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Abstract

With an exclusive diet of hard-shelled mollusks, the black drum fish (Pogonias Cromis) exhibits one of
the highest bite forces among extant animals. Here we present a systematic microstructural, chemical,
crystallographic, and mechanical analysis of the black drum teeth to understand the structural basis for
achieving the molluscivorous requirements. At the material level, the outermost enameloid shows higher
modulus (E, = 126.9 + 16.3 GPa, H = 5.0 = 1.4 GPa) than other reported fish teeth, which is attributed to
the stiffening effect of Zn and F doping in apatite crystals and the preferential co-alignment of
crystallographic c-axes and enameloid rods along the biting direction. The high fracture toughness (K. =
1.12 MPa-m'?) near outer enameloid also promotes local yielding instead of fracture during crushing
contact with mollusk shells. At the individual-tooth scale, the molar-like teeth, high density of dentin
tubules, enlarged pulp chamber, and specialized dentin-bone connection, all contribute to the functional
requirements, including confinement of contact compressive stress in the stiff enameloid, enhanced
energy absorption in the compliant dentin, and controlled failure of tooth-bone composite under excessive
loads. These results show that the multi-scale structures of black drum teeth are adapted to feed on
mollusks.
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Statement of significance

The black drum fish feeds on hard-shelled mollusks, which requires strong, tough, and wear-resistant
teeth. This study presents a comprehensive multiscale material and mechanical analysis of the black drum
teeth in achieving such remarkable biological function. At microscale, the fluoride- and zinc-doped
apatite crystallites in the outer enameloid region are aligned perpendicular to the occlusal surface,
representing as one of the stiffest biomineralized materials found in nature, while these apatite crystals are
arranged into intertwisted rods with crystallographic misorientation in the inner enameloid region for
increased crack resistance and toughness. At macroscale, the molariform geometry, the two-layer design
based on the outer enameloid and inner dentin, enlarged pulp chamber and the underlying strong bony
toothplate work synergistically to contribute to the teeth’s crushing resistance.

1. Introduction

With over 30,000 species on the planet, fish are a successful group of vertebrates that adapt to
different water environments, fresh or salt, scalding-hot or ice-cold. This leads to diverse variations in fish
morphology, coloration, physiology, and behavior, offering extensive models for biomimetic engineering
designs for materials [1], surface engineering [2], optics [3], and robotics [4]. For example, some fish
scales (e.g., elasmoid scales found in teleosts and ganoid scales found in alligator gars and gray bichir)
provide important lessons for designing flexible protective material systems, and others (e.g., placoid
scales of cartilaginous fish, such as sharks and rays) offer new insights for engineering surfaces with
reduced drag and antifouling effects [5-7].

Considering the vast variety of diet types and feeding behaviors, fish teeth also exhibit a remarkable
diversity in terms of morphology, composition, and mechanical properties, which could offer important
design lessons for the development of novel structural materials. In particular, durophagous fish are those
feeding on hard-shelled or exoskeleton-bearing organisms, e.g., mollusks, crabs, and corals [8]. In fact,
many fish exhibit durophagous behaviors, including sharks, triggerfish, and some teleost fish [9]. Among
all types of durophagy, mollusk crushing represents one of the extreme forms [8]. The durophagous
behavior uses a “crushing” system strong enough to withstand heavy loads and durable enough for
repetitive loading. For example, horn sharks (Heterodontus philippi) and bonnethead sharks (Sphyrna
tiburo) develop molariform teeth and powerful jaws, while queen triggerfish (Balistes vetula) have
specialized jawed mouth with teeth for crushing mollusks [9].

In comparison to cartilaginous fish (e.g., sharks, rays, and skates), teleost fish have relatively smaller
body sizes/weights. They have evolved a specialized adaption, i.e., the pharyngeal jaws, a “second set” of
bony jaws in the throat for durophagous feeding [10,11]. A representative example is the black drum
Pogonias cromis (Family Sciaenidae), a molluscivorous teleost that is commonly found in the estuarine
and shallow marine waters along the Atlantic coast from New England to Argentina [12]. As the second-
largest durophagous teleost fish (second to the Indo-Pacific humphead Maori wrasse Cheilinus undulatus),
the black drum fish preys on mollusks and crabs with its powerful pharyngeal jaws and associated
musculature [11,13]. The black drum’s pharyngeal jaws consist of two separated upper pharyngeal jaws
(UPJ) and a massive lower jaw (LPJ), which are located inside the throat of the fish (Fig. 1A-D). The
related non-molluscivorous red drum (Sciaenops ocellatus, Family Sciaenidae), unlike the black drum,
has much smaller UPJs and an arrow-like LPJ with smaller teeth [14]. In addition, their jaw movements
during feeding are different; the black drum crush the mollusk shells by squeezing UPJ and LPJ
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simultaneously to maximize the crushing force along the vertical direction (yellow arrows in Fig. 1A,B),
while the red drum shreds weaker-shelled preys (e.g., crabs) by additional retraction of the UPJ [8]. After
crushing the mollusk shells with their powerful pharyngeal teeth, the black drum may reject the crushed
shell material orally or allow them to pass through the digestive system [12]. Previous studies estimated
that P. cromis is responsible for processing over one million kilograms of shell material per year from the
species’ feeding activity in Texas bay [12].

During feeding, the black drum fish’s jaws and teeth can generate biting forces up to 300-600 N/kg
of its bodyweight; upon reaching the largest body size of 60 kg, the black drum is expected to generate
bite forces up to 11,000 N [13]. To compare the bite forces among different species, bite force quotient
(BFQ) is often used as a metric (Supplementary Note 1) [15-17]. The organisms with above-average BFQ
are therefore believed to have more powerful teeth and masticatory apparatus. Based on the comparative
results, the black drum has one of the highest BFQ values among all fish species (~108-130, Table S1,
and Fig. 1E) [13,16,18,19]. If this comparison is extended to other vertebrates (e.g., mammals, birds, and
reptiles), the black drum and durophagous fish in general still own advantageous positions, suggesting
their effective designs of the masticatory apparatus when scaled to the same body sizes (Fig. 1F and
Table S1-S4).

As the black drum fish, as well as many other durophagous fish, developed pharyngeal jaws to crush
the hard mineralized mollusk shells during feeding, understanding the structure-property relationship of
the tooth material may provide important lessons for novel structural composite designs against heavy
contact loadings. However, current studies on the black drum pharyngeal teeth primarily focused on the
biomechanics during feeding, i.e., how jaw movements generate high crushing forces [8,13,14]. There has
been limited investigation on the black drum pharyngeal teeth from the perspective of material science,
particularly the multiscale material design strategies for achieving resistance to high crushing forces and
local contact damage and wear.

In this work, we aim to investigate the structural basis of the black drum teeth at multiple length
scales, which enable the capability of durophagous feeding by crushing mollusk shells. The fully matured
teeth are characterized from multiple perspectives, including microstructural and crystallographic analysis
based on electron microscopy and polarization-dependent imaging contrast (PIC) mapping, chemical
analysis based on Raman spectroscopy (RS) and energy-dispersive X-ray spectroscopy (EDS), multi-scale
mechanical characterizations including nanoindentation, in-situ mechanical tests coupled with X-ray
micro-computed tomography (uCT), compression tests on individual teeth, and finite element (FE)
modeling. Our systematic analysis reveals that the black drum fish teeth exhibit multiscale strategies
which adapt to the durophagous diet.

