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Dear  David:  

Re:  Ms.  No.  jmbt17976 Characterization  of  the  effects  of  x-‐‑ray  irradiation  on  the  hierarchical  structure  
and  mechanical  properties  of  human  cortical  bone   by    H.  D.  Barth,  E.  A.  Zimmermann,  E.  
Schaible,  S.  Y.  Tang,  T.  Alliston  and  R.  O.  Ritchie  

Thank  you  for  your  rapid  review  of  our  paper,   -‐‑ray  irradiation  on  
the  hierarchical  structure  and   .        

We  have  made  changes  to  the  manuscript  exactly  as  you  suggested;  these  are  listed  below.    We  are  
now  resubmitting  the  manuscript  in  revised  form.    We  hope  that  you  will  find  it  now  acceptable  for  
publication  in  Biomaterials.  

All  the  authors  have  seen  and  approved  the  manuscript  being  resubmitted.  The  work  is  original  and  
has  not  been  submitted  elsewhere.    As  corresponding  author,  I  continue  to  take  full  responsibility  for  
the  submission.    

I  would  be  grateful  if  you  could  continue  to  direct  all  correspondence  concerning  this  manuscript  
directly  to  my  attention.  

My  best  regards,  

  
Robert  O.  Ritchie  
Chua  Distinguished  Professor  
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Response  to  Review:  

  
1.  Please  delete  the  last  paragraph  of  the  Introduction  since,  in  this  journal,  the  Introduction  

should  not  give  or  discuss  the  results  of  the  work.  

  

The  last  paragraph  of  the  Introduction  has  been  deleted.  

2.  Delete  'ʹTaken  together'ʹ  from  the  last  paragraph  of  the  Discussion  

  

3.  You  have  to  re-‐‑write  the  Conclusions  section.  This  should  not  be  an  extended  discussion,  but  a  

summary  of  the  main  findings  and  their  significance.  If  there  is  any  discussion  in  your  present  

Conclusions  that  has  not  been  included  elsewhere  you  may  transfer  it  to  the  Discussions  section.  

The  Conclusions  have  been  re-‐‑written  and  shortened  somewhat.  

4.  In  the  references  you  should  use  the  accepted  abbreviated  form  for  the  journal  titles  -‐‑  you  are  

inconsistent  with  this.  These  can  be  found  in  standard  databases  such  as  PubMed.  

All  journal  titles  in  the  reference  list  have  now  been  written  in  their  accepted  
abbreviated  form.  
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Bone   comprises   a   complex   structure   of   primarily   collagen,   hydroxyapatite   and  water,  where  

each   hierarchical   structural   level   contributes   to   its   strength,   ductility   and   toughness.   These  

properties,   however,   are   degraded   by   irradiation,   arising   from   medical   therapy   or   bone-‐‑

allograft  sterilization.  We  provide  here  a  mechanistic  framework  for  how  irradiation  affects  the  

nature   and   properties   of   human   cortical   bone   over   a   range   of   characteristic   (nano   to  macro)  

length-‐‑scales,   following   x-‐‑ray   exposures   up   to   630   kGy.      Macroscopically,   bone   strength,  

ductility   and   fracture   resistance   are   seen   to   be   progressively   degraded   with   increasing  

irradiation   levels.      At   the   micron-‐‑scale,   fracture   properties,   evaluated   using   in-‐‑situ   scanning  
electron  microscopy  and  synchrotron  x-‐‑ray  computed  micro-‐‑tomography,  provide  mechanistic  

information   on   how   cracks   interact   with   the   bone-‐‑matrix   structure.   At   sub-‐‑micron   scales,  

strength  properties  are  evaluated  with  in-‐‑situ  tensile  tests  in  the  synchrotron  using  small-‐‑/wide-‐‑

angle   x-‐‑ray   scattering/diffraction,   where   strains   are   simultaneously   measured   in   the  

macroscopic  tissue,  collagen  fibrils  and  mineral.    Compared  to  healthy  bone,  results  show  that  

the  fibrillar  strain  is  decreased  by  ~40%  following  70  kGy  exposures,  consistent  with  significant  

stiffening  and  degradation  of  the  collagen.    We  attribute  the  irradiation-‐‑induced  deterioration  in  

mechanical   properties   to   mechanisms   at   multiple   length-‐‑scales,   including   changes   in   crack  

paths  at  micron-‐‑scales,  loss  of  plasticity  from  suppressed  fibrillar  sliding  at  sub-‐‑micron  scales,  

and  the  loss  and  damage  of  collagen  at  the  nano-‐‑scales,  the  latter  being  assessed  using  Raman  

and  Fourier-‐‑Transform-‐‑Infrared  spectroscopy  and  a  fluorometric  assay.    
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 1 

