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A. Details on sample preparation
MTLT samples were fixed in specially designed SEM stubs produced in the lab's
mechanical workshop, shown in Figure S1. The stubs featured an angular accuracy <0.1°,
so that after polishing using a special holder, the polished sample surface ways effectively
parallel to the lower stub surface. PRS and SAXS measurements were performed
separately on the same MTLT samples with fixed out-of-plane orientations.

Figure S1. MTLT samples each containing a tendon section cut at 0°, 22.5°, 45°, 67.5° or 90° to
the main tendon axis.

Bovine cortical bone samples were cut from the medial part of a cow tibia. Three
medial slices were cut radially into smaller sections as shown in Figure S2. Posterior
quadrant sections with higher osteonal bone content were used for the further processing
steps described in the main text.

Figure S2. Bovine cortical bone rough cuts.
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B. Polarized Raman spectroscopy

Intensity (a.u.)

Intensity (a.u.)

Intensity (a.u.)

1. Spectra analysis

Figure S3. Polarized Raman spectra processing steps for the raw data using Python software [1].
(A) Background (BG) subtraction and cosmic ray removal (CRR) for the whole spectra (first
order polynomial fit for local minima, numpy.polyfit).
(B,C) amide I and amide III peak analysis:
1. additional linear BG subtraction (numpy.polyfit);
2. double-Lorentzian fit (red) of both amide I and amide III, extracting peak parameters.
(D) Polar plots of integral area of amide I / amide III vs polarization angle 𝜃 (red datapoints)
fitted with equation 1 from the main text (black solid line) together with theoretical prediction
(orange dashed line) as determined using equation S8 described in the section bellow.
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2. Theoretical calculations of polarization-dependent Raman scattering
intensity
In classic representation of polarized Raman experiments [2,3], the scattering
intensity 𝐼𝑠 is proportional to a matrix product between the polarization vectors of the
incoming 𝜀𝑖 and scattered light 𝜀𝑠 and the Raman tensor 𝑹:
𝐼𝑠 ∝ |𝜀𝑖 𝑹𝜀𝑠 |2 .

(eq. S1)

In our experiments there is no polarizer in the path of scattered light, so the scattering
intensity is a norm of a multiplication vector between the Raman tensor and polarization
vector of the incoming light [4]:
𝐼𝑠 ∝ ‖𝑹𝜀𝑖 ‖2 ,

(eq. S2)

𝜀𝑖 = (cos 𝛼 , sin 𝛼 , 0),

(eq. S3)

where α is the polarization angle and the Raman tensors 𝑹 for amide I and amide III
vibrations in the α-helix polypeptide are isotropic in the orthogonal plane with the
respective factors: a=0.537 and b=0.707 [5,6].
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The Raman tensors were rotated around the X axis (out-of-plane, 𝜃) and Z axis (inplane, 𝜑) to align with the assumed MCF direction. The output theoretical predictions for
amide I and amide III scattering intensities for different orientations of the collagen
molecule were calculated using equation (S2) and are shown below.
𝐼𝑎𝑚𝑖𝑑𝑒

𝐼𝑎𝑚𝑖𝑑𝑒

𝐼

𝐼𝐼𝐼

= 4[(𝑎 − 1)Cos[𝛼]Cos[𝜑]Sin[𝜃]2 Sin[𝜑] − Sin[𝛼](Cos[𝜑]2 (𝑎Cos[𝜃]2
+ Sin[𝜃]2 ) + 𝑎Sin[𝜑]2 )]2
+ 4[(𝑎 − 1)Cos[𝜑]Sin[𝛼]Sin[𝜃]2 Sin[𝜑] − Cos[𝛼](𝑎Cos[𝜑]2
+ (𝑎Cos[𝜃]2 + Sin[𝜃]2 )Sin[𝜑]2 )]2 + [(𝑎 − 1)Sin[2𝜃]Sin[𝛼 + 𝜑]]2

(eq. S6)

= 4[(𝑏 − 1)Cos[𝛼]Cos[𝜑]Sin[𝜃]2 Sin[𝜑] − Sin[𝛼](Cos[𝜑]2 (𝑏Cos[𝜃]2
+ Sin[𝜃]2 ) + 𝑏Sin[𝜑]2 )]2
+ 4[(𝑏 − 1)Cos[𝜑]Sin[𝛼]Sin[𝜃]2 Sin[𝜑] − Cos[𝛼](𝑏Cos[𝜑]2
+ (𝑏Cos[𝜃]2 + Sin[𝜃]2 )Sin[𝜑]2 )]2 + [(𝑏 − 1)Sin[2𝜃]Sin[𝛼 + 𝜑]]2

