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Abstract

There is an increasing interest in understanding teleost bone biomechanics because of the current
importance of teleosts as new biomedical models. Here, we have investigated the bone structure,
Tissue Mineral Density (TMD), fracture profiles and micro-mechanical properties of 30
Intermuscular Bones of teleost fish — harvested from North Atlantic Herring of two age groups
(young and old) — by using micro-computed tomography, wide-angle X-ray scattering, scanning
electron microscopy and micro-mechanical tensile testing. Our study shows some astonishing
properties of the Intermuscular Bones of the North Atlantic Herring : (1) young fish bones were
49 % higher in Young’s modulus than old fish bones while their TMD was not statistically
different and the crystal length was 8 % higher in the old fish bones, (ii) Intermuscular fish bones
present higher ductility, lower Young’s modulus but similar strength compared to literature of
mammalian bones, and (iii) a parametric relationship has been depicted between the transition
point (i.e. transition from the toe region to the linear-elastic region of the stress-strain curve) and
the yield point for both strain and stress. Thus, our results revealed that Intermuscular Bones of
teleost present a hybrid nature of soft and hard tissue that might be associated with their
evolution from mineralized tendons. This study provides new data regarding teleost fish bone
biomechanics and mineralization and describes a new relationship between toe region and linear-

elastic region of these bone types.

Keywords: Teleost fish; intermuscular bone; mineral; mechanical properties
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1. Introduction

Bone tissue is a composite, porous and hierarchized biomaterial consisting of an organic
soft matrix of collagen fibrils (tropocollagen — TC), an inorganic hard phase of mineral crystals
(carbonated hydroxyapatite — 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, a strong body of evidence has depicted that poorly mineralized bone (start of the
maturation) presents a weak and ductile mechanical behavior, and highly mineralized bone (end
of the maturation) presents a strong and stiff mechanical behavior (Burstein et al., 1975; Currey,
1969, 1988; Currey et al., 1996; Donnelly et al., 2010a; Martin and Ishida, 1989). For instance,
the increase of tissue mineral density (TMD) combined with a gradual increase in cAp size and
stoichiometry has been linked to an increase in bending stiffness and failure moment (Donnelly
et al., 2010b). However, this body of knowledge has been mainly depicted from studies
investigating mammalian bone samples and because mammalian bone’s hierarchized structure
and porosity alter the failure mechanisms of bone, it remains challenging to establish a
quantitative link between mineral-related parameters and alterations in mechanical properties of
bone.

To overcome this challenge in continuum mechanics, one specific bone type within the
skeleton of teleost fish, i.e. Intermuscular Bones (IBs), present some interesting features
including a simple structural hierarchy and well-aligned fiber and crystal orientation along the
whole bone (Burger et al., 2008; Lee and Glimcher, 1991; Rho et al., 2001). One major
advantage of these features is that IBs from fish could be assumed to be more homogeneous,
isotropic and continuous than bone samples from mammalians. However, while these structural

features generate a recently increasing interest in teleost bones for deciphering the relationship



68

69

70

71

72

73

74

75

76

7

78

79

80

81

82

83

84

85

86

87

88

between biological components and mechanics of mineralized tissues, biological and mechanical
data of teleost intermuscular bones remain scarce in the scientific literature.

In this study we have used one teleost — the North Atlantic Herring — to investigate the
biomechanics of intermuscular bone at the microscale. We have hypothesized that IBs of North
Atlantic Herring (1) show a lower tissue mineral density and a smaller crystal size in immature
compared to mature stage, and (ii) show a weak and ductile mechanical behavior in immature
stage and a strong and stiff mechanical behavior in mature stage. To test our hypotheses, IB of
two tissue ages were investigated to obtain their mechanical properties and profile of fracture,
their bone mineral density, porosity and bone structure at the micro-scale, and their crystal size

(s. Figure 1).

2. Material and methods

2.1 Animal model

IBs were extracted from a total of four A#lantic Herring fish, acquired fresh from a local
fish market. Each bone sample was wrapped in gauze soaked with phosphate buffered saline
(PBS) and Protease Inhibitor (PI), and stored at -20 °C. Samples presented a rod-like shape and
an ellipsoidal cross-section with a diameter of less than 200 um, and were assigned to two groups
according to the body length of the fish (juvenile fish <25 ¢m < adult fish (O'Brian et al., 1990);

young bone, N=9; old bone, N=21).

