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Outline

(why ?) Mineralized Biological Tissues
e as hierarchical fibre composites
SAXS on mineralized fibrils: mechanics
e Meridional scattering features
e Data reduction for fibril mechanics
e Example data sets
WAXD on mineralized fibrils
e Data reduction for mineral mechanics
e Orientation and sample geometry
e Example data sets
SAXS on fibrils: orientation
e |dentification and background correction
SAXS on fibrils: radial deformation
e Approximate methods
Summary
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Bone as a hierarchical material

Tissue Material
compact spongy .
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J. P. Gorski, Calcif. Tissue Int. 1992




The Key Mechanical Quality of Bone
Combination of Two Complementary Properties

Elastic modulus

120 7

100 { ___

Typical stress
strain curve of
bone in tension
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Elastic modulus:

Resistance to reversible
(small) deformation

Ashby and Wegst, 2000
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The nano-composite nature of the bone matrix
How does it contribute to toughness?

poo 400 r] |
&

Collagen
fibril

Mineral particle

collagen fibrils
100 — 200 nm diameter
axial periodicity in electron density
with period D =64 - 67 nm
triple helical collagen molecules, ~
300 nmlong, 1.2 = 1.5 nm lateral
spacing (Ottani et al Micron 2004)

apatite mineral

carbonated apatite platelets;
3 — 5 nm thick, 30 — 50 nm wide (W. J.

Landis et al J. Struct. Biol. 1996, Rubin
et al , Bone, 2004)

noncollageneous proteins
phosphorylated, -vely charged,
amorphous; ~ 1 -2 wt % bone
osteopontin, osteocalcin (Nanci et al,
J. Struct. Biol 1999)
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SAXD diffraction spectrum from mineralized collagen fibril

D = SAXS
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Collagen helical Yy
pitch d
|
|
— |
Meridional: axial i

(/’,_/ D spacing

Equatorial diffraction: lateral spacing
de

Image courtesy of Peter Fratzl, Max Planck Institute of Colloids and Interfaces
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SAXD diffraction spectrum from unmineralized collagen fibril
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D period

* Intendon collagen, O/D ~ 0.48
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Importance of Aligning Fibrous Texture with X-ray Beam

Mineralized
Collagen

< Fibril

(MCF)

N

X,rdy

Ewald sphere

A. Karunaratne et al, Methods in Enzymology (2014)



Principle

Design micromechanical rig
Fit into sample stage on 122

Figure out what the changes in SAXS/WAXD

' I
' I
| I
' I
' I
| I
: DEFORM! !
: :
' I
| I
: patterns mean ... :
| I

Build a model or propose a mechanism

2 b <Y

Applications (biomaterial / biomedical)




Schematic of an In situ SAXS/WAXD deformation setup

Micro tensile ¥
BeamStoP  testing machine
o

Grips

Test specimen

test sample

L Ink markers Inside the fluid chamber

CCDCameraview

A. Karunaratne et al, in review



A representative SAXS spectrum of mineralized collagen
Multiple structural contributions need to be separated

SAXD: meridional spectrum from collagen

l

Mineral SAXS: Diffuse scattering
platelet: from mineral
Orientation,
h N=5
>Nape, (trust me)

size

D stagger in fibril

Direction of fibrils

S. Krauss et al, Bone (2009)



Setting up the integration zone
Inherently approximate; count statistics

Figure out which is the main direction
e Sample structure
Make your sector large enough to include
“most” of the intensity
Trade-off between angular size and statistics

Intensity [a.u.]
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Meridional SAXD: Fit functions
Gaussian + linear background
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Intensity [a.u.]
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empirical; getting rid of SAXS scattering



Intensity [a.u.]

Meridional SAXD: Correcting for background
Empty cell correction or not?

120 16
Scaled x (raw — transmission x EB) .. |+ Minimal effects on
100 - / o]  peak position
80 A g 104 Linear background
50 Raw % 0s1  term is sufficient
*u:) o6 ® Significant
40 Empty cell/empty beam é 04 { Contraction?
201 .
0.0 -
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Force (pM)

Defining fibril strain

. _D(ET)—D(gTzo) icitl _
F D(e; = 0) Implicitly, we are assuming a

homogeneous fibril deformation

@ * The ab-initio modellers may have

something to say about that
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Launey et al, Annu.Rev. Mater. Res. (2010)
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First physicallx relevant plots: Fibril strain vs Tissue strain

Test specime

test sample
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H. S. Gupta et al, Nano Lett (2005)



Merging data from multiple samples:
Don’t be surprised by significant scatter in biological samples

