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Abstract: Metastable precursors are thought to play a major
role in the ability of organisms to create mineralized tissues. Of
particular interest are the hard and abrasion-resistant teeth
formed by chitons, a class of rock-grazing mollusks. The
formation of chiton teeth relies on the precipitation of
metastable ferrihydrite (Fh) in an organic scaffold as a pre-
cursor to magnetite. In vitro synthesis of Fh under physiolog-
ical conditions has been challenging. Using a combination of
X-ray absorption and electron paramagnetic resonance spec-
troscopy, we show that, prior to Fh formation in the chiton
tooth, iron ions are complexed by the organic matrix. In vitro
experiments demonstrate that such complexes facilitate the
formation of Fh under physiological conditions. These results
indicate that acidic molecules may be integral to controlling Fh
formation in the chiton tooth. This biological approach to
polymorph selection is not limited to specialized proteins and
can be expropriated using simple chemistry.

The chiton radula is a ribbon-like rasping tongue with many
rows of extremely hard, wear-resistant, and self-sharpening
teeth designed to withstand the stresses of grazing on rocks.!!!
These remarkable properties result from the incorporation of
nanocrystalline magnetite (Fe;O4) in a nanofibrous chitin
scaffold of surprising chemical and structural complexity.”?
However, magnetite is not formed directly from solution.
Instead, mineralization commences with the formation of
metastable ferrihydrite (Fh). Fh transforms into magnetite in
a second step, presumably by a reductive transformation.”!
The chiton has mastered the structural polymorphism of iron
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oxides and their complex chemistry, which has been difficult
to reproduce in the laboratory, particularly under mild
conditions. Controlling and understanding the mechanisms
governing phase transformations of iron oxides, in particular
Fh, is also of great importance for industrial applications,
environmental science, and geology.! The recent emergence
of non-classical nucleation and particle-mediated growth for
iron oxides illustrates that our understanding of the chemistry
and phase transformations of iron oxides still has significant
gaps.!

The study of iron-mineralizing organisms has been
a powerful approach to gain mechanistic insight and develop
bioinspired routes to synthetic materials.'>®! The chiton is
a model system for extracellular, matrix-mediated iron oxide
biomineralization.”! Newly formed rows of teeth move along
the radula to replace worn ones every few days, as if on
a conveyor belt. Therefore, all stages of tooth development
and the associated mineral phases can be simultaneously
observed in one animal. Developmental stages can be differ-
entiated based on the color (Figure 1). Stage 1, ‘unmineral-

Figure 1. Stages of mineralization in K. tunicata. A-D) Top down view
of radula with representative rows of teeth from stages 1 (A), 2 (B), 3
(C), and 4 (D). E,F) Maps of SEM-EDS-normalized iron concentrations
of longitudinal sections in stages 2 (E) and 3 (F). G) BSE-SEM and
SEM-EDS elemental maps of longitudinal section of stage 4 (fully
mineralized tooth), showing a Fe/P/O-rich core (iron phosphate) and
a Fe/O-rich cap (magnetite). Scale bars represent 500 um in A-D and
100 um in E-G.

ized’ teeth, are colorless and are primarily comprised of
a hydrogel consisting of the polysaccharide a-chitin, proteins,
and water. Stage 2 teeth are brown, containing predominantly
ferrihydrite (Feg,Ogs(OH),,3H,0).5%%¥ In stage 3, trans-
formation of Fh to magnetite (Fe;O,) results in a gradual
change from brown to black.” Stage 4 teeth are completely
black when the cusp reaches its final density of magnetite. In
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further steps, the tooth interior is filled with a softer mineral
or mixture of minerals. The minerals used in the core, and
architectural details such as layers of lepidocrocite [Lp, y-
FeO(OH)] are characteristics of the chiton species. Overall,
the architecture of a hard, abrasion-resistant cap and a more
compliant core is reminiscent of vertebrate teeth.