2. Materials and methods

2.1. Materials and sample preparation

The black drum fish heads were obtained from two companies, Pacific Seafood San Antonio, and
Fruge Seafood, both from Texas, USA. These fish heads were preserved with ice and kept in fresh
condition upon arrival. After separating the pharyngeal jaws and cleaning up the remaining flesh/tissues,
these teeth and bony toothplates were kept in frozen condition before further sample preparation.

The pharyngeal jaws were defrosted in water and dried in the air for weeks. To obtain complete units
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of mature and immature tooth, the wheel saw was used to cut the bottom bony part. The immature teeth
could then be collected easily as they are not connected to the surrounding bone. Afterwards, the
individual unit of mature teeth (tooth + the toothplate) was separated by cutting the bone between
adjacent teeth.

The selected mature and immature teeth were sonicated in deionized (DI) water to remove the debris
thoroughly. After drying, these teeth were mounted and embedded in a room temperature cured epoxy
(Epo-Fix, Electron Microscopy Sciences). Samples were polished either horizontally (perpendicular to the
biting direction of the teeth) or vertically (parallel to the biting direction) using a polishing machine
(MultiPrep™ System, Allied High Tech Products, Inc.) with diamond lapping films stepwise (15 um, 9
pm, 6 um, 3 um, and 1 pm), and finally with 40 nm colloidal silica suspension on a polishing cloth.

2.2. Raman spectroscopy (RS) measurement

A confocal Raman micro-spectroscopy system (WITec, Ulm, Germany) was used to obtain the
Raman images. The system was equipped with an Nd:YAG 532 nm laser, 20x Zeiss objective (N.A. =
0.4), a 600 g/mm grating UHTS Raman Spectrometer (WITec, Germany), and a CCD-camera cooled to -
60 °C. The excitation wavelength was calibrated by matching the T2g mode peak of a silicon wafer to
520 cm-1. Raman maps of a 100x2400 pm?” scan area (25x600 points) were acquired with a continuous
laser beam with an accumulation time of 0.5 seconds per point with a pre-bleaching time of 0.5 seconds.
WITec Project Five, MATLAB, and Origin Pro 9 software were used for image processing and analyses.
Cosmic ray removal and background subtraction were performed to increase the signal-to-noise ratio. The
phosphate v1 peak was fitted with a Lorentzian function, and the peak position, width, and intensity were
extracted from the fit for further analyses. The average peak position and width of the v1 peak at the same
distance from the teeth surface are computed and plotted against the distance.

2.3. Scanning Electron Microscopy (SEM)

Dried teeth samples were coated with a Pd/Pt layer with the thickness of 10 nm to reduce charging
effects prior to electron microscope imaging. SEM images were then acquired with a field-emission SEM
(LEO 1550, Zeiss, Oberkochen, Germany) with an acceleration voltage of 5 kV and a working distance of
~7 mm. To reveal the microstructures and the crystallite alignments, slight etching was applied to the fine
polished surface by using 1% formic acid for 1 min before SEM imaging.

2.4. Energy-dispersive X-ray spectroscopy (EDS) measurement

SEM-EDS data was obtained using a scanning electron microscope (Vega3, Tescan, Brno, Czech
Republic) in variable pressure mode (20 Pa, gas: N2, accelerating voltage: 20 keV). The backscattered
electron (BSE) images were acquired with a YAG crystal scintillator-based detector. The EDS maps were
acquired with a Bruker XFlash 630 silicon drift detector with sufficient acquisition time to achieve at least
2,000 counts per pixel in the mapped area. The elemental composition is quantified using the Bruker
Esprit 2.1 Software with PB Linemarker-ZAF correction. The elemental composition map is normalized
with the maximum composition for improved contrast. The average mass percentage of each element at
the same distance from the teeth surface is computed and then plotted against the distance.

2.5. Polarization-dependent imaging contrast (PIC) mapping

A vertical cross-section of a mature tooth was prepared by serial polishing, cleaning, and air-dried.
Before PIC mapping, the selected areas of interest were coated with 1 nm Pt, while the rest of the surface
was coated with 40 nm Pt using a Cressington 208 Series sputter coater (Cressington Scientific
Instruments, Watford, England) equipped with a thickness monitor while spinning and tilting [20]. PIC
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mapping was performed using the PEEM3 microscope at the 11.0.1 beamline at the Advanced Light
Source (ALS) at Lawrence Berkeley National Lab. A stack of 38 images was acquired at 19 different X-
ray polarizations [21-24] with minimal charging [25] and radiation damage [26]; one at 0.2 eV below the
Ca L-edge peak 1 and the other at 0.2 eV above peak 1 [27]. The images were imported into PEEMvision
and aligned if necessary. The above peak images were digitally divided by the corresponding below peak
images to increase the dichroic contrast. Each pixel in the 19-image stack contains intensity versus
polarization information that was to a cosine squared, Malus’ law relationship. The fit parameters provide
the in-plane and out-of-plane angles with respect to the polarization plane of the X-rays that are incident
from the right at an angle of 30° from the vertically mounted sample surface. The in-plane angles are
displayed by the hues assigned in the color bar. The out-of-plane angles are displayed such that crystals
oriented directly into the x-rays (completely out of the polarization plane) are black and crystals that are
oriented completely within the polarization plane are full brightness. PIC maps were created from the 19-
image stack using the GG macros. For each area, 9 overlapping, individual PIC maps were acquired in a
3x3 array and were stitched together in Adobe Photoshop CC 2021.

2.6. Instrumented nanoindentation

Load-controlled nanoindentation was performed on the vertically polished sample surfaces for the
areal and line mapping using Micro-Materials instrumented nanoindentation system (NanoTest Vantage
platform 4) and a Berkovich tip (trigonal pyramid, semi-angle of 65.3°). Typical load functions include
loading (15 s), holding (10 s) at the maximum load (1 mN), and unloading (15 s), and thermal drifting
was monitored when the load was unloaded to 10% of the maximum force for 30 s. The hardness H and
indentation modulus E, were quantified based on the standard Oliver-Pharr (O-P) methodology [28]. For
the areal map, the grid spacing between adjacent indents was 30 x 30 um?, and in total 6000 indents were
conducted to generate the entire map. For the line map, the grid spacing between adjacent indents was
2um, and 1000 indents were conducted along each line; in total, three lines were conducted. In addition,
cube-corner nanoindentations were also performed on horizontally polished enameloid and dentin of
mature teeth with increasing maximum loads, i.e., 0.5, 1, 2, 3, 5, 8, 10, 20, 30, 40, 50, 60, 70, 80, 90, 100,
200, 300, 400, and 500 mN. The post indentation residues were imaged using SEM for further analysis.

2.7. Macroscale compression tests

After separating the individual mature teeth, two groups of compression samples were prepared, i.e.,
mature teeth with/without the underlying bony toothplate. The bottom of the samples was polished until
flat and stable. These teeth were kept in 0.9 % NaCl solution overnight for rehydration before testing.
Compression tests were conducted using an Instron system (model 5984) at a constant rate of 2 mm/min
until the final fracture. The samples were approximated as pillars with irregular cross sections, where the
heights were directly measured with a caliper, and the projection-areas (approximated as cross-sectional
areas) were estimated from the top-view photos. Subsequently, the nominal stress and strain were
calculated.

