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ABSTRACT: Bone is a hierarchical material primarily composed of collagen, water, and mineral that is organized
into discrete molecular, nano-, micro-, and macroscale structural components. In contrast to the structural
knowledge of the collagen and mineral domains, the nanoscale porosity of bone is poorly understood. In this study,
we introduce a well-established pore characterization technique, positron annihilation lifetime spectroscopy (PALS),
to probe the nanoscale size and distribution of each component domain by analyzing pore sizes inherent to hydrated
bone together with pores generated by successive removal of water and then organic matrix (including collagen and
noncollagenous proteins) from samples of cortical bovine femur. Combining the PALS results with simulated pore
size distribution (PSD) results from collagen molecule and microfibril structure, we identify pores with diameter of
0.6 nm that suggest porosity within the collagen molecule regardless of the presence of mineral and water. We find
that water occupies three larger domain size regions with nominal mean diameters of 1.1, 1.9, and 4.0 nm—spaces
that are hypothesized to associate with intercollagen molecular spaces, terminal segments (d-spacing) within
collagen microfibrils, and interface spacing between collagen and mineral structure, respectively. Subsequent
removal of the organic matrix determines a structural pore size of 5—6 nm for deproteinized bone—suggesting the
average spacing between mineral lamella. An independent method to deduce the average mineral spacing from
specific surface area (SSA) measurements of the deproteinized sample is presented and compared with the PALS
results. Together, the combined PALS and SSA results set a range on the mean mineral lamella thickness of 4—8 nm.

KEYWORDS: bone, positron annihilation lifetime spectroscopy (PALS), nanocomposite, hierarchical structure, porosity,
mineral lamella, collagen

of protein fibrils (primarily type I collagen), polycrystal-
line mineral (carbonated hydroxyapatite), and

B one is a complex hierarchical nanocomposite consisting

water."™* The weight fraction range reported for each Received: September 4, 2020
component is 18—25%, 65—70%, and 10—12%, respectively, Accepted: February 18, 2021
and the volume fraction range of each component is 32—44%, Published: February 23, 2021

33—43%, and 15—25%, respectively.s_11 The hierarchical
structure of the bone composite from macroscopic to
microscopic size scales results in stiffness and toughness

© 2021 American Chemical Society https://dx.doi.org/10.1021/acsnano.0c07478

W ACS Publications 4321 ACS Nano 2021, 15, 4321-4334


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Taeyong+Ahn"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="David+W.+Gidley"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Aaron+W.+Thornton"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Antek+G.+Wong-Foy"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bradford+G.+Orr"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kenneth+M.+Kozloff"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kenneth+M.+Kozloff"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mark+M.+Banaszak+Holl"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsnano.0c07478&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c07478?ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c07478?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c07478?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c07478?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c07478?fig=tgr1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c07478?fig=tgr1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c07478?fig=tgr1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c07478?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/ancac3/15/3?ref=pdf
https://pubs.acs.org/toc/ancac3/15/3?ref=pdf
https://pubs.acs.org/toc/ancac3/15/3?ref=pdf
https://pubs.acs.org/toc/ancac3/15/3?ref=pdf
www.acsnano.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acsnano.0c07478?ref=pdf
https://www.acsnano.org?ref=pdf
https://www.acsnano.org?ref=pdf

ACS Nano

www.acsnano.org

Trabecular packet
and lamella

Trabecular bone

Osteon and
lamella

Cortical bone

Collagen / Mineral

W\

Mineralized composite Alpha \
C?Itljagen chains
ibers

M
\

Crystal

Microstructure Nanostructure
Organ and and and Molecular
tissue sub-microstructure ultrastructure structure
107"m 107*m 107m 10°m 107"%m

Figure 1. Schematic showing a hierarchical nature of the bone structure from macro to molecular level.>® This study probes the
nanostructure, ultrastructure and molecular structure of bone by utilizing positron annihilation lifetime spectroscopy (PALS). Reprinted with

permission from ref 38. Copyright 2014 Elsevier.

properties exceeding those of the individual components.”
Mechanical heterogeneity related to these multiple length
scales present in bone has also been proposed to reduce
microcrack formation by contributing to both ductility and
energy dissipation.'”™"*

With the u-CT technique, the micro and submicrostructure
of bone (Figure 1), such as osteonal and Volkmann canals
(50—100 pm) and smaller lacuna-canalicular network spaces
(100—200 nm) have been studied.””~"” Recently, Peryin and
co-workers have advanced the understanding of the ultra-
structure in bone by employing synchrotron nano-CT having
30—60 nm voxel sizes.'"™*' Specifically related to recent
findings regarding the lacuna-canalicular network with
synchrotron nano-CT, Wittig et al.”> found enlarged spaces
where multiple canaliculi cross (canalicular junctions) and Yu
et al.”' estimated the volume fraction of the lacuna-canalicular
network to be on average 1.45% (lacunae, 1.1%; canaliculi,
0.35%) of the total bone volume. In addition to synchrotron
nano-CT, the ultra and nanostructure of bone (Figure 1) has
been characterized by a number of techniques including
scanning electron microscope (SEM),23 transmission electron
microscope (TEM),”* X-ray diffraction (XRD),” and atomic
force microscope (AFM).”° On the basis of a variety of
experimental physicochemical data including XRD and SEM,
Petruska and Hodge proposed an average two-dimensional
structure of staggered collagen molecules in bone with a
regular 67 nm repeating unit.”” On the basis of a more detailed
XRD study, Orgel et al. developed a fully three-dimensional
average packing model illustrating how collagen molecules
pack to form microfibrils.”® Before Orgel and his colleagues’
work on the three-dimensional packing of the collagen
structure, the widely accepted model of the mineralized fibril
in bone contained staggered collagen molecules uniaxially
aligned with mineral plates located between collagen micro-
fibrils.>***° However, the physical dimensions reported for the
mineral plates assuming this simple model (length = 15—50
nm, width = 2—30 nm, and thickness = 0.6—10 nm) exhibit
awide variation that has been attributed to a number of
possible factors including differences in animal species, tissue
locations, and sample preparation,” as well as the variation in
sensitivity/resolution of the characterization techniques
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themselves (AFM,>' TEM,*>** and XRD).>****> Moreover,
recent high-resolution 3D scanning transmission electron
microscopy (STEM) tomography studies suggest that the
well-ordered uniform mineral plate model depicted in Figure 1
is too simplistic. Grandfield et al.* report that most of the
mineral of human cortical bone occurs as “mineral lamellae”.
Not to be confused with the larger 3—S pm microstructural
features that are observed through polarized light microscopy,
mineral lamellae refer to long thin polycrystalline layers, some
of which are flat and stacked between collagen fibrils and
others that curve in segments around the fibrils. No
observation is made of the lateral shape of the lamellae but
studies by Reznikov et al. indicate the presence of 100 nm
stacked clusters of irregular shaped platelets (formed by
combining long acicular crystals ~5 nm across) that are
continuous across the fibrillar collagen structure.’”

This evolving and more complex view of the three-
component nanocomposite “ultrastructure” of bone prompted
us to consider a technique, positron annihilation lifetime
spectroscopy (PALS),”” with proven sensitivity to voids/pores
at the nanometer and subnanometer scale. Open (empty)
pores play a crucial enabling role in this study. In addition to
measurements on hydrated bone structure, dehydration allows
measurement of voids templated by the water-filled pores, and
deproteinization reveals the open space between the mineral
components. In this Article, we present the hierarchy in pore
size of voids presented in hydrated bone, water-filled pores,
and average mineral spacing in bovine cortical bone as revealed
by PALS. For comparison with these results, we also present an
independent method to combine traditional measurements of
specific surface area (SSA) of deproteinized bone mineral with
a simple measurement of the corresponding porosity (ratio of
void volume to total volume) to independently determine the
average mineral lamella spacing. Furthermore, our deduced
spacing range, when limited by the measured porosity and the
reported lateral size ranges of the lamellae, sets a narrower
range on average mineral thickness than previously published.

Positron Annihilation Lifetime Spectroscopy (PALS)
for Porosity Characterization. Unlike the material charac-
terization techniques employed to date to characterize bone,
such as SEM, TEM, XRD, AFM, and SSA, whose signal

https://dx.doi.org/10.1021/acsnano.0c07478
ACS Nano 2021, 15, 4321-4334


https://pubs.acs.org/doi/10.1021/acsnano.0c07478?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c07478?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c07478?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c07478?fig=fig1&ref=pdf
www.acsnano.org?ref=pdf
https://dx.doi.org/10.1021/acsnano.0c07478?ref=pdf

intensity derives from the physical presence of solid material,
PALS utilizes positronium (Ps, the hydrogen-like bound state
of an electron and its antiparticle, the positron) to detect and
probe the absence of material (i.e, voids or pores). Ps is
naturally formed by electron capture when positrons from a
radioactive f#*-decay source stop in a porous material, and the
Ps so formed is energetically driven to localize in the open
volume pores. The positron in Ps will annihilate with either its
bound electron or with electrons in the material surrounding
the pore, and it is this latter process that becomes increasingly
dominant at the nanometer pore size. As a result, the average
Ps annihilation lifetime measured in PALS can be directly
related to pore size. The sensitivity range of PALS to pore size
is ~0.3—30 nm.” The method has been employed to measure
size and distribution of open void volumes in many materials
including polymer composites,”’ unmineralized collagen, and
denatured collagen in the form of gelatin.*"** PALS has been
cross checked with other porosity measurement techniques,
such as ellipsometric porosimetry (EP), nitrogen gas
adsorption, and small angle neutron scattering (SANS).**
Despite its widespread and well-documented application in
probing voids in hard and soft materials for some 50 years,
PALS has not been previously used to systematically study
bone nanocomposite. PALS pore data complements the data
from XRD, TEM, AFM, and SSA to present a fuller picture of
nanoscale structure (collagen, mineral, and water) of bone.