The functional architecture of the chiton tooth arises from
a tightly controlled sequence of inorganic phase transforma-
tions with features that elude our synthetic capabilities.
Unlike the biological process, where Fh is a precursor for
a monolithic magnetite—organic nanocomposite with excel-
lent mechanical properties, wet chemical synthesis results in
nanodisperse magnetite powders. Furthermore, under phys-
iological conditions and in the absence of strong ligands, only
Fe™ is bioavailable. However, in the presence of oxygen at
circumneutral pH values, Fe™ is rapidly oxidized to Fe™. The
latter immediately hydrolyzes to crystalline Lp or goethite [a-
FeO(OH)], not metastable Fh, unless the reaction is per-
formed under conditions of extreme pH values and/or rapid
hydrolysis, far outside the physiological range.l*! Therefore, it
is surprising that Fh precipitates during the formation of
chiton teeth. Clearly, the organism manipulates the reaction
environment in some fashion to enable Fh formation.

In other systems, acidic macromolecules are known to
play a key role in controlling mineral nucleation, growth, and
the transient stabilization of metastable amorphous calcium
carbonate (ACC) and amorphous calcium phosphate
(ACP).”! Certain inorganic ions, such as phosphate in ACC,
show similar activity.'”! Acidic macromolecules are likewise
found in the organic matrix of chiton teeth and have been
implicated in the unusual, selective decoration of chitin fibers
with sodium or magnesium. The functional role of macro-
molecules in the chiton tooth remains poorly understood.” !
Phosphate concentrations in the mature cusp of chiton teeth
are very low (< 0.1 atom % by electron-probe microanalysis);
those in the forming tooth are not known and very hard to
determine. Herein, we investigate the participation of the
organic matrix and phosphate in the selective precipitation of
metastable Fh under physiological conditions. Specifically, we
probe the structure of the chemical environment of iron and
its evolution during early tooth development.

Samples were cleaned to remove weakly bound iron,"? all
remaining iron present is insoluble (mineral) or strongly
bound by the organic matrix. X-ray absorption near-edge
structure (XANES) spectra show the evolution of the iron
environment from Fh in stage2 to magnetite in stage 4
(Figure 2).'°l However, we find that teeth in the “unminer-
alized” stage 1 not only show a distinct Fe K-edge, but also
exhibit markedly different spectral features from later stages
(Figure 2a,b), synthetic Fh, and magnetite (see Figure S1).
Specifically, a broad post-edge shoulder decreases in intensity.
A pre-edge feature (~ 7114 eV) increases in intensity, and the
edge itself shifts to lower energy (Figure 2b). The latter shift
is much more pronounced in stage 4 and is consistent with the
partial reduction of Fe' in Fh to Fe" in magnetite.

The energy, splitting, and intensity distribution of the pre-
edge feature are sensitive to spin state, oxidation state,
geometry, and bridging ligation.'"¥ The intensity increase
from stage 1 to stage 4 is consistent with a distorted octahe-
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Figure 2. XANES spectra of chiton teeth and reference compounds.

A) Normalized Fe K-edge spectra obtained from sections of K. tunicata
radulae corresponding to stages 1, 2, and 4. Radulae of ten specimens
were pooled for each sample. Arrow denotes a post-edge feature that
decreases in intensity with increasing maturity of the teeth. B) In the
pre-edge region, arrows highlight the increasing intensity of the pre-
edge feature and the associated shift to lower energy of the pre-edge
feature and the edge itself. C—F) Pre-edge fits for C) stage 1 teeth,

D) stage 2 teeth, E) Fe'" citrate, and F) synthetic “2-line” Fh.

