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a b s t r a c t 

Various material-strengthening strategies have evolved in the cuticle and the feeding tools of arthropods. 

Of particular interest is the crustacean mandible, which is frequently reinforced with calcium phosphate, 

giving a minerology similar to that of human bones and teeth. We report here a biological strengthening 

method of apatite by Zn substitution, found in the incisor teeth of the freshwater prawn Macrobrachium 

rosenbergii . Nanoindentation measurements show a clear positive correlation between the Zn/Ca ratio and 

the stiffness and hardness of the composite. In the incisor, Zn-substituted apatite forms an internal ver- 

tical axis, extending from the sharp outer edges of the tooth to its basal segment. The substitution level 

in this zone (up to 40%) is very high compared with the levels achieved in synthetic ceramics ( < 20%). 

Finite element simulation suggests that the high-Zn axis acts as a unique internal load transfer element, 

directing stress from the biting cusps to the more compliant underlying layers. In light of the consider- 

able research being invested in developing synthetic calcium phosphate derivatives for human bone and 

tooth grafts, the innovative mineralogy of the M. rosenbergii incisor may inspire beneficial biomimetic 

applications. 

Statement of Significance 

The controlled incorporation of impurities into biominerals is a widespread phenomenon in biominer- 

alization that may pave the way to new classes of biomimetic materials. The present study reveals a 

biogenic mineral of zinc-substituted apatite found in the incisor teeth of a prawn. A clear correlation 

between zinc substitution level and stiffness and hardness, suggests that zinc substitution serves to me- 

chanically reinforce the bioapatite. The spatial arrangement of the high-zinc apatite unveils a material- 

level adaptation strategy for tooth fortification, in which the rigid high-Zn structure servs as an internal 

load-transfer element that transmits the stress directly from the tooth’s sharp cusps to the more compli- 

ant underlying layers. 

© 2020 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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. Introduction 

The crustacean cuticle (exoskeleton) is comprised of an intricate

io-composite consisting of a chitin-protein scaffold frequently re-

nforced with a mineral component that dominates its mechani-
✩ Part of the Special Issue on Biomineralization: From Cells to Biomaterials, as- 

ociated with the BIOMIN XV: 15th International Symposium on Biomineralization, 

eld at the Ludwig Maximilian University, Sept 9–13, 2019, organized by Wolfgang 

chmahl and Erika Griesshaber. 
∗ Corresponding authors. 
1 Current address: Department of Chemistry, Ben-Gurion University of the Negev, 

eer Sheva. 
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al properties [1] . Usually the most heavily mineralized part of the

xoskeleton is the mandible which is equipped with specialized

ooth processes, “incisors” (for biting and cutting) and “molars”

for grinding and chewing). While calcium carbonate mineraliza-

ion has been adopted by most crustaceans for overall reinforce-

ent of the exoskeleton, in many species of the crustacean class

alacostraca (including lobsters, crayfish, prawns and shrimps)

alcium phosphate, in the form of apatite and/or amorphous cal-

ium phosphate (ACP), is deposited at specific locations in mechan-

cally challenged sites of the mandible, which greatly improves its

echanical strength [ 2, 3 ]. In these species, the mandibles display

n elaborate multiphase biomineralization that combines various
 Reinforcement of bio-apatite by zinc substitution in the incisor 
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minerals (i.e., amorphous calcium carbonate (ACC), ACP, calcite and

apatite) arranged in well-defined species-specific distribution pat-

terns that reflect the feeding habits of the organism [2-4] . In ad-

dition to the combination of different mineral phases, the proper-

ties of the apatite can be modified by various ionic substitutions.

A known characteristic of apatite mineral is the tolerance to sub-

stitutions which enable apatite to incorporate half of the elements

in the periodic table within its crystal structure [ 5, 6 ]. The high po-

tential for ionic substitutions in apatite is seen in various biomin-

eralization systems e.g. the carbonated apatite of mammalian bone

or the fluorapatite of the crayfish mandible. 

In the prawn, M. rosenbergii , the distal part of both molar and

incisor teeth, is composed of calcium phosphate. The incisor is

much more heavily mineralized than the molar, however not in

a homogeneous manner. A vertical element, extending from the

distal cusp point, down to the underlying basal layers, shows the

highest mineral density. This element is the focus of this study. 

2. Materials and methods 

2.1. Animals 

M. rosenbergii prawns were reared in artificial ponds at Ben-

Gurion University of the Negev, Beer-Sheva, Israel and at the Dor

Fish and Aquaculture Research Station of the Ministry of Agricul-

ture (32.7 °N, 35.0 °E). The animals were anesthetized in ice-cold

water before dissection. Mature teeth were extracted from speci-

mens at an inter-molt stage and from fresh exuviae. For this study,

~200 mandibles were extracted, washed, and cleaned by immer-

sion in NaOCl (1%) for 1 h. The mandibles stored dry at room tem-

perature until the analyses were performed. 

