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There is an increasing interest in understanding teleost bone biomechanics in several scientific commu-
nities, for instance as interesting biomaterials with specific structure-function relationships.
Intermuscular bones of teleost fish have previously been described to play a role in the mechanical force
transmission between muscle and bone, but their biomechanical properties are not yet fully described.
Here, we have investigated intermuscular bones (IBs) of the North Atlantic Herring with regard to their
structure and micro-architecture, mineral-related properties, and micro-mechanical tensile properties.
A total of 115 IBs from 18 fish were investigated. One cohort of IBs, containing 20 bones from 2 smaller
fish and 23 bones of 3 larger fish, was used for mechanical testing, wide-angle X-ray scattering, and scan-
ning electron microscopy. Another cohort, containing 36 bones from 7 smaller fish and 36 bones from 6
larger fish, was used for microCT. Results show some astonishing properties of the IBs: (i) IBs present
higher ductility, lower Young’s modulus but similar strength and TMD (Tissue Mineral Density) com-
pared to mammalian bone, and (ii) IBs from small fish were 49% higher in Young’s modulus than fish
bones from larger fish while their TMD was not statistically different and crystal length was 8% higher
in large fish bones. Our results revealed that teleost IB presents a hybrid nature of soft and hard tissue
that differs from other bone types, which might be associated with their evolution from mineralized ten-
dons. This study provides new data regarding teleost fish bone biomechanical and micro-structural
properties.

� 2019 Published by Elsevier Ltd.
1. Introduction

Bone is a composite, porous and hierarchized biomaterial con-
sisting of a soft organic matrix of collagen I fibrils, an inorganic
hard phase of carbonated hydroxyapatite mineral crystals (cAp),
several non-collagenous proteins, and water (Reznikov et al.,
2014; Rho et al., 1998). To address the relationship between
mineral-related parameters and bone mechanics at different levels
of hierarchy, a substantial body of evidence has depicted that
poorly mineralized bone presents a weak and ductile behavior,
and highly mineralized bone presents a strong and stiff behavior
(Burstein et al., 1975; Currey, 1969, 1988; Currey et al., 1996;
Martin and Ishida, 1989). For instance, tissue mineral density
(TMD) correlated with bending stiffness and failure moment at
the whole bone level (Donnelly et al., 2010b), degree of mineraliza-
tion and crystallinity correlated with stiffness at the tissue level
(Wen et al., 2015), and mineral density and cAp thickness corre-
lated with toughness, strength and stiffness at the fibril level
(Depalle et al., 2016; Nair et al., 2014; Qin et al., 2012).

Whereas most of the mineral-related andmechanical properties
were gained frommammalians, there is increasing interest in other
vertebrates like teleost fish (i.e. bony fish). For instance, small fish
like zebrafish are investigated for studying development and
genetic diseases affecting the musculoskeletal system (Fiedler
et al., 2018; Laizé et al., 2014; Spoorendonk et al., 2010), and larger
fish like salmon, tilapia or swordfish are used for inspiring bioma-
terials design (Liu and Sun, 2015; Shi et al., 2018) and studying
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structure-function relationships (Atkins et al., 2015; Horton and
Summers, 2009; Schmidt et al., 2019; Shahar and Dean, 2013).

One specific type of teleost bone, intermuscular bone (IB),
grows within the muscles and originates from tendons (Yao
et al., 2015). In previous ex vivo investigations of IB, interesting fea-
tures including a simple structural hierarchy compared to mam-
malian cortical bone and well-aligned collagen fiber and crystal
orientation along the whole bone were described (Burger et al.,
2008; Lee and Glimcher, 1991; Rho et al., 2001). One major advan-
tage about testing the mechanical properties of these bones at the
whole bone level, is that their structure can be assumed to be more
homogeneous and transversely isotropic, than whole bones of e.g.
mammalians which consist of compact bone, trabecular bone,
and an extensive network of vascular channels.