dral coordination environment of high-spin Fe™ in Fh in
stage 2 and the presence of tetrahedral Fe"" in magnetite in
stage 4.1 In stage 1, the crystal field splitting (Figure 2c,
10Dg =1.4 eV) is larger than what is observed in synthetic Fh
(Figure 2 f, 0.95eV), stage 2 (Figure 2d, 0.95¢V) and syn-
thetic hydrated amorphous iron phosphate (1.2 eV). It is
much closer to values of around 1.5 eV typically observed for
octahedral, high-spin Fe™ complexes such as iron citrate and
oxalate (Figure2e and Table S1)." A third component
(~7116 eV) arising from Fe in the second shell is present in
Fh and stage 2, but absent in stage 1, indicating that there
is little or no sharing of ligands by iron octahedra. This is
strong evidence that iron is present in low nuclearity
complexes, not in a mineral with extensive bridging ligation
(high nuclearity).['*

Extended X-ray absorption fine structure (EXAFS)
analysis confirms this assessment. In k-space spectra, a pro-
nounced beat pattern at 5 A~' and 7.5 A~!, which is absent in
stage 1 and Fe'™ citrate, emerges in stage 2 and Fh, and
increases in intensity in stage 4 and magnetite (Figure 3a and
Figure S2). In real-space spectra, this corresponds to a strong
increase in the second shell (Fe-Fe) scattering amplitude,
indicating an increase in bridging ligation (Figure 3b).!" In
the same series, the amplitude from O in the first shell
decreases, consistent with an increasingly distorted octahedral
coordination environment."! Quantitative analysis was con-
sistent with these qualitative results (see Figure S2 and
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Figure 3. Fe K-edge EXAFS, X-band EPR, and XRD of chiton teeth, reference compounds, and in vitro reaction products. Radula sections were
pooled from 10 animals for EXAFS and 2 animals for EPR. A) k-space and B) real-space EXAFS spectra (solid lines), overlaid with the

corresponding reference compound (dashed lines), that is, Fe'

citrate for stage 1, Fh for stage 2, and magnetite for stage 4. k-space spectral

components originating from second-shell Fe-Fe scattering at 5 A~ and 7.5 A™" are highlighted in gray. Real space Fe-O and Fe-Fe scattering
shells are labeled over the corresponding peaks. C) In EPR spectra, a narrow resonance at g~ 4.2 (dashed line) in stage 1 and 2 corresponds to

high-spin mononuclear Fe"

. Note the similarity of the spectra of stage 2 teeth and Fh precipitated in vitro in the presence of citrate as a model

ligand. D) Representative k-space EXAFS, E) real space EXAFS, and F) powder X-ray diffraction (XRD) patterns of in vitro reaction products
(100 mm HEPES buffer, pH 7.2, and ligands, see Table 1). Spectra are offset vertically for clarity.

Table S2 in the Supporting Information). We conclude that
iron in stage 1 is present in octahedral complexes with little or
no bridging ligands.

Electron paramagnetic resonance (EPR) spectroscopy
was chosen as a complementary technique for its sensitivity to
oxidation state and local environment of paramagnetic
Fe.l EPR spectra of stage 1 teeth exhibit a narrow
resonance at g~ 4.2, consistent with a mononuclear high-
spin Fe™ iron complex (Figure 3¢). Note that the peak-to-
peak line width (56 G) is approximately 2.2 times broader
than the corresponding resonance in the spectrum of the
soluble mononuclear complex [Fe(EDTA)]~ (Figure S3). This
is consistent with iron present primarily in mononuclear
complexes with organic matrix molecules in a variety of
slightly different geometries but not iron oxide/phosphate
minerals. The resonance at ga:4.2 is significantly weaker in
stage 2, where a broad resonance at a lower g-factor
dominates the spectrum, consistent with the presence of
mineralized iron oxyhydroxides such as Fh (Figure S3). In
stage 4, the only feature present is an extremely broad
resonance typical for magnetite, observed previously in
mature chiton teeth.”