(eq. S7)

The output theoretical prediction 𝐼𝑠 for the present study:
𝐼𝑠 = 𝐼𝑎𝑚𝑖𝑑𝑒 𝐼 /𝐼𝑎𝑚𝑖𝑑𝑒

𝐼𝐼𝐼

(eq. S8)

We found that the theoretical prediction function 𝐼𝑠 (eq. S8) was not suitable for
the analytical out-of-plane angle 𝜃 extraction due to the interdependency of the output
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parameters and the numerical problems during data fitting that follow. Instead of using the
theoretical function to fit the experimental polarization-dependent intensities, we therefore
proceeded to utilize the simplified function proposed by Bao et al. [7]:
𝑓(𝛼, 𝜑) = 𝐴𝑐𝑜𝑠 2 (𝛼 + 𝜑) + 𝐵𝑠𝑖𝑛2 (𝛼 + 𝜑).

(eq.1 main text)

We measured the Raman scattering intensity of amide I / amide III versus the outof-plane angle of the MCFs for the model material (MTLT), yielding the theta-dependent
ratio A/B. In order to make an educated guess for the theta dependence of A/B we
matched the theoretical prediction function (eq. S8) to the simplified one (eq. 1 main text).
This was accomplished by fixing 𝜑 = 0 and comparing the two resulting intensities for a
given set of out-of-plane angles 𝜃 and polarization angles 𝛼. This allowed us to correlate
the ratio A/B to the out of plane angle theta. However, due to the complicated
mathematical form of the theoretical prediction 𝐼𝑠 (eq. S8), we were not able to obtain a
closed and compact expression for A/B as a function of theta. The anisotropy parameter
A/B as a function of out-of-plane angle 𝜃, showed good agreement with equation 4 (R2 >
0.99, Figure S4). We decided to continue working with equation 4 from the main text as
it resembles the theoretical prediction but has a simplified form. This function was used to
fit experimentally collected anisotropy parameters A/B for the different out-of-plane angles
(Section 3.1, Figure 3 in the main text).
𝑓(𝜃) = 𝐶0 + 𝐶2 𝑠𝑖𝑛2 (𝜃) + 𝐶4 𝑠𝑖𝑛4 (𝜃)
1.9

Theoretical prediction
C0 + C2 sin2 + C4 sin4
C0 = 1.01, C2 = 1.20, C4 = -0.56
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(eq. 4 main text)
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Figure S4. Theoretically predicted anisotropy parameters A/B for different out-of-plane angles 𝜃.
The coefficient of determination R2=0.99.
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3. Line-mapping of bovine cortical bone osteon
Polarized Raman line-maps were collected on three bovine bone osteons to check
for fibril orientation variations within each osteon. For each map a set of polarized Raman
spectra were collected along the line with 2 µm steps going from Haversian canal towards
the outer end of the osteon, as marked in Figure S5. The data processing for each step
was as described in Supplementary information B.1. The values of out-of-plane angles
for axial and in-plane angles for transverse osteons were taken for analysis of fibril
alignment along the Haversian canal.
θ=6º(micro-CT)

A

B

θ=4º(micro-CT)

Distance from Haversian canal (µm)

θ=8±7º(qPRS)

In-plane fi bril angl e (° )

θ=11±9º(qPRS)

Out-of-plan e fi bril an gle (° )

O ut-of-plane fibril angle (° )

θ=90º(micro-CT)

Distance from Haversian canal (µm)

φ=16±4º(qPRS)

Distance from Haversian canal (µm)

Figure S5. Polarized Raman line-maps collected from axial (A) and transverse (B) osteons. Top:
optical microscope images with out-of-plane osteonal angles as determined from micro-CT, red
line indicates where the scan was taken. Bottom: line-maps for the out-of-plane MCF angles
determined using qPRS, blue line is the guide to the eye.

4. Sample integrity during Raman measurements
To determine that the imaging parameters (power, integration time) do not cause
structural modifications of the mineralized tissue, we performed time dependent
measurements of 50 minutes (five times the time of a usual experiment) and monitored
the integral area of the amide I and amide III peak. For this, a set of polarized Raman
spectra was collected from the same spot of the cortical bone osteon with the fixed laser
polarization. Each of 100 spectra was collected for 30 s with the setup parameters as used
in this work: 785 nm laser at 30 mW power with 50 objective, NA=0.80. As can be seen
in Figure S6, there is a clear increase of peak integral area for both amide I and III.
However, the change of the integral area is below 5% for the first 20 spectra for both
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amide I and amide III vibrations, which corresponds to the time needed to collect a set of
polarized Raman spectra in the present work. We therefore conclude that the sample
integrity is preserved during the complete qPRS measurements.