2.8. Micro-computed X-ray tomography and in-situ mechanical testing

Micro-computed tomography (uCT) was conducted using the synchrotron X-ray imaging at
beamline 2BM of the Advanced Photon Source, Argonne National Laboratory, Chicago. The X-ray beam
energy used was 27.4 keV with an imaging resolution of 1.725 um/pixel and the field of view (FOV) of
2560 x 1024 pixel®, corresponding to ~4.4 mm in width and ~1.7 mm in height. In addition, in-situ
mechanical tests were also conducted by using a customized mechanical loading device which enables
displacement-controlled loading and simultaneous ¢CT data acquisition. During each #CT scan, the stage
was rotated 180° to obtain 1500 projections for reconstructing the original and deformed structure at each
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loading step. A ceramic wedge tip was also used to conduct in-situ indentation tests. The samples for in-
situ tests were further trimmed and polished to make cube-shaped geometries that fit into the FOV.
Tomographic reconstructions were performed using TomoPy [29] and rendered with Avizo (Thermo
Fisher Scientific, USA).

2.9. Finite element method

The geometric models of the black drum teeth were generated based on the manual tracing and
simplification of the SEM and uCT projection images. The FE simulation of the compression tests on an
individual tooth (with/without toothplate) was simplified as an axisymmetric 3D problem. The tooth was
modeled as a three-phase composite, which consists of an outer enameloid, an underlying dentin, and a
supportive bony toothplate, where the contact between the phases is considered as perfectly bonded. All
three phases were simplified as isotropic, elastic-perfectly plastic materials using four-node bilinear
axisymmetric quadrilateral elements (CAX4R in ABAQUS element library). The material properties of
the enameloid and dentin were obtained from Berkovich nanoindentation experiments where o, =~ H/2.8
[30], and the material properties of the bone were taken from literature [31]. Similar simplified estimation
of the material models was applied in FE analysis of other biomineralized composites, such as the
multilayered design in the ganoid fish scale [32]. The FE results obtained from the simplified models
were primarily used to predict the stress-strain distribution (to correlate with the experimental
observations from macroscale compression tests) rather than precise prediction of the stress and strain
values. In addition, the compression tests were simulated by applying the loading through an upper rigid-
body compression plate, where large-deformation theory and frictionless contact between the plates and
teeth samples were assumed. The simulation was performed in ABAQUS with the general statics
modulus. Mesh convergence was also performed for accurate solutions to the load—displacement curves
and stress contours.

2.10. Statistical analysis

Averages and standard deviations were used as the descriptive averages for all the measurements
throughout the entire paper wherever possible, including the nanoindentation modulus and hardness (Fig.
6B), crack length measurements based on cube-corner indentation (Fig. 7D), and macroscale compression
tests (Fig. 8A, insert table). In addition, the standard deviations of the data were used as error bars in the
figures (e.g., Figs. 6B and 7D).

3. Results

3.1. Microstructure

The pharyngeal jaws of black drum, including two UPJs and one LPJ, are positioned symmetrically
in the masticatory apparatus (Fig. 1C,D). The LPJ is composed of two halves joined by a central suture
line (Fig. STA-D). The individual teeth on the bony toothplates are compactly arranged with a symmetric
size distribution with respect to the central line (red dashed line in Fig. 1D); specifically, the sizes
(measured as the projected areas) of the teeth range between 0.5~30 mm?, decreasing almost linearly from
the central line to the edge region on the LPJ (Fig. S1E). The black drum replaces its teeth throughout its
lifetime [11], and the immature teeth are embedded beneath the mature ones and within the bony
toothplates, as shown in the cross-sectional optical and scanning electron microscopy (SEM) images (Fig.
2A,B and Fig. S1F). Here we define the normal direction “N” as the biting direction, i.e., from bony
toothplate to teeth biting surface (yellow arrows in Fig. 1B) [8].
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In contrast to the canine teeth in the non-molluscivorous red drum [8], the molluscivorous black
drum has the molariform teeth with a smooth bowed outer surface (Fig. 2C,D,F), while some teeth with
pointy tips or needle-like geometries are present at the edges of the toothplates (Fig. S2). Our study here
is primarily focused on molariform teeth. The mature molariform teeth are positioned in the bony
toothplate through a round connecting rim (yellow dashed region in Fig.2E, ca. 75 pm in width), which is
also highlighted in the top-view reconstruction of the tooth and toothplate (Fig. 2G). There are no
discernable organics in the contact rim; however, the fibrous organic material-based tissue that connects
adjacent dentin and bone is found in the region below (white dashed region in Fig. 2E, and Fig. S3) [33].
The immature teeth are enclosed inside a chamber directly underneath individual mature teeth (Fig. 2A,B).
Unlike the mature teeth whose thickened dentin roots are bound with toothplates, the dentin in immature
teeth become thinner towards the root (Fig. S4). Both the mature and immature teeth have smooth outer
surfaces, while microscopic feeding-induced abrasion marks were often observed on mature teeth (Fig.
S5). As reported previously, the bony toothplate in the pharyngeal jaws of black drum fish exhibits a
unique porous microstructure unlike the common trabecular bones observed in other vertebrates [11].

Each tooth of the black drum consists of an outer enameloid layer and an inner dentin layer separated
by the dentin-enameloid-junction (DEJ, Fig. 2A-D). Backscattered-SEM imaging reveals a higher
electron intensity in the enameloid layer in mature teeth, suggesting its higher mineral density than dentin
(Fig. 2B). The fractured surface of mature teeth further revealed the microstructural difference across the
DE]J interface, i.e., the rough and twisted fracture surface in the enameloid and the relatively smooth
fracture surface in the dentin, respectively (Fig. 3A). The dentin layer consists of uniformly distributed
dentin tubules (ca. 1 pm in diameter) parallel to the normal direction, where tubule branching is
occasionally observed (Fig. 3B,C). It should be noted that the dentin tubule density in black drum teeth
(ca. 2.3x10° tubules per mm” in inner dentin) is substantially larger than human teeth (1.37 — 3.23x10*
per mm?) [34], alligators and crocodiles (2.1 — 2.2x10* per mm?) [35], and some dinosaurs (0.92 —
1.57x10* per mm?) [35], while the tubule diameters are approximately similar in different species.

SEM imaging of the vertically polished cross-section after slight acid etching (see Methods) revealed
that the rough fracture surface in the inner enameloid close to DEJ results from the 3D twisted and
interlaced enameloid rods, the building units of enameloid (yellow-shaded mask, Fig. 3F). These
enameloid rods consist of nanorod-like crystals, similar to other fish teeth, e.g., parrot fish teeth [36], and
black carp teeth [37]. The diameter of the enameloid rods decreases from DEJ (5-20 pum, Fig. 3F) to the
outer surface (1-2 pm, Fig. 3E,G). SEM images of a horizontally polished and etched surface also show
consistent observations (Fig. S6). In addition, the nanorod-like crystallites within individual enameloid
rods exhibit discernible crystallographic misorientations (Fig. 3G).

3.2. Chemical analysis

The chemical information of the black drum teeth was investigated through correlative RS and EDS
analyses (Fig. 4).

A high-resolution RS map across the entire tooth thickness direction (yellow box, Fig. 4A) and the
averaged Raman spectra (Fig. 4B) reveal that both enameloid and dentin regions have a phosphate v,
peak at 959-964 cm™, indicating that the main mineral phase in both regions is similar to hydroxyapatite
(HA, standard peak position ca. 961 cm™) [38]. However, the peak position shifts to higher wavenumbers
in enameloid (962-964 cm™) in comparison to that in dentin (959-961 cm™) (Fig. 4C), which is due to the
different chemical environment in the two regions. A similar Raman peak shift has been reported in
parrotfish teeth, which was correlated with the change in mineral composition from HA to fluorapatite
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(FA) crystals [36]. Quantitative analysis of the width (full width at half maximum, FWHM) of this peak
further reveals a broadening effect in the dentin region (Fig. 4D), suggesting its lower crystallinity [39].
In addition, the remaining evident peaks in the dentin region indicate the presence of a higher amount of
proteinaceous materials (Amide III 1200-1300 cm’!, Amide I 1660-1670 cm™, and C-H 2850-3300 cm™,
Fig. 4B) [40-42], which is most likely collagen, as found in human tooth dentin [43,44] and elephant tusk
dentin [45]. Strong fluorescence was observed when conducting RS measurements on immature teeth,
due to their higher concentration of organic materials.