Here, we used the North Atlantic Herring to investigate the
biomechanical properties of IBs. We hypothesized that IBs (i) show
a lower TMD than cortical mammalian bone due to their origin
from mineralized tendons, (ii) a higher crystal size and degree of
mineralization in bones from large herring fish compared to bones
from small fish due to a higher stage of bone growth (i.e. larger
bone size), and (iii) show a weaker and more ductile mechanical
behavior in smaller fish compared to larger fish due to lower min-
eralization. To test our hypotheses, structure and micro-
architecture, mineral-related properties, and micro-mechanical
tensile properties of IBs of fish from two groups with different body
size were investigated.
2. Material and methods

2.1. Animal model and specimens

A total of 115 IBs from 18 fresh Atlantic Herring fish (from a local
fish market) were used in this study. As wild-caught fish show nat-
ural variations in body measures, IBs were divided into the two
groups ‘‘small fish” and ‘‘large fish” according to their body length
(Fig. 1). One IB cohort, containing 43 specimens from 5 fish (20 IBs
from ‘‘small fish” [body length: 20 and 21 cm; 9 and 11 bones,
respectively]), and 23 IBs from three ‘‘large fish” [body length:
27, 28 and 28 cm; 6, 9 and 8 bones, respectively) was used for
mechanical tensile testing, SEM and WAXS. The mid-shaft part
was the region of interest (ROI) for all experiments. The dimen-
sions of the specimens were measured with a micro-caliper under
the microscope. Samples had a rod-like shape and elliptical cross-
sectional area (A) which was determined based on its long and
short diameter. Another cohort, containing 72 IBs from 13 fish
were used for microCT (36 bones from 7 ‘‘small fish” [body length:
21 ± 1 cm, with 8, 6, 6, 6, 6, 6 and 2 bones per fish], and 36 bones
from 6 ‘‘large fish” [body length: 26 ± 1 cm, with 6 bones per fish]).
Fig. 1. Experimental set-up of multimodal analysis. A total of 18 herring fish were divide
specimens were extracted and grouped accordingly. A first cohort was analyzed using mi
using microCT.
Each IB was wrapped in gauze soaked with phosphate buffered sal-
ine (PBS) and protease inhibitors, and stored at �20 �C until further
processing.

2.2. Micro-mechanical tensile testing

43 IBs (20 from ‘‘small fish”, 23 from ‘‘large fish”) were tested
using a micro-tensile tester (Xpert4000, ADMET, USA). IBs were
positioned vertically inside the grips (customized with serrated
pinching grips covered with carbide sand paper to prevent samples
from slipping) and their straight, non-curved shafts were aligned
with a reference line behind the fixtures (initial gauge length
l0 = 3.0 mm; approximately 3.5 mm of both extremities clamped),
s. Suppl. Fig. 1. Samples were kept hydrated during the tests with
drops of PBS. Uniaxial loading (quasi-static speed at 10 mm/s
(Wright and Hayes, 1976)) was applied while force was measured
(100 N load cell). Displacements were recorded as change in actu-
ator position Dl. Conversions from force (F) and displacement (l) to
engineering stress (r) and engineering strain (e) according to
Hooke’s law were performed with a custom-written Matlab script
(MATLAB 2016b, Mathworks, MA, USA), s. Eqs. (1) and (2)

r ¼ F=A ð1Þ

e ¼ Dl=l0 ð2Þ
Mechanical parameters were derived as described previously

(Depalle et al., 2016; Depalle et al., 2018; Herbert et al., 2016)
(Fig. 2A). Reproducibility and accuracy of the set-up and Matlab
script were tested on specimens of other materials with similar
diameters as the IBs (wood rods, n = 5; polystyrene rods, n = 4;
nylon threads, n = 4).

2.3. Scanning electron microscopy (SEM)

SEM imaging (Helios NanoLab, DualBeam, FEI, USA) in low
energy secondary electron mode (2 kV, 25 pA) was performed to
examine fracture surfaces of a subset of 6 IBs (N = 3/group). Sam-
ples were placed upon SEM stubs using carbon tape which was suf-
ficient to increase the conductivity of the specimens’ surface.