Having confirmed that in stage 1, Fe™" occurs predom-
inantly in low-nuclearity complexes, we probed the possible
functional role of such complexes under simulated physio-
logical conditions in vitro (Figure 3d-f, Table 1, and Fig-
ure S4). When an oxygen-free solution of FeCl, in HEPES
buffer without further additives was oxidized in air, orange,
crystalline Lp precipitated. Lp was also the predominant
product (by linear combination fitting of EXAFS spectra)

1
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Table 1: In vitro reaction conditions and yields determined by linear
combination fitting of EXAFS spectra.

Ligand Concentration [mm] Fraction [%)]
Ligand HEPES Fe?* Lp Fh [Fe"]

buffer 0 100 5 98 0 20l
BSA 1.501 100 5 84 16 16
chitin - 5 100 83 12 56l
citrate 1 100 5 0 82 18
citrate 5 100 5 30 52 46
pAsp 1.8 100 5 20 n 9
pAsp 8.81d 100 5 0 69 31

[a] Values of <5% may not be significant. [b] Ligand concentration
based on 98 Glu/Asp per BSA. [c] Equivalent Asp concentration in pAsp
(2-11 kgmol™") solution. Fits are shown in Figure S5. [Fe'"] = Fe"
complex. Entries in bold face font mark the predominant fraction.

when bovine serum albumin (BSA), a moderately acidic
protein with substantial metal-binding capacity (p/=5.7, 98
Glu/Asp residues), was added, and in hydrogels formed from
reconstituted chitin in buffer. However, when either the
chelator citric acid, or poly(aspartic acid) (pAsp), a model
compound for highly acidic proteins, were added, stable
colloidal mixtures of “2-line” Fh and iron complexes formed
instead (Figure 3 d—f, Table 1, and Figure S4). In EPR spectra
of colloids formed in the presence of citric acid, a narrow
resonance at g~4.2 reveals the presence of low-nuclearity,
high-spin Fe" complexes in addition to Fh (Figure 3c); the
resulting spectra are quite similar to those of stage 2 chiton
teeth. Powder X-ray diffraction patterns (Figure 3f) are
consistent with Fh formed in the presence of acidic ligands."
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These results confirm the suppression of Lp formation in
the presence of ligands."” They further indicate that highly
acidic macromolecules in the chiton tooth scaffold may be
essential for selective precipitation of Fh. A caveat is that we
assume here that precipitation is initiated by oxidation of Fe"
after secretion into the scaffold. Our findings further expand
the role of acidic macromolecules in the scaffold of the chiton
tooth that were recently suggested to selectively bind sodium
and magnesium.?! Tron carboxylate complexes with low
nuclearity appear to have an integral role in this mechanism
that may also be active in ferritin and magnetosomes.'****!1 In
contrast to magnetite synthesis via a phosphate-rich precursor
in magnetotactic bacteria, phosphate does not appear to be
involved in Fh synthesis in the chiton.?*?!! The formation of
stable colloids of Fh in the presence of pAsp suggests that
chitin fibers decorated with Fe™ complexes may act as
heterogeneous nucleators of Fh, but at the same time limit
growth to small nanoparticles.””! Preventing aggregation and
thus maintaining a high surface area may be important to
ensure subsequent formation of monolithic magnetite in the
chiton tooth. Patterning of the chitin tooth scaffold with acidic
macromolecules might be a straightforward way for chitons to
achieve the remarkable degree of spatial control over the
mineral polymorphs within their teeth, for instance the
deposition of a thin layer of Lp below the magnetite cusp in
some species.'”l This approach is conceptually related to the
patterning of the macromolecules in the mollusk shell, the
periodontal ligament,™ or the action of the protein Star-
maker in the zebrafish.** In a similar fashion, the organism
could create graded interfaces, which are important for the
mechanical function of human teeth.™ Given that chiton
teeth are the hardest and most wear-resistant biominerals,
being able to expropriate this approach using straightforward
chemistry has profound implications for the synthesis of
bioinspired materials.
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