  

1. Introduction      

   Bone   is  a  natural  composite  of  organic,  mineral  and  water  assembled   in   the  

form  of  a  complex  hierarchical  structure  [1].    At  the  molecular  level,  it  comprises  

a  network  of  polymetric  proteins,  primarily   type  I  collagen,  with  hard  and  stiff  

mineral  nanoparticles  of  hydroxyapatite   that  reinforce   it.     At  sub-‐‑micron  levels,  

the   collagen   forms   fibrils   (~100  nm  diameter)  with  mineral   platelets   assembled  

and   periodically   spaced   on   the   inside   and   on   the   fibril   surface;   at   the  micron-‐‑

scale   such   fibrils   are   twisted   together   to   form   collagen   fibers.     At   even   coarser  

scales   on   the   order   of   10   to   100s   m,   human      characteristic   structure  

consists   of   osteons,   which   are   concentric   layers   of   lamellar   bone,   ~100   µμm   in  

diameter,   that   contain   a   central,   longitudinal,   tubular   cavity   (Haversian   canal),  

blood  vessels,   and  nerves,   and  which   represent   a   functional  unit   by  which   the  

physical  and  biological  homeostasis  of  bone  is  actively  maintained.    

   The   stiffness,   strength   and   toughness  properties1   of   bone  develop   from   this  

multi-‐‑scaled,   hierarchical   structure   [1-‐‑4],   which   spans   from   nanometer   to  

macroscopic  dimensions  (Figure  1)  [5,  6];  indeed,  these  mechanical  properties  are  

derived  from  very  different  length-‐‑scales.    This  is  especially  true  with  respect  to  

resistance   to   fracture   where   a   suite   of   physical   toughening   mechanisms   are  

activated  at  varying   length-‐‑scales.      Specifically,   bone  derives   its   toughness   and  

hence   its   ability   to   resist   fracture   from  both   intrinsic   and  extrinsic  mechanisms  

                                                 
1  Stiffness   is   related   to   the   elastic   modulus   and   defines   the   force   required   to   produce  
corresponding   elastic   deformation.      Strength,   defined   by   the   yield   stress   at   the   onset   of  
permanent  deformation  or  maximum  strength  at   the  peak   load  before   fracture,   is  a  measure  of  
the  force/unit  area  that  the  bone  can  withstand.     The  fracture  toughness  measures  the  resistance  
to  fracture  of  a  material.     
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 2 

(Figure  1).2  Principally  at  sub-‐‑micron  dimensions,  bone  is  toughened  intrinsically  

(or   more   correctly,   inelasticity)   mechanisms;   these   include   the  

molecular  uncoiling  of   the   tropocollagen  molecules  at   the  nanoscale   [6],   and  at  

slightly   coarser   scales   the   sliding  of  mineralized   collagen   fibrils   [9,   10].     At   the  

length-‐‑scales  of  10  to  100'ʹs  µμm,  conversely,  the  primary  toughening  mechanisms  

in  bone  are  extrinsic.    These  mechanisms  affect  solely  the  growth  of  cracks;  they  

involve  processes  of  crack-‐‑tip  shielding,  most  notably  in  bone  by  crack  deflection  

and  twisting  and  bridging  of  the  crack  by  fibrils  or  intact  regions  of  bone  matrix  

in  the  crack  wake,  processes  that  are  motivated  by  the  presence  of  microcracks.    