2.4. Wide-angle X-ray scattering

Eight IBs (‘‘small fish”: n = 3, ‘‘large fish”: n = 5) were investi-
gated using laboratory WAXS (NanoSTAR, Bruker AXS, USA) with
a CuKa X-ray source (k: 0.154 nm, beam size: �1 mm, acquisition
time: 6 h). 2D WAXS patterns were processed using the Scherrer
equation (1) with a shape factor of K = 0.9, L (crystal length), k
(X-ray wavelength), B (full width at half maximum in radians),
d into two groups according to their body length (small‘‘ vs. large‘‘). A total of 115 IB
cromechanical tensile testing, SEM and WAXS, and a second cohort was investigated



Fig. 2. Mechanical characteristics of intermuscular bone. (A) Exemplary engineering stress-strain curve of IB tested in tension, showing a toe region I from the beginning of
the curve until reaching a transition point (rt, et), a linear-elastic region II until reaching the yield point (ry, ey) and a plastic region III until reaching a failure point (rmax,
emax). (B) Engineering stress-strain curves of representative samples from the two fish size groups, where bones from small fish showed significantly higher Young‘s modulus
than bones from large fish. The total amount of strain experienced in the toe region was similar to the amount of strain in the linear-elastic region, contributing 8% and 10% to
the total maximum strain, respectively. The strain IBs experienced in region III contributed to the total strain by more than 80%, indicating that IBs have a large capacity for
plastic deformation before they undergo failure, yet they show a distinct fracture. (C) SEM micrographs of mechanically tested IB from small and large fish. Both groups
display signs of evident transversal fractures, as well as ruptured, fibrous structures and fiber delamination at high magnification. (D) Significant correlations were found
between the transition strain and yield strain (Pearson correlation, R2 = 0.7, p < 0.001), and (E) between transition stress and yield stress (Pearson correlation, R2 = 0.2,
p = 0.014) showing that deformations in these two regions are proportional.

I.A.K. Fiedler et al. / Journal of Biomechanics 94 (2019) 59–66 61



62 I.A.K. Fiedler et al. / Journal of Biomechanics 94 (2019) 59–66
and b (half of the respective diffraction angle) according to estab-
lished protocols (Pabisch et al., 2013; Turunen et al., 2016).

L ¼ Kk=ðBHÞ ð3Þ
2.5. High-resolution micro-computed tomography scanning (HR-mCT)

TMD of 72 IBs (n = 36/group) was determined using HR-mCT
(SkyScan 1172, Bruker, BE) at 4 mm voxel size, 100 keV and 100
mA. We used a 0.5 mm Aluminum filter for minimizing beam hard-
ening (Fajardo et al., 2009). Image reconstruction and TMD calibra-
tion were performed using the software Nrecon (Bruker, BE)
(Bouxsein et al., 2010; Palacio-Mancheno et al., 2014). Water and
air were scanned with the specimens for conversion of attenuation
coefficients to Hounsfield Units (HU) and with hydroxyapatite
phantoms (0.25 and 0.75 gHA/cm3 (smallest commercially avail-
able phantoms were ten times larger diameter than the scanned
bones) for the conversion from HU to TMD. For a direct comparison
to other bone types, additional specimens were scanned under
identical imaging conditions: rib bones of Atlantic herring of
‘‘small fish” and ‘‘large fish” (n = 6/group); and mouse tibiae
(n = 2). TMD was assessed over a stack of 300 images for all sam-
ples using the software CtAn (Bruker, BE).