2.2. Sample embedding and polishing 

Mandibles were embedded in Epofix TM cold-setting resin at a

resin/hardener ratio (w/w) of 25:3, and then polished to reduce

thickness and provide a flat surface for EDS, WDS and nanoinden-

tation measurements. Most of the sections were longitudinal cross-

sections along a proximodistal line running from the sharp edge

downward, perpendicular to the incisor’s distal surface. 

2.3. Micro-CT 

Scans were performed on a Skyscan1 1172 micro-CT machine

(Skyscan). The X-ray source was set at 60 keV and 160 mA,

with a resolution of 3.5 μm pixels. Specimens were scanned

through 360 ° with 0.7 ° rotation increments. The projection images

were reconstructed using the NRecon software (Skyscan). Volume

rendering reconstructions were performed using CTVox software

(Skyscan). Gray-scale images were pseudo-colored according to an

RGB palette, with low mineral density in red and high density in

blue. 

2.4. Raman spectroscopy 

Raman spectra were recorded using an inVia Raman microscope

system (Renishaw plc, Gloucestershire, UK) equipped with a Leica

microscope and a 785 nm, 300 mW excitation laser with a spec-

tral range of ~ 20 0–130 0 cm 

−1 . A 50 × objective lens and 10-s ex-

posure time were used. A 1200 grooves/mm grating gave a resolu-

tion of 2–4 cm 

−1 . Raman imaging (Renishaw plc) was performed

using an inVia Qontor. Measurements were made with the Ren-

ishaw Centrus CCD detector, which allows spectral acquisitions of

1 ms and is free of ripple-effects in the near infrared region. Im-

ages were acquired using StreamLine fast imaging. The average and

baseline subtraction functions of the software were used to extract
Please cite this article as: S. Bentov, B.A. Palmer and B. Bar-On et al.,

tooth of a prawn ✰ , Acta Biomaterialia, https://doi.org/10.1016/j.actbio.2
he average spectra and to detect the presence of chitin. The fol-

owing measurement configurations were used: Laser wavelength,

85 nm; grating, 1200 l/mm; objective, 50 ×; Fig. 1 d, map area,

800 μm × 4200 μm, step size, 60 μm, number of spectra, 2200;

ig. 1 e-h, map area, 852 μm × 1761 μm and 28.4 μm, number of

pectra, 1860. 

.5. Powder X-ray diffraction 

Analysis was performed on milled samples of the incisors

pread on a quartz plate. X-ray diffraction measurements were per-

ormed on the D8 Advance diffractometer (Bruker AXS, Karlsruhe,

ermany, and a Philips model PW-1050/70 diffractometer) with a

econdary graphite monochromator, two Soller slits, and a 0.2 mm

eceiving slit. XRD patterns within the range 3 to 75 2 θ were

ecorded at room temperature using CuK α radiation ( λ = 1.5418 Å)

ith the following measurement conditions: tube voltage 40 kV;

ube current 40 mA; step-scan mode with a step size of 0.02 ° 2 θ
nd counting time of 1 s/step. TOPAS-v.3 software (Bruker AXS,

arlsruhe, Germany, 2003). was used for structure refinement and

rystallite size calculation. 

.6. Microbeam XRD 

Wide angle X-ray diffraction (WAXD) measurements were ob-

ained at the μ-Spot beamline, in the synchrotron radiation fa-

ility BESSY II, Helmholtz-Zentrum Berlin für Materialien und En-

rgie. Polished longitudinal sections of the incisors (150 μm thick)

ere mounted on a y–z scanning table. The micro-beam was de-

ned by a toroidal mirror and a pinhole of 30 μm diameter close

o the sample, providing a beam size of approximately 30 μm 

2 at

he sample location. An energy of 15 keV ( λ= 0.826561 Å) was se-

ected by a Mo/BC multilayer monochromator. Fluorescence spec-

ra were collected with an energy sensitive detector (Ketek) in

eflection geometry at an angle of about 45 ° The K-shell fluo-

escence yield of calcium, normalized to the primary beam in-

ensity, together with X-ray absorption/transmission maps were

sed to qualitatively map the position and orientation of the

amples. The 2D WAXD patterns were obtained using a MarMo-

aic 225 CCD-based area detector (Rayonix) placed at a sample

etector distance of 290 mm. The beam center in the detector

nd the sample-detector distance were calibrated using a poly-

rystalline quartz standard. The typical measurement time for a

ingle frame was 30 s. Radial integration of the 2D scattering pat-

erns was performed by using dpdak version 110. The data were

ormalized with respect to the primary beam monitor (ionization

hamber) and corrected for background due to pinhole and air

cattering. 