A  central  feature  for  extrinsic  toughening  is  the  specific  nature  of  the  crack  path  

which   is   controlled  by   the  direction  of   the  applied   forces  and  the  nature  of   the  

microstructure,   in   particular   the   hyper-‐‑mineralized   interfaces   of   the   osteons  

ed,  

paths   for   cracking.     Microcracks  most  often   form  at   these  cement   lines  and  are  

thus  primarily  aligned  with   the  osteonal  orientation,   i.e.,   along   the   long  axis  of  

the   bone,   with   a   typical   spacing   of   ~10-‐‑100s   m   [11-‐‑15].      Indeed,   ~99%   of   all  

microcracks   in  bone  are  aligned  at  an  angle  of   less   than  25°  with  respect   to  the  

osteons   [16].      It   is   because  of   the  orientation  dependence  of   the  microcracking,  

and  as  well  as  the  crack  arrest  and  deflection  as  the  crack  encounters  the  cement  

lines  [11,  17],  that  the  fracture  properties  of  bone  are  highly  anisotropic,  with  the  

toughness  in  the  transverse  orientation  being  far  higher  than  in  the  longitudinal  

orientations,  i.e.,  bone  is  easier  to  split  than  to  break.    
                                                 
2 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  

Extrinsic  
toughening   mechanisms,   conversely,   operate   primarily   in   the   wake   of   the   crack   tip   to   inhibit  

the   crack   from   the   applied   driving   force   [6-‐‑8].   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  [6].  
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Such  mechanical  properties  can  be  adversely  affected,  however,  by  biological  

factors,   such   as   aging   and   disease,   and   through   exposure   to   irradiation.      The  

latter   can  occur   in  medical   procedures   and  during   scientific   study.     Medically,  

bone   allografts,   a   commonly   used   bone   replacement   in   the   orthopedic  

reconstruction   of   bone,   are   invariably   sterilized   with   gamma   radiation   to  

minimize   the   spread   of   disease   [18].      The   optimum   dosage,   however,   is  

somewhat   controversial   as   too   much   irradiation   can   cause   damage   to   the  

collagen  matrices  [19-‐‑22].    Tissue  banks  typically  use  between  10  and  35  kGy  [21]  

although   70   kGy   is   needed   in   order   to   sterilize   against   radiation-‐‑resistant  

viruses.3      For   scientific   studies,   bone   is   commonly   sterilized   by   exposure   to  

radiation  prior  to  testing;  additionally,  experiments  involving  in  situ  mechanical  

tests  performed   in   conjunction  with  x-‐‑ray  micro-‐‑tomography  or  diffraction   can  

lead  to  exposures  approaching  1  MGy  or  more4  [24-‐‑28].    The  problem  here  is  that  

scientific   observations   and   measurements   on   bone   exposed   to   such   radiation  

doses  may  negate  the  validity  of  the  results  as  the  structure  and  properties  of  the  

bone  is  no  longer  reflective  of  the  human  condition.  

Recent   studies   [23]   have   shown   a   higher   than   expected   effect   of   prior  

irradiation  in  degrading  the  mechanical  properties  of  human  bone.    Specifically,  

as  little  as  70  kGy  of  radiation  resulted  in  the  total  suppression  of  all  post-‐‑yield  

deformation   (i.e.,   plasticity)   and   after   210   kGy   of   irradiation,   the   fracture  

toughness  was  decreased  by  a  factor  of  five.    The  decreases  in  strength,  ductility  

and  toughness  with  irradiation  were  attributed  to  (i)  changes  in  crack  path  (the  

extrinsic   effect),   and   (ii)   a   degradation   of   the   collagen   integrity   from   collagen  
                                                 
3 A  Gray  (Gy)  is  a  unit  of  adsorbed  dosage  of  ionizing  radiation,  equivalent  to  absorbed  energy  
per  unit  mass  (1  Gy     1  J/kg). 
4 A  2  mm  thick  bone  sample  is  typically  irradiated  with  ~100  Gy/s  during  tomographic   imaging  
with  successive  scans  taking  up  to  several  hours.    The  final  dose  received  during  these  tests  can  
involve  several  MGy  [23]
tissue.     
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damage  (the  intrinsic  effect).     Specifically,  UV  Raman  spectra,  which  are  known  

to   correlate   with   protein   conformation   because   of   the   amide   moiety   in   cross-‐‑

linking   and   bonding   [29],   indicated   large   increases   in   the   amide   I   peak   height  

with   increased   irradiation   dose   [23],   although   due   to   the   semi-‐‑quantitative  

nature  of  spectroscopic  data,   the  absolute   levels  of  the  cross-‐‑link  profile  remain  

unknown.    