Mass and Volume Measurements of Mineral, Protein,
and Water Constituents in Bovine Femur. Mass (by
precision balance) and total volume (by yu-CT) were measured
at each stage of processing for hydrated, dehydrated, and
deproteinized bone samples. The total sample volume did not
change significantly under treatment conditions (Table S1).
Consistent with the literature,” '* it was found that water
makes up 12% of the sample bone mass while the organic
matrix accounts for 20% of the bone mass (Table 1). For

Table 1. Summary of Mass and Volume Constituents of One
Gram of Hydrated Bovine Femur

mass densitgr mass volume volume
constituent fraction (%)  (g/cm’) (2) (em?®) fraction (%)
free water” 12 1.0 0.12 0.120 24.3
organic 20 1.3% 020  0.154 313
matrix”
mineral 68 3.1% 068 0219 44.4
total 100 1.00 0.493 100

“Free water: Water removed under the vacuum condition at 80 °C.
bOrganic matrix includes collagen and noncollagenous proteins.

samples dried below 100 °C after the chemical deproteiniza-
tion process, the mineral accounts for the remaining 68% of
the bone mass. However, ashing (thermally removing collagen
and other organic materials at high temperature) of the bovine
femur at 600 °C revealed the mineral mass fraction to be 66%
where an additional 2% water was further removed by high
temperature (600 °C). This is also consistent with literature
reporting that more tightly bound water is released at elevated
temperature (>500 °C).** Therefore, the deproteinization
from chemical treatment is completed with 2% of water by
mass remaining in the mineral content of bone. We treat this
bound water as occupying no explicit volume fraction except
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insofar as to add mass and some small volume to the mineral.
The relative volume occupied by these component masses can
then be estimated using accepted values for the respective
densities of water, collagen (since collagen is the largest
component in the organic matrix), and hydroxyapatite as
presented in Table 1. The porosity (P) of a sample is defined
as the fraction of the total volume that is void. After
dehydration, we expect P to be 24.3 = 0.5% (the volume
fraction of free water removed as shown in Table 1), whereas
after deproteinization and dehydration, we expect P to be 55.6
+ 1.0% (with the error ranges on P determined by how the
bound water volume fraction is handled).

Specific Surface Area (SSA) of Deproteinized Bovine
Femur by Nitrogen Adsorption. The SSA and pore volume
distribution were measured with a Quantachrome-NOVA
nitrogen adsorption analyzer. From a Brunauer—Emmett—
Teller (BET) analysis of the adsorption isotherm, the SSA of
the deproteinized bone was 118 m*/g mineral (not per gram of
bone). This is in a good agreement with earlier bovine femur
SSA measurements around 100—115 m?/g using BET.***
However, more recent determinations using cross polarization
NMR spectroscopy on mice and chicken bones present higher
SSA values in the 137—177 mz/g range (the mean value of the
individual SSA values is 154 + 15 m?/ g).48 Utilizing the
nonlocal density functional theory (NLDFT)* adsorption
model, the pore volume distribution was computed for
deproteinized bone (Figure 2).

0.0040 +

Pore Volume (cc/g)

5 10

15 20
Pore Diameter (nm)

25 30

Figure 2. NLDFT pore size distribution from nitrogen adsorption
data of the deproteinized bovine femur based on a cylindrical/
spherical pore model shows a bimodal distribution.

PALS on Intact Collagen from Rat Tail Tendon,
Collagen Powder from Bovine Tendon, and Deminer-
alized Bovine Femur. To provide a control for the
demineralized bone femur data, we obtained PALS spectra
from intact rat tail tendon collagen (vacuum-dried without
heating) and collagen powder from bovine tendon under the
three experimental conditions (as-received in air, vacuum-dried
without heating, and vacuum-dried at 80 °C). Both the rat tail
and bovine tendon powder collagen samples required two Ps
(positronium) lifetimes, ~1.4 and ~3 ns, for adequate fitting.
As shown in Table 2, these two lifetimes were converted into
corresponding pore sizes based on different assumed pore
geometries. Assuming either a spherical or long cylindrical pore
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Table 2. Summary of Ps Lifetime Components and Corresponding Pore Sizes Based on Different Geometries of Collagen®

intact collagen from rat tail tendon

1.48 + 0.03 ns 3.09 + 0.06 ns
0.459 + 0.007 nm 0.732 + 0.008 nm
0.356 + 0.006 nm 0.593 + 0.007 nm
7.1 £ 0.1% 22 + 02%

Ps lifetimes
D sphere
D cylinder

Ps intensity

collagen powder from bovine tendon

1.40 + 0.03 ns
0.440 + 0.007 nm
0.340 + 0.006 nm
7.1 + 0.1%

demineralized bovine femur

1.28 + 0.04 ns 2.70 + 0.0S ns
0.411 + 0.010 nm 0.678 + 0.007 nm
0.314 + 0.009 nm 0.546 + 0.006 nm
2.9%" 1.79%"

290 + 0.03 ns
0.706 + 0.004 nm
0.571 + 0.004 nm
5.9 + 0.2%

“Identical values were obtained for as-received material and that vacuum dried at 80 °C. Intensity indicates the percentage of positrons from the
source that annihilate as positronium in each lifetime component. “Absolute Ps intensity should be ignored since the radioactive source was
partially dissolved by water leaching out of demineralized collagen during the data acquisition

shape yields the diameters Do, O D yjinger- While Ps lifetime
reflects pore size, Ps intensity is a measure of the fraction of
positrons from the source that annihilate as Ps in each pore
and, thus, reflects relative amounts of each corresponding pore
size. Our discrete two-lifetime spectrum fitting does not rule
out the possibility that collagen has a distribution of Ps lifetimes
over the ~1-3 ns range for which two discrete lifetimes
adequately account for the breadth of the distribution. Indeed,
the intensity-weighted average Ps lifetime for each sample is
about 2 ns. Thus, there could be a corresponding distribution
in pore sizes in collagen about a mean pore diameter (~0.56
nm for a sphere and ~0.45 nm for a cylinder from the Ps
lifetime of 2.0 ns). PALS data on the demineralized bovine
femur exhibited two lifetimes, 1.28 + 0.04 ns and 2.70 + 0.05
ns, which are similar to those of the rat tail collagen and the
collagen powder, suggesting commonly conserved collagen
pores across hydrated, dehydrated, and demineralized sources.
It should be noted that substantial shrinkage of 50% or more in
total volume accompanied dehydration of the rat tail tendon
and the demineralized bovine femur (the collagen powder was
already partially air-dried as received) indicating that the
subnanometer voids deduced in Table 2 are those that survived
a more widespread pore collapse and collagen helix
reorientation. The lack of any larger remnant water voids in
dehydrated collagen should be contrasted with the hierarchy of
pores observed in the next section for dehydrated bone with its
support structure of rigid mineral to curtail collapse.

PALS on Hydrated and Dehydrated Bovine Femurs.
The cortical portion of bovine femur was chosen for this study
because it provided a large enough volume of bone mass to
fully stop the energetic source positrons thereby maximizing
the Ps signal while maintaining the ability to process samples
into desired shapes. Since the depth of positron penetration of
bulk PALS is up to ~1 mm, a sample thickness of >1 mm was
chosen. The following experimental tests were chosen with
sample identifiers noted (Table 3, Figure S1). Hydrated 1
sample was tested to characterize pores in bone when water,
organic matrix and mineral components were still present. The
same hydrated 1 sample was serially dehydrated (dehydrated
1) and demineralized (demineralized bovine femur). Reprodu-
cibility within identical samples and preparation conditions
were assessed using sample treatments dehydrated 1 and
dehydrated 2. To determine whether the heat applied for the
dehydration process affected the nanoscale pore structure,
dehydrated 1, dehydrated 2, and dehydrated 3 were compared.
Impact of source location on Ps intensity and lifetimes was
assessed using dehydrated 4. Sample thickness and chemical
treatment effects on Ps intensity were assessed using
deproteinized 1, deproteinized 2, deproteinized 3, and
deproteinized 4. For dehydrated 2 and deproteinized 3 and
dehydrated 3 and deproteinized 4, the same bovine femur
pieces were serially dehydrated and deproteinized.
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Table 3. Summary of Bovine Femur Samples Employed in
the Paper with the Experimental Conditions

sample
thickness sample
sample name (mm) geometry sample treatment
hydrated 1 3.5 single sonicated in nanopure water
femur® for 4 min
dehydrated 1 3.5 single femur  dehydrated overnight at 80
°C under vacuum
dehydrated 2 3.5 single femur dehydrated overnight at 80
°C under vacuum
dehydrated 3 3.5 single femur dehydrated overnight under
vacuum with no heat
dehydrated 4 3.5 two femora”  dehydrated overnight at 80
°C under vacuum
deproteinized 1 1 single femur  8.25% bleach for over 30 days
deproteinized 2 1 single femur 2.6% bleach for over 30 days
deproteinized 3 3.5 single femur  8.25% bleach for over 30 days
deproteinized 4 3.5 single femur  2.6% bleach for over 30 days
ashed bovine 3.5 single 600 °C for 18 h, further
femur femur/ granulated after an initial
granulated ~ PALS measurement on the
same intact ashed femur
demineralized 3.5 single femur 20% EDTA for over 30 days

bovine femur

collagen powder granulated  dehydrated under vacuum at
80 °C and with no heat
rat tail tendon segmented  dehydrated under vacuum

with no heat
“Single femur indicates that one bovine femur covering the
radioactive source for PALS measurement. “Two femora indicate
that two bovine femur pieces engulfing the radioactive source for
PALS measurement.