.7. SEM and EDS analysis 

Polished tooth sections were sputter coated with platinum,

old or carbon and examined using a JEOL JSM-7400f apparatus.

DS/WDS analyses of the teeth were performed at the Institute of

arth Sciences, The Hebrew University of Jerusalem with a JEOL

230 Superprobe EPMA with EDS detector and four wavelength-

ispersive spectrometers for WDS microanalysis. Beam conditions

ere set to 15 keV and 15 nA. All phases were analyzed for the

lements Ca, P, Zn, O, and C. The system was calibrated using min-

ral standards from SPI for the different elements (analytical stan-

ards AS 02,753-AB 53). EDS data was processed using a ZAF cor-

ection procedure. The location of the analyzed discrete points was

hosen randomly within the area of interest (i.e. the central axis).

he locations of the line profile analyses were randomly chosen,

erpendicularly to the central axis of the tooth section, while the
 Reinforcement of bio-apatite by zinc substitution in the incisor 
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Fig. 1. General structure and mineralogy of the mandible of the prawn M. rosenbergii. (A) X-ray computer tomography of the mandible (volume rendering reconstruction). 

Gray-scale images were pseudo-colored according to an RGB palette, with low mineral density in red and high density in blue. Note the higher density of the incisors (i) 

and the molars (m) compared to the basal segment (bs) and the rest of the cuticle (c). (B) CT image of the incisor, pseudo-colored as in (a), showing a sharp gradient of 

mineral/atomic-density, from the lightly mineralized basal segment to the triple dentition of the massive incisors. (C) Back-scattered SEM image of a longitudinal section 

of an incisor showing a high-density axis below the tooth point (red arrow). (D) Raman map of a longitudinal section of an incisor in which the normalized integrated 

intensities (I/I max ) of the phosphate peak at 950–965 cm 

−1 (blue) and the carbonate peak at 1065–1085cm 

−1 (green) are represented in color coding. The epoxy resin used 

to embed the sample is shown in red. (E) Higher resolution Raman map of a longitudinal section of the incisor edge showing the intensity (I/I max ) distribution of the 

phosphate band υ1 at 960 cm 

−1 in the tooth. (F) Raman intensity (I/I max ) map of the carbonate band υ1 at 1080 cm 

−1 showing the relative increase in the amount of 

carbonate towards the tooth margins. (G) Raman intensity map (I/I max ) of the CH 3 band at 1380 cm 

−1 showing a sharp decrease in the amount of organic matter in the 

central line. (H) Raman map representing the position of the phosphate υ1 band. A color-coded scale bar for the peak positions is shown in the inset (range: 952–962 cm 

−1 ). 
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oints along the profile line are in constant distance. When a cor-

elation between mechanical properties and composition was ex-

mined ( Fig. 5 A Fig. S4), the chemical analysis profiles were taken

fter the indentation test and were located parallel to the indenta-

ion line, shifted by a few microns to avoid topographic disruption

aused by the indentations. 

.8. HRTEM/STEM/SAED 

Focused ion beam (FIB) milling was used for the preparation

f an electron transparent ultrathin lamella. TEM lamellae, milled

rom a polished section were prepared with a FEI Helios Dual

eam FIB (FEI, Hillsboro, OR, USA) with a thickness of ~100 nm.

RTEM, SAED and analytical TEM investigations, including EDS

nalysis in the scanning TEM (STEM) mode, were carried out using

 JEOL JEM-2100F instrument operating at 200 kV. Selected area

lectron diffraction (SAED) patterns were obtained by positioning

he selected area diffraction aperture of the TEM over the desired

rea of the film. Gatan DigitalMicrograph 3 software was used for

FT analysis of HRTEM lattice images. Schematic illustrations of the

rientation relation models were obtained using CaRine Crystallog-

aphy software. 
Please cite this article as: S. Bentov, B.A. Palmer and B. Bar-On et al.,

tooth of a prawn ✰ , Acta Biomaterialia, https://doi.org/10.1016/j.actbio.2
.9. Nanoindentation 

Nanoindentation samples were polished prior the experiments.

heir surface roughness was analyzed by SEM and measured to be

ess than 100 nm. Nanoindentation experiments were conducted

sing a Hysitron TI 950 TriboIndenter. A Berkovich diamond probe

ip was used for the experiments. The experiments included a

oading stage (linear ramp, 60 s) to a maximal load of 5 mN, which

as kept steady for a certain time to exclude creep effects (60 s),

ollowed by unloading (linear ramp, 60 s). The typical indentation

epth was 450 nm. A minimal distance of 5 μm was maintained

etween adjacent indentations to prevent coupling effects. 