Correlative EDS measurement performed on the same sample reveals the major chemical elements
and their compositional gradients within the mature teeth (Fig. 4E-H). Fig.4E summarizes the averaged
EDS spectra of the enameloid (blue) and dentin (red), where the distribution of the major elements Ca, F,
Mg, and Zn is shown in Fig. 4F. Several important features are observed. First, Ca and P are distributed
across the entire tooth (Fig. 4G), consistent with the RS measurement that apatite is the major mineral
phase in both enameloid and dentin regions. Second, a higher concentration of Ca is found near the DEJ
(in both inner enameloid and outer dentin), indicating higher mineral density compared to outer
enameloid (Fig. 4F,G). Third, the trace elements F and Zn are mainly present in the enameloid layer,
decreasing from the outer to the inner enameloid, while Mg shows a higher concentration in the dentin
layer with an increasing gradient towards the inner dentin (Fig. 4H). Table S5 quantifies and compares
the EDS results (non-carbon elements) with the theoretical values of HA and FA, from which the mineral
phase in the enameloid is estimated to be Caio(PO4)s(OH)osoF1.11 with Zn substitutions (Supplementary
Note 2), while the dentin has a mineral phase more similar to HA with Mg substitutions. These
conclusions agree well with the RS measurement: the Zn-doped HA/FA crystals in the enameloid layer
contribute to the peak shift to higher wavenumbers [38], while Mg substitution in dentin results in the
peak shift to lower wavenumbers [46].

3.3. Crystallographic analysis

Polarization-dependent imaging contrast (PIC) mapping techniques were employed to determine the
crystallographic orientations of the enameloid crystals. Many anisotropic crystals exhibit dichroism, i.e.,
peak intensity variations in the X-ray absorption spectra depending on the crystallographic orientations;
such dichroism can therefore be used in PIC mapping to visualize and quantify crystal orientations [36].
PIC mapping has been used extensively for carbonates in various biominerals and recently apatites in
bone and teeth [36,47,48].

Fig. SA shows the locations on the polished black drum tooth where two PIC maps were acquired in
the outer and inner enameloid regions, respectively. In outer enameloid (ca. 50 pum beneath the tooth
surface), the enameloid microstructure shows ca. 1-2 um rods aligned approximately perpendicular to the
tooth surface, where the cyan and green color indicates that the HA/FA crystals also align their c-axes
approximately perpendicular to the tooth surface, with slight crystal misorientations among adjacent rods
(Fig. 5B). When gradually approaching the middle enameloid (bottom portion in Fig. SB), the rods
become thicker and more interwoven, where both rod orientations (e.g., rods marked by yellow and white
crosses running ca. 90° from each other) and crystal orientations (e.g., colors change from cyan to red in
adjacent rods) exhibit more significant variations.

In the PIC map acquired in the inner enameloid (ca. 300 um beneath tooth surface), one can observe
considerable distributions of rod diameters, between ca. 1-5 pm (Fig. SC). At depth close to the DEJ, the
rods can branch and interweave with adjacent rods as evident by the abrupt color changes (e.g., rods
marked by yellow and white crosses, Fig. SC). Crystallographic misorientations are presented within
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individual rods, and similar observations have been reported in many animals’ tooth enamel(-oid),
including mouse, human, sheep, and parrotfish, which may contribute to crack deflection within
individual enameloid rods [47,48]. Many black pixels in the PIC maps are present due to the absence of
polarization dependence. These black regions could result from non-polarization dependent material, such
as organics, voids, or amorphous materials [36]. However, based on their size, morphology, and similarity
to other rods in the PIC map, it is believed that these regions represent the crystals with their c-axis
parallel to the beam direction.

3.4. Local mechanical properties: modulus and hardness

The local mechanical properties (reduced modulus E, and hardness H) of the black drum teeth were
investigated via instrumented nanoindentation with a Berkovich tip (Fig. 6). Nanoindentation mapping of
the vertical cross-section of a mature tooth clearly reveals the two-layered enameloid-dentin structure,
where the enameloid (H = 2-4 GPa, E, = 70-110 GPa) is considerably harder and stiffer than the dentin (H
= ~1 GPa, E. = 20-50 GPa) (Fig. 6A). Additional high-resolution line mappings (step size, 2 pm)
conducted across the entire tooth thickness reveals the presence of mechanical property gradients within
both enameloid and dentin regions: gradual increase towards the biting surface in enameloid and gradual
decrease towards the tooth interior in dentin (Fig. 6B). Further measurements conducted on the pristine
enameloid surface (no polishing) revealed H = 5.0 £ 1.4 GPa and E, = 126.9 £ 16.3 GPa (n = 14) along
the biting direction (see the schematic diagram in Fig. 6C), in comparison with H = 5.1 £ 1.0 GPa and E,
= 108.3 £ 13.6 GPa measured from the across direction. The measured H and E, value in the outer
enameloid of the black drum are close to the shark teeth enameloid, which both agree with the ranges for
HA crystals [49,50], but are smaller than the geological FA crystals (H = 11.3 £ 0.8 GPa, E, = 148 £ 9
GPa) [51].

Fig. 6C compares the nanomechanical properties of the black drum teeth with other biomaterials in
the Ashby plot of modulus vs. hardness [36,52]. Remarkably, the black drum tooth enameloid the highest
modulus compared to the reported values from other highly mineralized biological materials, where the
data scattering, particularly for the “across” orientation, is most probably due to local microstructural
variations as observed in Figs. 3 and 5. In contrast, H and E, values of the dentin region range 0.5-1.5
GPa and 20-50 GPa, respectively, comparable with other dentin structures (Fig. 6B,C). Moreover, a
recent study on parrotfish (Chlorurus microrhinos) teeth shows that the modulus ratio of along and across
the biting direction for enameloid is Eaiong / Eracross = 1.18 [36], close to the modulus ratio of black drum
teeth 1.17 (= 126.9 GPa /108.3 GPa) in the present study. In comparison, the reported ranges for the
stiffness ratios C33/C1; in FA and HA crystals are (1.17-1.33) [53,54] and (1.13-1.40) [54,55], respectively.

3.5. Local mechanical properties: fracture toughness

Nanoindentation with a cube-corner tip was used to characterize the teeth’s performance under sharp
contact loadings (Fig. 7). Fig. 7A shows the representative indentation curves on polished enameloid and
dentin surfaces along the biting direction at maximum loads of 50, 200, and 500 mN (see all curves in Fig.
S8). The corresponding indentation residues on the enameloid and dentin regions are shown in Fig. 7B,C,
respectively. At the same maximum loads, the indentation depths and residue sizes are significantly larger
in dentin than in enameloid, as expected by their hardness contrast. In addition, the indentation curves of
enameloid exhibit “pop-in” events (black arrows, Fig. 7A inset), which were caused by the discrete crack
formation (see the corresponding 50 mN indentation residue in Fig. 7B). In contrast, dentin exhibits
plasticity-like deformation even at the highest load, where the dentin tubules were highly deformed and
no significant cracking was observed (Fig. 7C).