PALS fitting of hydrated bone spectra shows a single Ps
lifetime value of 1.81 + 0.0S ns (Table 4) or two Ps lifetime
values of 1.02 + 0.05 ns and 1.95 + 0.02 ns, depending on
whether one or two lifetime components were utilized to fit the
Ps spectra. Notably, no Ps lifetime components longer than
195 ns were identified for the hydrated sample. Upon
dehydration, the 2.2 ns lifetime component, which is in a
comparable Ps lifetime range to the Ps lifetime values from
both hydrated femur (~1.8 ns) and three different collagen
sources in Table 2, persists along with the appearance of three
new longer lifetime components of 6.5, 21, and 56 ns (Figure
3, Table 4). The pores corresponding to Ps lifetime shorter
than 2.2 ns existed regardless of water presence in bone and
showed the highest Ps intensity, while the pores emerging
following dehydration and corresponding to Ps lifetimes 6.5
and 21 ns displayed an equal intensity between them. The
pores corresponding to Ps lifetime 56 ns showed the smallest
occupation by Ps. Vacuum drying with or without 80 °C
heating did not affect the lifetime or intensity values as long as
the sample was evacuated under vacuum for at least 24 h. All
but the subnanometer voids (~2.2 ns Ps lifetime component)

https://dx.doi.org/10.1021/acsnano.0c07478
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Table 4. Summary of Average Ps Lifetime Components and Corresponding Pore Sizes Based on Different Pore Geometries
Measured from Hydrated and Dehydrated Bovine Femurs (an Average of Dehydrated 1—3)“

Ps lifetime

Ps lifetimes in hydrated/dehydrated states

1.81 + 0.05/2.16 + 0.06 ns

D sphere 0.53 + 0.01/0.59 + 0.01 nm
D cylinder 0.42 + 0.01/0.47 + 0.01 nm
X slab® 0.27 + 0.01/0.30 + 0.01 nm
Ps intensity 49 + 0.2%

Ps lifetimes appearing in dehydrated state

6.5 + 0.2 ns 214 + 0.7 ns 56.0 + 1.5 ns
1.08 + 0.01 nm 1.92 + 0.03 nm 4.01 + 0.14 nm
0.90 + 0.01 nm 1.61 + 0.03 nm 3.07 £ 0.08 nm
0.63 + 0.01 nm 1.20 + 0.02 nm 2.11 £+ 0.0S nm
2.3 + 0.1% 22 + 0.1% 1.5 + 0.1%

“The first column highlights the comparison between the smallest pores present in both the hydrated and dehydrated bone samples. bX slab

indicates an empty space between two infinite area slabs.

6 T T
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Figure 3. Four fitted Ps lifetimes and their corresponding fitted Ps
intensities for dehydrated bovine cortical femur bone. Dehydrated
1 and dehydrated 2 were dehydrated under vacuum with heat.
Dehydrated 3 was dehydrated under vacuum with no heat.
Dehydrated 4 (two bovine femur pieces surrounding the source)
had its fitted intensities reduced by a normalization factor to
account for its special source geometry. The four independent
sample treatments showed consistent results.

are the result of removing the “free water” (see Table 1) to
produce a 24.3% porosity organic—mineral bone nano-
composite. In addition to the dehydrated bovine femur
samples in Figure 3, we also tested a dehydrated mouse
tibia, chicken femur, and rabbit femur. PALS data collected
from the four animal species (Figure S6) displayed comparable
Ps lifetime and intensity values. This suggests that the
nanoscale pore structures occupied by water are similar across
different animal species and bone locations despite differing
lamellar microstructures.

PALS on Deproteinized Bovine Femurs. A variety of
deproteinization treatments involving different bleach concen-
trations, durations, and temperatures up to 50 °C were utilized
for bovine bone samples ranging in thickness from 1 to 3.5
mm. It was found that all of the treatments asymptotically
converged where the final dehydrated and deproteinized
sample weighed 68% of the hydrated bone mass (Table 1).
To confirm the complete deproteinization process by bleach, a
bovine bone sample was ashed at 600 °C for 18 h. The ashed
bovine sample showed 66% weighed mass fraction. The 2%
mass fraction differential between the bleached and ashed
bovine samples could be explained by the removal of bound
water (water that could be only removed under high
temperature). Thus, low temperature bleach deproteinization
is complete without the irreversible mineral nanostructure
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change observed in the PALS results from the ashed bovine
sample (see Figure S3 and Table S2).

The PALS spectrum for bleached deproteinized bovine
femur is both quantitatively and qualitatively different from the
spectra obtained on dehydrated bone. Deproteinization shifted
the dominant fitted Ps lifetimes upward into the 75—110 ns
range (Figure 4). All other components, except that of the

. T
9 ---e-- Dehydrated 1+2+3 ]
1 ---e--- Deproteinized 1

e Deproteinized 4

o]
1
1

Ps Intensity (%)
S (3]
1 1
= =]
1 1

w
1
P
1

T T
1 10 100

Ps Lifetime (ns)

Figure 4. PALS discrete lifetime fitting results for deproteinized 1,
2, and 4 bone samples. Average data for dehydrated 1, 2, and 3
bone is provided for comparison. Dehydrated 3 and deproteinized
4 data are from the same bovine femur piece. The black dotted line
guides the eye through dehydrated sample data. The blue dotted
line connects data from the deproteinized samples.

subnanometer voids, effectively disappeared in these high
porosity mineral samples for which the void volume fraction of
55.6% is larger than the mineral volume fraction of 44.4%.
Additionally, PALS data from deproteinized 1 (treated in
8.25% bleach) and deproteinized 2 (treated in 2.6% bleach)
confirm there is no change observed by PALS in nanoscale
porosity as a function of two different bleach (sodium
hypochlorite) concentrations employed for deproteinization.
This result agrees with XRD data from Driscoll et al.”° showing
that treatment with 5% concentration of sodium hypochlorite
for 30 min or 24 h at the room temperature results in no
significant lattice parameter change for the apatite mineral in
human dentin. Additionally, Su et al.’' independently
confirmed with XRD that sodium hypochlorite does not alter
the mineral component of cortical bone under a treatment of
0.35 M sodium hypochlorite solution for 6 days. The
deproteinization method employing sodium hypochlorite has
been routinely used for studying bone. Recently, Nyman et
al.>* and Pang et al.>” deproteinized human and swine cortical
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bones to study changes in the bound water fraction by a
removal of the organic matrix and a continuous phase in the
mineral structure and its mechanical contribution to cortical
bone properties, respectively. Interestingly, if mineral recrystal-
lization changes were occurring, we may well detect this
directly in PALS as the method is exquisitely sensitive to
vacancy defects that trap positrons or to structural changes that
can alter the positronium intensity. No such changes ascribable
to mineral recrystallization are observed in our data.

For such high porosity samples, we expect the voids to be
percolated into a continuous open network (conceptually one
pore that extends throughout the sample) in which the light
and mobile Ps atom probes an average spacing between
mineral lamella and results in a single fitted Ps annihilation
lifetime. However, the discrete lifetime fitting presented in
Figure 4 requires at least two long lifetimes, suggesting that
there is a range or distribution of Ps lifetimes present in the
PALS spectrum. This prompted us to use a continuum lifetime
fitting program called CONTIN®" that fits a distribution and
determines an average Ps lifetime from that distribution
without the bias induced by preselecting the number of Ps
lifetimes to be fitted in discrete lifetime fitting.

Ps lifetime spectra from four different deproteinized
treatments measured by PALS with the high gamma detection
efficiency spectrometer (appropriate for measuring the longer
Ps lifetime) were fit with CONTIN, yielding mean Ps lifetimes
that ranged from 99.7 & 0.2 to 106.3 + 0.2 ns (Table 5), and a

Table 5. Results of Ps Continuum Lifetime Fitting for Four
Deproteinized Treatments”

deproteinized mean lifetime X(Tmean) Xinean (Plate
sample Toean (1S) nm spacing) (nm)
deproteinized 1 1019 + 0.2 4.88 + 0.03 5.38 + 0.03
deproteinized 2 106.3 + 0.2 5.52 + 0.03 6.00 + 0.03
deproteinized 3 100.6 + 0.2 4.72 + 0.03 5.14 + 0.025
deproteinized 4 99.7 £ 0.2 4.61 + 0.03 4.95 + 0.02
deproteinized 4" 100.5 + 0.2 470 + 0.03 5.02 + 0.03

“The mean Ps lifetime of the distribution is shown along with the
deduced value of X(7..,) using the infinite plate model. The
correctly averaged spacing, X, ..., is shown in bold. bRepeated PALS
experiment with the same sample.

range of lifetime values from ~80 to 115 ns. On the basis of
the evolving view of recent literature that bone mineral
lamellae are composed of thin polycrystalline glates of irregular
area (fused into arches or stacked as sheets),”*”****3” we have
adopted, such a model with PALS to determine the average
spacing between mineral lamellae X (lamella can be flat plates
or curved, parallel or inclined to each other as shown in the
Figure S2). For the quantum mechanical calculation of pore
size from fitted Ps lifetime,”” we use a parallel plate geometry
to simplify calculation of positronium wave functions between
lamella. There should be no loss of generality since for all the
lamella shapes in Figure S2 the classical mean free path MFP is
identical; and thus, quantum mechanical differences from
nonexact wave functions will be negligible. We interpret X =
(1/2)MFP as an average lamella spacing for the general case, as
discussed in the SIL

As a further technical point about averaging to get X,
because of the breadth of this PALS lifetime distribution, it is
not correct to convert the mean Ps lifetime to a plate/lamella
spacing. This value is called X(7can). Instead, one needs to
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first convert the CONTIN-fitted number distribution of Ps
decays in lifetime 7, dNp,/dz, to a distribution in X, dN,,/dX,
and then determine the average in X. To obtain the number
distribution of decays in plate spacing X, we need the
following:

dNp, _ dNp, dr
dx dr dx

Our version of CONTIN has been modified to directly fit
the lifetime spectrum into a parallel plate pore geometry to
determine the appropriate number distribution in X and,
hence, the correct average spacing X, .., A typically fitted
distribution in X is shown for the deproteinized 1 sample in
Figure S. Overall, X .., is found to be 7—10% larger than

S

ean

X(Tpean) as shown below in Table S.
) —
Deproteinized 1
0.20 -
015 ]
£ 1 ]
£
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Figure S. Typical distribution in plate/lamella spacing X (based on
the infinite plate model) deduced using the continuum fitting
program, CONTIN. The area under the curve is normalized to
unity. For deproteinized 1, the average of this distribution is X ..,
= 5.38 + 0.03 nm.