.10. TGA–FTIR 

Analyses were performed with a Q500-TA apparatus coupled to

 Ni10X FTIR microscope (Thermo). About 20 mg of incisor tooth

owder were loaded into and weighed in an Al crucible. Measure-

ents were performed in the temperature range 25–10 0 0 °C at

 constant heating rate of 10 °C/min under nitrogen atmosphere

90 ml/min). Infrared spectra were recorded periodically during the

ntire run in the 40 0 0–40 0 cm 

−1 range, at 8 cm 

−1 spectral resolu-

ion. 
 Reinforcement of bio-apatite by zinc substitution in the incisor 
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2.11. Finite-element analysis 

Commercial finite-element software (ABAQUS/implicit 6.16) was

used for the numerical simulation. The geometric model was con-

structed based on SEM images of the incisor. The incisor material

was modeled as a linear elastic isotropic material that was realized

via a 2-D, 3-node, linear plane stress triangle (CPS3 in ABAQUS el-

ement library). Young’s modulus across the incisor finite-element

model was modeled on the basis of the nanoindentation results. In

the modeling, the base of the incisor was fixed, and uniform pres-

sure was applied at the tip area. 

2.12. Statistical analysis 

Quantitative data were expressed as mean ± SD. Statisti-

cal analysis was performed with one-way analysis of variance

(ANOVA) using computer software (Origin 8.0, Originlab Corp.

Northhampton, MA). P < 0.05 was defined as a statistically signifi-

cant difference 

3. Results and discussion 

3.1. Tooth characterization 

A range of techniques were used to characterize the M. rosen-

bergii mandible, particularly the incisors. X-ray computer tomogra-

phy images showed that the mineral density of the mandible was

much higher than that of the rest of the head ( Fig. 1 A, SI Video

1). Within the incisor there was a significant mineral density gra-

dient, from the heavily mineralized distal edge to the less mineral-

ized basal segment ( Fig. 1 B). The density gradients at the incisors

probably indicate the existence of a mechanically graded struc-

ture, as was shown in other crustaceans. Backscattered electron

(BSE) microscopy of longitudinal sections of the incisor ( Fig. 1 C)

showed that below the sharp edges, along an internal axis running

from the distal edge to the base of the tooth (arrow), there was

a prominent increase in BSE emission, indicating a higher mean

atomic number (Z-contrast). Raman spectroscopic imaging of lon-

gitudinal sections of the incisor ( Fig. 1 D-H) elucidated the spa-

tial distribution of the minerals and the organic matrix (SI Fig.

S1). The Raman intensity map of phosphate (blue) and carbon-

ate (green) ( Fig. 1 D) showed that the incisor edge is composed

mainly of calcium phosphate in the form of ACP/apatite, and that

the phosphatic sharp cusp is anchored in the basal segment com-

posed mainly of ACC. Higher spatial-resolution Raman mapping

confirmed that the phosphatic phase dominated most of the in-

cisor ( Fig. 1 E-F). Evaluation of the organic matrix distribution (Ra-

man intensity at 1380 cm 

−1 , attributed to symmetric CH 3 defor-

mation, which is prominent in chitin [7] ) showed a clear decrease

in the content of the organic matrix in the area of the central axis

( Fig. 1 G). The relative distributions of ACP and apatite were esti-

mated from the position of the phosphate peak ( υ1 ), which ranged

from 952 cm 

−1 for ACP to > 960 cm 

−1 for crystalline apatite [8] .

Maps of the phosphate peak position ( Fig. 1 H, Fig. S1C) showed a

shift from ACP to crystalline apatite, as a major phase, towards the

central axis of the incisor. 

3.2. Chemical characterization of the central axis 

Chemical analysis of longitudinal sections of the incisor by

wavelength dispersive spectroscopy (WDS) and energy dispersive

spectroscopy (EDS) showed the tooth to be comprised mainly of

calcium phosphate but to be highly enriched with Zn, especially

along the central axis ( Fig. 2 A-D). The increase in Zn correlated

with an increase in atomic density (BSE) and a decrease in Ca
Please cite this article as: S. Bentov, B.A. Palmer and B. Bar-On et al.,

tooth of a prawn ✰ , Acta Biomaterialia, https://doi.org/10.1016/j.actbio.2
 Fig. 2 B). The degree of Zn incorporation in the area of the cen-

ral axis was not homogeneous, ranging from 22% to 57% of cations

Zn/(Zn + Ca), at%, Table S1]. EDS profiles perpendicular to the cen-

ral axis demonstrated that the Zn cation fraction increased grad-

ally towards the central axis ( Fig. 2 C) and that the increase in

he amount of zinc always correlated with a concomitant decrease

n the amount of calcium, while the phosphorous remained nearly

onstant ( Fig. 2 D). These results suggest that zinc and calcium

ations are exchangeable within the mineral. Estimation of the ma-

or components of the tooth by thermogravimetric analysis coupled

ith Fourier transform infrared analysis (TGA-FTIR) indicated that

he tooth was comprised of calcium phosphate (56wt%), calcium

arbonate (16wt%), organic matrix (11wt%) and water (17wt%),

ost of which was probably structural water contained within the

CP-ACC minerals ( Fig. 2 E, Fig. S2). 