   In   this   study,   we   further   examine   the   effects   of   x-‐‑ray   irradiation   on   the  

mechanical  properties  of  human  cortical  bone  over  a  more  complete  spectrum  of  

irradiation   exposures,   with   focus   on   the   so-‐‑called   safe    threshold   dosage   for  

bone   allografts   (~25-‐‑35   kGy).      We   utilize   a   wide   spectrum   of  

characterization  techniques  explicitly  to  identify  the  magnitude  of  the  

irradiation-‐‑induced   degradation   in   the   strength,   (post-‐‑yield)   ductility   and  

toughness   of   human   cortical   bone   and   to   discern   the   mechanistic   role   of  

irradiation   in   affecting   the   bone-‐‑matrix   structure   and   properties   over   multiple  

length-‐‑scales   from   nanoscale   to   macroscopic   dimensions.      Specifically,   in  

addition   to   nonlinear   elastic   fracture   mechanics   measurements   of   the  

macroscopic   bone   toughness,   coupled   with   in   situ   environmental   scanning  

electron  microscopy   (eSEM)   and   post-‐‑testing   three-‐‑dimensional   synchrotron   x-‐‑

ray   computed   micro-‐‑tomography   of   the   microscopic   crack   paths,   we   employ  

small-‐‑   and   wide-‐‑angle   x-‐‑ray   scattering/diffraction   (SAXS/WAXD)   of   in   situ  

uniaxial   tensile   tests   to   examine   the   effectiveness   of   fibrillar   sliding   as   a  

nanoscale  deformation  mechanism  in  bone  (by  measuring  the  strain  partitioning  

between  the  mineral  and  collagen  phases),  and  use  deep  UV  Raman  and  Fourier  

Transform   Infrared   (FTIR)   spectroscopies   and   a   fluorometric   assay   to  

characterize  the  damage  to  the  collagen  fibrils.      
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2. Experimental  methods  

2.1 Material 

Bone   test   samples   were   taken   from   the   midsection   of   a   frozen   human   cadaveric  

femoral   cortical   bone   (male,   aged  48  years  old).     They  were  machined   into   40   tension  

specimens   for  strength  and  ductility  measurements   (with   in  situ  SAXS/WAXD)  and  49  

bend   specimens   for   fracture   toughness   testing   (with   in   situ   eSEM).     All   samples  were  

kept   refrigerated  

testing.      

For  bend  tests,  the  49  samples  were  divided  into  seven  groups  based  on  irradiation  

exposure:  one  control  group  (unirradiated),  one  group  irradiated  at  a  low  dose  typical  of  

radiation   therapy   (50  Gy),   three  groups   irradiated   at  varying  doses   that   are   typical   of  

doses   received   during   sterilization   (25,   35,   70   kGy,   respectively),   and   two   groups  

irradiated  at  the  typical  dose  received  during  one  to  three  x-‐‑ray  tomography  scans  (210,  

630   kGy).      X-‐‑ray   irradiation   was   performed   at   the   Advanced   Light   Source   (ALS)  

synchrotron   facility   at   the   Lawrence   Berkeley   National   Laboratory   on   a   super-‐‑bend  

source.    The  dose  rate  at  the  ALS  at  the  energy  level  of  20  keV  is  110  Gy/s  [23].    During  

irradiation,  all  of  the  samples  were  kept  hydrated  by  wrapping  the  sample  in  an  HBSS-‐‑

soaked  paper  towel.    

