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ABSTRACT

In situ mechanical testing coupled with imaging using high-energy synchrotron x-ray
diffraction or tomography imaging is gaining in popularity as a technique to investigate
micrometer and even sub-micrometer deformation and fracture mechanisms in
mineralized tissues, such as bone and teeth. However, the role of the irradiation in
affecting the nature and properties of the tissue is not always taken into account.
Accordingly, we examine here the effect of x-ray synchrotron-source irradiation on the
mechanistic aspects of deformation and fracture in human cortical bone. Specifically,
the strength, ductility and fracture resistance (both work-of-fracture and resistance-
curve fracture toughness) of human femoral bone in the transverse (breaking)
orientation were evaluated following exposures to 0.05, 70, 210 and 630 kGy irradiation.
Our results show that the radiation typically used in tomography imaging can have a
major and deleterious impact on the strength, post-yield behavior and fracture
toughness of cortical bone, with the severity of the effect progressively increasing with
higher doses of radiation. Plasticity was essentially suppressed after as little as 70 kGy
of radiation; the fracture toughness was decreased by a factor of five after 210 kGy of
radiation. Mechanistically, the irradiation was found to alter the salient toughening
mechanisms, manifest by the progressive elimination of the bone’s capacity for plastic
deformation which restricts the intrinsic toughening from the formation “plastic zones”
around crack-like defects. Deep-ultraviolet Raman spectroscopy indicated that this
behavior could be related to degradation in the collagen integrity.
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1. INTRODUCTION

Human bone and tissue can be exposed to a wide range of radiation levels for
medical and scientific reasons. At the low dose end, the average radiation from an
abdominal x-ray is ~1.4 mGy; that from a pelvic CT scan is 25 mGy [1]. At the high dose
end (>10 kGy), gamma irradiation is commonly used to terminally sterilize allograft
tissues and bones [2-5], and has been proven to be very potent sterilization agent with
the ability to effectively penetrate tissue. However, gamma irradiation is also known to
adversely affect the mechanical and biological properties of tissue in a dose-dependent
manner by degrading the collagen [6-14]. Specifically, gamma rays split polypeptide
chains; in wet specimens, irradiation causes release of free radicals via radiolysis of

water molecules that induces cross-linking reactions in collagen molecules [15-17].

International consensus on an optimum dose of radiation has not been reached due
to wide range of confounding variables and individual decisions by tissue banks. This
has resulted in the application of sterilization doses ranging from 25 to 35 kGy [16],
although even at such a “standard dose” the effect of irradiation on the mechanical
integrity of bone and tissue is still controversial. For doses up to 35 kGy, several studies
[7,8,10,18-20] have reported a significant effect on the post-yield properties of cortical
bone, in particular significant reductions in plastic properties such as ultimate strength
and work-of-fracture, but little effect on the elastic properties, i.e., stiffness and elastic
limit. Conversely, other studies on bones and tendons [9,14,21,22] have claimed no
significant reduction in biomechanical properties after similar doses. Nevertheless, a
general consensus is that bones and tissues can be partially protected from free radical
damage by treatment radioprotectants, i.e., deep freezing during radiation [19], or
freeze drying and/or use of antioxicant ascorbate [23]. However, even though the

impact of lower doses (e.g., 15 to 35 kGy) remains debatable, most studies agree that



higher doses of gamma radiation (e.g., 40-60 kGy or more), which are expected to

eliminate viral infection, can definitely lead to deleterious effects [8,10].

The effect of irradiation is also a concern with scientific studies of the properties of
bone and tissue using computed micro-tomography (uXCT) with synchrotron and
desktop x-ray sources [24]. Surprisingly, this issue is often ignored but has become of
importance as in situ testing with high-energy synchrotron x-ray diffraction [25-31] and
tomography imaging [32,33] is now commonly used to identify the micrometer and
even sub-micrometer deformation and fracture mechanisms in mineralized tissues.
Typical in situ x-ray synchrotron tomography experiments involve the irradiation of, for
example, bone samples at a rate of ~100 Gy/s!. Corresponding exposures for in situ
small angle x-ray scattering (SAXS) experiments of bone are much lower, typically at
~0.2 Gy/s?>. The key parameters here are the flux density that can change by three
orders of magnitude depending on the synchrotron source and the exposure time that
can span from few seconds for in situ SAXS experiments to few hours for tomography
scans; this leads to typical radiation doses ranging from ~ 1 Gy to as high as 1 MGy
(Table 1). In light of the aforementioned studies on gamma radiation, it is clear that the
effect on the inherent properties of the tissue of such irradiation during in situ testing
with synchrotron and desktop x-radiation sources data must be documented if the

results of such experiments are to have any credence.

In this work, we examine how x-ray irradiation affects the deformation and fracture

properties of human cortical bone. Such mechanical behavior in bone is a function of

1 The rate of 100 Gy/s is based on the specifications of the tomography beamline at the Advanced Light
Source at the Lawrence Berkeley National Laboratory, assuming a sample thickness of 2 mm, an incident
x-ray energy of 20 keV with flux density of 2.1 x 105 photons/s/um?2. For details, see Appendix.