1.0 -
®
S o o ®
= @ ®
g @ @
(7))
= ®
2 *
\.’ o. e
° @ o
® ¢
®
8 ®
®
0y ©
®
®
1.0 15

Tissue strain [%]



Binning the data to extracting mean trends
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Data from experiments reported in H. S. Gupta et al, PNAS (2006)



Example: Altered Fibrillar Mechanics in Metabolic Bone Diseases
Hypophosphataemic rickets

100

80

» Effective fibril modulus increased by 15 GPa in

B 4 weeks
@ 7 weeks
A 10 weeks
B Wild type

M Hpr

Stress vs. Fibril strain %

wild type mice and only 2 GPa in rickety mice

from 4 weeks to 10 weeks - increased amount
of mineral nano particle reinforcement.
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SAXD diffraction spectrum from mineralized collagen fibril

D = SAXS
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Hierarchical fibre composites: Example WAXD spectrum

Collagen fibers

extended direction

Texture/orienta

A

AL

Hydroxyapatite
(HAp)

Calo(l)04)6{0H}l
@c:ep OO0 @oH

tion along fibre

but again angular distribution
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Intensity (a. u.)
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% 0002 peak

200 -
q=2n/D
100 - /
0 T I I
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q(nnt)

You will not get a narrower alignment

of mineral than fibrils

Intrinsic poor crystallinity of apatite

T. Nakano et al, Bone (2002)



Tilting to measure on-fibre deformation
Assuming changes in SAXS spectrum minimal

Need two conditions:
e Alignment of mineral
platelets with fibrils with

Z  sample
Q,

e Tilting the tensile test

Incident X-ray
stage by 7 the Bragg

angle for the c-axis

reflection (maps the

fibril)

Apatite hcp lattice

A. Karunaratne et al, Methods in

Ewald sphere trace Enzymology (2014)



Setup of a combined SAXS/WAXD experiment

mineral strain

ensile axis

Fibril strain

Ultra-SAXS (USAXS)/Lonfig/l()m ||

- water

Cellophane tab

Local miniflui
chamber




Mineral strain [%]

Yes, it does make a difference ...
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Stretching versus rotation
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tissue strain [%]

L]
~~

extension

rotation %

Data from experiments reported
in H. S. Gupta et al, PNAS (2006)




Representative experimental results

Mineral and Fibril strains

Tissue strain [%)]
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Data from experiments reported in H. S. Gupta et al, PNAS (2006)



An explicit structural model is essential
to integrate multiscale strain measurements

Tissue & Organ Fibril Array Mineralized Fibril
Levels Antler Level 1 Level 2
~1lm ~1um ~ 100 nm diameter
A p A N
. tensile stress r N E~ G i
c " | ~+—Ep, & ¢ ¢ 7Ic | mineral
k=) X / e ds
ig ‘,u" o pla.telet
U(II')) n““‘ > E
3 - 5 : collagen
o — o : .
e T ,(?D, : matrix
3 =
o =
L
1 E 5
5 : = =
: : — c
‘ ' . :'n. 8
...'u Q
©
L )
onitudinal ) al ) Fibril dM c
ongitudinal section, cortica &
1 - M1 EM
(a) antler bone ~ 200 um width (b) Ere G 17 Interfibrillar ’ (C)
matrix

H. S. Gupta et al, ]IMBBM (2013)



50 1

N
o

tissue stress o, [MPa]

Back to the original fit function:
variations in width term and their physical interpretation

Broadening of 1(q)

w
o

N
o

=
o

e Increasing distribution f

fibril strain

e Need to check that

scattering vector g [nm™]

0.26 0.28 0.30 .
‘ ‘ | integrated area ~ const

100 |
90 |
80 A
70 A

60 -

integrated intensity 1(q) [a.u.]

tissue strain o [%
7 [%0] S. Krauss et al, Bone (2009)



Widths: correct for instrumental broadening
No golden rule; use a highly oriented collagen

—@— before correction
1.0 - A —— after correction
\ —/— rat tail tendon

0.8 1

0.6 -

0.4 -

0.2 -

standardized Intensity 1(q) [a.u.]

.

0.27 0.28 0.29 0.30 0.31
standardized scattering vector g [nm™]

S. Krauss et al, Bone (2009)



Increase in width of I(g) occurs as the tissue becomes inelastic
Correlate to the tissue mechanics

4

, 50
3] T
— 40 O
S, =
wu_ ) b@
c L] 30 2
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o ’ 7
T 3
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ﬁ 10 T

0 1 0

Tissue strain & [%]

S. Krauss et al, Bone (2009)



fibril strain &_ [%]

Inhomogeneous deformation in the post yield region
Example of the nanoscale toughening in antler bone

(a)
O

elastic inelastic /‘m]_.-—-—‘
| - %
| fn
(

I"'

(b)
(1)
SEss
M_E M
- — - —— - F—e |
0 1 2 3 4
tissue strain e [%] =i .