2.6. Statistical analysis

Statistical analyses were performed using SPSS (IBM SPSS
Statistics, Version 20.0, USA). Normality and homoscedasticity
were tested with Shapiro-Wilk’s and Levene’s tests. Comparisons
of mechanical properties were made with independent t-test.
Comparisons of L were made with the Mann-Whitney-U test. Lin-
ear relationships were assessed with Pearson. Significance level
was a = 0.05.
3. Results

Mechanical characterization showed that IBs of both groups
undergo a distinct yield point from a linear-elastic to a plastic
region. Furthermore, differences between the two groups for elas-
tic behavior and plastic deformation were found. Mechanical prop-
Table 1
Results of the multimodal experimental analysis of intramuscular bone (IB) of Atlantic her
different parameters with a significance level of 0.05 are indicated with an asterisk.

IB of ‘‘small fish”

Mechanical properties

(n = 20)

Transition strain (-) 0.015 (±0.008)
Transition stress (MPa) 14.8 (±9.0)
Yield strain (-)* 0.030 (±0.009)
Yield stress (MPa) 66.8 (± 23.4)
Young’s modulus E (GPa)* 3.5 (±1.4)
Maximum stress (MPa) 110.5 (±23.4)
Maximum strain (-) 0.12 (±0.07)
Elastic work (MPa) 0.8 (±0.4)
Plastic work (MPa) 10.0 (±8.5)
Total work (MPa) 10.9 (±8.5)
Cross-sectional area (mm2)* 0.04 (±0.03)
Transition strain (-) 0.0145 (±0.008)

Mineral structure
(n = 3)

Crystal length L (nm)* 12.1 (±0.46)

Mineral density
(n = 30)

TMD (gHAP/cm3) 1.14 (±0.07)
erties and cross-sectional areas are listed in Table 1, and
representative stress-strain curves and fracture profiles are shown
in Fig. 2B and C. In both groups, profiles presented fracture surfaces
indicative of vertical collagen fiber delamination. In some regions,
cross-sectional micro-fractures were observed.

With regard to micro-tensile tests, results of performed accu-
racy and precision measurements on other materials are summa-
rized in Supplemental Table 1 and Supplemental Fig. 2.
Mechanical properties were found within the range of literature
for wood (Green et al., 1999; Ishimaru et al., 2001; Oloyede and
Groombridge, 2000; Sawata and Yasumura, 2003), styrene
(Abdellah et al., 2018; George et al., 2000; Rodríguez et al., 2001)
and nylon (Chavarria and Paul, 2004; Gyoo et al., 2006; Men
et al., 2005). The relative standard uncertainty of measurement
of the validated micro-tensile set-up applied on IBs was assessed
according to Farrance and Frenkel (2012) and yielded 3.5%
and < 0.1% for stress and strain, respectively.

Mechanical properties IB of both groups yielded a significantly
(30%) higher Young’s modulus in small fish (3.5 (±1.4) GPa) than
in large fish (2.6 (±0.5) GPa) (p = 0.005). While yield stress was
similar, yield strain was significantly lower in IBs of small fish than
IBs of large fish with 0.030 (±0.009) vs. 0.036 (±0.008), p = 0.023.
Maximum stress was similar with 110.5 (±23.4) MPa in IBs of small
fish and 107.5 (±22.6) MPa in IBs of large fish, and maximum strain
was lower in the IBs of small fish with 0.12 (±0.07) compared to the
large fish with 0.22 (±0.08), p < 0.001. Total work was smaller in IBs
of small fish (10.9 (±8.5) MPa) than in IBs of large fish (19.2 (±8.7)
MPa), (p = 0.003), mean plastic work was smaller in IBs of small
fish with 10.0 (±8.5) kPa than IBs of large fish with 18.3 (±8.6)
kPa (p = 0.003). Elastic work was similar in both groups. No signif-
icant differences were measured regarding the transition point
from toe to linear-elastic region.