The  samples  for  each  of  the  seven  irradiation  groups  were  further  divided  into  two  

groups   for  mechanical   testing,   three   samples  were   used   for   three-‐‑point   bending   tests  

and  the  remaining  four  were  used  for  crack  resistance-‐‑curve  (R-‐‑curves)  measurements;5  

test  methods  were  in  general  accordance  with  ASTM  standards  [30].    Bend  samples  were  

machined  along  the  long  axis  of  the  bone  into  10-‐‑mm  long  rectangular  bars  (thickness  B  

=  1.5-‐‑2.0  mm,  width  W  =  3-‐‑4  mm).     A  flaw  was  produced  in  the  fracture  specimens  by  

                                                 
5 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  
( a).      The   value   of   the   driving   force   at   a      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. 
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using  a   low-‐‑speed  diamond  saw  to  cut  an   initial  notch,  which  was   then  sharpened  by  

repeatedly  sliding  a  razor  blade  over  it  with  continuous  irrigation  with  1-‐‑µμm  diamond  

slurry.    These  procedures  produced  single-‐‑edge-‐‑notch  bend  (SE(B))  samples  for  R-‐‑curve  

measurements   with   a   consistent   micro-‐‑notch   root   radius   of   ~3-‐‑5   µμm.      Using   this  

technique  sharp  stress  concentrators  with  initial  crack  length  of  a     1.5  -‐‑2  mm  (a/W     0.5)  

were   produced.      The   notch   was   positioned   so   that   the   nominal   crack   growth   was  

perpendicular  to  the  long  axis  of  the  bone  (transverse  orientation).    Prior  to  testing,  all  of  

the  notched  samples  were  given  a  final  polish  in  a  0.05  µμm  diamond  suspension.    Both  

the   notched   (for   R-‐‑curve   testing)   and   unnotched   (for   strength   testing)   samples   were  

soaked  in  ambient  HBSS  for  ~24  hr  prior  to  testing.    

The  40   samples   for   the   in   situ   tension   tests  were   sectioned  using  a   low-‐‑speed   saw  

into   ~10  mm   long   rectangular   bars   (B   ~   100-‐‑200  µμm,  W   ~1  mm),   again   parallel   to   the  

long  axis  of  the  bone;  the  final  thickness  was  achieved  by  polishing  with  800-‐‑grit  

paper.      Samples  were   left   to  dry   in   air   for   roughly  24  hr  before   60-‐‑grit   silicon  carbide  

paper  was  affixed  to  the  ends  of  the  samples  with  cyanoacrylate  glue  to  form  frictional  

surfaces   to  grip  during  testing.     Each  sample  had   four  horizontal   lines  drawn  on  with  

marker  to  act  as  guides  for  optical  tracking  of  the  tissue  strain.     The  samples  for  the   in  

situ   tension   tests  were  divided   into   two   groups:   a   control   group   (unirradiated)   and   a  

high-‐‑dose  irradiation  group  (70  kGy).    

  

  

2.2  Strength,  toughness  and  R-‐‑curve  measurements  

Unnotched   three-‐‑point   bend   tests   (loading   span   of   7.5  mm)  were   performed,   at   a  

displacement  rate  of  10  µμm/s,  to  generate  basic  constitutive  data  for  the  bone  samples  as  

a  function  of  irradiation  dosage.    From  the  resulting  stress  vs.  strain  curves,  values  of  the  

ultimate  bending  stress  and  strain  were  determined  at  the  point  of  maximum  load,  the    

bending  stiffness  was  calculated  from  the  slope  of  the  stress/strain  curves,  and  the  work-‐‑
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of-‐‑fracture   computed   from   the   area   under   these   curve   divided   by   twice   the   cross-‐‑

sectional  area  of  the  fracture  surface.  

In   order   to   capture   the   contributions   from   both   intrinsic   (plasticity)   and   extrinsic  

(shielding)   toughening   mechanisms   acting   in   the   bone,   fracture   toughness  

measurements   were   performed   using   nonlinear-‐‑elastic   fracture   mechanics   methods,  

specifically  involving  the  J-‐‑integral6;  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  from  the  energy  consumed  in  plastic  deformation7  prior  to,  and  during,  

fracture   [11,   31,   32].      JR( a)   R-‐‑curves   were   performed   on   hydrated   bone   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   with   the  

HBSS-‐‑saturated   specimens   in   situ   in   a   Hitachi   S-‐‑4300SE/N   eSEM   (Hitachi   America,  

Pleasanton,   CA)   using   a  Gatan  Microtest   2-‐‑kN   bending   stage   (Gatan,  Abington,  UK).    