2.2 Micro-mechanical tensile testing
Mechanical testing was performed using a micro-tester (Xpert4000, ADMET, Norwood,

MA, USA) customized with serrated pinching grips covered with carbide sand paper (P500) to
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prevent samples from slipping. Samples were positioned vertically with an initial gauge length of
3.0 mm and approximately 3.5 mm of both extremities being clamped. Samples were kept
hydrated during the tests with PBS. Uniaxial tensile loading — displacement control with a speed
of 10 um/s corresponding to a quasi-static engineering strain rate (Wright and Hayes, 1976) —
was applied while force was measured with a load cell (100 N) and displacements were recorded
in terms of change in actuator position. Conversions from force and displacement to engineering
stress and engineering strain according to Hooke’s law for isotropic materials were performed
with a custom-written Matlab script (MATLAB 2016b, Mathworks, MA, USA). Several
parameters were derived as depicted in Figure 2 A. The toe region (region I - assessed from the
beginning of the curve to the transition point, i.e. onset of the linear region of the curve) was
used to determine the transition stress (o) and transition strain (&;) (Herbert et al., 2016). The
yield point (gy, oy) was determined using the 0.2% offset method, and used to separate the elastic
region (region II - measured from the transition point to the yield point) and the plastic region
(region III - measured from the yield point to the fracture point (€max, Omax). Young’s modulus
was determined as the slope of the curve within the linear displacement region, and the work-
until-fracture, i.e. total work, was determined by calculating the area under stress-strain curve.
Elastic and plastic work were determined by calculating the area under the curve in region Il and
III, respectively. The uncertainty of measurement for stress and strain was determined to be

3.9 % and <0.1 %, respectively. Machine compliance was measured by means of reproducibility
and accuracy tests on samples of known materials (wood, polystyrene, nylon) with similar

diameters as the IB samples.

2.3 Scanning electron microscopy (SEM)
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SEM was performed to visualize fracture profiles and to examine the topography of
fracture surfaces (N=3 per group). Samples were carefully onto SEM stubs using carbon tape.
Imaging was performed using a scanning electron microscope (Helios NanoLab, DualBeam, FEI,
Hillsboro, Oregon, USA) with an Everhart-Thornley detector in secondary electron mode (beam

voltage of 2 kV and current of 25 pA).

2.4 High resolution micro-computed tomography scanning (HR-uCT)

On both tissue age groups (young: N=3, old: N=5), tissue mineral density (TMD) was
determined using HR-uCT (SkyScan 1172, Bruker, Kontich, BE) at a voxel size of 4 pm, X-ray
energy of 100 keV and intensity of 100 pA. The region of interest corresponded to the initial
gauge length of mechanically tested samples. Water, air and hydroxyapatite phantoms
(0.25 gHA/cm?® and 0.75 gHA/cm?®) were used for calibration and a custom-written Matlab code

was used to determine the average TMD per sample.

2.5 Wide-angle X-ray scattering

Fish bone samples from both tissue age groups (young: N=3, old: N=5) were investigated
using a laboratory WAXS machine (NanoSTAR, Bruker AXS, Billerica, MA, USA) with a
CuKa X-ray source (wavelength of 0.154 nm and beam size of approximately 1 mm). The region
of interest for each sample was defined centrally within the initial gauge length of samples that
previously underwent micro-tensile testing. Acquisition time was 6 hours and beam center
calibration was performed using silicon reference powder. Resulting 2D WAXS patterns were
processed according to commonly used methods (Pabisch et al., 2013). Crystal length,
corresponding to the length along the (002) crystal lattice axis (i.e. long axis of cAp) was

determined with the Scherrer equation (1), where L represents the crystal length, K a shape factor
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dedicated to crystal lattice structure (0.9 < K < 2.0), A the X-ray wavelength, B the full width at
half maximum of the Bragg’ diffraction peak in radians, and © half of the respective diffraction
angle. Within this study, K = 0.9 has been used.
L=KA/(BO) (1)

2.6 Statistical analysis

Statistical analyses were performed using SPSS (IBM SPSS Statistics, Version 20.0,
Armonk, NY, USA). Normality and homoscedasticity of all data were tested with Shapiro-
Wilk’s and Levene’s tests, respectively. In case of normal distribution and equal variance,
parametric tests were used. Otherwise, non-parametric tests were performed. Parametric
comparisons of mechanical properties were made with an independent t-test and non-parametric
comparisons of TMD and cAp length were made with the Mann-Whitney-U test. Linear
relationships were assessed with Pearson. All tests were performed at a significance level of o =

0.05.