Regarding the transitional behavior of IBs (pooled data of both
groups), more than 80% of the specimens (36 out of 43) showed
a distinct toe region. On average, the total strain range was com-
posed of 8% strain exhibited within the toe region, 10% strain
exhibited within the elastic region, and 82% strain exhibited within
the plastic region. Furthermore, Pearson correlations were found
between the toe and the elastic region such as between transition
and yield strain (p < 0.001 and R2 = 0.7 [Fig. 2D]), and between
transition and yield stress (p < 0.014 and R2 = 0.2 [Fig. 2E]).
ring from both fish size groups presented in mean (±standard deviation). Significantly

IB of ‘‘large fish”

(n = 23)

0.018 (±0.008)
18.8 (±9.1)
0.036 (±0.008) *p = 0.023
62.6 (±13.2)
2.6 (±0.5) *p = 0.005
107.5 (±22.6)
0.22 (±0.08) *p = 0.001
0.9 (±0.3)
18.3 (±8.6) *p < 0.003
19.2 (±8.7) *p < 0.003
0.09 (±0.02) *p < 0.001
0.018 (±0.008)

(n = 5)
13.1 (±0.45) *p = 0.025

(n = 30)
1.07 (±0.05)



Fig. 3. Microscopic structure and mineral density of intermuscular bones (IBs) assessed with micro-CT at the voxel size of 4 mm. (A) An exemplary 3D reconstruction of a non-
tested intermuscular bone with the volume of interest (VOI) investigated within this study. (B) 3D reconstructions of the VOI in IB extracted from small and large fish show a
regular, rod-like geometry. Cross-sectional views of IB bone shows ellipsoidal geometry without the presence of porous structures that can be assessed with 4 mm voxel size.
(C) Tissue mineral density (TMD) plotted along the long axis of the VOI (left graph, black line corresponds to mean value within a slice, gray lines correspond to the standard
deviation within a slice) and TMD plotted across a transversal section. In both size groups and both directions, mineralization appears homogenously distributed, supporting
the feasibility of performing tensile testing in the chosen VOI.
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An exemplary 3D mCT reconstruction of a whole IB is shown in
Fig. 3A. MicroCT imaging at 4 mm voxel size showed that IBs did
reveal no porosity at this level of investigation, i.e. in the range of
10 mm (Fig. 3B). Fig. 3C, plotting the mean TMD per image slice
over the slice number (i.e. sample length within VOI), shows a
homogeneous TMD distribution along the long axis of the VOI in
both groups (i.e. horizontal graph with minor noise). Regarding
TMD, groups showed similar mean values with 1.14 (±0.07)
gHA/cm3 in IBs of small fish and 1.07 (±0.05) gHA/cm3 in IBs of
large fish. TMD of herring rib bones (1 fish/group, 6 bones each)
resulted in 1.08 (±0.23) gHA/cm3 in small fish and 1.19 (±0.27)
gHA/cm3 in large fish. TMD of mouse tibiae resulted in 1.2 and
1.3 gHA/cm3. The estimated cAp crystal length L was 12.1 (±0.46)
nm for IBs of small fish and 13.1 (±0.45) nm for IBs of large fish
with a small but significant difference of 8% (p = 0.025, Mann-
Whitney U test), see Table 1.
4. Discussion

We investigated the Intermuscular Bones (IBs) of Atlantic
Herring with regard to their structure and micro-architecture,
mineral-related properties, and micro-mechanical tensile proper-
ties (n = 115 IBs). IBs had a cylindrical, thin, fiber-like geometrical
shape with a homogenous ellipsoidal cross-sectional area in their
mid-shaft region which served as the VOI within this study. IBs
showed mechanical deformation characteristics of soft tissue (e.g.
tendons, ligaments) and hard tissue (e.g. mammalian cortical
bone). TMD was independent of fish size, while 8% longer crystals
and a 30% lower Young’s modulus were displayed in the IBs from
large fish.