Based on contact mechanics, the indentation residue sizes a is related to the maximum load P and the
hardness H through the following relationship

12
a= (Lj (1),
aH

where a is a non-dimensional geometric constant for the indentation tip (o = 1.30 for three-sided
Berkovich and cube-corner tips) [56]. Moreover, when the indentation load is sufficiently high, cracks

will originate from the indentation edges, and their size c is given by
3

c{ﬁfa@”
H K (2),

where E is the elastic modulus, y is a nondimensional constant (y = 0.04 for a cube-corner tip) [57].
Therefore, the fracture toughness K. can be estimated as [58]

E 1/2 P
x=rz) (&) >

In the present study, 10 indentations were conducted at each load from 0.5-500 mN, and a and ¢
were directly measured from the post-indentation SEM images. As shown in Fig. 7D, we confirm that the
a-P and c-P profiles have the predicted slopes of 1/2 and 2/3, respectively. Moreover, K. of the black
drum teeth enameloid is estimated as 1.12 MPa-m'? (Supplementary note 3), which is higher than that of
FA crystal (0.76 + 0.13 MPa-m"?) [59] and comparable to HA crystal (1.20 + 0.23 MPa-m"?) [60] and
human tooth enamel (0.7-1.3 MPa-m'?) based on indentation experiments [61,62].

We further evaluated the fracture resistance of enameloid by calculating the cumulative frequency of
cracking (f) under different loads (Fig. 7E and Supplementary note 4) [36,56,63]. When compared to
previously measured biomineral composites such as spearers (Lysiosquilla) and smashers
(Odontodactylus) in mantis shrimp [63], and the parrotfish teeth (C. microrhinos) [36], the black drum
teeth enameloid exhibits a higher fracture resistance (i.e., larger loads required to initiate cracks at f =
50%) (Fig. 7E). The only exception, sponge biosilica (Monorhaphis chuni), on the other hand, achieves
its superior toughness through its laminated design [56].

3.6. Macroscopic mechanical behavior: experimental analysis

To investigate the teeth’s macroscopic mechanical behavior, compression tests were conducted on
individual mature teeth with and without bony toothplates (Fig. 8A-C). The failure loads for individual
teeth range between 150 and 600 N depending on the sizes (Fig. S8). The representative nominal stress-
strain curves for the two groups of samples are shown in Fig. 8A. Typically, the teeth with bony
toothplates experience three distinct deformation stages: toothplate deformation and failure, tooth
repositioning, and tooth deformation and failure (Fig. 8A,B). In contrast, the detailed deformation process
of the teeth is revealed by the tests for samples without bony toothplates, which involves initial fracture
via vertical cracking (Fig. 8C-i), horizontal cracks connecting adjacent vertical cracks (Fig. 8C-ii), and
final collapse (Fig. 8C-iii).

The normalized failure strength of the teeth (en = 33.8 £ 12.2 MPa) is significantly higher than the
bony toothplate (opone = 22.1 £ 5.9 MPa), while the deformation of the latter contributes to ca. 50% of the
total energy dissipation (W) (Fig. 8A, inset table). This result suggests two important mechanical
functions of the toothplates: (1) under normal crushing/impact loads, the toothplates provide support/base
for the teeth and energy absorption, and (2) under excessive loads, the underlying bony toothplate fails
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prior to the tooth, which leads to the “detachment” of the failed tooth and exposes the new tooth
underneath (assuming the new tooth is ready to become functional), facilitating the subsequent
replacement process.

Post-mortem SEM imaging again reveals the twisted and rough fracture in the enameloid compared
to the clean and planar fracture surface in dentin (Fig. 8D,E), consistent with their microstructures (Fig.
3). Besides, and extensive crack deflection was observed near DEJ, which is believed due to the sharp
transition of the microstructures (Fig. 8E). The crack morphologies in 3D were further characterized
through synchrotron uCT-based in-situ mechanical tests (Fig. 8F-J and Fig. S9). Fig. 8F shows a
projection of a tooth sample under compression, where the crack transects the entire thickness.
Corresponding 3D rendering of the crack shows similar fracture morphologies observed in post-mortem
SEM imaging, i.e., corrugated and rough crack surfaces in inner enameloid vs. planar cracks in dentin
(Fig. 8G). Some micro-cracks, especially in the outer enameloid, are neglected during rendering due to
the resolution limit; therefore, the connecting micro-cracks in the outer enameloid might form a more
complex network than the presented 3D rendering.

Detailed correlation between the crack morphologies with tooth microstructures reveal several
important toughening mechanisms. Firstly, the cracks in the enameloid start as straight paths near the
biting surfaces which become decussated and deflected into the inner enameloid (Fig. 8H-i), correlating
with the gradual variations of the enameloid microstructures (Fig. 3E,F). Secondly, in the enameloid, a
high density of the microcracks reduces the stress intensity ahead of the crack tip, therefore inhibits crack
propagation [64], while the meandering cracks diverge around the enameloid rods and generate torturous
paths (Fig. 8I) [65]. Thirdly, some micro-cracks stopped before approaching to inner enameloid (Fig. 8H-
ii), which indicates the effective crack impeding by the decussated microstructures of enameloid rods.
Fourthly, upon entering dentin, crack surfaces follow the direction of dentin tubules and propagate
straight into deeper dentin (Fig. 8J); the occasional tubule branching might contribute to crack deflection
into the horizontal direction (Fig. 8H-iii). In addition, layered oscillations were observed in the inner
dentin (Fig. S10K); while the structural origin is still under investigation, the mechanical contribution of
the oscillated dentin tubules might contribute to crack deflection and thus impede crack penetration across
the dentin thickness. Finally, the density of dentin tubules is about an order of magnitude larger than tooth
dentin in many animals (e.g., human, alligators/crocodiles, dinosaurs, etc.), while another durophagous
fish, sheephead (Archosargus probatocephalus), also has comparable dentin tubule density (0.65 — 1.15X
10° per mm?) [66]. The density of dentin tubules might correlate with the functional requirements of tooth
structures; for instance, herbivorous species of dinosaurs have a higher density of dentin tubules than
carnivores [35]. Therefore, the higher dentin tubule density in durophagous fish might contribute to the
enhanced energy dissipation by accommodating more deformation. Additional in-situ tests, including
compression and wedge-tip indentation, were conducted on samples with epoxy-fixed bottom periphery
(Fig. S9), which revealed similar cracking behaviors as that in the unfixed samples.

3.7. Macroscopic mechanical behavior: computational analysis

We next combined the structural, mechanical, and geometrical analysis results discussed above with
systematic FE simulations to further investigate the stress/strain distribution within the enameloid-dentin-
bone composite architecture under compressive loadings (Supplementary note 5). Axisymmetric 3D
models were generated based on the representative structure of mature teeth, where the interfaces of DEJ
and the dentin-bone junction were simplified as perfect bonding (Fig. 9A and Fig. S10). In order to
evaluate the effects of the underlying bony toothplate, all simulations were conducted under two different
setups, i.e., with/without the bony toothplate (Fig. 9B,C). Directions 1,2, and 3 represent the radial,
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vertical, and circumferential directions, respectively. In the simulations, the enameloid, dentin, and bone
were all simplified as isotropic and elastic-perfectly plastic materials, while the target loads used for FE
study were 200 and 400 N (representing loads for elastic deformation and failure, respectively, see Fig.
S8). Although the top surface of some mature teeth is occasionally concave featured with a centered
shallow crater, our FE analysis reveals that the topology of the top surface does not have significant
effects on the stress distribution in the tooth models (Fig. S11). Hence, our following analysis is based on
the models with an almost flat top surface (very shallow centered crater). It must be noted that the FE
simulations here was used primarily to investigate the stress-strain distributions to correlate with fracture
behavior observed in compression experiences. The extracted stress-strain values may deviate from actual
values due to the simplification in the material models, such as mechanical anisotropy, internal
mechanical property gradient, and length-scale dependence of mechanical properties of enameloid and
dentin [67-69].