3. Results

Mechanical characterization of IBs using micro-mechanical tensile testing showed that IB
undergo a distinct transition from a toe region to a linear-elastic region and a distinct yield point
from a linear-elastic region to a plastic region in samples independent of age group. Furthermore,
significant differences between the two investigated age groups with regard to their elastic
behavior were found. The extracted mechanical properties and cross-sectional areas are listed in
Table 1.

Regarding the transitional behavior of IB specimens, i.e. the pooled data of both age
groups, a statistical relationship was found between the toe region and the elastic region showing

a significant Pearson correlation between transition strain and yield strain with p<0.001 and
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R?=0.82 as shown in Figure 2 B, and between transition stress and yield stress with p<0.001 and
R?=0.30 as shown in Figure 2 C. On average, the total strain range was composed of 8 % strain
exhibited within the toe region, 10 % strain exhibited within the elastic region, and 82 % strain
exhibited within the plastic region.

When comparing the mechanical properties of the two age groups, no significant
differences were found regarding the transition point from toe to linear-elastic region. Regarding
the elastic behavior, Young’s modulus was significantly higher in young bones with
4.3 (x1.1) GPa than old bone with 2.6 (+0.5) GPa (p = 0.002, independent t-test), resulting in a
difference of 49 %. While yield stress was similar between the groups, yield strain was
significantly lower in young specimens compared to old specimens with 0.027 (+0.008) vs.
0.036 (+0.008), p=0.008). Maximum stress was similar between the groups with 121.9
(¥34.3) MPa in young and 107.5 (¥22.6) MPa in old tissue, and maximum strain showed a trend
towards lower values in young tissue with 0.18 (£0.5) compared to older tissue with 0.22 (+0.1).
The mean total work was similar between groups with 17.3 (£8.2) MPa in young and 19.2 (£8.7)
MPa in old tissue. Elastic and plastic work were similar in both groups. Representative stress-
strain curves and fracture profiles of the young and old group are shown in the SEM images in
Figure 3 A and B. In both groups, profiles presented fracture surfaces indicative of brittle
fracture behavior, i.e. cross-sectional fractures, while higher magnification further exposed
vertical collagen fiber delamination.

A 3D uCT reconstruction of a whole IB specimen including the investigated region of
interest is shown in Figure 4 A. Structural characterization with uCT showed that IBs did not
present porous structures at the scale of investigation (Figure 4 B). As depicted in Figure 4 C,

both young and old bone tissue showed homogeneous mineralization both transversally and
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longitudinally. With regard to TMD at the microscale, no significant differences were detected
between the groups - both groups yielded a TMD of 1.6 (£0.1) gHAP/cm®. We found a smaller
crystal length L in young bones with 12.1 (+0.46) nm than in old bones with 13.1 (£0.45) nm,

yielding a small but significant difference of 8 % (p=0.025, Mann-Whitney U test), see Table 1.

4. Discussion

In this study, we investigated the Intermuscular Bones (IBs) of the North Atlantic Herring
with regard to its structure and organization at the micro-scale, its mineral-related properties, and
its micro-mechanical tensile properties. Our results show that these IBs present no porous micro-
structures and a homogenous mineral distribution along their long axis. Furthermore, our results
show that these IBs feature special mechanical characteristics of both soft tissue (e.g. tendon)
and hard tissue (e.g. mammalian cortical bone). Additionally, our results show that the
microscopic degree of mineralization was independent of the age group of the fish while a higher
crystal length and a lower Young’s modulus was displayed in the older IBs.