In addition to the fitted Ps lifetime, the concomitantly fitted
Ps intensity carries useful structural information for bone. The
fitted total Ps intensity at about 11% (regardless of discrete
lifetime or continuum fitting) was largely unchanged by the
removal of the organic matrix to leave just the self-supporting
mineral framework. We know from Table 2 that pure collagen
forms Ps intensity at 13%, but the organic matrix only
comprises ~20% of the dehydrated bone mass (it is mass that
stops positrons and forms Ps). Clearly, the mineral is forming
Ps with intensity at ~11%. This is a surprisingly large Ps
formation since one observes no Ps formation in macroscopic
apatite crystals. We acquired a PALS spectrum on a cm-sized
single crystal facet of a larger fluorapatite mineral specimen and
observed no Ps formation as expected (the pore space between
atoms in the single crystal is too small for Ps to form). The high
Ps formation fraction must be related to the nanometer-sized
crystals of bone mineral. It is well-known that positrons in
nondefective solids can diffuse up to ~10 nanometers before
annihilating or encountering a solid surface where positrons
can trap in surface states or form Ps that is emitted into the
vacuum (there is an extensive body of literature in which low
energy (keV) positrons beams (see below) are employed to
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Figure 6. (A) Calculated pore size distribution (PSD) functions of collagen molecule (blue color) and collagen microfibril (red color)
assuming spherical geometry. Three gray dotted lines indicate experimentally determined pore diameter sizes, corresponding to 2.16, 6.5,
and 21.4 ns Ps lifetimes, based on the spherical pore shape. Three gray circles on the gray dotted lines indicate experimentally determined Ps
intensity values for each lifetime component from Table 4. (B) Visualization of the collagen microfibril illustrating where three pore sizes are
located. @ indicates pores within collagen molecules. f indicates pores between collagen molecules. y indicates pores that are located at the

termini of collagen molecules within the collagen microfibril.

probe Ps formation near surfaces).”” As a check for consistency
with existing bone modeling, bone mineral thickness must
therefore be at this small 1—10 nm size scale to form Ps at such
a high 11% fraction.

Depth-Profiled Beam-PALS on Deproteinized Bovine
Femur. As a test of how well interconnected the space
between mineral lamellae is, a S mm diameter focused beam of
positrons with variable energy was used to implant positrons at
controlled mean distances (from 30 nm to 1 ym) below the
surface of a deproteinized sample in high vacuum. This PALS
beam technique is much more sensitive to the sample surface
compared to bulk PALS where the depth of penetration is ~1
mm. To minimize the damage to this surface from cutting and
preparation, it was successively polished with diamond and
then alumina paste down to 50 nm grit. All the Ps lifetime
spectra acquired at beam energies from 1.2 (mean depth 30
nm) to 10 keV (mean depth 1.0 um) have the same feature in
common: copious Ps formation (~15%) and one fitted Ps
lifetime &~ 140 ns corresponding to that of Ps annihilating in
vacuum. The interpretation is simply that all Ps formed inside
the sample up to at least 1 ym deep can readily diffuse between
the mineral lamella and escape through the sample surface into
the vacuum of the spectrometer. This confirms our suspicion
that deproteinized bovine femur is a fully interconnected void
network in which Ps has the ability to diffuse at least a couple of
micrometers (this experiment sets no upper limit).
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Simulated Pore Size Distribution (PSD) Result of
Single Type | Collagen Molecule and Collagen Micro-
fibril. When the single collagen molecule with triple-helix
structure containing amino acid side chains constructed by
Gautieri et al.’® was analyzed using the Voronoi decomposition
of the void space, a nominal spherical pore diameter of around
0.3 nm was identified. These subnanometer pores were found
within the triple helical structure of the collagen molecule itself
as displayed by the portion of the PSD result highlighted as
blue in Figure 6A and noted as « in Figure 6B. Such an
intramolecule PSD would correspond to Ps lifetimes in the
range from ~0.8 to 3.2 ns based on the spherical model. This
Ps lifetime range of ~0.8—3.2 ns is consistent with the
previously published PALS experimental result obtained from
collagen in plasma water, showing ~2 ns Ps lifetime."' When a
collagen microfibril containing the carbon backbone of 5
collagen molecules without the presence of the amino acid side
chains was constructed based on the coordinates reported by
Orgel et al,”® two distinct porosity ranges were found as
shown in Figure 6A. Pores ranging from 0.9 to 1.3 nm
(corresponding to 4.5 to 8.9 ns Ps lifetimes based on the
spherical model) were found in the region between the
collagen molecules (within collagen microfibril), as noted f in
Figure 6B. In addition, 1.6—2.1 nm pores (corresponding to
15—25 ns Ps lifetimes based on the spherical model) were
found at the terminal segments of the collagen molecules
within the collagen microfibril, noted as y in Figure 6B. The
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same pore range of 1.6 to 2.1 nm (y) from the PSD result also
corresponds to 21—35 ns Ps lifetimes based on the cylindrical
model, which more closely resembles the elongated pore shape
at the terminal segments of the collagen molecules (Figure SS).
When the PALS intensity percentage (indicated by three gray
circles on each gray dotted line (@, §, and y)) is compared to
the simulated porosity percentage from Figure 6A, there is a
reasonably good agreement between the PALS intensity and
the peaks of the simulated PSD.

Pores within Collagen Structure without Mineral and
Water Presence. PALS results from the hydrated bone and
dehydrated collagen from intact rat tail tendon and collagen
powder from bovine tendon indicate two Ps lifetimes (Table
2), suggesting the presence of either a bimodal distribution
containing at least two different void sizes or a broad, unimodal
distribution of subnanometer voids. The collagen from our
demineralized and dehydrated bovine femur showed PALS
results consistent with those of the tail tendon and collagen
powder. Such voids at 0.5 nm diameter scale exist in
intermolecular regions governed by weak interchain van der
Waals forces and are typical of polymeric materials.*

When the hydrated bovine femur was characterized by
PALS, the Ps decay could be fit by one lifetime of 1.81 ns or fit
by two lifetimes of 1.02 and 1.95 ns. PALS measurements from
the dehydrated bovine femurs displayed a persistent and
comparable 2.2 ns Ps lifetime component. We know that there
are larger voids in bovine femur as shown in Table 4 and
Figure 3. However, when they are filled with water, they are
not detected as voids. The fitting of a single (1.81 ns) Ps
lifetime or two Ps lifetimes (1.02 and 2.9 ns) in the hydrated
bone was still shorter than 2.2 ns Ps lifetime from the
dehydrated bone and 1.28 and 2.70 ns Ps lifetimes from the
dehydrated and demineralized bone, respectively, indicating
that water is partially filling the subnanometer voids
(narrowing the range of void sizes) and/or that the packing
structure of collagen in between the mineral structure (to form
a nanocomposite) is now different from that of the pure
collagen packing. The simulated PSD result from the collagen
molecule with the amino acid side chains (Figure 6A) supports
the claim that both Ps lifetime components (1.4 and 2.9 ns)
from the pure collagen without mineral and the shortest Ps
lifetime components (1.81 and 2.2 ns) from the hydrated and
dehydrated bone come from intracollagen molecular spacing.