Figure S6. Change of amide I and amide III integral areas over time. Blue and orange line are raw
and averaged data, respectively, black dashed line indicates the 5 % increase of the integral area.

5. qPRS angular uncertainty
To estimate the error of the qPRS method, we correlated the real out-of-plane angles
of MCF, determined from the SAXS measurements, with the re-calculated angles,
determined from the Raman measurements. The standard error of the estimate (SEE)
from the linear fit was taken as the angular uncertainty resulting in θerr = 9.7°.
All datapoints
Mean ± SD
Linear fit

100

q from qPRS (o)

80

60

40

20

0
0

20

40

60

80

100

q from SAXS (o)

Figure S7. Out-of-plane MCF angles, calculated for MTLT using qPRS versus out-of-plane MCF
angle 𝜃, determined from SAXS measurements.
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6. qPRS method using amide I/ v2PO4
The ratio of amide I over v2PO4 is a possible alternative indicator of MCFs orientation.
The SNR ratio of the amide I/ v2PO4 is comparable to the one of amide I/ amide III and
follows as well the polarization dependence of the amide I band. A possible pitfall would
come up from the variation in the mineral content: while the ratio of amide 1/ amide 3
corresponds solely to the organic constituents, the ratio of amide I over v2PO4 is
dependent on the level of mineralization. Nevertheless, since our data analysis procedure
includes normalizing the output polar plot of the peak ratios vs laser polarization (Figure
S8 A), the extracted anisotropy parameter A/B will not be dependent on the tissue
mineralization. We demonstrate an excellent correlation between the two Raman band
ratios for MTLT samples (Figure S8 B, R2=0.98, p = 0.01). Moreover, we calibrated the
anisotropy parameter A/B, extracted from amide I/ v2PO4 polarization dependence, with
the fibril out-of-plane angle θ, taken from the SAXS measurements (Figure S8 C, R2 =
0.99). The new parameters of the calibration function (eq.4 main text) are shown in the
Figure S8 and can be used in the future for correlating the out-of-plane MCF angle with
the anisotropy parameters extracted from amide I/ v2PO4 Raman band ratios.
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Figure S8. Comparison of the amide I/ amide III and amide I/ v2PO4 Raman band ratios that can
be used for spectral anisotropy A/B calculation and consequent out-of-plane angle estimation.
(A) Polarization dependence for the two Raman band ratios for both axial and transverse
MTLT sample orientation.
(B) Correlation between the two Raman band ratios as estimated for MTLT samples.
(C) Anisotropy of amide I/ v2PO4 Raman band ratios at different out-of-plane fibril
orientation θ for MTLT samples. The coefficient of determination R2 = 0.99

C. Correlation between bone biochemistry parameters and mechanical properties
All of the bovine cortical bone samples used in this study were cut from the same tibia
and underwent identical sample preparation steps. Following the study of Roschger et al.
[14], the mineral to matrix ratios (v2PO4/amide III), determined in this study, can be
correlated to the Ca content. For all of the tested bovine osteons, a relative standard
deviation of mineral to matrix ratios of ~7 % was observed, which was not sufficient to
detect a significant correlation with the mechanical parameters (p = 0.6 for both elastic
modulus and yield stress, Figure S9 A,D). To assess the mineral biochemistry of the
specimens, we additionally analyzed the mineral crystallinity [15–18] using the collected
polarized Raman spectra. As a measure of mineral crystallinity, we used the inverse of
the primary phosphate peak width, averaged over different laser polarizations. The
relative standard deviation of crystallinity between the tested bovine cortical bone osteons
did not exceed 1% and no significant correlation with the elastic modulus (p = 0.3, Figure
S9 B) nor the yield stress (p = 0.2, Figure S9 E) was observed.
For the qPRS method we employed the polarization dependence of amide I and amide III
Raman bands, which mainly correspond to the collagenous matrix [19]. However, the
variations of non-collagenous proteins (NCPs) content may as well affect the output
mechanical properties. To assess the variation of NCP content, we additionally analyzed
the C-H bending Raman band at 1458 cm-1, which corresponds to both collagen and
NCPs [19]. Although the ratio of amide I/ CH bending has been reported to quantify the
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relative concentrations of collagen versus NCPs [20], we found it to be strongly dependent
on the MCF orientation (R2 = 0.68, p < 0.01, Figure S9 G). We therefore used the ratio of
amide III/ CH bending to quantify the relative concentrations of collagen versus NCPs, as
it has no significant orientation dependence (p = 0.1, Figure S9 H). Around 4 % of relative
standard deviation of Amide III/ CH ratios was observed for the tested osteons. Moreover,
we found a moderate dependence between the Amide III/ CH ratio and the measured
mechanical properties (R2 = 0.5, p = 0.01 for both elastic modulus and yield stress, Figure
S9 C,F). We acknowledge that observed variations of collagen/NCPs relative
concentrations partially contribute to the observed variations of the mechanical properties.