Considering the observed brittle fracture of teeth under compression, the maximum principal stress
(omax) Was taken as the primary failure criterion (Fig. 9B,C). The detailed stress contours (including omax,
normal stresses oi1, 022, 033, shear stress gi2, and von Mises stress ovon) and strain contours (including
normal strains €11, €2, €33, and shear strain €12) are included in Figs. S12 and S13 for compression loads of
200 N and 400 N, respectively. The omax contours in both models with/without the bony toothplate show
that compression induces an in-plane compressive stress field in the outer enameloid under direct contact
(Fig. 9b-i and Fig. S12). Besides, tensile stress concentration is observed in the inner enameloid close to
DE]J, and the sharp contrast of stress across the DEJ interface results from the property mismatch (Fig.
9b-ii). Interestingly, there is a higher tensile stress field at the thinnest thickness of enameloid (Fig. 9b-iii),
which originates from the 33, normal stress along the circumferential direction (Fig. S12D). The inner
dentin exhibits a tensile stress field, as the compression load induces a bending-like deformation (Fig. 9B-
iv). Under higher loads (400 N), the stress contours are quite similar but with expanded regions and
elevated stress levels (Fig. 9C and Fig. S13). In addition, a higher tensile stress o33 is found along the
circumferential’/hoop direction at the outer surface of dentin and enameloid (along the 1-2 plane, i.e.,
vertical-radial plane, Fig. S14D), which may result in the experimentally observed vertical cracks (Fig.
8C-I). The failure load estimations are also comparable with experimental results, where FE simulations
predict bone failure below 400 N and dentin failure under ca. 650 N (Supplementary note 5).

In terms of the effects of the underlying bony toothplate, the two models (with/without bony
toothplate) revealed similar stress contours in the enameloid and dentin at lower loads (Fig. 9B). Under
higher loads, however, the expanded region of higher tensile stress was noticed in dentin for the without-
bone model (Fig. 9C and Fig. S13). In other words, by introducing the relatively softer bone, tensile
stress concentration in the lower part of the dentin is significantly reduced. In the with-bone model, an
enlarged region of compressive stress is located near the dentin-bone junction, inducing a triaxial
compressive field and possible subsequent failure initiation in the foam-like toothplate (Fig. S13B-D). In
addition, the fibrous organics at the dentin-bone interface facilitate the deformation. As shown in Fig.
S13G, large tensile strain &1 is found close to the interface between dentin and bone, while the organic
fibers at this interface are clearly beneficial in resisting the premature tensile strain-induced failure [33].
On the other hand, the solid contact between the dentin and bone in the contact rim helps to resist
compressive strain & (Fig. S13H).

Another interesting perspective of black drum teeth is the enlarged pulp chamber compared to teeth
from other animals. An artificial model with a dentin-filled pulp chamber was generated for comparison,
where the stress in the dentin is significantly reduced (Figs. S14 and S15). However, there is no
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noticeable decrease in the normal stresses and strains in the bone component (Figs. S14A-C, and S15A-C),
and increases in the shear stress and strain were observed (Figs. S14D,E and S15D,E). Since the bone is
the weakest component in the composite, filling up the chamber increases the shear stress level in the
bone, which reduces the load-bearing capacity of the teeth-bone composite. Thereby, the large size of the
pulp chamber may contribute to reducing the effective stiffness of the ‘“dentin component” at the
structural level, which in turn reduces the maximum stress in the “bone component” by accommodating
more deformation in the chambered dentin. This balanced stiffness by intrinsic properties and structural
design between different components promotes beneficial stress distribution and improves the maximum
biting force of the teeth. In live animals, the presence of fluid in the pulp chamber and dentin tubules
might contribute to impact mitigation as well, further experimental and computational analysis are
required to reveal the detailed mechanisms of the solid-fluid interaction between dentin (tubules) and pulp.

4. Discussion

The black drum fish teeth, similar to teeth in many organisms, are characterized by the classic two-
layered enameloid-dentin design. The durophagous behavior, however, requires black drum fish teeth to
have damage resistance at material level (near tooth surface), crack impediment across the DEJ, and
structurally stiffness and controlled failure at the tooth-bone composite level under high crushing forces.

4.1. Design strategies at the material level

The combined microstructural, crystallographic, chemical, and mechanical characterizations reveal
that the black drum teeth enameloid utilizes highly specialized material-level design strategies in the outer
enameloid to avoid brittle fracture during tooth-shell contact.

The outer enameloid surface exhibits the highest modulus among the reported highly mineralized
biological materials, which is attributed to concentrated Zn- and F-doping, as well as the preferential co-
alignment of the c-axes of apatite crystals and enameloid rods with the biting direction. It is known that
incorporation of F stiffens and hardens the HA crystal, considering that FA crystals have higher stiffness
constants [54,70], bulk moduli [71], and hardness [51] compared to HA crystals. In black drum fish
enameloid, F-doping may contribute to the increased indentation properties (H = 5.0 = 1.4 GPa, E, =
126.9 £ 16.3 GPa, F concentration of 2.65 at.% in Table S5) in comparison to human tooth enamel (H =
3.5-48 GPa, E, = 75 — 90 GPa) [72,73], where the F concentration was found to be <0.2 at.% [74].
Regarding the toughening contribution of F-doping in HA crystals, even though single crystal FA has
lower fracture toughness than HA single crystal [59,60], recent nanoindentation studies reported that
powder-sintered (polycrystalline) fluoridated HA discs showed increasing toughness with the increase of
fluoridation [49,50]. Interestingly, an early study on the teeth of 78 perciform fish species revealed that
nearly all species have > 2.0% fluoride, regardless of their habitats (freshwater or marine) or the
morphological adaptation of the teeth [75]. F-doping has also been found in many other biominerals, such
as the stomatopod dactyl clubs and spears [63]. Based on a general comparison, the aqueous species have
higher F concentration in the apatite, indicating additional correlation with the biological functionalities.
In fact, it has long been recognized that F-substitution significantly decreases the solubility of HAP,
which is essential for the durability of the apatite-based minerals in aqueous species [76,77]. Unlike F-
doping, the incorporation of Zn as a cationic trace element in HA/FA crystals is less observed in fish teeth.
However, Zn incorporation in the incisors of a freshwater prawn (Macrobrachium rosenbergii) was
shown to enhance its hardness in a recent report [78]. Similar correlation between the local Zn
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concentration and properties was also reported in the toothed jaws of a marine worm, Nereis limbata [79].
A previous modeling-based investigation suggests that the Zn substitution in HA crystals can lead to
improved mechanical properties (modulus, hardness, and toughness) with the optimal concentration of
Nzo/Mznscay < 2.5 at.% (atomic percentage) [55]. In black drum teeth, the average Zn concentration in
enameloid is within the optimal range (1.9 at.%, Table S5), although further investigation is required to
understand the spatial distribution of Zn substitution at individual crystal level.

The co-alignment of the enameloid rods and the apatite c-axes near the tooth surface revealed by PIC
mapping may contribute to the enhanced crack resistance on the tooth surface, since shorter indentation
cracks were measured on the basal plane (loaded along the c-axis) of FA crystals compared to the side
planes [51]. This indicates that the advantage of the alignment of the crystal c-axis along the biting
direction might involve better crack resistance under contact. Moreover, the modulus ratio of the outer
enameloid along and across the biting direction is 1.17, close to the modulus ratio parallel and
perpendicular to the c-axis in FA crystal [53]. This further supports that the HA/FA crystallites orient
their stiffer c-axis preferably along the biting direction, and similar structural control has been observed in
the teeth of other durophagous fish, such as the black carp (M. piceus), where the preferential c-axis
alignment of the apatite crystals is reported to enhance the wear resistance [37,80].