2 The rate 0.2 Gy/s is based on the specifications from the SAXS beamline at the DESY Laboratory (see
http://hasylab.desy.de/facilities/doris iii/beamlines/a2/beamline/index eng.html).




the multi-dimensional hierarchical nature of its structure [34-38]; indeed, bone derives
its resistance to fracture from a multitude of deformation and toughening mechanisms
at many length-scales (Fig. 1), ranging from the nanoscale structure of its protein
molecules to the macroscopic physiological scale of tubular bone structure [39,40].
These mechanisms can be classified as “plasticity” mechanisms which operate
principally at sub-micrometer length-scales to promote intrinsic toughness®, involving
molecular uncoiling of collagen molecules, fibrillar sliding of mineralized collagen
tibrils and fibers and microcracking, and crack-tip shielding mechanisms which operate
at larger length-scales to promote extrinsic toughness via such mechanisms as crack
deflection and bridging. We show here that x-ray irradiation doses ranging from 70
kGy to 630 kGy deleteriously affect these mechanisms, we believe by primarily
suppressing the intrinsic “plasticity” mechanisms at the sub-micrometer level, as
characterized by the changes in the collagen environment seen with ultraviolet
resonance Raman spectroscopy. The result is a major progressive loss in the mechanical
integrity of the bone, specifically in its strength, post-yield ductility (strain) and
toughness, with increasing levels of irradiation, to an extent that calls into question the
use of in situ x-ray radiation to study the mechanical properties of biological tissue such

as bone.

¥ Intrinsic toughening mechanisms operate ahead of the crack tip to generate resistance to microstructural
damage. The most prominent mechanism is that of plastic deformation which provides a means of
blunting the crack tip through the formation of “plastic” zones. Extrinsic toughening mechanisms,
conversely, operate primarily in the wake of the crack tip to inhibit cracking by “shielding” the crack
from the applied driving force [41-44]. Whereas intrinsic toughening mechanisms are effective in
inhibiting both the initiation and growth of cracks, extrinsic mechanisms, e.g., crack bridging, are only
effective in inhibiting crack growth [42].



2. EXPERIMENTAL METHODS
2.1. Materials

Test samples from the midsection of frozen human cadaveric femoral cortical bone
(48 year old) were sectioned using a low-speed saw and machined into thirty five bend
samples (N=35). The rectangular samples had a thickness B of 1.5-2.0 mm, a width W of
3-4 mm, and a length of 10 mm. All samples were taken from locations longitudinal to
the bone long axis. The samples were further divided into five groups of seven samples
(N=7): one control group (non-irradiated), and four groups irradiated at 0.05, 70, 210,
and 630 kGy, respectively. X-ray irradiation was performed at the Advanced Light
Source synchrotron facility at the Lawrence Berkeley National Laboratory on a super-
bend source. The low irradiation dose (0.05 kGy) was achieved with a 10 mm thick
aluminum shield during a two-bunch mode. The three high levels of irradiation were
all achieved at 21 keV in top-off mode and 500 mA. The dose rate at the high level dose
was 110 Gy/s resulting in 70 kGy for 10 mins exposure, 210 kGy for 30 mins exposure,
and 630 kGy for 90 mins exposure (see Appendix for radiation calculations). These
periods of time were selected in order to achieve multiple levels of irradiation doses
typical of those received during sterilization (70 kGy) or during a typical scan time for a
tomographic data set (30 to 90 mins).  All samples were kept hydrated during

irradiation.

Three (N=3) samples of each group were used for three-point bending tests, and the
remaining four samples (N=4) of the group were used for crack resistance-curve (R-

curve) measurements.* R-curve measurements were performed on single-edge notched

* The crack resistance- or R-curve provides an assessment of the fracture toughness in the presence of
subcritical crack growth. It involves measurements of the crack-driving force, e.g., the stress intensity K,
strain-energy release rate G or J-integral, as a function of crack extension (Ag). The value of the driving
force at Aa — 0 provides a measure of the crack-initiation toughness whereas the slope and/or the
maximum value of the R-curve can be used to characterize the crack-growth toughness.



bend, SE(B), specimens. The initial notch was formed initially with a low-speed
diamond saw; it was then subsequently sharpened by repeatedly sliding a razor blade
over the saw-cut notch, while continually irrigating with 1 um diamond slurry. The
final micro-notches had a root radius of ~3-5 um. Using this technique, sharp cracks
with initial crack length, a ~ 1.5-2.0 mm (a/W = 0.5), were generated in general
accordance with ASTM standards [45]. The orientation of the notch was such that the
nominal crack-growth direction was perpendicular to the long axis of the bone
(transverse orientation). Prior to testing, all samples were wet polished with an
increasingly higher finish to a final polish with a 0.05 um diamond suspension before

being immersed in ambient Hanks’ balanced saline solution (HBSS) for 24 hr.
2.2. Strength, toughness and J-R curve measurements

Three-point bend tests were performed to generate quantitative stress-strain curves.
The strength tests were performed on unnotched bend specimens using a support span
S of 75 mm and a displacement rate of 10 pm/s. From these measurements, the
ultimate bending stress and strain were determined at the point of maximum load. In
addition, the bending stiffness was calculated from the slope of the stress/strain curves,
and the work-of-fracture calculated from the area under these curve divided by twice

the cross-sectional area of the fracture surface.