Spacing between Collagen Molecules Occupied by
Water. Ps lifetime data of the dehydrated bovine femur shows
three additional longer Ps lifetimes after the dehydration
process (Table 4). The three additional Ps lifetime
components have greater total Ps intensity combined than
that of the subnanometer voids inherent to the collagen (6.0%
intensity after dehydration at 80 °C for overnight vs 4.9%
before dehydration). Since the additional lifetimes appeared
only after removing water in bone, it is reasonable to conclude
that Ps is probing the 24.3% by volume in bone that water used
to occupy. The PSD result (noted as /3 in Figure 6A) shows the
range of the converted Ps lifetime, from 4.5 to 8.9 ns, based on
the identified porosity sizes, which covers the 6.5 ns Ps
lifetime. Thus, the 6.5 ns Ps lifetime component from the
dehydrated bone is most likely from pores located between
adjacent collagen molecules. The PSD result also shows the
nominal pore diameter range of 1.6—2.1 nm (15—25 ns Ps
lifetime) found at the terminal segments within the collagen
microfibril suggesting that the 21 ns Ps lifetime component
most likely comes from the termini of collagen molecules

4328

within a collagen microfibril, associated with the D-spacing
commonly observed in EM and AFM images. Despite its low
Ps intensity, the 56 ns component corresponding to void
diameters in the 3—4 nm range would be difficult to reconcile
with intrafibril voids. Since the largest identified pores from the
collagen microfibril structure is ~2.1 nm, the 56 ns Ps lifetime
component could come from intercollagen microfibrils or from
the interface between the collagen and mineral structure. This
intimate interaction with the surfaces of nanoscale mineral
crystals appears to stabilize and largely preserve the natural
packing of collagen fibrils during the dehydration process, thus,
resulting in some unusually large voids. Indeed, the volume
vacated by water (24.3%) is comparable to the volume
occupied by the collagen itself (31.3%) as shown in Table 1.
Unlike other conventional material characterization techniques
such as XRD or TEM, PALS measures signal from empty
space, which enabled us to measure the voids created by water
removal. The existence of these four separate Ps lifetimes
indicate that four distinct void sizes at the 0.6, 1.1, 1.9, and 4.0
nm level exist in the collagen rich region between the mineral
crystals. These pores sizes are consistent with the mineral
lamella spacing since the larger voids that are detected (2.11—
4.01 nm component) are smaller than a maximum size set by
the mean lamella spacing itself of ~5 nm (see Table S). These
different-sized voids compete for and trap Ps which leads to
different intensities of Ps annihilating in each respective pore
size. Also, the porosity comparison between the dehydrated
collagen and the dehydrated bone demonstrates the
importance of rigid mineral as a structural component. It is
the mineral component that stabilizes the dehydrated bone to
preserve the hierarchical porosity structure from 0.63 to 4.01
nm as opposed to the collapsed dehydrated collagen structure
with just intracollagen molecule porosity remaining. The next
step was to remove the collagen altogether to reveal the full-
size scale available for the collagen (and water) packing.

Independent Method for Assessing the Spacing
between Mineral Lamella from Specific Surface Area
(SSA) Measurements. The deproteinized and dehydrated
bovine femur in PALS presented a broad Ps lifetime
distribution about a centroid value in the 100—106 ns range.
If we assume the mineral crystals are thin lamellae, this
corresponds to average mineral lamellae spacing in the 5—6 nm
range as shown for X, in Table S. In addition, the specific
surface area of one of our deproteinized bovine femur samples
was measured by BET analysis to be SSA of 118 m?/g. When
combined with our determination of the porosity P of the
deproteinized bone (55.6 + 1.0%), our SSA data provides a
completely independent measurement of average mineral plate
spacing as discussed below.

A general measure of the distance an atom or molecule
would travel between collisions with the surface of a collection
of arbitrarily shaped solid particles (or the distance between
collisions inside a closed pore of any shape) is called the mean
free path, MFP. From the kinetic theory of gases the MFP for a
gas atom or molecule is

4V,

void

MEFP =

void

where V4 and S,;4 are the volume and surface area of the
void (for our sample, one can think of the void as all of the
network volume vacated by water and collagen and the surface
as that of all the mineral crystals, which is determined by SSA).
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Since porosity P is defined as P = -—2"— then
(Vooid + Vinineral)
_ P
‘/Void - l_PVmineral and
P V.,
MFP = 4 mineral
1 =P S (1)

We can equivalently use in the above formula the specific
mineral volume per gram of mineral (which is simply the inverse
of the density, 1/pminera) and the void surface area per gram
(which is the SSA) to relate MFP directly to SSA and P as

4 P 1

MFP=—*1 _ °~
pmineral (1 - P) SSA

@)

This formula is independent of crystal shape, but if we
assume for comparison to PALS a thin mineral lamella model,
then the average lamella gap is X = (1/2)MFP (see derivation
in SI). For a mineral density of 3.16 g/cm® and P of 55.6 +
1.0%, we can thus know the ratio P/(1 — P) to about + 4%
accuracy. The real limitation might well be the accuracy to
which we know the SSA. There is the absolute error (accuracy,
a systematic error that is mainly relevant in comparing SSA
using different techniques) and the statistical error for each
measurement (precision, which can be determined experimen-
tally by simply rerunning the same sample many times). The
error in accuracy appears to be quite large since we have
different SSA values from BET (our value at 118 m’/g agrees
well with literature values in the 100—115 m?/g range’*’)
compared with SSA from NMR that is 30% higher at 154 m?/
g.48 Using the equation above, we determine Xppr (lamella
spacing based on SSA by BET) to be 6.7 nm and Xyx
(lamella spacing based on SSA by NMR) to be 5.1 nm. This
range agrees quite well with the range of X, ., from PALS, but
closer inspection of Table 5 indicates that all but the sample 6
results clearly favor the lower value from Xyp.

Setting Limits on Lamella Thickness t. Using the
generalized model of mineral lamella, we derived in the SI the
relation between t and the MFP (and hence X = (1/2)MFP)

tobet > X%. For P = 55.6%, we have t > 0.80X, where the

lower limit pertains to lamella of infinite lateral extent. To
calculate the effect of finite lamella size, we need to pick a
lamella geometry to provide an example. For ease of
calculation, we assume a rectangular solid mineral plate with
dimensions ¢ (thickness), w (width), and L (length) and with
surface area 2(tw + tL + wL) and volume twL, then

sm=_i{l+l+%
t w L (3)

Substituting this expression for SSA back into eq 2 and
continuing to use the mineral lamella model where X =
(1/2)MFP we find after some rearranging

-1
x=( i+ L+ 4
1-P w L (4)
Once we pick a porosity and mineral plate shape, such that
t/w and t/L are constant, then X is linearly related to thickness.
This linear connection between X and ¢, shown graphically
in Figure 7 specifically for a rectangular plate model, assumes
the value of P = 55.6% and for four shapes of mineral plates
that vary from infinite width and length to quite small plates
with w = 3t and L = 6t. For these finite size examples, we have
constrained the length to be twice the width consistent with

b mineral

p
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1 X PALS

Lamella Spacing, X (nm)

Plate Thickness, t (nm)

Figure 7. Example of how finite size mineral lamella effects the
deduced lamella thickness for a rectangular plate model. Lamella
spacing X is linearly related to mineral plate thickness t with
porosity fixed at 55.6% for four different rectangular shapes of
mineral plates. Constraints on the average value of X imposed by
results from PALS and SSA from BET and NMR (plus porosity
measurement) determine a range in the deduced average mineral
plate thickness in bovine femur. Selected plate sizes for rectangular
plates are assumed to have length that is twice the width.

several reports in the literature, sometimes referred to as the
“plywood sheet” model (L ~ 2w).>”>" A range of thickness
values is deduced for each value of SSA. From the NMR result,
we deduce a “hard” lower limit on t of 4.1 nm when w and L
are infinitely larger than . It is a hard-lower limit because it is
general to any mineral lamella shape and finite size effects
increase t. It is nonetheless a lower limit on the average value
of t averaged over the millimeter size scale of our samples. The
upper limit of £ = 6.1 nm as the crystal size approaches (¢ X 3t
X 6t) is considered a “soft” upper limit because it is specific to
a plate model and a lower crystal size limit is surmised. For the
BET result, the range on t is 5.4—8.0 nm. Overall, our range on
deduced lamella thickness of ~4.1—8 nm nominally agrees
with the mineral plate thickness of ~5—8 nm revealed by
electron microscopic techniques.***%*

The recent article by Reznikov et al.”’ suggests a more
complicated arrangement of platelets very close to the size
deduced herein (5 nm X 25 nm X 75 nm) but then 2—4 of the
platelets are stacked together with a gap of only 1—2 nm. If we
had solely depended on the PALS data, we could argue that Ps
would not really probe the close spacing interior to the
putative stacks since any Ps formed at these interior surfaces
would quickly diffuse into the inter-stack space and not return
to probe the narrow 1—2 nm gap spacing. Ps is a quantum
mechanical particle and the zero-point energy in such a narrow
gap is too high a barrier to surmount once Ps has approached
thermalization in the larger spaces. However, the nitrogen
adsorption and SSA measurements by NMR should be fully
sensitive to both the interior and exterior surface area of the
stacks and the comparably large values of deduced plate
spacing do not support such small gaps between platelets.
Moreover, on the basis of the equations for calculating SSA of
the platelet-shaped crystal and the acicular crystallite using
specific dimensions for both shapes chosen by Reznikov et
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al,”” the SSAs are 158 and 290 m?*/g, respectively (SSA is
conventionally measured as per gram of mineral). In ref 37, eqs
1—-3 contain an extra multiplicative factor of 0.32, which
appears to be related to the fact that mineral is 32% of a whole
body skeletal mass,” indicating the SSA per gram of skeleton
rather than per gram of mineral. The calculated SSA of the
platelet-shaped crystal of 158 m?/g is closer to our measured
SSA value of 118 m*/g and previously reported values of 100—
115 mz/g measured by BET and 154 + 15 mz/g measured by
nitrogen adsorption and NMR, respectively. These SSA results
support the conclusion that the mineral structure in bone is
likely to resemble a general lamella/platelet shape (see refs 44
and 47). The SSA results do not support an isolated, acicular
mineral crystal shape but also do not exclude a platelet of side-
by-side bonded acicular crystals as described in ref 37.
Interconnected Nature of Space Surrounding Miner-
al Structure in Bone. The results of PALS depth-profiling
below the surface of deproteinized bone indicate that the voids
surrounding the mineral lamella are an interconnected
network. If Ps is delocalized in a sample-wide porous network
(as opposed to localized in voids of various sizes which produce
4 distinct Ps lifetimes in the dehydrated collagen-mineral
nanocomposite), we would expect to fit a single average Ps
lifetime with no distribution. The premise is that every Ps atom
samples the same average environment in a network and hence
has the same average lifetime/void size. The observed
distribution in Figure 5 is inconsistent with this premise. To
resolve this inconsistency, we conclude that there must be
some natural variation in average network plate spacing due to
a variation in mineral plate size, mineral/collagen ratio, and/or
porosity on a size scale that is larger than that probed by a
single Ps atom (hence the ensemble of Ps atoms presents a
distribution of lifetimes). A Ps atom can only probe the sample
environment within approximately one diffusion length. We
know from the depth-profiling that Ps is able to diffuse at least
1-2 pm as discussed in the Results. A better estimate of a
lower limit can be made, assuming Ps thermalizes in the
sample and then diffuses unimpeded for a lifetime of ~100 ns
with an MFP ~ 10 nm. This Ps thermal diffusion length is
estimated to be ~5 yum (see SI). This diffusion length is long
enough to be consistent with virtually all Ps escaping into
vacuum when implanted only 1-2 ym deep with the positron
beam. Concomitantly, the Ps sampling sphere it defines with
10 ym diameter is also small enough to ensure that our
positron source implants positrons into and forms Ps over a
probe volume of the sample that is 10>-10° times larger than
the volume sampled by a single Ps atom (the source is ~2 mm
in diameter with typical implantation depth of **Na positrons
of ~200 ym). This suggests that the mineral spacing must have
some natural variation (heterogeneity) at a size scale that is
larger than 10 gm and much smaller than the 2 mm size of the
radioactive source since all of our PALS spectra of the
deproteinized mineral present a broad pore size distribution.
Study Limitations and Future Directions. A central
conclusion from this study is that the PALS technique has the
sensitivity to resolve a detailed hierarchy in size scale present in
the collagen—water—mineral nanostructure of bone. In future
work, PALS could be sensitive in detecting changes between
different bone nanostructures due to such effects as aging or
genotype, etc. For instance, Fratzl-Zelman et al. revealed that
bone samples from patients with osteogenesis imperfecta (OI)
type VI have thinner nanoscale mineral crystals, compared to
the control population.”’ Combining this information of
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nanoscale structural change induced by aging or genetic
mutations with the porosity change obtained by PALS, it may
be possible to understand how these types of genetic changes
affect the nanostructure of bone.