The micro-structural and chemical designs were combined to enhance the stiffness and toughness
near the tooth surface for improved performance against tooth-shell contact when crushing mollusk shells
during feeding. To characterize the damage mode during contact, brittle index Iz can be used to determine
whether the black drum teeth experience quasi-plastic yielding (/z < 1) or brittle fracture (Iz > 1),

2
I, = M = (2) (i} (ij R, @),
Pcrucking A E eff K c
where Pyieiding and Peracking are the critical external loads to initiate yielding or cracking; D = 0.85 and A=
8.6x10°* are constant coefficients for quasi-plastic mode and fracture mode, respectively; E.; and R,y are
the effective modulus and effective radius depending on the materials and geometries of two materials
during contact (Supplementary note 6) [81]. The concept of brittle index Iz was originally used to
determine the damage mode (brittle vs. quasi-plastic) of ceramics under Hertzian contact [81], which was
later introduced to predict the damage in hard biominerals as well, including parrotfish teeth against hard
coral [36], and contact damage of stomatopod dactyl clubs [82]. Based on the Iz maps for tooth-shell
contact, the black drum tooth enameloid is estimated to experience plastic yielding at local scale around
the contact point when the mollusk shells are properly positioned in the masticatory apparatus
(Supplementary note 6). The mollusks usually have thin shell thickness, which further facilitates the
crushability of the shells during tooth-shell contact [37]. The shell debris found in the digestive tract of
the black drum fish also confirmed the brittle fracture of mollusk shells [12].

4.2. Design strategies at individual tooth level

At the individual tooth level, the unique tooth geometry, the classic two-layered enameloid-dentin
design, and the strong underlying bony toothplate allow the black drum teeth to sustain extremely high
compressive loads (up to 150-600 N for isolated teeth). The overall geometrical characteristics of the
individual teeth can be summarized as following major points: molariform teeth, smooth top surface,
cylindrical geometry with a typical thickness of 1-2 mm (enameloid thickness ca. 1/3 of the entire tooth
thickness), and absence of deep dentin root. The tooth morphologies are closely related to the functional

requirements.
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(1) The molariform teeth with smooth enameloid surface adapt to the crushing-dominated feeding
behaviors. Compared with fish teeth adapted to other feeding styles, e.g., sharp canine-like teeth in the
Amazon dogfish (Rhaphiodon vulpinus) used to puncture and hold prey and sharp triangular teeth with
serrated cutting edge adapted to slicing and sawing prey in piranha (Serrasalmus manueli) and the great
white shark (Carcharodon carcharias) [83,84], the molariform teeth are designed to withstand
compressive crushing force perpendicular to the tooth surface. During mollusk crushing, triaxial
compression is concentrated at the contact point due to the surface curvatures on the teeth and shell
surfaces, which helps localize the damage. At the local scale, the much smaller surface radii of teeth
compared to mollusk shells enables that plastic yielding predominates during tooth-shell contact. Even if
the crack initiates under extreme contact, the downwards crushing force induces the bending deformation
of the tooth, and the compressive stress field in the enameloid region may constrain crack formation on
the surface.

(2) The sharp property contrast across the DEJ interface induces the large mismatch of the in-plane
shear stress and strain (Fig. 6A,B, Figs.S13E.J and S14E.J). However, the interlaced microstructures near
the DEJ form the interdigitating interfaces between dentin and enameloid (Fig. 3A), which interrupt the
stress field and help avoid interfacial failure.

(3) Regarding the dentin design, the interior surface resists in-plane tension, while the surrounding
dentin help withstand compression. Similar to other teeth systems, dentin is designed to be softer and
compliant for more energy absorption. The significantly higher density of dentin tubules in durophagous,
including both the black drum (Fig. 3B,C) and sheephead fish [66], might contribute to higher energy-
absorption capacity in durophagous fish. While the dentin-bone junction design (Fig. 2D,E and Fig. S3)
also facilitates the strains under high compressive loads, specifically, compressive strain below the
surrounding dentin by the contact rim (22 in Fig. S13H) and tensile strains both along the loading and
lateral direction by the fibrous organics (¢1; in Fig. S13G and &2, in Fig. S13H).

(4) In addition, the black drum teeth have enlarged chamber and cavity below (estimated volume
ratios, Vpup/Vieeth = 0.20, Vpup+cavity/ Vieen = 0.46) compared to other teeth, including human, piranha [83],
parrotfish [36], and shark teeth [51], efc. Our FE analysis shows that such an enlarged pulp chamber
reduces the shear stress and strain in the bone (Figs. SI5E and S16E). Since bone is the weakest
component in the enameloid-dentin-bone composite, it is likely that the enlarged pulp chamber avoids
premature failure in the bone, and thus enhances the load capacity of the composite.

4.3. Design strategies at tooth-bone composite level

At the level of the pharyngeal jaw, the teeth assembly aligns the larger teeth towards the central
region on the toothplate for higher resistance against crushing loads, in comparison to the line
arrangements of human molar teeth, which mainly function for grinding and tearing (Fig. S2). Another
feature to notice is that the tooth crowns (enameloid surfaces) have different shapes at different locations,
which might be designed for specific purposes: the pointy teeth at the peripheries of the pharyngeal jaws
may be used for retaining the soft tissue of mollusks when ejecting shell fragments out after shell
breakage (Fig. S3).

Finally, the foam-like bony structure in the toothplate represents an energy absorber under crushing
loads (Fig. 8A,B). Additionally, being the weakest component of the pharyngeal teeth, the bony
toothplate undergoes failure first under excessive loads, leading to detachment of failed tooth from the
toothplate. With the cavity below the functioning teeth, the newly formed teeth in the toothplate can erupt
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and replace the failed one easily. Compared with human permanent teeth, the black drum teeth do not
have deep roots embedded in bony tissue, further facilitating the replacement of the failed teeth.