In order to capture both intrinsic (plasticity) and extrinsic (shielding) toughening
mechanisms acting in the irradiated bone, fracture toughness measurements were
performed using nonlinear-elastic fracture mechanics methods, specifically involving
the J-integral’; in contrast to linear-elastic methods, e.g., using the stress intensity K,

these methods provide a more realistic description of the contribution to the toughness

5 ] is the nonlinear strain-energy release rate, i.e., the rate of change in potential energy for a unit increase
in crack area in a nonlinear elastic solid. It is the nonlinear-elastic equivalent of the strain-energy release
rate G. It characterizes the stress and displacement fields at a crack tip in such a solid, and as such can be
used to define the onset of fracture there.



from the energy consumed in plastic deformation® prior to, and during, fracture [46-48].
J-R curves were performed under rehydrated conditions in mode I (tensile-opening)
using SE(B) specimens with a crack-growth direction transverse to the long axis of the
osteons (transverse orientation). R-curves were measured on HBSS-saturated specimens
in situ in a Hitachi S-4300SE/N environmental scanning electron microscope (ESEM)
using a Gatan Microtest three-point bending stage. Crack extension was monitored
directly in back-scattered electron mode at a pressure of 35 Pa and a 30 kV excitation
voltage. Tests were conducted in three-point bending with a span (S = 6 mm) to width
(W =3 mm) ratio of ~2, in accordance with ASTM Standard E1820-08 [45]. R-curve tests
were terminated after ~700 pm of crack extension; the samples that had not failed at this

stage were stored for subsequent tomography analysis.

Measured R-curve data points were limited to small-scale bridging conditions,
where the size of the zone of crack bridges behind the crack tip remained small
compared to the in-plane test specimen dimensions. As noted above, the use of the J-
integral as the driving force for crack initiation and growth was employed to capture
the contribution from inelastic deformation in the evaluation of toughness. The stress
intensity at each measured crack length was calculated by measuring the nonlinear
strain-energy release rate, J. The value of | was calculated from the applied load and
instantaneous crack length according to ASTM standards [45], and was decomposed
into its elastic and plastic contributions:

J=Jg+J,. 1)

The elastic contribution Jel is based on linear-elastic fracture mechanics:

¢ Plastic deformation here is used as a general term to indicate any of the inelastic, non-recoverable
deformation mechanisms, such as local collagen fibrillar shearing, viscoplasticity, and microcracking, that
are active at various length-scales in bone [39,40].
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where Ki is the mode I stress-intensity factor, and E is the Young’s modulus. Using the
load-line displacements, the plastic component Jp for a stationary crack in bending is
given by:
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where Ap is the plastic area under force vs. displacement curve, b is the uncracked
ligament length (W-a). K-based fracture toughness Kj. values were back-calculated from
the | measurements using the standard J-K equivalence for nominally mode I fracture,

specifically that Kjc = (Jc E)*, with the Young’s modulus taken as 20 GPa.

For all fracture toughness tests conducted, conditions for J]-dominance, as specified
by the active ASTM standard [45], were met, i.e., b, B >> 10 (J¢/oy), where oy is the flow
stress. This latter criterion ensures that the critical Jc (and calculated Kj) values

represent valid fracture toughness values.
2.3. Deep-ultraviolet Raman spectroscopy

To measure vibrational spectra, deep-ultraviolet Raman spectroscopy, with a 244-
nm excitation source was used to evaluate irradiation-related changes in the structure of
bone at the molecular level [49]. The UV Raman technique eliminates the fluorescence
interference found with visible excitation. Also, due to resonance effects, the signal
strength of some features from the organic phase (particular those associated with the
amide moiety formed by the bonds between peptides) are enhanced relative to those
from the inorganic phase (e.g., phosphate and carbonate stretching modes). To avoid
damage to the sample the laser power was kept below 5 mW and the sample was

rotated at approximately 45 rpm. We have previously shown [49,50] that the height of



the amide I feature at 1650 cm™ is sensitive to the collagen environment, increasing, for
example, with dehydration or with increasing tissue age. For quantitative analysis of
this effect, spectra were processed by subtracting a small linear background defined by
the signal at 500 and 2000 cm™ and then normalizing to the height of the CH2 wag peak

at 1460 cm! (this peak does not have a strong resonance enhancement).

2.4. Microstructural characterization

The microstructure of bone was characterized using scanning electron microscopy in
the back-scattered electron mode with the Hitachi S-4300SE/N ESEM. Synchrotron x-
ray computed micro-tomography (uXCT) was employed to visualize in three-
dimensions the crack path and distribution of micro-damage after R-curve testing. The
uXCT evaluation was performed at the Advanced Light Source synchrotron radiation
facility at Lawrence Berkeley National Laboratory; the setup is similar to standard
tomography procedures [51] in that samples are rotated in a monochromatic x-ray beam
and the transmitted x-rays imaged via a scintillator, magnifying lens and a digital
camera to give an effective voxel size in the reconstructed three-dimensional image of
1.8 pm. Samples were scanned in absorption mode and the reconstructed images were
obtained using a filtered back-projection algorithm. In absorption mode, the gray scale
values of the reconstructed image are representative of the absorption coefficient. To
maximize the signal-to-noise ratio, an energy of 20 keV was selected; this optimizes the
interaction between the x-rays and the sample. Two-dimensional images were taken
every quarter of a degree between 0 and 180 degrees. The data sets were then
reconstructed using the software Octopus [52] and the three-dimensional visualization

was performed using Avizo™ software [53].