MicroCT imaging was used to assess TMD and to display the
structure and internal micro-architecture of IBs. Imaging of the
mid-shaft region showed that IBs had a longitudinally
homogeneous mineralization, based on the low variance of both
cross-sectional area (pixels within masked image slices) and low
variance of TMD values across the image slices (s. Fig. 3). Based
on previous publications employing microCT to assess mineral
heterogeneity (Lloyd et al., 2015), we suggest that IBs were suitable
for whole bone micro-mechanical tensile testing within the VOI
and meet the assumptions of Hooke’s law. Regarding the micro-
architecture of IB, a solid structure with no porosity in the range
of 10 mm was found. Although we have shown that a voxel size
of 4 mm was sufficient to display vascular porosity in the range of
10 mm in cortical bone of small animals (Palacio-Mancheno et al.,
2014; Sharma et al., 2018), microCT images in this study did not
reveal such pores or vascular channels. Nanoscopic porosities and
lacunar-canalicular structures below 10 mm are likely present in
IB but not detectable with the employed microCT acquisition
parameters. Because erythrocytes in herring fish have been
reported in the range of 10 mm (long diameter) and 6–8 mm (short
diameter) (Wilkins and Clarke, 1974; Witeska, 2013), we suggest
that vascular channels, if present, are smaller in IB compared to
cortical bone of other small animals like mice. To summarize, our
results support the assumption of a simpler internal structure in
IB (Burger et al., 2008; Glimcher, 1959) than in human whole
bones – composed of several hierarchical levels including cortical
and trabecular compartments, osteonal structures, and vascular
porosity (Reznikov et al., 2014).

Regarding TMD, the percentage difference between IBs of small
and large fish (1.14 gHA/cm3 vs. 1.07 gHA/cm3) was 6% without
reaching significance, which does not support our initial hypothe-
ses of low mineralization in IB compared to mammalian bone and
lower mineralization in bones from small compared to large fish.
While smaller absolute values in TMD were expected due to the
observed soft-tissue-like mechanical deformation characteristics,
our results indicate a similar degree of mineralization as com-
monly reported for fish bones of up to 1 gHA/cm3 (Cohen et al.,
2012) or mouse and human bone (Granke et al., 2015a; Main
et al., 2014). However, for delivering local Calcium content and
mineral heterogeneity at high-resolution, IBs should be investi-
gated with quantitative back-scattered imaging (Roschger et al.,
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2008). This technique would also provide a better understanding of
sub-micrometer-sized porosity, which can lead to an underestima-
tion of TMD when assessed at lower resolution, i.e. the micrometer
scale, as applied in this study.

Using our micro-mechanical tensile testing set-up we showed
that IBs show an interesting combination of mechanical character-
istics of hard tissues (e.g. mammalian cortical bone) and soft tis-
sues (e.g. tendon). Specifically, IBs presented hard tissue
characteristics including similar strength as mammalian cortical
bone (Carter and Spengler, 1978; Cowin, 1983; Li et al., 2013;
Mirzaali et al., 2016), while soft tissue characteristics included a
Young’s modulus of one order of magnitude lower than reported
values of mammalian cortical bone, and distinct plastic deforma-
tion. IBs fracture strains reached up to 22% which is much higher
than mammalian cortical bone which elongates only by a few per-
cents (Liu et al., 2014), or tendons with maximum strains around
10% (Matson et al., 2012). Indeed, 80% of total strain was on aver-
age expressed during the plastic deformation regime (region III in
the stress-strain curve), and the Young’s modulus of IBs was in the
magnitude of light, non-mineralized tendons (Bennett et al., 1986;
Matson et al., 2012). Based on the presence of these soft- and hard
tissue characteristics in the stress-strain curves, our results suggest
that IBs have a particular combination of properties which may be
governed by its microstructural organization that is derived from
tendons within the musculoskeletal system of the teleost (Yao
et al., 2015).

Interestingly, more than 80% of all IBs showed a distinct toe
region before entering linear elastic deformation, which was not
observed in other materials using the identical test protocol (Sup-
plemental Fig. 2). Whereas the presence of such toe regions has
previously been explained in terms of uncrimping of collagen
fibers in mechanical tensile tests of tendons (Lake et al., 2009)
and in simulations of individual mineralized fibers (Depalle et al.,
2016), the testing set-up used in this study did not allow for
stereo-correlation, in situ crystallography, or direct observations
of such crimping or uncoiling effects in IB. While a closer investiga-
tion of the tendon-like appearance is required, significant linear
correlations have been found between the transition point and
the yield point. The variance of the transition point strain
explained 70% of the variance of the yield strain, while the variance
of the transition point stress explained 20% of the variance of the
yield stress.