5. Conclusion

In conclusion, the tooth design of black drum fish is an effective adaptation for its molluscivorous
feeding behavior. The efficient design is achieved through multiscale control, including (1)
microstructural and chemical gradients at the microscopic level of the outer enameloid, (2) molariform
surface geometry, interdigitated DEJ interface, high density of dentin tubules, and enlarged pulp chamber
at the entire tooth level, and (3) foam-like toothplates at the level of pharyngeal jaw. The chemical doping
and crystallographic alignment near the tooth surface enables superior stiffness, hardness, and fracture
resistance, promoting quasi-plastic yielding as the preferable deformation mode of teeth when in contact
with mollusks shells. With molariform tooth surface constraining compressive stress in stiff enameloid,
interwoven DEJ avoiding interfacial failure, dentin tubules for energy absorption, and enlarged pulp
chamber preventing premature failure in the bone, the different design strategies at the individual tooth
level are adapted to the crushing-dominated feeding behaviors of the black drum teeth. Under extreme
loadings, the weak toothplates induce failure of the teeth-bone connection and detachment of failed teeth,
which allow easy tooth replacement and eruption. The study of the black drum teeth can potentially
provide inspirations for bioinspired designs across multiple scales, including the material and structural
levels for integrated functionality.
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Fig. 1. Pharyngeal jaws’ performance in black drum fish (P. cromis). (A,B) Schematics of (A) location of the
pharyngeal jaws in the throat of fish, and (B) crushing motor pattern, where the yellow arrows indicate simultaneous
UPJ depression and LPJ elevation during crushing in black drum, and the red arrow indicates the UPJ retraction
observed in non-molluscivorous fish, the red drum. (C) Schematic of a pair of pharyngeal jaws of black drum fish,
including two upper pharyngeal jaws (UPJs) and lower pharyngeal jaw (LPJ). (D) Photo of a UPJs and LPJ showing
the molariform teeth on the toothplates, where “N” denotes the normal (biting) direction. (E) Bite force quotients
(BFQ) regression for different fish species, indicating that black drum fish has an advantageous mechanism for its
masticatory apparatus. (F) BFQ regression for different vertebrate species, including fish, mammals, reptiles and
birds, where the data points representing the black drum fish (P. cromis) are marked with black circles.
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Figure 2 (full width)
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Fig. 2. Macroscale structure of black drum fish teeth. (A) Optical microscopy image of a horizontally-cut and
polished cross-section of an UPJ, showing the two layers of teeth, outer (exposed) mature teeth and inner (embedded)
immature teeth. (B) Scanning electron micrograph (SEM) of an UPJ cross-section in backscatter mode, highlighting
the two-layered structure in each tooth, higher mineralized enameloid (outer brighter) and less mineralized dentin
(inner darker) intersected by the dentin-enameloid junction (DEJ) interface. (C-E) Synchrotron-based X-ray micro-
tomography (u«CT) results of a mature tooth, including (C) the projection image and (D) a reconstruction slice,
respectively, where (E) magnifies the contact rim (yellow dashed region) and fibrous organics (white dashed area)
between dentin and bone. (F,G) 3D reconstruction based on the uCT results, including (F) enameloid set in
transparent mode, and (G) top-views of the tooth showing the “molar” tooth surface and the limited contact rim
(yellow) and regions of organics (white) between tooth and bone.
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Figure 3 (full width)
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Fig. 3. Microstructure of black drum fish teeth. (A) The Fracture surface of a mature tooth, revealing different
microstructures in the enameloid and dentin. (B,C) Fracture surfaces of the dentin layer along the (B) vertical and
(C) horizontal directions, respectively. (D) SEM image of a polished and etched mature tooth sample along the
vertical cross-section. (E,F) High-magnification SEM images of the slightly etched tooth enameloid, revealing the
microstructures of the (E) outer and (F) inner enameloid region, respectively. The yellow-shaded region in (F)
highlights the twisted morphology of enameloid rods. (G) High-resolution SEM image near the tooth’s surface,
showing the needle-like crystallites in enameloid rods.
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Figure 4 (full width)
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Fig. 4. Chemical composition and Raman spectroscopy of the black drum fish teeth. (A) SEM image of a
polished mature tooth, where the yellow and white boxes indicate the regions for Raman spectroscopy (RS) and
Energy-dispersive X-ray spectroscopy (EDS) measurements, respectively. Note that a crack was formed due to the
vacuum environment during the SEM/EDS measurement, which was not present during the initial RS measurement.
(B) Average Raman spectra of enameloid (blue) and dentin (red). The most prominent peaks are marked, and the
positions of phosphate v; peak are annotated. (C,D) Raman spectra results regarding (C) peak position and (D) full
width at half maximum (FWHM) of the phosphate v| peak vs. position along the scanned column. (E) Average EDS
spectra of enameloid (blue) and dentin (red). (F) EDS map of the representative elements (F, Ca, Mg, and Zn) on the
scanned area. (G,H) Mass percentage of (G) major elements (Ca and P) and (H) trace elements (Mg, Zn, and F) in
the mature tooth based on EDS measurements.
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Figure 5 (full width)
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Fig. 5. Polarization-dependent imaging contrast (PIC) maps on the outer and inner enameloid regions of the
black drum fish teeth. (A) Visible light micrograph of embedded and polished black drum tooth, where the PIC
maps were acquired on the two square regions (ca. 130 pm x 130 um) of outer and inner enameloid, respectively.
(B,C) PIC maps showing the different hydroxyapatite/fluorapatite (HA/FA) crystal sizes and orientations in (B)
outer enameloid and (C) inner enameloid, respectively. The crystal orientations are color-coded as shown in the
schematic apatite prisms, where the crystal c-axes are seen in projection perpendicular to the X-ray beam. The white
and yellow crosses mark representative interwoven rods in the enameloid.
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Figure 6 (full width)
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Fig. 6. Nanoindentation properties of the black drum fish teeth. (A) Nanoindentation mapping results (hardness
H, and reduced modulus E,) on the vertical cross-section of a mature teeth (across the biting direction). (B) Fine
line-mapping nanoindentation along the tooth thickness (yellow arrow in (A)), showing the local variation of the
indentation properties. (C) Ashby plot of modulus E vs. hardness H, including the properties of the black drum fish
tooth enameloid and dentin measured along and across the biting direction (see illustration at the bottom right
corner). The Ashby plot in (C) was adapted from Refs. [36] and [52].
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Figure 7 (full width)
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Fig. 7. Nanoindentation fracture of the black drum fish’s tooth enameloid and dentin. (A) Representative
curves of cube-corner nanoindentations on the enameloid and dentin at maximum loads of 50 mN, 200 mN, and 500
mN. The inset on the top left magnifies the S0 mN curves to illustrate the three pop-in events during the indentation
on polished enameloid. (B,C) Post-indent SEM images of (C) the enameloid and (C) dentin corresponding to the
curves in (A), respectively. The three pile-up cracks of the 50 mN indent on enameloid correspond to the three pop-
in events in the inset of (A). (D) Correlative fittings of indentation load (cube-corner tip) P on the crack length ¢ and
indent size a. (E) Cracking efficiency in the black drum fish’s tooth enameloid in comparison to other
biomineralized composites, including the parrotfish teeth [36], mantis shrimp spearers and smashers [63], and

sponge biosilica [56].
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Figure 8 (full width)
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Fig. 8. Mechanical performance of individual tooth of black drum fish teeth. (A) Representative nominal stress-
strain curves of mature teeth (with and without bony foundation) under compression, where the teeth samples were
considered as irregular-shaped pillars with uniform cross-section. (B,C) Representative deformation steps of the
mature tooth (B) with and (C) without bony toothplate, indicated by triangles and circles on the stress-strain curves,
respectively. The cracks on the tooth surface in the non-bone sample are highlighted with solid lines. (D) SEM
image of a fractured tooth (with toothplate) after compression failure. (E) High magnification SEM image of the
fractured surface near the DEJ boundary. (F) A representative projection of the tooth sample during in-situ
compression tests. (G) 3D reconstruction of the selected volume (shaded in yellow in (F)), where the enameloid and
dentin layer is shown in transparent mode to reveal the 3D crack. (H) Selected vertical reconstruction slice across
the cracking regions, where the circled regions indicate (i) decussation of the inner enameloid, (ii) micro-cracks
impeded when approaching the inner enameloid, and (iii) crack deflection in inner dentin. (I,J) Selected transverse
reconstruction slices at the heights of (I) the middle enameloid and (J) DEJ, where the inset in (I) highlights the
crack intersections.

30



Figure 9 (full width)
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Fig. 9. Finite Element (FE) simulations on the overall performance of black drum fish teeth. (A) 2D FE model
simplified from the projection image of a mature tooth, where the interfaces of DEJ and dentin-bone are considered
as perfect bonding. (B,C) FE results comparing the distribution of the maximum principal stress (omax) on the tooth
with and without bony foundation under compressive loading of (B) 200 N, and (C) 400 N, where the direction 1,2,3

represent the radial, vertical, and circumferential directions, respectively. The arrow in (C) highlights the failure
initiation near the dentin-bone surface.
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