3. RESULTS
3.1. Strength and fracture toughness

Bending stress-strain curves (Fig. 2a) and fracture toughness R-curves (Fig. 2b) both
show a major dose-dependent degradation of the mechanical properties of bone after x-
ray irradiation. Data are tabulated in Table 2. With increasing radiation doses up to
630 kGy, a marked reduction was seen in the ultimate (maximum) bending strength and
bending strain, together with the work-to-fracture (Fig. 3a), although little change was
found in the bending stiffness. The strength of the bone decreased by ~ 25%, 60% and
more than 80% as the irradiation dose was raised, respectively, from 70 kGy to 210 kGy
and 630 kGy; a similar trend was observed for the ultimate strain (Fig. 3a). No
significant degradation in the mechanical properties was observed at the smallest dose
of 0.05 kGy. Noting that it is here difficult to identify a threshold due to the lack of
irradiation data in the 0.05-70 kGy range, the most dramatic effect was seen above an
irradiation dose of 70 kGy, where the bone displayed no evidence at all of post-yield
plastic deformation. Additionally, the work-to-fracture decreased by 70% to almost
100% as the irradiation dose increased from 70 to 630 kGy (Fig. 3a). These observations
are consistent with reports [6,8-10,12,13,19] of the significant effect of gamma irradiation
on the plastic properties such as the bending strength and toughness, rather than the
elastic properties such as stiffness and elastic limit. Of importance is that although the
irradiation doses in question are very large compared to the few second exposures
typical of in situ x-ray scattering experiments, they are definitely comparable to the

irradiation associated typical tomography imaging runs (Table 1),

Full Kr(Aa) resistance curves determined for physiologically-relevant small cracks
(Aa <700 pm) are shown in Fig. 2b. It is interesting to note that all irradiated samples
exhibit a rising R-curve behavior indicative of stable crack growth before fracture, even

after large 210 kGy doses, despite the complete loss of “plasticity”. This indicates that

10



principal extrinsic crack-tip shielding mechanisms which toughen bone, i.e., crack
bridging and crack deflection/twist, remain active behind the crack tip after severe
irradiation to locally screen the crack from the applied (far-field) driving force.
However, the R-curves (Fig. 2b) still give a clear indication that prior irradiation causes
both the crack-initiation toughness (assessed in terms of the intercept of the R-curve at
Aa — 0, Ko) and crack-growth toughness (assessed as both the slope of the R-curve,
dK/dAa and the instability toughness value, Ki) to significantly decrease with
irradiation dose (Fig. 3b). Similar behavior has been observed with the aging of human

cortical bone [54,55], as discussed below.

For the first 600 um of crack extension (Fig. 2b), Ki fracture toughness values were
as much as a factor of five lower after 210 kGy irradiation, i.e., 13.3 MPaym (Jc ~ 9 kJ/m?)
in the unirradiated samples down to 2.7 MPaVm (J. ~ 0.3 kJ/m2) in the 210 kGy irradiated
samples. Similarly, Kic were found to be 10.5 MPaVm (J. ~ 5 kJ/m?) and 7.4 MPa\ym (] ~ 3

kJ/m?) for the respective 50 Gy and 70 kGy irradiated samples.
3.2. Crack-growth observations

The associated mechanistic sources of toughening in irradiated bone were identified
during the in situ mechanical tests in the environmental scanning electron microscope
on rehydrated samples. This technique provides the opportunity to measure
quantitatively the R-curve while simultaneously monitoring the evolution of damage
mechanisms ahead of the growing crack and the toughening mechanisms that result in
its wake; furthermore, how these mechanisms relate to the bone architecture can be

imaged in real time (Fig. 4a,d).

Results show that the extrinsic toughening mechanisms in bone, i.e., the crack
deflection/twist and crack bridging processes that operate at length-scales above a
micrometer [47,56], are still operative in the irradiated bone; accordingly, all samples
displayed subcritical (stable) crack growth over the initial 700 pm of crack extension
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(Fig. 2b). These mechanisms result from the occurrence of microcracking primarily
along the cement lines, i.e., the “weaker” hyper-mineralized interfaces of the osteons,
and to a lesser extent along the lamellar boundaries. The growing cracks deflect by as
much as 90 degrees as they encounter these interfaces between the interstitial bone and
the osteons, leading to the marked crack deflections and through-thickness twists (Fig.
4) that are the primary source of (extrinsic) toughening in the transverse orientation.
Although prior irradiation does not inhibit these mechanisms, SEM and uXCT imaging
shows that the frequency of deflection appears to be greater in the irradiated samples
(c.f., Figs. 4a & d). As this leads to smaller-amplitude crack deflections (c.f., Figs. 4b &
e, 4c & f), the extent of crack meandering within the bone-matrix is actually lower after
irradiation, which is consistent with the crack extending at much lower stress

intensities.
3.3. Raman spectroscopy

Deep-UV Raman spectra for 0, 0.05, 70, and 210 kGy doses are shown in Fig 5. The
main peaks observed in the control sample are indicated: amide III (from in-phase
combination of NH in-plane bend and CN stretch, c. 1245-1260 cm), CH2 wag (c. 1454~
1461 cm™), amide II (c. 1560 cm™?), Y8a (from tyrosine side chains at 1610 cm™) and
amide I (from C=O stretch, c. 1626-1656 cm™?). The main change in the spectra of the
irradiated samples is a monotonic increase (relative to the CH: wag) of the amide I
band, as shown in Table 3. We have previously observed increases in the amide I peak
with dehydration and increasing age and have attributed them to broadening of the
resonance profile for the amide n — n* transition caused by changes in the intrafibrallar
environment of the collagen molecules [49,50]. Here, we believe that the increase is due
to increased collagen cross-linking induced by the radiation damage, as similarly
reported for gamma radiation studies [15-17]. Finally, we note that at a dose of 630

kGy, the spectral features were broadened to an extent such that the individual peaks
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could not be observed. This likely is due to breaking of peptide bonds in the collagen
backbone.