Our 3D pCT images showed that IBs have a cylindrical, long and thin fiber-like
geometrical shape at the whole bone level, and revealed that they do not present micro-porosity,
osteon-like structures or lamellae at the microscale for both investigated tissue ages. Thus, our
uCT imaging results support the presence of a simplified structure in IB compared to
mammalian bone which is composed of up to nine hierarchical levels (Reznikov et al., 2014).
The degree of mineralization at the microscale was homogenous along the long axis and the
crystal length (L) was with < 15 nm for both age groups below reported crystal length of
mammalian bone (Acerbo et al., 2014). While crystals in mammalian bone are suggested to grow
from within the gap and overlap regions of collagen fibrils (67 nm periodicity) (Balooch et al.,

2008; Nair et al., 2014) into the extra-fibrillar space where they can likely reach larger
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dimensions, the detected crystal size in IB remains below the length of extra-fibrillar crystals,
supporting previous studies suggesting sole intra-fibrillar mineral deposition in IBs (Lee and
Glimcher, 1991). Furthermore, we prepared one ultra-thin lamellae of one IB sample of an adult
fish using focused ion beam etching, and performed transmission electron microscopy (see
supplemental Figure S1). Imaging supports that IB tissue is built of longitudinally aligned
collagen, depicting the typical periodicity of collagen fibers with highly aligned inorganic
crystals deposited within the tissue, measuring up to 4 nm in thickness.

Regarding their mechanical properties, our results show IBs with an astonishing
combination of mechanical characteristics of both soft (e.g. tendon) and hard (e.g. mammalian
cortical bone) tissues. Specifically, IBs presented some soft tissue characteristics including: (i) a
distinct toe region prior to entering linear elastic deformation, (ii) a Young’s modulus of one
order of magnitude lower than mammalian cortical bone, and (iii) a pronounced plastic
deformation regime. Meanwhile, IBs presented some hard tissue characteristics including similar
strength — measured by means of the maximum stress — to those usually found in mammalian
cortical bone (Carter and Spengler, 1978; Cowin, 1985; Li et al., 2013; Mirzaali et al., 2016).
However, IBs work-to-fracture values depicted a larger ability for post-yield deformation
compared to mammalian bones while hosting a considerable amount of mineral within the fibrils
(i.e. TMD in the range of mammalian bone). Indeed, IBs fracture strains reached up to 22 %
which is much higher than mammalian cortical bone which elongates only by a few percent (Liu
et al., 2014), or tendons with maximum strains reported around 10 % (Matson et al., 2012). IBs
further expressed a pronounced post-yield deformation behavior (80 % of total strain) during the
plastic deformation regime (region III in the stress-strain curve) and presented a low Young’s

modulus in the magnitude of light, non-mineralized tendons (Bennett et al., 1986; Matson et al.,

10
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2012). Interestingly, significant parametric correlations have been found between the transition
point (exit point of the toe region) and the yield point which shows that stress and strain at the
transition point are linked to stress and strain at the yield point, respectively. Indeed, the variance
of the transition point strain explains 82% of the variance of the yield strain, and the variance of
the transition point stress explains 30% of the variance of the yield stress. Based on these
observations, we suggest that IBs from AH belong to a group of composite tissues presenting a
particular combination of properties from soft and hard tissues, possibly governed by its
microstructural organization which is derived from tendons within the musculoskeletal system of
the teleost (Yao et al., 2015). To summarize, our study presents a biomaterial with a rare
combination of stiffness, strength and toughness, and a new quantitative link between its
transition and yield point data.

Regarding the comparison between two stages of tissue age, differences were found both
in Young’s modulus at the microscale and in crystal length at the nanoscale, but not in the degree
of mineralization at the microscale. Specifically, we found a significant 8 % smaller crystal size
in young IB tissue compared to older tissue, supporting an increase in crystallinity and crystal
size during the bone aging (Jiger and Fratzl, 2000; Nair et al., 2013; Vercher-Martinez et al.,
2015; Ziv and Weiner, 2009). Regarding the mechanical properties of IBs during aging, a
significantly lower Young’s modulus has been detected in old compared to young IB tissue
which contradicts our initial hypothesis and the theoretical optimization hypothesis (Wang et al.,
2012). The scenario of lower stiffness at larger mineral length could be related to the degradation
of the other biological components in the collagen matrix. For instance, the suggested lack of
remodeling in this tissue might lead to a degradation of mechanical properties in IB through the

accumulation of micro-cracks or nano-porous structures. An in-depth analysis of the composition

11
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and interconnectivity of the collagen in IBs could help reveal the specific failure mechanisms in
this type of mineralized tissue. While an explanation for the nano-structural and molecular origin
of the special mechanical behavior of IBs was not in 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 in biomaterials.

