 90, 100%) and defatted in chloroform. The dehydrated
sample was infiltrated with LR white resin containing a benzoyl
peroxide catalyst, andwas subsequently polymerized overnight
within a sealed gelatin capsule at 60 �C.

ClAp and FAp single crystals were embedded in Epo-Fix
resin and polymerized overnight at 25 �C.

Grinding and Polishing. The embedded femur sample was cut
transversely with a low speed diamond saw (Buehler Isomet,
Lake Bluff, IL). All embedded samples were ground using
progressively finer grits of SiC grinding paper (400, 600, 800,
and 1200 grit) and polished using polycrystalline aqueous
diamond polishing suspensions (6, 3, 1, and 0.1 μm) on Micro-
cloth polishing cloths.

The elephant tusk dentin sample was received as a polished
geological thin section mounted on a glass slide. The age at
death estimated 53( 5 years based on the wear pattern of last
lower molar.

Polished samples were secured to an aluminum stub with
cyanoacrylate adhesive, coated with ∼25 nm of Pt with an ion
beam sputter deposition and etching system (IBS/e, South Bay
Technologies, San Clemente, CA) operating at a base pressure
of <10�4 Pa, a working pressure of 10�2 Pa argon, with two
ion guns operating at 8 kV at 3 mA per gun. The coating was
grounded to the stub with conductive liquid silver paint.

APT Sample Preparation. Samples for APT were prepared using
the SEM/FIB instrument (Helios Nanolab, FEI, Hillsboro, Oregon)
using established protocols.54,55 A rectangle of platinum (FIB-Pt)
was deposited on the polished cross-section using the ion beam
(30 kV, 93pA) to decompose methyl cyclopentadienyl trimethyl
platinum ([C5H5Pt(CH3)3]) gas, over a regionof interest (2� 25μm)
on the polished cross sections or directly on faceted crystals.
A wedge of material below the Pt rectangle was cut out on
three sides using the FIB (30 kV, 6.5 nA). The wedge was
attached to an in situ nanomanipulator (Omniprobe, Dallas, TX)
using FIB-deposited Pt before cutting the final edge free. 1�2μm
wide segmentswere cut from thewedge and sequentially affixed
to the tops of Si posts in an array (Cameca Scientific Instruments,
Madison, WI) with FIB-Pt. Each tip was shaped and sharpened
using annular milling patterns of increasingly smaller inner and
outer diameters. The majority of the amorphized surface region
and implanted gallium ions in the tip surface was removed by a
final ion-milling step at 2 kV, 0.4 nA.

APT Methods. Atom probe tomographic analyses were con-
ducted in a Cameca local-electrode atom-probe (LEAP 4000XSi,
Cameca, Madison, WI) tomograph using a pulsed frequency-
tripled Nd:YAG laser (λ = 355 nm). Run time parameters (200 kHz,
150 pJ per pulse) were optimized for OHAp as described in
Supporting Information Figure 1. The DC potential on a microtip
during APT was controlled to maintain an evaporation rate of
either of 0.005or 0.0025 ions per laser pulse. Thebase temperature
of the microtip was maintained at 40 K and the ambient vacuum
pressure was <10�8 Pa. Peak ranges were defined as the entire
visible peak, and background was corrected by sideband
subtraction.56

Three-dimensional reconstruction of APT data was per-
formed using the Cameca integrated visualization and analysis
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software (IVAS) based on published algorithms, assuming a
hemispherical tip shape.23,57 Standard reconstruction param-
eters were used with an electric field dependent tip radius (r).
The average evaporation field (Fe, 14 V 3 nm

�1) used for recon-
struction of the data was determined from radius measure-
ments on SEM or TEM images of microtips after APT analysis.
The average ionic volume used for the reconstruction was
calculated based on the average atomic volume (0.0129 nm3),
specifically, the volume of the OHAp unit cell (0.5279 nm3)
divided by the number of atoms in the OHAp unit cell
(41, excluding hydrogen) based on a published crystal struc-
ture.10 The ionic volume (0.0258 nm3) was calculated as twice
the atomic volume as a result of the formation ofmolecular ions
(average: 2 atoms/ion). The detector efficiency parameter used
in the reconstruction was adjusted to account for the large
number of unranged hits (75%) in the data due to the large
thermal tails.
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