4. DISCUSSION

This experimental study highlights a major deleterious effect of x-ray radiation on
“bone quality” for human cortical bone. For radiation dosage levels typical of in situ x-
ray tomography imaging, we report a progressive decrease in both the post-yield
mechanical properties (ultimate bending strength and strain) and fracture toughness
(work-of-fracture and the crack-initiation and -growth toughness) with increase in
irradiation levels from 0.05 to 630 kGy (Figs. 2-5). The effects are not trivial; bending
strengths decline by up to ~100% and Kij. fracture toughness values by a factor of five
(Table 2). Structurally, the irradiation affects the collagen environment by increasing
the degree of cross-linking, resulting in a total loss in post-yield (plastic) deformation
leading to a radical decline in strength and ductility; this loss in intrinsic toughening,
coupled with lower extrinsic toughening due to “smoother” crack paths, can be further

associated with the large decline in fracture resistance (or toughness).

To understand the origin of this effect and specifically how irradiation can degrade
the strength and toughening mechanisms in bone, we note that the fracture resistance of
bone is a multiple-scale process with each level of structural hierarchy adapted to
provide optimal toughness. Traditionally, toughness has been thought of as the ability
of a material to dissipate deformation energy without propagation of a crack. However,
fracture is actually the result of a mutual competition of intrinsic damage mechanisms
ahead of the crack tip that promote cracking and extrinsic shielding mechanisms mainly
behind the tip that impede it [42,44]. We thus consider the influence of irradiation in

terms of how it may affect these two mechanistic components.
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At micro- to macro-scale dimensions, the toughness of cortical bone is dominated by
the extrinsic contributions and associated with crack-tip shielding principally from
crack bridging and deflection. The main structural feature controlling these mechanisms
is the secondary osteons [57], or more precisely their interfaces, the cement lines [58],
which act as prime locations for microcracking [47,59,60]. In the longitudinal
orientations, such microcracking occurs nominally ahead and/or parallel to the main
growth crack; the intact regions in between then act as (“uncracked-ligament") bridges
which enhance the toughness by carrying load that would otherwise be used to
propagate the crack [47,56]. In the presently tested transverse orientation,
microcracking is conversely nominally orthogonal to the path of the main growing
crack; the resulting crack arrest and “delamination” along the cement lines as the crack
encounters the osteons (see Fig. 4) results in even more potent toughening in the form
of crack deflection and twisting [46-48]. Our results show that loss of post-yield
(plastic) deformation due to irradiation definitely diminishes this crack-growth
toughness (Fig. 2b), although mechanistically, toughening via crack deflection/twist is
still prevalent in the irradiated as well as the unirradiated samples (Fig. 4). However, as
Fig. 4 illustrates, due to the increased frequency but decreased magnitude of the crack
deflections, crack paths in irradiated samples are considerably less tortuous. Because
the motion of a crack away from the path of maximum driving force, e.g., the Gmax path
[47, 59, 60], reduces the local stress intensity actually experienced at the crack tip, such
less meandering crack trajectories in irradiated samples would certainly lessen the
potency of the crack deflection toughening mechanism, thereby degrading the

toughness with respect to unirradiated bone.

At sub-micrometer dimensions, toughening mechanisms in bone are largely intrinsic
and, as noted above, can be classified as mechanisms of plastic deformation, involving

processes such as molecular uncoiling and fibrillar sliding of collagen [39,40] (Fig. 1).
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These mechanisms contribute to the fracture toughness of bone by forming “plastic
zones” around crack-like defects, thereby protecting the integrity of the entire structure
by allowing for localized failure through energy dissipation. Clearly irradiation has a
major effect in depriving bone of its ability to plastically deform, as evidenced by the
dramatic and progressive loss in bending strength and ductility (strain to failure) with
increasing x-ray dosage (Figs. 2a, 3a). Parallel Raman spectroscopy studies show this to
be related to detrimental changes to the collagen environment (Fig. 5). In general, the
integrity of the collagen molecules and the concentration of cross-links in between these
molecules are the dominant factors affecting the collagen network in bone [61]. It is
well documented that this can be severely affected by radiation. In particular, the
majority of damage from gamma radiation is induced in bone by the radiolysis of water
molecules which generate free radicals which in turn target bonds within the collagen
structure [62, 63], resulting in cross-linking reactions in the collagen molecules [15-17].
Collagen is the primary target for such radiation-induced free radical attack because of
the significant amount of water bound to its structure [17,64]. Indeed, most of the in
vivo and in vitro damage to biological systems from gamma radiation can be attributed
to the hydroxyl (OH-) free radical [63,65,66]. These free radicals react with target
collagen molecules within a lifetime on the order of 0.01-1 ns and render irrecoverable
changes in the chemical structure of the collagen [62]. The question then arises how

such irradiation-induced changes to the collagen can specifically affect plasticity.