The mean lifetime for Ps annihilating in the evacuated space
between the mineral crystals can be measured to high and
reproducible precision of +0.2%. This precision in the Ps
lifetime would result in a +0.6% statistical precision in the
deduced MFP once a pore shape model is selected. However,
the systematic uncertainty (or accuracy) in the MFP deduced
from different pore shape models is an order of magnitude
larger and arises from the pore shape model dependence in
converting an average Ps lifetime into a pore size and hence
into MFP. Nevertheless, precise comparisons of mean plate
spacing or pore diameter assuming the identical pore shape
model are feasible at better than the 1% statistical level. To be
cautious, sub 1% comparisons in pore size/mineral spacing
may be difficult to realize as shown in Table 5 where different
samples taken from the same (large) bovine femur present a
range in deduced lamella spacing, X, that is, +5% of the
average for the first four samples and even higher when
deproteinized 2 is included. Roschger et al. recently published
a study examining mineral crystal sizes between modeling and
remodelling bone regions by employing X-ray scattering. The
study shows that depending on different locations, mineral
crystals have different thickness. More specifically, mineral
crystals from the modeling sites are distinctly larger.”> This
mineral crystal size variation as a function of different locations
could result in the mineral spacing variation in Table 5, which
is larger than the 1% statistical precision of PALS. This
suggests that another future study could sensitively probe 3-D
position dependence of bone nanostructure at the millimeter
scale by tracking the precise location of each bone sample
section.

By directly probing the void structure, PALS complements
characterization methods that image or probe electron density.
It provides a completely independent view of a complicated
nanocomposite system where complexity of structure leads to
widely varied approximations of the physical dimensions of the
mineral crystals from various characterization methods.

This study reveals the presence of five separate levels in
nanocomposite phase size scales. Subnanometer voids appear
within collagen regardless of the presence of mineral and/or
water. Water-templated voids in dehydrated bone are found to
occupy three size scales of voids: 1.1, 1.9, and 4 nm. The
largest size scale is observed in deproteinized samples as a 5—6
nm mean spacing between mineral lamella. The simulated PSD
from the collagen molecule and microfibril clearly delineate a
corresponding series of pores. The diameter range around 0.6
nm originates from intracollagen molecular voids (inherent to
the triple helix structure). The pores with mean diameter of 1.1
nm comes from intercollagen molecular spacing and 1.9 nm
comes from spacing created between two ends of collagen
molecules. These water-filled pores are located in regions that
have been routinely observed to generate the “D-spacing”
commonly observed in EM and AFM studies. The pores with
mean diameter near 4 nm are most likely from the interfaces
between the collagen fibrils as constrained at the upper limit by
the mineral spacing. After removal of the organic matrix, the
mineral phase is self-supporting which indicates that the
putative lamellae are interconnected into a rigid network. The
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high porosity (~55.6%) empty space between the mineral
lamellae is found to be completely interconnected. The
distribution of Ps lifetimes in this porous mineral network
indicates that there is a natural variation in average lamella
spacing on a size scale that is not less than 10 ym. The overall
average spacing between the mineral lamella deduced by
PALS, 5—6 nm, is in quantitative agreement with independent
measurements using porosity and SSA (from NMR, less so for
BET). This suggests that a collagen microfibril consisting of S
collagen molecules could fit in between two mineral lamellae.
The mineral spacing (~5—6 nm) and mineral thickness (~4—8
nm based on BET and NMR) deduced here with PALS and in
concert with the SSA measurements contradicts some reports
in the literature>*" of rather small crystal sizes well less than 3
nm while agreeing with other reports.*****"*

In summary, hydrated bone is shown to possess an inherent
nanoscale porosity associated with collagen molecules/fibrils.
Upon dehydration, three additional features associated with
water-filled voids are detected. All four of these nanoscale
structures, as well as the mineral lamella size and spacing, are
likely to play an important role in the macroscopic mechanical
properties of bone.'” ™"

METHODS/EXPERIMENTAL SECTION

Bovine Femur and Collagen Powder. The bovine femur from
12 to 18 month-old male was purchased from a local butcher in Ann
Arbor, Michigan, USA. Collagen powder derived from bovine Achilles
tendon (Sigma-Aldrich, St. Louis, Missouri, USA) was employed in
the study.

Rat Tail Tendon. Tendon was collected from two wild type male
and two female rats (total 4 wild type rats) (strain: 403-SAS FISCH).
The rats were 12—17 weeks old. The tails were stored frozen in PBS
solution in —20 °C freezer and thawed in room temperature. The skin
of each tail was manually removed, and ~1 mm tendon portion was
isolated from fat and soft tissue with a surgical knife. The isolated tail
tendons were stored in PBS solution until the PALS measurement.

Bone Processing for PALS. The bovine femur was initially frozen
at —20 °C. When ready for processing, the sample was placed in a
plastic bag in a room temperature water tub until it reached room
temperature. Once the bovine femur was fully thawed, residual fatty
tissue on the surface of the bone and marrow were manually removed
and rinsed with tap water. The midshaft region of the bovine femur
was perpendicularly cut into ~3.5 mm thick torus-shaped pieces using
a pathology saw (Model 312; Exakt Technologies, Oklahoma City,
Oklahoma, USA). A torus-shaped piece was further cut into 1-3.5
mm thickness and 15 mm by 10 mm rectangular shaped pieces using a
low speed rotary saw (IsoMet; Buehler, Lake Bluff, Illinois, USA) to
fit onto the PALS source and sample holder. The final cut pieces were
rinsed with nanopure water, stored in a —20 °C freezer, and thawed as
needed for experiments.

Sample Treatments. There are four preparations of bone sample
employed in this study; hydrated, dehydrated, demineralized, and
deproteinized. In this study, a hydrated sample is referred to as the
sample that was mechanically processed but not dehydrated or
chemically treated.

Dehydration. The sectioned bone sample was sonicated in
nanopure water for 4 min to ensure an initially hydrated state. The
sample was then heated overnight in a vacuum oven below 100 °C.%*
The mass of hydrated bone before and after dehydration was
measured to calculate the mass fraction of water loss.

Demineralization. The hydrated bone sample was placed into a
fixation buffer of 0.8% paraformaldehyde (prepared from the powder
form, Acros Organics, New Jersey, USA) and 0.2% glutaraldehyde
(Sigma-Aldrich, St. Louis, Missouri, USA) for 24 h.°* After the cross-
linking process, an X-ray image (Faxitron microradiography system;
Faxitron, Tucson, Arizona, USA) with the setting of 25 KV, 6 s of
exposure, and 3X distance of the cross-linked bone was acquired to
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establish a baseline mineralization level. The cross-linked sample was
immersed in a mixture of 20% EDTA solution (Fisher Chemical, New
Jersey, USA), 0.2% paraformaldehyde and 0.05% glutaraldehyde®* on
a shaker for over 30 days with solution changes every 3 days.

Full demineralization was confirmed by X-ray image. A micro-CT
image (In Vivo Bruker/Skyscan 1176; Bruker, Billerica, Massachusetts,
USA) with the setting of 9 ym resolution, 0.5 mm aluminum filter, 2
frame averaging, and 0.3 degree rotation step was independently taken
for the demineralized sample, which was verified by the X-ray image,
to ensure that the sample was indeed fully demineralized. The fully
demineralized sample was dehydrated in a vacuum oven (80 °C,
overnight) before PALS measurement. The mass before and after
demineralization and dehydration was measured to calculate the mass
fraction of mineralization loss.