.3. Crystallographic characterization 

Powder X-ray diffraction of the incisor tooth showed broad

eaks at ~20 ° and ~30 ° (2 θ ), which correspond to chitin and ACP

9] , respectively ( Fig. 3 A, blue). Upon heating the incisor powder to

00 °C, crystallization of calcite (probably from ACC) was observed,

hile the chitin signal vanished ( Fig. 3 A, green). At 500 °C, the ACP

rystallized to hydroxyapatite ( Fig. 3 A, red). We did not observe

ny zinc phosphate mineral phases (e.g., hopeite and scholzite),

uggesting that the zinc was probably incorporated into the min-

ral structure of ACP or crystalline apatite. In-situ synchrotron

icro-beam X-ray diffraction experiments on thin polished sec-

ions of the incisor cusp showed that the majority of the tooth

as composed of ACP together with highly crystalline and oriented

hitin ( Fig. 3 B). Importantly, along the high-Zn central axis, the

ntensity of the chitin phase decreased, and a diffraction pattern

orresponding to crystalline apatite was observed ( Fig. 3 C and D).

he diffraction patterns showed the c-axis of the apatite crystals

o be preferentially oriented towards the tooth apex (green line

n Fig. 3 C) perpendicular to the impact surface. Interestingly, the

-axis of chitin [(002) (013)] was oriented almost collinearly with

he apatite c-axis, as has also been reported in crayfish teeth [2] .

he c-axis of chitin (which corresponds to the longitudinal axis of

he polymer chains and the nanofibrils) is the stiffest direction of

he lattice [10] , as is also assumed for the c-axis of apatite [11] .

n the apatite diffraction pattern, the peak corresponding to the a-

xis (300) was shifted to higher angles (lower d-spacings), while

he peak corresponding to the c-axis (002) remained unchanged in

omparison to the hydroxyapatite standard (PDF No: 9–432). This

bservation suggests that the a-axis of the Zn-apatite is contracted,

hereas the c-axis seemed to be unaffected. The increase in the

rystallinity of the calcium phosphate phase from the periphery of

he incisor to the center together with the concomitant decrease in

he amount of chitin is in agreement with the results of the Raman

apping ( Fig. 1 G and H). 

.4. High resolution transmission electron microscopy (HRTEM) 

An ultra-thin section of the high-Zn zone, was prepared by fo-

used ion beam (FIB) milling, and observed by HRTEM. The im-

ges showed chitin-protein nanofibrils ( Fig. 4 A), but no crystalline

hase. EDS analyses (Fig. S3, Table S2) confirmed the composition

f high-zinc calcium phosphate with an average substitution level

Zn/(Zn + Ca)] of 38%. Electron diffraction measurements performed

n the tooth showed only diffuse powder rings consistent with the

resence of an amorphous phase ( Fig. 4 B). Since the Raman spec-

ra ( Fig. 1 H) and synchrotron micro-beam XRD ( Fig. 3 C-D) strongly

uggest a dominant crystalline apatite phase at the central axis, we

ssume that the absence of apatite signal at the SAED is due to FIB

amorphous damage”. The preparation of the sample for HRTEM by
 Reinforcement of bio-apatite by zinc substitution in the incisor 
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Fig. 2. Chemical characterization of an incisor tooth. (A) Typical EDS spectrum for the high-zinc zone. The major constituent elements are (calculated mass fraction): O (32%), 

Ca (20%), Zn (10%), P (14%) and F (2%). C was also detected, but its quantification (21%) is less reliable. (B) WDS mapping of a longitudinal section showing, qualitatively, 

the abundance of Ca, P, and Zn, and the corresponding atomic density. The internal axis of the incisor is enriched with Zn, depleted in calcium, and slightly enriched with 

phosphorous. (C) Analysis of four EDS profiles, perpendicular to the long axis of the tooth, of a polished longitudinal section ( N = 120 points) showing the gradual increase of 

the Zn cation fraction (Zn/(Zn + Ca) atom%) from 5–10% along the margins to 23–26% along the central axis (average = 12% ±5SD). (D) Plot of the relative proportions of Ca, Zn 

and P (atom%) obtained from an EDS line profile (300 μm, 100 points) perpendicular to the long axis of the tooth (from different animal), demonstrating the complementary 

change of Ca and Zn, while the relative proportion of P remains quite steady. In this tooth, the Zn cation fraction (Zn/Zn + Ca) along the central axis (width = 40 μm, N = 17) 

was 40% ( ±5% SD). (E) Estimated composition of the major components of the incisor tooth based on TGA-FTIR analyses (Fig. S2); ACP/apatite (56 wt%), water (17 wt%), ACC 

(16 wt%) and organic matter (11 wt%). 