Mineralized collagen fibrils are the basic building blocks of the bone matrix; they
consist of a self-assembly of tropocollagen (TC) molecules, which individually consist of
three polypeptides arranged in triple-helical “nanoropes”. The nanoropes are stabilized
by hydrogen bonding between residues [67-69]; every third residue in each of the
molecules is the amino acid glycine (GLY) and about one fourth of the TC molecule

consists of proline and hydroxyproline [70,71]. At this length-scale, bone deforms by
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stretching and unwinding of individual collagen molecules due first to entropic and
then energetic mechanisms that involve H-bond breaking [39,40]. Within the fibrils,
such molecular stretching competes with intermolecular sliding and breaking of weak
and strong bonds between TC molecules, both sliding motions provide the basis for
large plastic strains without catastrophic failure.” At the mineralized collagen fibril
level, continuous glide between TC molecules and between hydroxyapatite (HA)
particles and these molecules, initiated by slip at the HA-TC molecule interface, enables
a large regime of dissipative deformation once plastic yielding begins. Such molecular
behavior of the protein and mineral phases during large-scale deformation of the
mineralized collagen fibrils, in addition to representing a mechanism of plasticity,
provides for intrinsic toughening and enhanced fracture resistance through the
formation of plastic zones around crack-like defects [77,78]. As noted above, radiation-
induced free radical attack of the collagen network results in a cross-linking reaction
that degrades the structural integrity of the collagen fibers [16,17], and most likely
restricts the fibrillar sliding (plasticity) mechanisms. Consequently, any degradation of
the collagen molecules, e.g., by irradiation, that acts to restrict these plasticity/intrinsic
toughening mechanisms in bone would limit ductility, reduce strength and lower

toughness.

Besides such radiation-induced embrittlement of bone, similar effects of altered
collagen biochemistry have been reported to cause increased fragility in bone due to
aging [54,79] and disease [80,81]. For example, a significant reduction in the crack-
initiation toughness and an almost complete elimination of crack-growth toughness in

human cortical bone has been observed with increasing age [54], effects that have

7 Severe mechanical tensile loading of collagen is significant under physiological conditions. Through
such sliding mechanisms, it has the ability to stretch up to 50% tensile strain before breaking while
reaching force levels of more than 10 nN per molecule (or to a stress of 10-20 GPa stress after
normalization by the cross-sectional area of the molecule) [72-76].
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similarly been attributed at the sub-micrometer scale to increased cross-linking and
deterioration in the collagen and at the micrometer scale and above to reduced extrinsic

toughening from degraded crack-tip shielding [54,57].

This is even more evident from the fact that structural alterations, or mutations in
the collagen gene, can lead to severe diseases that are associated with a severe
deterioration of the mechanical properties of bone. One of the most well known genetic
diseases is osteogenesis imperfect (brittle bone disease), where tiny single point mutations
(i.e. molecular defects at the level of single amino acids, or a few Angstrom in length-
scale) in the collagen type I gene leads to mechanical weakness at larger scales [82,83]
due to a softening of the tropocollagen molecule’s stiffness and a significant reduction
of the intermolecular adhesion [84,85]. This example shows that under disease
conditions, the intrinsic repair and toughening mechanisms of bone can fail to function

properly and lead to a rapid breakdown of the tissue [86].

5. CONCLUDING REMARKS

Many in situ mechanical tests require long data acquisition times and use x-rays
with extremely high flux density. For biological tissue such as bone, we have shown
here that such exposure to high levels of irradiation can cause serious deleterious effects
to the collagen which leads to drastic losses in strength, ductility and toughness. It is
therefore essential that studies using in situ radiation, such as deformation and fracture
testing coupled with x-ray diffraction and/or tomography, carefully take this into
consideration. For in situ high-energy x-ray diffraction studies, the crucial factor is the
amount of time that the sample is exposed, since the radiation flux levels are fairly low
and generally fall in the “non-damaging” dose range. As such times are typically only
a few seconds, irradiation-damage is generally not much of an issue with these

techniques. For in situ x-ray tomography studies, however, the irradiation levels are

17



much higher and the required exposure times to gain accurate information about a
sample are typically 30 minutes of more, even on a synchrotron. Here the potential for
severe tissue damage during the experiment is far more likely. Indeed, we would
question the results of any in situ mechanical studies that involve concurrent x-ray
tomography at irradiation levels of higher than 35 kGy, which with a standard 20 keV
x-ray tomography beamline would be achieved after exposure times of only 5 minutes
or so. It is therefore imperative to carefully evaluation the irradiation dose level for
any in situ high energy x-ray study on biological materials to ascertain that the radiation

will not lead to severely altered properties of the tissue.

6. CONCLUSIONS

Based on an experimental study on the effect of irradiation by x-rays of the
mechanical behavior of hydrated human cortical bone (in the transverse orientation),

the following specific conclusions can be made:

1. Exposure to synchrotron x-ray irradiation doses of between 0.05 and 630 kGy
progressively led to a major deterioration in the mechanical properties. Specifically,
after 630 kGy of radiation, the ultimate bending strength and ductility (fracture
strain) of the bone were decreased by ~80%, the work-of-fracture by almost 100%,

and the Kj. fracture toughness by a factor of five.