Deproteinization. Hydrated bone samples were immersed in
2.6%, 5%, and 8.25% sodium hypochlorite solution (The Clorox
company, Oakland, California, USA) at 37 °C on a temperature
controlled shaker’® for over 30 days to ensure that the full
deproteinization was achieved. The solution was changed for every 3
days. For each deproteinization process, the sample was dehydrated in
a vacuum oven at 80 °C overnight. The mass before and after
deproteinization and dehydration was measured to calculate mass
fraction of the organic matrix loss. To test the efficiency of chemical
deproteinization, the bovine femur was also thermally deproteinized
and the change in mass fractions were compared. The bovine femur
was ashed in an oven at 600 °C for 18 h. As soon as the ashed sample
was cool enough to be measured, the mass of bone before and after
ashing was measured to calculate the mass fraction of the organic
matrix Joss.

Bone Volume Measurement. Bone volume for the hydrated,
dehydrated, and deproteinized samples (a single sample moved
serially through the treatments) was measured by micro-CT as
described above. Values of the bone volume from the micro-CT
images from each sample treatment were analyzed by NRecon
(Bruker, Billerica, Massachusetts, USA) with the setting of 3
smoothing, 16 ring artifact reduction, 30% beam hardening correction
and dynamic data range from 0 to 0.0S.

Nitrogen Gas Porosimetry. Deproteinized bovine (mineral
only) femur was granulated by pestle and mortar. N, adsorption/
desorption isotherms were measured at 77 K in the range 1.00 X 107>
< P/P, < 1.00 on a NOVA 4200e instrument by Quantachrome
Instruments (Boynton Beach, Florida USA), running version 11.03 of
the NovaWin software package. Ultrahigh purity N, (99.999%) was
purchased from Cryogenic Gasses and used as received. BET surface
area was calculated using the BET assistant and pore size distributions
were calculated using the Nonlocal Density Functional Theory
(NLDFT) N, silica adsorption branch kernel at 77 K based on a
cylindrical/spherical pore model as implemented in NovaWin 11.03.

PALS Experimental Schematic. PALS experiments were
performed on hydrated, dehydrated, demineralized, and deproteinized
bovine femur samples after each treatment was complete. For the
collagen powder, as-received, vacuum with no heating (overnight),
and heating at 80 °C under vacuum conditions were employed. For
the rat tail tendon, no heating under vacuum condition was utilized.
For the fluorapatite single crystal, PALS was performed in air with no
heat. Each PALS spectrum was acquired for at least two days to
collect 10’—10® annihilation events to ensure reliable spectrum fitting.

PALS Experiment. Three different spectrometers were used to
collect PALS lifetime spectra: two “bulk” PALS spectrometers using
various intensities of radioactive **Na sources to directly inject high
energy beta decay positrons into the 1—3.5 mm thick bone samples;
and a beam PALS spectrometer wherein a low energy focused beam
of monoenergetic (1—10 keV) positrons are shallowly implanted
within 1 ym of a bone sample surface.

Bulk spectrometers each have two gamma detectors: one labeled
“start” to detect the 1270 keV gamma from the **Na nucleus that is
emitted simultaneously with the beta decay positron; and one labeled
“stop” that detects one of the two subsequent 511 keV annihilation
photons. Electronics measure the time between these two y rays and a
histogram records each detected annihilation event as a lifetime
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spectrum for eventual computer fitting. The exceedingly wide range in
sample porosity encountered from hydrated bone (almost none) to
deproteinized and dehydrated bone (~55%) with attendant positron
and positronium lifetimes in a wide range from ~0.2 to 140 ns led us
to use two complementary bulk spectrometers. One is designed for
fast time resolution to make sure all the short lifetime events are
properly resolved and fitted while the second has high gamma
detection efficiency that permits better fitting of long-lived Ps
lifetimes.

The high time resolution spectrometer utilizes small 5 cm diameter
plastic scintillators (start scintillator is S cm long, stop is 2.5 cm long)
coupled to S cm diameter fast timing photomultipliers (Amperex
XP2020) to allow fitting of the full range of lifetimes encountered in
this experiment. These small detectors sacrifice gamma detection
efficiency for time resolution and therefore we use stronger **Na
sources in the 10—20 uCi range to achieve start—stop coincident
event data rates around 100 cps. This spectrometer was used for the
collagen powder, the rat tail tendon, the fluorapatite mineral crystal,
the hydrated bone, the demineralized bone, and the dehydrated bone
where (10—60) million events could be collected in a day to a week of
acquisition. The stronger positron source results in more random
background noise events in the spectrum that makes it more difficult
to resolve lower intensity, long-lived events from the random
background. To remedy this the high efficiency bulk spectrometer
utilizes two large 1S cm cubic plastic scintillators coupled to 13 cm
diameter RCA 4582 photomultipliers to achieve an order of
magnitude increase in gamma detection efficiency that permits the
improvement in signal to background noise by a factor of 10 while
concomitantly increasing the data rate to ~700 cps using only a ~1.5
uCi source. This spectrometer was principally used to collect ~500
million events on fully deproteinized samples where excellent
delineation of Ps lifetimes distributed in the 60—120 ns range is
warranted. To this end a CAMAC-based LeCroy 4202 time digitizer
of high accuracy and linearity is used for event timing instead of the
analog (but fast) time-to-amplitude converter (Ortec 567) used in the
fast timing spectrometer. Moreover, for long 10 day runs, the sample
chamber is back-filled with 20 psi He buffer gas so as not to expose
the sample to prolonged oil exposure from the mechanical rough
pump. The small effect of Ps annihilating with He was corrected for in
the fitting of the spectrum.

The beam PALS spectrometer”” incorporates a variable energy
positron beam to implant positrons a controlled but shallow distance
(up to ~1 pm) below the surface of a deproteinized sample held in
high vacuum. It was used for one specific test to set limits on the
ability of Ps to diffuse among the mineral crystals of the deproteinized
sample.

PALS Sample Preparation. For bone samples, both bulk
spectrometers use radioactive positron sources deposited as **NaCl
solution onto a tungsten plate within a designated 0.3 cm X 0.3 cm
target area. The solution was deposited until the desired source
strength was achieved. To prevent radioactive sample contamination,
a 13 um Kapton (polyimide) film was placed between the deposited
radioactive source and the bovine femur (this film stops about 8% of
the positrons entering it but does not form any positronium signal).
Once the bovine femur was placed onto the Kapton film directly over
the source mark, a piece of aluminum foil was wrapped to fixate the
sample on the tungsten substrate. The aluminum foiled complex was
placed in a flat disc-shaped aluminum vacuum chamber that fits
compactly between the gamma detectors of each spectrometer. The
collagen powder required a special aluminum cylindrical well 1.6 cm
in diameter and 1.3 cm deep. Powder was poured to half fill the well
volume. The radioactive source deposited on one side of a thin 13 ym
thick Kapton film was inserted, and the remaining volume above the
source was filled with the collagen powder to achieve ~96% stopping
of positrons in the collagen. This Al foil wrapped well was then placed
in the flat vacuum chamber described above. The irregularly shaped
fluorapatite mineral was placed over the tungsten backed source
holder described above with a flat crystal plane face presented toward
the source (to preclude source positrons from stopping in air). It was
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wrapped in aluminum foil and run in air in the fast timing
spectrometer.

PALS Spectrum Fitting. Each spectrum collected is a time
histogram of “start”—"“stop” time intervals in which positron and
positronium lifetimes are fitted with exponentially decaying lifetimes
with intensities fitted as the fraction of all decays that occur with that
fitted lifetime. A flat background of uncorrelated events is also present
and fitted for. We focus on the positronium (Ps) lifetimes since they
are most directly related to the void size from which the Ps decays.
We use an updated and customized version of the discrete lifetime
fitting program “posfit”® to fit for one positron component (lifetime
about 0.4 ns and intensity) and any number (typically 2—4) of Ps
components (Ps lifetimes in the range 1—140 ns each with
corresponding intensities). Given the real possibility of a continuum
distribution of Ps lifetimes, we also use a modified version of the
Laplace inversion fitting program “contin”®’ to fit plausible lifetime
distributions. Contin has a regularization parameter that regulates the
number and sharpness of peaks in the fitted distribution and this
parameter was found to be optimized when it produced a stable
unimodal distribution, an example of which is shown in Figure 5. We
use well established models of Ps decay in simple pore shapes®® to
make an analytic determination of pore size(s) from the fitted Ps
lifetime(s) given an assumed pore shape, either spherical/cubical,
cylindrical/channels, or slab shaped/slit pore.*®

Structures for Collagen Molecule and Microfibril. For the
single collagen molecule simulations, the triple-helix structure
constructed by Buehler Gautieri et al.’® based on PDB code 3HR2
was utilized. This relaxed structure included the complete atomic
coordinates for all side chains including hydrogen atoms. For the
microfibril simulations, the quasi-hexagonal packed structure con-
structed by Orgel et al.”® was utilized based on PDB code 3HQV.
This rigid structure consists of the backbone C” carbons and
highlights the intertwined rope-like configuration of the microfibril.