Fig. 3. crystallographic properties of the incisor. (A) Powder XRD of the incisor (50 teeth). Blue; powder XRD of untreated powdered tooth, exhibiting a diffraction peak 

at 2 θ = 19.2 °, attributed to the (110) lattice plane of chitin, and at 2 θ ≈31 °, attributed to a convolution of the (112), (211) and (300) lattice planes of poorly crystalline 

HA and ACP. Green; powder XRD obtained after heating to 400 °C; a peak at 2 θ = 29.4 °, assigned to lattice plane (104) of calcite, is evident. Red; powder XRD obtained 

after heating to 500 °C; in addition to the calcite peak, a new peak at 2 θ = 32.1 indicates that part of the ACP crystallized to hydroxyapatite (lattice plane (211,112)). 

(B) Diffraction pattern of the periphery of a longitudinal section of the incisor tooth obtained using synchrotron microbeam X-ray radiation. The pattern is comprised of a 

highly oriented and crystalline chitin phase [with peaks at d-spacings of 3.39, 4.6 and 5.17 Å corresponding to the (013), (110) and (002) lattice planes, respectively] together 

with diffuse powder rings originating from ACP. (C) Diffraction pattern of the high-zinc central zone showing a crystalline apatite pattern with peaks corresponding to lattice 

plane (002) at 3.43 Å, and to lattice planes (211), (112), (300) at ~2.8 Å. The apatite crystals are preferentially oriented along the c-axis (002) (green line), pointing towards 

the tooth apex. (D) Integrated diffraction pattern obtained following subtraction of most of the chitin phase reveals the presence of highly crystalline apatite along the 

high-zinc central axis. The identified lattice planes are 3.42 Å (002), 2.8 Å (211), 2.7 Å (300), 2.625 Å (202), 1.93 Å (222) and 1.836 Å (213). 
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Fig. 4. HRTEM images of the high-Zn zone. (A) Chitin nanofibrils, about 3 nm in 

diameter, oriented perpendicular to the tooth edge. These nanofibrils represent the 

basic chitin unit of 18–25 polysaccharide molecular chains in the form of narrow 

and long crystalline units. (B) Selected area electron diffraction (SAED) showing the 

diffuse powder ring characteristic of ACP. It is possible that this amorphous phase 

is result of the FIB milling which is known to induces amorphous damage [12] . 

Under the electron beam, the amorphous material crystallized, and two minerals 

were identified—hexagonal zinc-oxide (C) and cubic calcium-oxide (D). Inset: FFT of 

the respective zones. 
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focused ion beam (FIB) lift-out technique, entail rather aggressive

milling process. The bombardment by highly accelerated gallium

ion beams might produce some damages and artifacts. One of the

known artifacts is the “amorphous damage” in which the ion beam

amorphizes the outer layer of the specimen [12] . Upon further ex-

posure to the electron beam, the amorphous material started to

crystallize, but not to apatite. Rather, two minerals were identified

according to the HRTEM images and FFT; zinc oxide ( Fig. 4 C) and

calcium oxide ( Fig. 4 D). The phenomenon of ACP crystallization to

CaO and not to apatite, under high electron beam current, was re-

ported before [13] . To conclude, although we couldn’t characterize

the high-zinc apatite by HRTEM, the crystallization to ZnO and CaO

confirm that the zinc is part of the mineral phase and not part of

the organic material as is the common case in invertebrates. 

3.5. Mechanical properties 

To examine the possible functionality of the high-Zn axis, we

performed nanoindentation measurements along line profiles per-

pendicular to the tooth axis. The results showed a significant in-

crease in elastic modulus and hardness from the margins towards

the central axis, which was clearly associated with the increased

Zn/Ca ratio ( Fig. 5 A, Fig. S4A-H). Compilation of the results from

four profiles ( N = 93) showed that the increase in Zn/Ca ratio cor-

related well with the increased modulus ( Fig. 5 B). 