2. Even doses as low as 70 kGy resulted in losses in bone strength and the work-of-

fracture by as much as 25 and 70%, respectively.

3. Macroscopically, bone exposed to irradiation doses of 70 kGy and above displayed a

complete absence of post-yield plastic deformation.

4. UV Raman spectroscopy revealed a significant increase in the amide-I peak with

increase in irradiation exposure, indicating a change in the collagen environment.
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This was associated with an increase in cross-linking in the collagen, consistent with

the decline in the bone’s capacity for plastic deformation.

5. J-integral resistance-curve measurements also revealed a marked degradation in
fracture toughness, both for crack initiation and crack growth, with increasing
exposure to x-rays. Mechanistically, this was associated both with diminished
intrinsic toughening, from the limited plasticity in irradiated bone, and diminished
extrinsic toughness due to a smaller contribution from crack deflection toughening

from less tortuous crack paths in irradiated bone.

6. This work implies that the results from in situ experimental research on biological
materials that use a radiation source must be considered with care. Whereas typical
irradiation exposures for in situ x-ray micro-diffraction studies on bone are generally
insignificantly small, the radiation doses examined in the present work are
comparable with those typically used for in situ synchrotron x-ray tomography

studies, which calls into question the veracity of results derived from such work.
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APPENDIX
Estimation of radiation exposures

Bone samples in this study were all irradiated from hard x-rays produced from a
superbend synchrotron source and double multilayer monochromator combination on
beamline 8.3.2 at the Advanced Light Source at the Lawrence Berkeley National
Laboratory (LBNL). All of the controls selected for irradiation were selected to mimic a
realistic tomography scan. All reported dose values in text follow the same procedural

dose calculations.

To estimate the radiation dose absorbed by the bone sample, which is measured in
grays (1 Gy =1 ] kg?), the radiation flux density, ¢, is computed from the value of the
flux, @, measured from an ion chamber:

l//:

1]
Z ’
where z is the area of the beam at the sample. The flux density is then converted into

an energy density E,, using:

E, =y x16x10 " J/eV xE ,

where E is the energy of the beam in eV.

The transmission, T, of x-rays through a material, of thickness J, is often expressed

as:

where [ and I, are the transmitted and incident x-ray intensities respectively, a is the
mass attenuation coefficient (cm?/gm) and p the density. This is generally referred to as
the Beer-Lambert Law. The linear attenuation coefficient u (cm) is also commonly
used and is related by: u = a p. The fraction of x-rays absorbed (A) by the sample is
given as (1 - T). The dose rate, d, can then be obtained from:

AFE

d="—"
M
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where M is the mass of the bone absorbing the radiation. Given a reasonably uniform
distribution for the absorption of x-rays within the sample, the total irradiation dose
received during each exposure is then found from the dose rate and the total exposure
time, t:

] ] . A FE
Total irradiated dose =dxt = Mp X t
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Table 1: Dose rates from typical in situ small angle x-ray scattering experiments and in

situ synchrotron tomography experiments.*

Fl i
Radiation u?< Radiation Ty.plc'al
Type of in situ ener Flux density dose rate radiation
ez;)eriment Synchrotron location 8y / dose
hot hotons/s
(keyy  (Photons/s) (P (kGy/s)
/mm?) (kGy)
Hamburger
Small-angle x-  Synchrotronstrahlungslab 0,04
ray scattering (HASYLAB), Deutsches 8.27 1x10° 1.67 x 108 2x 10+ 0' 1
(SAXS) [27,29] Elektronen-Synchrotron ’
(DESY)
Wide-angle x- Advanced Photon Source
ray scattering (APS), Argonne National 80.7 1 x 1010 1 x 1012 0.2 ~6 - 30
(WAXS) [25,31] Laboratory
Advanced Light Source
SAXS, WAXS (ALS), Lawrence Berkeley 10 1.76 x 1012 2.2 x 101 0.5 ~20
National Laboratory
Tomoeranh Advanced Light Source,
graphy Lawrence Berkeley 20-80 8.4x101 2.1x10m 0.12 ~1.3 x103
(LXCT) .
National Laboratory
Tomography Swiss Light Source SLS, " " R
[32,33] Paul Scherrer Institute 20 3x10 136x10 0.77 6.0x10

* Estimation procedures are described in the Appendix
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Table 2: Mechanical properties of human cortical bone for the varying x-ray
irradiation doses**

Crack-growth

Lrradiati Bend: Ultimate Ultimate Work-t Crack- o
rre:i ration teg e bending bending ¢ orh; o initiation toughness
ose SHHness strength strain racture toughness, Ko
2 dK/dA Kie
(kGy) (GPa) (MPa) (%) (/) (MPavm) (MPanjm (MIJ’a\/
m) m)
1.37 166.9 16.7
0 1.6 (0.2 1.77 (0.19 31.8 (3.0 13.3
(0.51) (10.4) 02 s (0.19) (30
0.81 172.8 19.3
.05 1.8 (0.3 1.12 (0.23 239 (3.3 10.5
00 (0.42) (8.5) 03 07 (0-23) (3 10
1.43 126.5 5.58
70 1.0 (0.3 0.85 (0.17 19.8 (2.4 7.4
(0.24) (1.8) 03 oo 0.17) 24
1.20 65.4 2.22
210 0.6 (0.1 0.73 (0.07) 5.45(0.53 2.7
(0.17) (0.01) 0D 025 (0.07) (0.53)
1.53 0.22
63 20.0 (1.1 3 (0.1 - - -
0 (0.44) 00D 030D 4 0s)