S. Krauss et al Bone (2009)



Background subtraction
Especially important in mineralized tissues due to strong SAXS bgr

Mineral-scattering I...(x)

Mineral and collagen
scattering I(y;q,)

A. Karunaratne et al, in review



Fitting the data

Scattering intensity from mineral and collagen
3e+4

e Subtracting diffuse background

w
D
+
I

Mineral _ _ .
from the oriented signal is

important

e Especially for inorganic/organic

Scattering Intensity (a.u.)
= N N
(9] (9] (9]
+ + +
NN EAN NN

5e+3 composites like bone
Scattering from Collagen
0 . . .
0 100 200 300 Scattering intensity from collgen
Azimuthal degrees | aess
S 3e+3 -
©
 Correct method will be to take > 2
= _
c
o W= (sz-sz)l/z g
(@)}
 Wfis the width of a single fibril in % :
the lateral direction g » FWHM = Fibril Orientation
- e T T T T
e ~1/R (1 zero (2J,(gR)/qR))? 100 150 200 250

A. Karunaratne et al, in review Azimuthal degrees
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o

FWHM (degrees)

10

Direction of orientation and Degree of orientation
A first approximation: example of osteoporotic bone

Full width at half maximum (FWHM)

. Wild-type

® cor

**

:

¢

Wild-type GIOP

Scattering intensity from collgen

4e+3

)

S 3e+3
S

~ 2e+3
le+3 4

-le+3 4

Scattering Intensity

‘/ FWHM \

/\

_—

-2e+3

100

150 200 250
Azimuthal degrees

Wild-type Criy 1205

A. Karunaratne et al, in review



If by Fibres you mean anisotropic inclusions ...
The method of Fratzl et al Wild-type

Degree of ellipticity of
the SAXS signal

Degree of alighnment
of mineral platelets

voo. IEEE  “ENA DENNNE S

L N




An example of mineral
alignment with

development
L4-vertebral data (P. Fratzl et al)
e Shows clearly that mineral
platelets become more aligned
with development
e However, be aware of 3D
orientation effects

P. Roschger et al, J. Struct. Biol. (2001)



A third aspect of SAXD spectrum for tendon collagen
Lateral deformation

* Time resolved SAXD
during stress relaxatior
of tendon collagen

stress

time

number of fibrils N(r)

0 100 200 300 400 500 600

H. S. Gupta et al, J.Struct. Biol. (2010); H. R. C. Screen et al Soft Matter (2011) fibril radius R [nm]



Approximate method
Assume all fibrils have the same percentage reduction in radius

1@ =¢[ pRIF @R d = pr)[penRZ]z(%] d.|

...@.

. o *| =—»—— undeformed
© " X 5 ‘| - % - start holding (1)
1. "™ 3 ) start holding (2)
©© o.o. o[". |
. = 8 ’ .o
S, 7 .
=
= 6 -
it 2D
1. 1(g;e, =0) !
(g, Jrs, =21 ..(q 20, Xy
. 3 Iae ) | ==
L e e e o e e e e e - 1 0.1 0.15
g [nm"]
8 oa T | (g;&, =0)
I R 7ZR2 — ¢ 2 . _ d ' D
(q gt)_? 3(1 t)g_c[p( )[pe ]{ 3} (q 2 4% (1_+_gt )3 r



The result: Fibrillar swelling during axial relaxation

. - 2.46
§' i - 32
£ - 2.44 X I
S 1 = o
+ g S
n T =
D - 242 = o
(7)) L

7 - 240 S 5
C S
g
= - 2.38 g

0.1 1 10 100 1000

* In excess of volume conservation
implying extrafibrillar diffusion
e No specific assumptions on size

H. R.C. Screen et al, Soft Matter (2011) distributions



Summary
Case study : mineralized fibrils in bone-like tissues
Extracting mechanics at multiple scales:
e fibril strain,
e heterogeneous fibril deformation
e Mineral platelet strain

Interaction of sample geometry and spectra
obtained
Method general: applied to
e Tendon collagen, muscle, mineralized collagen
in bone, enamels and other high-ceramic
“fiber” composites
e Geometry of the 3D SAXD pattern in each case
has to be considered separately
e Mechanics is different from the “invariants”
and other integral measures that have been
discussed before
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