On the structural level, the high-Zn zone forms an internal rigid

element, positioned beneath the serrated tooth ridge which is ex-

posed to maximal load stress during biting. Finite-element simu-

lations of biting forces ( Fig. 5 C, Fig. S5), indicated that the high-

Zn axis constituted a high-modulus path through which stress is

directed along the tooth from the sharp tips to the more pliable

tooth base. This probably promotes energy absorption and damage
Please cite this article as: S. Bentov, B.A. Palmer and B. Bar-On et al.,

tooth of a prawn ✰ , Acta Biomaterialia, https://doi.org/10.1016/j.actbio.2
esilience via the ductility and viscoelasticity of the bio-composite

 2, 3, 14-16 ]. This internal rigid element possibly represents a unique

io-chemical-mechanical strategy for stress transfer. This strategy

hich is very common in building constructions, is markedly dif-

erent from the widespread bio-mechanical principles in inverte-

rate and vertebrate teeth, in which the stress is transmitted from

he crown to the root through a bulk material, such as dentin. 

.6. Zinc incorporation mode 

Zinc reinforcement of the mandibles of insects, scorpions and

olychaetes has previously been reported, but in those studies, zinc

as thought to be part of the organic matrix [17–21] . In contrast,

ur results strongly suggest that the zinc is part of the mineral

hase. The observations that an increase in the amount of zinc al-

ays correlated with a decrease in the amount of calcium, ( Fig. 2 B,

), the decrease in apatite lattice parameters ( Fig. 3 D), and the for-

ation of ZnO under electron beam irradiation ( Fig. 4 C), strongly

uggest that Zn substitutes Ca within the mineral phase. Further-

ore, mass balance calculations (Fig. S2), suggest that in the high-

n zone, the amount of Zn exceeds the total amount of organic

atter, thereby excluding the option that Zn is part of the pro-

einaceous matter as a cross-linking agent. 

The incorporation of zinc into inorganic apatite, is an example

f the more general phenomenon of ionic substitutions in apatite.

he subject of ionic substitution was widely studied in natural and

ynthetic apatite, due to the importance of the mineral in biomed-

cal applications and the remarkable tolerance of the apatite struc-

ure that can accommodate varied ionic substitutions without a

ignificant change in its symmetry [22–24] . Zn-substituted apatite

as also considerably studied [ 22, 25–28 ]), usually in the context of

ynthetic materials, because biogenic Zn-substituted apatite, (ex-

luding zinc as a trace element [29] ) has not been documented

et. 

The exact mode of Zn incorporation into hydroxyapatite is not

greed upon [ 25-27, 30, 31 ]. It was suggested that Zn 

2 + ions can re-

lace Ca 2 + ions in the apatite structure and that a Ca(II) site at

he boundaries of the hydroxyl channel would be energetically fa-

ored over a Ca(I) site [26] . Since the ionic radius of Zn 

2 + (0.74 Å)

s considerably smaller than that of Ca 2 + (0.99 Å), Zn substitution

ill inhibit the synthesis of hydroxyapatite and reduce its crys-

allinity [32] . Previous descriptions of synthetic zinc-substituted

ydroxyapatite ceramics indicate that the highest possible level of

n incorporation into hydroxyapatite is 15–20%; at higher levels,

he mineral becomes amorphous [22] . However, our results sug-

est that the Zn substitution level in the bioapatite can exceed 50%

nd that it is, surprisingly, associated with increased crystallinity.

his apparent anomaly probably indicates that the biologically con-

rolled Zn incorporation might involve biomolecules that stabilize

he strained lattice, as was suggested for other biominerals [33] . 

.7. Possible explanations for the zinc reinforcement effect 

The way in which Zn substitution improves the stiffness and

ardness of apatite (and ACP) is not as yet clear. Synthetic Zn-

ubstituted hydroxyapatite was found to be an efficient material

or biomedical applications [ 23-25, 34 ], but usually the reported ad-

antages do not include mechanical enhancement. The few reports

n the effect of Zn substitution on mechanical properties of apatite

 35, 36 ] relate to low substitution levels ( ≤2%) and don’t show a

ignificant effect of zinc substitution on the mechanical properties.

ome of the experiments show a small decrease in microhardness

nd fracture toughness [35] while other experiments show a small

ncrease in hardness [36] . 

The stiffness of most materials depends on two factors: bond

tiffness and the density of bonds per unit volume [37] . Zn sub-
 Reinforcement of bio-apatite by zinc substitution in the incisor 
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Fig. 5. Correlation between the mechanical characteristics of the incisor and the Zn/Ca ratio (calculated from the same dataset of Fig. 2 C). (A) Representative Zn/Ca ratios 

(black triangles) and Young’s modulus values (blue circles), E (GPa), normalized to their maximal values, shown at different locations from the incisor’s center. Both Zn/Ca and 

E are maximal along the incisor center, with values being about three times higher than at the tooth periphery. (B) Compilation of all nanoindentation results (four profiles, 