** Standard deviations in parentheses.
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Table 3: UV-Raman spectroscopy data showing the relative intensity (height)
of the amide I feature, as compared to the height of the CH2 wag peak***

Irradiation dose Amide I peak relative to the
(kGy) CH: wag peak
0 0.81 (0.01)
0.05 0.81 (0.12)
70 1.05 (0.11)
210 1.20 (0.15)
630 1.39 (0.15)

** Standard deviations in parentheses.
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Figure 1: The structure of bone showing the seven levels of hierarchy with the prevailing
toughening mechanisms. At the smallest level at the scale of the tropocollagen molecules and
mineralized collagen fibrils, (intrinsic) toughening, i.e., plasticity, is achieved via mechanisms of
molecular uncoiling and intermolecular sliding of molecules. At coarser levels at the scale of
the fibril arrays, microcracking and fibrillar sliding act as plasticity mechanisms and contribute
to the intrinsic toughness. At micrometer dimensions, the breaking of sacrificial bonds at the
interfaces of fibril arrays contributes to increased energy dissipation, together with crack
bridging by collagen fibrils. At the largest length-scales in the range of 10s to 100s pm, the
primary sources of toughening are extrinsic and result from extensive crack deflection and
crack bridging by uncracked ligaments, both mechanisms that are motivated by the occurrence
of microcracking. (Adapted from Ref. [40]).
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Figure 2: Mechanical properties of human cortical bone subjected to varying degrees of x-ray
irradiation. (a) Stress-strain curves from three-point bending tests (offset for clarity) for
hydrated human cortical bone in the transverse orientation at different irradiation levels. (b)
Crack-resistance curves (R-curves) showing resistance to fracture in terms of the stress intensity,
Kj, as a function of crack extension, Ag, for human cortical bone in the transverse orientation. Kj
fracture toughness values were back-calculated from the | measurements using the J-K
equivalence for mode I fracture. The end of the curves indicates the critical toughness values,
Kje, at which complete failure occurred.
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Figure 3: Changes in mechanical properties of hydrated human cortical bone with irradiation
dose. (a) The effects of irradiation on the ultimate bending stress and strain, and work-to-
fracture of hydrated human cortical bone. (b) Corresponding effects of irradiation on the crack-
initiation toughness, Ko, and crack-growth toughness, dK/dAa and Kj.. The graphs show that
there is a severe and progressive degradation in mechanical properties, specifically in the
bending stress/strain and toughness properties, with increase in x-ray irradiation dose. Values
plotted are normalized to the highest value for each group (=100%).
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Non-irradiated bone 210 kGy irradiated bone

Figure 4: Scanning electron microscopy and computed x-ray tomography of crack paths in
(a-c) non-irradiated and (d-f) 210 kGy irradiated hydrated human cortical bone (transverse
orientation). Images of fracture in the non-irradiated and irradiated bone showing crack paths:
(a) & (d) SEM micrographs from side-view perpendicular to the crack plane, (b) & (e) 3-D x-ray
tomography images of these paths (notch shown by orange arrow; crack surface is purple/pink;
Haversian canals are yellow), and (c) & (f) 2-D tomographs of the paths from the back face of
the sample. The crack deflects on encountering the osteons; such crack deflection and crack
twisting is the prime extrinsic toughening mechanism in bone in the transverse orientation.
Note, however, that the frequency of such deflections is increased whereas their severity is
decreased with irradiation, resulting in less meandering crack paths in irradiated bone.

35



2.5 T T T T T
{ | Tt 630 kGy
20 [ f L -
R oy
‘é‘ Y8a; 1 i
r a
= 4 (o— 210 kGy
£ u i i 4
:@ 1.5 :
> I
Proms
v
(=
g 1o F 70 kGy
0.05 kGy
: e 0 kGy
05 :","u\":"-\.‘_ ] . 5]
(""/ | S "-'-‘- . = ‘\
L V7 Amidell ¢
1 Yot CH, wag
Amide Il
00 =
1 1 1 1 1
1300 1400 1500 1600 1700

Wavenumber (cm™)

Figure 5: UV-Raman spectroscopy of irradiated hydrated human cortical bone. (a) UV-
Raman spectra for four different irradiation groups after doses of 0, 0.05, 70, and 210 kGy,
showing specifically the large changes in the relative height of the amide I feature compared to
the CH2 wag peak. The amide I (primarily from C==O stretch) peak has previously been a good
indicator for observing changes in the protein arrangement since the amide is known to play a
role in cross-linking and bonding. The amide I peak height of the peak monotonically increases
with irradiation, consistent with an increase in cross-linking in the collagen. Some of the other
noticeable organic features for the bone matrix are the CH2 wag peak (1454-1461 cm!), amide III
(primarily from in-phase combination of NH in-plane bend and CN stretch, 1245-1260cm), and
amide II (primarily from out of phase combination of NH in-plane bend and CN stretch).
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