Figure S9. Correlation between bone biochemistry parameters, as assessed by PRS, and
mechanical properties, as measured using micropillar compression.
(A-C) Correlation between the osteonal Mineral-to-matrix ratios (A), Crystallinity (B), Amide
III/CH-bending ratios (C) and the output elastic modulus.
(D-F) Correlation between the osteonal Mineral-to-matrix ratios (D), Crystallinity (E), Amide
III/CH-bending ratios (F) and the output yield stress.
(G-H) Correlation between the Amide I/CH-bending (G), Amide III/CH-bending ratios (H) and
the out-of-plane MCFs angle.
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D. SAXS measurements
1. Orientation analysis of MCF in MTLT

1000

2000

4

1000

0

4000
3000

2

2000

4

1000

0

4000

4000

3000

2

2000

4

1000

Y [mm]

2000

4

3000

2

θ = 88.76°±0.04°

θ = 63.43°±0.06°

0

4000

Y [mm]

3000

2

Y [mm]

Y [mm]

θ = 47.28°±0.08°

θ = 19.06°±0.05°
0

4000

Y [mm]

θ = 2.88°±0.06°
0

3000

2

2000
1000

4

6

0

0

5
X [mm]

10

6

0

0

5
X [mm]

10

6

0

0

5
X [mm]

10

6

0

0

5
X [mm]

10

0

0

2

4

6

X [mm]

2D SAXS

2D Nanography

The orientation of MCF were estimated from the azimuthal broadening of intensities
along the streak axis. For this, the azimuthal profiles were extracted in the q range of
0.356 - 0.783 nm-1 and fitted with the Lorentzian function. The angular position of the
maximum intensity was extracted for each fitted profile with respect to the surface normal
vector orientation, obtained from 2D Nanography (Figure S10). 2D Nanography was
obtained by representing the total intensity counts from 0.5 seconds frame on the detector
for each 0.01 mm steps sample movement in corresponding x and y direction. The mean
out-of-plane MCF angle 𝜃 was taken as the averaged position of the profiles maximum
intensity. Azimuthal scans and all the fittings were obtained using Matlab R2019b.

Azimuthal angle (º)

Azimuthal angle (º)

Azimuthal angle (º)

Azimuthal angle (º)

Azimuthal angle (º)

Figure S10. 2D Nanography and 2D SAXS profiles with schematically marked q-range and output
azimuthal profiles fitted with the Lorentzian function.

2. Ruland streak method for MCF misorientation estimation
We applied the Ruland analysis on the streak signal to quantify the alignment of MCF.
In this method, the azimuthal broadening of intensities along the streak axis, which relates
to the anisotropic scattering in the aligned fibrous samples, is evaluated [8,9]. From the
azimuthal broadening 𝐵𝑜𝑏𝑠 , the fibril length 𝑙𝑓 and misorientation width 𝐵𝑝ℎ𝑖 were
obtained from the following equation:
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𝐵𝑜𝑏𝑠 =

2𝜋
𝑙𝑓 𝑞

+ 𝐵𝑝ℎ𝑖 ,

(eq. S9)

where the azimuthal broadening 𝐵𝑜𝑏𝑠 is defined as the full width at half maximum
(FWHM) of the azimuthal profile fitted using the Lorentzian peak function at particular q
(bottom of Figure S10). In this study, azimuthal profiles were extracted in the q-range of
0.356 - 0.783 nm-1 with step size of 0.036 nm-1. The misorientation width was obtained
from the intercept of the 𝐵𝑜𝑏𝑠 vs. the inverse scattering vector modulus 𝑞 −1 , as presented
in Figure S11.
θ =2.88º±0.06º

θ =19.06º±0.05º

θ =47.28º±0.08º

θ =63.43º±0.06º

θ =88.76º±0.04º

Figure S11. Azimuthal broadening 𝐵𝑜𝑏𝑠 of the streak signal as a function of inverse scattering
vector modulus 𝑞 for MTLT samples presented together with the linear fit according to equation
S9 and output misorientation width 𝐵𝑝ℎ𝑖 .