N = 93) and their corresponding Zn/Ca ratios (blue, green, red and yellow circles) shows a clear positive correlation between E and the Zn/Ca ratio and follows an exponential 

trend (black line) expressed as E( Zn/Ca ≡ x ) = ( E ∞ − E 0 ) · [ 1 − exp ( −( x − x 0 ) /k ) ] + E 0 . The fitting coefficients are E 0 = 8 . 7 GPa and E ∞ = 36 . 8 GPa, which represent the initial 

( x 0 = Zn/Ca = 0 . 05 ) and asymptotic bounds for E, and k = 0 . 1 which represents the scale of the substitution effect. Insert: SEM micrograph of the analyzed zones (color 

coded) showing the corresponding indentation profiles. (C) Finite-element analysis that models a biting event by introducing pressure ( P ) to the incisor tip (red arrows); 

the incisor base is kept fixed. The resultant von Mises stress distribution is normalized to the applied pressure ( σ VM / P ). The incisor experiences high stress at the near-tip 

region with the high Zn/Ca ratio. The stress transmission path from the incisor tip to the basal segment (red dashed arrow) is conducted mostly through the high-zinc region 

(indicated by the black dashed lines). 
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titutes are assumed to form Zn–O bonds that are shorter and

ore covalent in character than those of Ca–O [38] , which is usu-

lly an indication of stiffer bonds. A well-known material engi-

eering concept, “solid solution strengthening” might also be rel-

vant. In this strategy, the mechanical properties of materials are

nhanced by the incorporation of foreign ions (interstitial and/or

ubstitutional) with different ionic radii, which cause lattice distor-

ions that hinder dislocation motion, thereby increasing the yield

tress of the material. Indeed, several studies of high-magnesium

alcite in echinoderms suggest a similar strengthening mechanism

n biominerals as well [39-41] . 

Mineral-organic interface: The quality of the mineral-organic

nterface was shown to be a crucial factor in determining the over-

ll strength of a composite material [ 42, 43 ]. Although the nanoin-

entation tests we made are less efficient in characterizing such

ulk properties, it is possible that zinc with its well-known protein

onding capabilities [ 44, 45 ], plays a role in strengthening mineral-

rganic interface and increases the overall strength of the incisor

tructure. However, assuming a substitutional context, i.e. that zinc

s located at the cation sites of apatite (Ca[I] or Ca[II]) and that

he substitution must fulfill an overall charge balance in the min-

ral, the coordination environment of zinc does not favor ligand

indings or other foreign interfacial affairs. Thus, such a function,

f exists, cannot explain the high zinc (and low calcium) at the cen-

ral axis. Yet, it is possible that part of the zinc ions, maybe at the

uter boundaries of the crystals, play a role in the reinforcement

f the mineral-organic interface. 

. Conclusions 

The mandible of M. rosenbergii demonstrates an elaborate struc-

ure in which biomechanical features are controlled by fine tun-

ng of several parameters, such as, crystallinity degree, mineral

ensity, mineral composition (calcium carbonate vs calcium phos-

hate), and orientational alignment. Most interestingly, the in-

isor’s cusps which seem to be the most mechanically challenged

ite, are highly enriched by zinc. Various analytical methods, in-

luding microbeam XRD, high resolution TEM and electron diffrac-

ion, suggest that the zinc is part of the mineral phase where it
Please cite this article as: S. Bentov, B.A. Palmer and B. Bar-On et al.,
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ubstitutes calcium ions in the bioapatite. A clear correlation be-

ween the Zn substitution level and stiffness and hardness, sug-

ests that the substitution serves for mechanical reinforcement of

he tooth bioapatite. On one hand zinc hinders apatite crystalliza-

ion, but on the other hand it is possible that thanks to these same

istortional properties, incorporated Zn can enhance the mechani-

al feature of apatite by impeding dislocations propagation in the

istorted crystal lattice, as applied in “solid solution strengthen-

ng”. Perhaps, by introducing biomolecules that can alleviate Zn-

patite crystal strain, the biomineralization mechanism can resolve

hese contradictory effects of Zn. Thus, potential biomimetic appli-

ations, requires the identification and characterization of the or-

anic matrix molecule involved in the process. The Zn-rich min-

ral, which shows enhanced mechanical properties, forms an in-

ernal structure that probably serves as a load transfer element,

irecting stress from the biting cusps to the underlying compliant

ayers. It is generally held that in biological structures, mechanical

eatures like stiffness and toughness gradients are achieved largely

hrough the arrangement of the structural components at many hi-

rarchical levels rather than through manipulation of the chemical

omposition [ 46, 47 ]. Our study suggests that crustaceans have re-

ruited chemistry to complement hierarchical structure. We submit

hat this innovative minerology has the potential for application in

he development of improved biomaterials, e.g., synthetic calcium

hosphate derivatives for human bone and tooth grafts. 
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