Crystal length was < 15 nm for both groups which is below val-
ues reported for mammalian bones (Acerbo et al., 2014) and for
herring IBs when assessed with small-angle X-ray scattering (up
to 54 nm (Burger et al., 2008)). This discrepancy could be linked
to several factors. As we detected a slightly larger crystal length
in the bones of larger fish, the observed difference may be associ-
ated with a size effect: IBs in Burger et al. (2008) had a diameter of
500 mm. Moreover, acquisitions herein were gained from the mid-
shaft region of the IB, whereas Burger et al. investigated in a differ-
ent region of interest above the spur. Furthermore, the evaluation
of crystal length using the Scherrer equation requires the input of a
shape factor K which varies from 0.9 to 2 depending on crystal
structure and literature (Monshi et al., 2012; Ziv and Weiner,
2009). Here, K of 0.9 was used as the gold standard for carbonated
hydroxyapatite in bone tissues. To additionally visualize the crystal
phase in IB, transmission electron microscopy of ultra-thin lamel-
lae of one IB sample from large fish (Suppl. Fig. 3) was performed,
supporting that IB is built of collagen fibers aligned along the long
axis with the typical collagen periodicity and embedded, well-
aligned inorganic crystals (�2–4 nm in thickness).

Whereas the sample size for WAXS measurements was much
smaller compared to mechanical testing and TMD assessment,
we found 8% larger crystals in IB from the ‘‘large fish” group com-
pared to the ‘‘small fish” group, similar to previously described
changes of the crystal phase during bone tissue maturation
(Donnelly et al., 2010a; Jäger and Fratzl, 2000; Nair et al., 2013;
Vercher-Martinez et al., 2015; Ziv and Weiner, 2009). While such
small changes in crystal size alone are unlikely to induce measur-
able differences in mechanical performance, a lower Young’s mod-
ulus was detected in large compared to small IBs, not supporting
our initial hypothesis. This could be related to degradation of the
bone matrix, e.g. the suggested lack of remodeling in this tissue
might lead to micro-cracks, or nano-porous structures could
develop with larger bone size, also bearing a possible explanation
for a slightly lower TMD in fish of larger fish size. However,
whether assessed differences between IBs from the two groups
are related to development, maturation, growth, or advanced aging
of the fish cannot be revealed without quantification of the fish
age. As several factors including nutrition, environment, and tem-
perature lead to variations in fish from the same chronological age,
specifically in wild-caught fish (Talbot, 1993), it is impossible to
determine the precise age of the fish based on its body length
and we cannot validate whether the detected differences in
mechanical properties or in crystal size were influenced by growth
or advanced aging of the fish. Additional high-resolution imaging
and testing in the scope of a longitudinal study will be required
to provide a better understanding of the mechanical and structural
features, collagen-mineral interaction, and age-dependent changes
of IB.

In conclusion, we present new data on IB with a rare combina-
tion of stiffness, strength, and toughness compared to other bone
types. An in-depth high-resolution analysis of the composition,
porosity, and interconnectivity of the collagen in IBs could help
reveal the specific failure mechanisms in this type of mineralized
tissue. As porosity is known to affect bone mechanical properties
(Bala et al., 2016; Granke et al., 2015b), IB with lower dimensions
of porosity compared to mammalian bone may be useful for inves-
tigating the relationship between biological components and
mechanics of mineralized tissues. While an explanation for the
nano-structural and molecular origin of the particular mechanical
behavior of IBs is outside the scope of this study, we propose IBs
as an interesting tissue to study the complex interplay between a
collagenous soft phase and a reinforced hard mineral phase.
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