S. Conclusion

This study shows that Intermuscular Bones of the North Atlantic Herring show a unique
combination of stiffness, strength and toughness where a new quantitative link between their
transition and yield point data has been depicted. Additionally, the microscopic degree of
mineralization of IB is independent of the age of the fish while an increase in crystal size and a
decrease in Young’s modulus was displayed in the more mature Intermuscular Bones.
Furthermore, our results show that these IBs feature special mechanical characteristics of both

soft tissue (e.g. tendon) and hard tissue (e.g. mammalian cortical bone).
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Figure Captions
Figure 1 Experimental set-up of multimodal analysis. Intermuscular bone (IB) from juvenile and
adult fish were assigned to two tissue age groups (young vs. old) to investigate the mechanical

properties, micro-structure and mineral-related parameters.

Figure 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 (oy,&;), a linear-elastic region II until reaching the yield point (oy,ey)
and a plastic region III until reaching a failure point (Gmax,€max). 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 IB have a large
capacity for plastic deformation before they undergo failure, yet they undergo a distinct fracture.
Significant correlations were found between (B) the transition strain and yield strain (Pearson
correlation, R?>=0.82, p<0.001), and (C) between transition stress and yield stress (Pearson

correlation, R?=0.30, p=0.005) showing that deformations in these two regions are proportional.

Figure 3 Mechanical properties of young and old Intermuscular Bones. (A) Engineering stress-
strain curves of representative samples from different tissue ages, where young tissue showed
significantly higher Young‘s modulus than older bones. (B) SEM micrographs from
mechanically tested young and old bone tissue samples display signs of brittle fractures with
clear transversal fractures in both groups, as well as ruptured, fibrous structures and fiber

delamination at high magnification.
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Figure 4 Microscopic structure and mineral density of Intermuscular Bone (IB) assessed with
micro-CT at a voxel size of 4 um. (A) 3D reconstruction of an IB specimen with the volume of
interest (VOI) investigated within this study. (B) Cross-sectional view of young and old IB
shows ellipsoidal geometry without the presence of porous structures. (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. At both ages and in both directions, mineralization appears

homogenously distributed.
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Table captions

Table 1

Results of multimodal experimental analysis of intramuscular bone (IB) of Atlantic herring from

young and old age presented in mean (+ standard deviation). Significantly different parameters

with a significance level of 0.05 are indicated with an asterisk.
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Supplemental Data

Figure S1 caption

Structural information on collagen alignment and crystal morphology in IB: Transmission
electron microscopy applied on longitudinal sections of the IB specimen allowed to display the
uniaxial (horizontal) collagen fiber alignment along the long axis of one exemplary IB specimen
with typical collagen periodicity (67 nm). TEM imaging within the IB allowed to visualize the
distribution of mineral crystals within these regions (dark, long and thin structures at highest
magnification) supporting the assumption that IBs feature a simplistic microstructure compared
to hierarchical mammalian bone. IB provides an interesting soft-hard tissue hybrid biomaterial

with simplified submicron architecture and specific mechanical properties.
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Table

Table 1
Young IB Old IB
Transition strain (-) 0.014 (£.005) 0.018 (£0.008)
Transition stress (MPa) 21.1 (+10.0) 18.8 (£9.1)
Yield strain (-)* 0.027 (£0.008) 0.036 (£0.008) *p=0.008
Yield stress (MPa) 72 (£22) 63 (£13)
Young's modulus E (GPa)* 43 (£1.1) 2.6 (£0.5) *p=0.002
maximum stress (MPa) 122 (x34) 108 (£22)
maximum strain (-) 0.18 (£0.5) 0.22 (£0.08)
toe work (MPa) (-) 0.091 (£0.067) 0.111 (x0.100)
elastic work (MPa) 0.8 (x0.4) 0.9 (£0.3)
plastic work (MPa) 16.5 (£8.0) 18.3 (£8.6)
total work (MPa) 17.3 (£8.2) 19.2 (£8.7)
Cross-sectional area (mm?)* 0.04 (x0.01) 0.09 (£0.02) *p<0.001
Crystal length L (nm)* 12.1 (+0.46) 13.1 (+0.45) *p=0.025
Tissue Mineral Density (gHAP/cm?) 1.6 (x0.1) 1.6 (£0.1)
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