E. Osteonal angle calculation
The spatial orientation of osteons was estimated using ImageJ 1.52v [10] and BoneJ
1.4.3 [11]. The main analysis steps are demonstrated in the Figure S12. All sample scans
were tilt corrected (Untilt Stack plugin) and correlated with the optical image to locate the
osteons of interest. Chosen osteons were cropped and binarized using Otsu's threshold
clustering algorithm. At the same time Haversian canal of the osteon was checked for
irregularities: only the top segment without branching or sudden changes in orientation
was used. Using the Moment of Inertia plugin, three orthogonal principal axes were
automatically determined for each Haversian canal and the rotation matrix in reference to
the stacks main axis was constructed. The out-of-plane orientation 𝜃 of each osteon was
taken as the angle between the principal axis along the Haversian canal and the z axis of
stacks (Figure S12, right). The angle was extracted from the rotation matrix and correlated
later with the polarized Raman measurements.
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Figure S12. Osteonal orientation determination steps using using ImageJ and BoneJ.
Left: micro-CT scan of the chosen sample was tilt corrected (Untilt Stack plugin) and correlated
with the optical image to locate the osteons of interest; stacks with the chosen osteon were
cropped and binarized. Right: snapshot of the 3D view on the binarized volume of interest (note:
Haversian canal is shown in white); three orthogonal principal axes (grey lines on the snapshot)
were automatically determined for each Haversian canal using the Moment of Inertia plugin, the
rotation matrix in reference to the stacks main axis (z axis on the figure) was constructed. The outof-plane orientation θ of each osteon was taken as the angle between the principal axis along the
Haversian canal and the z axis of the stacks.

F. Mechanical data manipulation
1. Mechanical modeling
Apparent elastic modulus E𝑎𝑝𝑝 was modeled as a function of collagen fibril
orientation. For this, a transversely isotropic compliance tensor (eq. S10) was rotated
around one axis from the transverse plane. By fitting the output equation (eq. S11), the
apparent elastic modulus was expressed as a function of the fibrils angle.
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Elastic moduli were extracted from micropillar compression tests and fibril orientation from
PRS measurements, where 𝐸𝑎 and 𝐸𝑡 − axial and transverse elastic modulus values
accordingly, 𝑎 and 𝑡 – Poisson ratios and 𝜇𝑎 − shear modulus.
Compliance tensor (eq. S10) was estimated based on the output elastic moduli from
the micropillar compression tests and is reported here for the sake of completeness.
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Yield stress was modeled as a function of collagen fibril orientation using the TsaiHill composite failure criterion [12]. For unidirectional fiber-reinforced composite materials
subjected to in-plane stress, the failure criterion is given by:
(

σa 2
σa σt
σt 2
τ 2
) − ( 2 ) + ( ) + ( ) = 1,
𝑋
𝑋
𝑌
𝑆

(S12)

where σa and σ𝑡 are the normal stresses along the axial and transverse directions of the
composite, respectively, whereas τ is the in-plane shear stress. X, Y and S symbolize
the longitudinal, transversal and shear strength of the composite [12].
Under uniaxial loading, the normal and shear stresses can be defined as a function of the
fiber angle 𝜃, as:
σ𝑎 = σ𝑥 cos 2 (𝜃),
σt = σ𝑥 sin2 (𝜃),
τ = σ𝑥 sin(𝜃) cos(𝜃),
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(S13)

where σ𝑥 is the stress applied along the loading axis [12]. For a composite having its
fibers oriented along 𝜃 = 0°, it is possible to express its strength with respect to the
uniaxial loading direction by inserting equations (S13) into equation (S12) [12]:
2

2

cos 2 (𝜃)
sin(𝜃) cos(𝜃) 2
sin2 (𝜃)
sin(𝜃) cos(𝜃) 2
σ𝑥 = ((
) − (
) +(
) +(
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𝑌
𝑆

−1/2

.

(S14)

2. Mechanical data over measurement time
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To assess whether or not an equilibrium state had been reached in terms of hydration
of the micropillars, it was checked whether the measured mechanical properties, i.e.
elastic modulus and yield stress, changed over time throughout the experimental
campaign. No significant trend was found for elastic modulus or yield stress (p>0.05) as
a function of time.
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Figure S13. Change of elastic modulus and yield stress within the measurement time. Values
were normalized over the day of measurements.
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