Pore Size Distribution. Pore size distribution was calculated
using Zeo++ which is a geometrical tool based on the Voronoi
decomposition of the void space.”” Each node and edge of the
Voronoi network is deleted if the distance to the nearest atomic
surface (defined using the van der Waals radii of each element) is less
than the probe radius. The algorithm commences using an infinitely
small probe where the entire void space is accessible. The algorithm
then repeats this process for increasing probe radius until the void
space is inaccessible. The process results in a graph of diminishing
void space where the derivative represents the pore size distribution.
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Experimental Schematic
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Figure S1. An experimental schematic showing how each desired component of bovine
cortical femur bone was obtained.
Weight and volume fractions of water, organic matrix and mineral in bovine bone

samples

The weight of water component in bone was the weight difference between the fully hydrated
and dehydrated conditions. The weight difference between the dehydrated and deproteinized
(fully dehydrated) conditions gave the weight of organic matrix component. The weight of

the sample after deproteinization with dehydration was the weight of pure mineral, assuming



no residual protein remained in bone. For this study, bone volume was utilized to calculate
the volume factions of each component since the bone volume provided volume from
physical material excluding voids created by cracks inside bone. A caliper measurement for
each chemical state provided similar measured volume values compared to the micro-CT
measurement. The density of the fully hydrated bovine femur was 2.03 g/cm?. The measured
weight values for each component were converted into the volume values by utilizing the
known densities of water (1.0 g/cm?), collagen (a predominant component of organic matrix)
(1.3 g/cm?) and mineral (3.16 g/cm?). The total volume summed from the converted volumes
should theoretically equal to the measure total volume. However, the calculated total bone
volume was around 91 %. The discrepancy between the calculated and measured total bone

volume is explained further in the discussion section.

Table S1. Summary of mass and bone volume of fully hydrated, dehydrated and
deproteinized bovine femur

Measured bone volume by

Weight (g)
micro-CT (mm?)
Fully hydrated

0.7517 370

(total bone weight)
Dehydrated 0.6606 342

Deproteinized with
0.5887 367

drying

Dehydration condition for dehydrated and deproteinized samples: drying at 80 °C under vacuum for
overnight



Mean Free path (MFP) and mineral thickness, t, in deproteinated bone modeled as

mineral lamellae

Recent TEM studies (Grandfield et al.!, Reznikov et al.?) indicate the mineral structure in
bone takes the form of polycrystalline lamella for which the thickness, t, is nominally an
order of magnitude smaller than either lateral dimension. Earlier studies had called these
lamellae “plates” or “platelets” and referred to one common model as the “plywood sheet”
model. However, the lamellae are observed to have irregular lateral shape (Reznikov et al.?)
and perhaps even curve or segment into cylindrical sections (Grandfield et al.!) so a parallel
stack of rectangular plates is too simplistic. Although there is certainly some parallel
alignment of lamella with the local collagen fibrils we can determine the MFP in the void
space between lamella for the more general case of a collection of randomly oriented and
sized, irregular shaped, non-planar thin lamella with one caveat: all lamella have the same
thickness t. (This restriction can be relaxed by considering t to be the average lamella
thickness.) As an aid for visualization, a sample collection of lamellae is shown in Figure S2

below.



A)

——

B)

E) Pore regions identified
- —

Avg. diameter

O 36 nm
O 16nm

O 7nm

F) Mineral regions identified

Figure S2. A), B), C) and D) A collection of a randomly oriented, non-planar, irregular
shaped lamella with uniform (and thin) thickness. The lamella need not have the same lateral
size or shape. Orientation/stacking is permitted but not required. E) A TEM image from
Grandfield et al.! with averaged diameter values of different pore sizes. F) The same TEM
image from panel E), with examples of the four proposed lamella models highlighted in red.
The white regions indicate mineral lamellae and the dark regions indicate space where
collagen fibrils occupy. A human femur sample for this TEM image was fixed in formalin
and chemically and thermally dehydrated in ethanol and at 40 °C, respectively.

In a sample of bone with a total volume of V the mineral occupies V pineras While the

remaining volume is void, V4. The porosity of the sample (measured independently) is the

void volume fraction,

Vivoid
pP=

Vioid + Vinineral

And hence




P
Vioia = 1- p)Vmineral eq. 2

We assume V pinerar 1S composed of a large number N of mineral lamellae so the total mineral
volume is a sum over the individual lamella volumes S;t where S; is the surface area of one

lateral face of the ith lamella,
N
Vinineral = Zi Sit eq. 3

And thus

PN
Vioid = G=py2; Sit eq. 4

From gas kinetic theory the MFP of an atom or molecule (or positronium) scattering within

this void volume is

MFP = > eq. 5

N mineral

Here S ineral 1S the sum of the surface areas of all N mineral lamellae including both faces and

the perimeter edge, Scqe.. Combining these expressions gives us

4P N
Mpp = 2 2 6
= = €q.
Zivzsi + Sedge 1-Pp q

The only constraint we have imposed is that all lamellae have the same thickness and we
have assumed that the lateral surface areas are large enough to neglect the surface area of the
edges around the perimeter (and hence the inequality). We can attempt to account for this
edge surface area if the lamella geometry is known as is done in Figure 7 of the main text for

a simple rectangular plate lamella model.

Solving for the t yields a lower limit on the lamella thickness

1-p
t=1/2)MFP—— eq. 7



We can identify the factor (1/2)MFP = X,,c.n as an average perpendicular distance between
neighboring lamella. This is not so precisely defined for randomly oriented lamella. For
infinite parallel plates with uniform spacing, it is rigorously X= (1/2)MFP. More generally, it
can be thought of as an average spacing between lamellae. This could be the average spacing
between two plates whose planes intersect at an acute angle or whose long axes are tilted with
respect to each other as shown in Figure S2 above. It is rigorously the radial spacing between
two coaxial cylindrical lamellae (see Grandfield ef al.!). We will make extensive use of

Ximean = (1/2)MFP in analyzing PALS lifetime spectra.
Estimate of positronium diffusion length, ¢, in deproteinized bone

A randomly diffusing particle with MFP = 10 nm will diffuse after N total collisions a

distance of
1=mrp [N/, eq. 8

For Ps with a mean velocity of v and a lifetime of T ~100 ns, the total number of collisions in

one lifetime is

vt

N =yrp

eq. 9

The thermal velocity of Ps at room temperature is ~ 8 x 10% cm/sec and therefor the thermal
diffusion length of Ps in deproteinized bone is ~ 5 um. This would be a lower limit on r since

thermal velocity is a minimum estimate on the Ps velocity amongst the mineral plates.

PALS results on ashed bovine femur sample and a proposed schematic showing how the
nanoscale mineral structure might change under the high heat condition
When the additional 2 % of water weight is removed after the ashing process (the mineral

content is 66 %), the deduced values of X, from both intact and granulated ashed bone



samples are 2.5 times larger than the chemically deproteinized (100 °C dried) sample and the
fitted Ps intensity values from the ashed samples are 3 times lower (Table S2). The intact
sample has its macroscopic sample size nominally consistent with the original bone volume,
suggesting that there is an internal microscopic rearrangement of the mineral plates while still
conserving the total macroscopic pore void volume. A granulated sample (10-100 um particle
size) exhibited the same Ps intensity and lifetime compared to the intact ashed sample, which
is consistent with the length scale of the internal rearrangement being at the microscopic
level. This factor of ~3 drop in Ps intensity with a concomitant increase in X, for the ashed
samples in Table S2 suggests that several adjacent mineral plates (nominally a 3-plate
cluster) (see Figure S3) are collapsing together to reduce the mineral plate surface area by a
factor of ~3 while increasing the average cluster-to-cluster spacing by the same factor. This is
fully consistent with observation of the mineral “densifying” wherein the specific surface

area of the mineral structure decreases at ashing temperatures >500 °C.3
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Figure S3. A proposed mineral plate spacing change before and after ashing at 600 °C of
bovine femur. The 600 °C ashed sample has the average plate spacing, X, which is about 3
times larger than deproteinized and dehydrated sample and Ps intensity which is about 3
times lower.

Table S2. Summary of Ps lifetime components and corresponding pore sizes based on
different geometries from ashed and chemically deproteinized samples.

Ps
Sample Ps lifetime Xslab Dyiinder Dgphere
intensity
600 °C ashing
124.1+0.4 ns 34% 11.3 £0.3 nm 22 nm 32 nm
(intact)
600 °C ashing
125.0+0.3 ns 3.7% 12.0£ 0.3 nm 23 nm 33 nm
(granulated)
Chemically

101.3£0.3 ns *
deproteinized 11.3% 4.8 +£0.4 nm 8.4 +0.1 nm 12.1 £0.1 nm
mean or peak
100 °C dehydrated

*Value of weighted mean of a bimodal lifetime distribution or the peak lifetime of a continuum
distribution
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Figure S4. Visualization of free volume for each lifetime component (a, § and y). The top
image is the constructed collagen microfibril structure based on the known collagen structure.
The below three images spatially represent free volume (highlighted as blue) based on the
three different probe diameter values; 0.59 (a indicates pores within collagen molecule), 1.08
(B indicates pores between collagen molecules) and 1.92 ns (y indicates pores located at the
terminal segments within the collagen microfibril) diameter sizes are selected based on the
experimentally determined pore sizes by the PALS data.

Pore shape at the terminal segments of the collagen molecules (y)

Width
229-3.5=194A

Length
56-3.5=525A

Aspect Ratio (width : length)
1:2.7

Figure S5. Visualization of a pore shape at the terminal segments of the collagen molecules
(noted as y). The aspect ratio (width over length) of the pore suggests that the pore shape at
the terminal segments is more likely to be a cylindrical model.
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Figure S6. The four fitted Ps lifetimes and their corresponding fitted Ps intensities for
dehydrated bovine femur, dehydrated mouse tibia, dehydrated chicken femur and dehydrated
rabbit femur bone samples. The fitted PALS data from all three different animal spices
display comparable Ps lifetime and intensity values. Data set of Dehydrated 3 in this figure is
the same data from Figure 3 of the main text.
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