Crack  extension  was  monitored  directly  in  back-‐‑scattered  electron  mode  at  a  pressure  of  

35   Pa   and   a   25   kV   excitation   voltage.      The   test  method   involved   three-‐‑point   bending  

with  a  loading  span  of  6  mm,  with  procedures  conforming  to  ASTM  Standard  E1820-‐‑08  

[30].      R-‐‑curve  tests  were  terminated  after  approximately  700   m  of  crack  extension,  such  

that  measured  R-‐‑curve  data  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.     Samples  that  had  not  failed  at   this  stage  were  stored  

for  subsequent  tomography  analysis.  

Although  nonlinear  elastic  J-‐‑integral  measurements  were  made  to  define  the  driving  

force   for   crack   initiation  and  growth,  data  are  presented   in   terms  of   the  more   familiar  

                                                 
6  J  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. 
7   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  [5,  6]. 
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stress-‐‑intensity  factor  K  using  the  following  procedures.    The  equivalent  K  value  at  each  

measured   crack   length   was   computed   from   the   measured   J   values,   which   were  

determined   from   the   applied   load  and   instantaneous  crack   length  according   to  ASTM  

standards   [30].      Specifically,   the   J   value   was   decomposed   into   its   elastic   and   plastic  

contributions:  

.plel JJJ                                                                                                                         (1)  

The  elastic  contribution  Jel  was  determined  from  linear-‐‑elastic  fracture  mechanics:  

,
2
I

el E
KJ                                                                                                                                       (2)  

where  KI  is  the  mode  I  stress-‐‑intensity  factor,  and  E     Using  the  load-‐‑

line  displacements,   the  plastic   component   Jpl   for  a   stationary  crack   in  bending   is  given  

by:  

,
9.1 pl

pl Bb
A

J                                                                                                                           (3)  

where   Apl   is   the   plastic   area   under   force   vs.   displacement   curve,   b   is   the   uncracked  

ligament  length  (W-‐‑a).    K-‐‑based  fracture  toughness  KJc  values  were  then  back-‐‑calculated  

from   the   J   measurements   using   the   standard   J K   equivalence   for   nominally   mode   I  

fracture,  specifically  that  KJc  =  (Jc  E)½.      

   modulus   E   for   the   unirradiated   and   irradiated   (70   kGy)  

cortical  bone  were  determined  using  nano-‐‑indentation.    A  total  of  11  indentations  were  

performed   using   a   Triboindenter   (Hysitron,   Inc.).      At   each   location   the   reduced  

modulus,   (indicating   the   elastic   properties   of   the   bone   extracellular   matrix),   was  

determined.    The  results  showed  a  true  elastic  modulus  of  17 5  GPa  with  no  statistically  

significant  changes  between  the  unirradiated  and  irradiated  groups.        

For  all   fracture   toughness   tests  conducted,  conditions   for   J-‐‑dominance,  as  specified  

by  the  active  ASTM  standard  [30],  were  met,  i.e.,    b,  B  >>  10  (Jc/ y),  where   y  is  the  flow  

stress.      This   latter   criterion   ensures   that   the   critical   Jc   (and   calculated   KJc)   values  

represent  valid  fracture  toughness  values.      
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2.3  Microstructural  characterization  

In  addition  to  characterizing  the  bone-‐‑matrix  microstructure  and  crack  trajectories  in  

situ  with  scanning  electron  microscopy  (back-‐‑scattered  electron  mode)  in  the  Hitachi  S-‐‑

4300SE/N  eSEM,  synchrotron  x-‐‑ray  computed  micro-‐‑tomography  ( XCT)  was  employed  

to  visualize  the  crack  path  and  distribution  of  micro-‐‑damage  in  three-‐‑dimensions  (after  

R-‐‑curve   testing).      The   XCT   evaluation  was  performed   at   the  Advanced   Light   Source  

synchrotron  radiation  facility  (Lawrence  Berkeley  National  Laboratory,  Berkeley,  USA)  

with  a  setup  similar  to  standard  tomography  procedures  [33]  in  that  samples  are  rotated  

in  a  monochromatic  x-‐‑ray  beam  and  the  transmitted  x-‐‑rays  are  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   m.      Hydrated   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,   20  

keV  energy  was  selected  to  optimize  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  [34]  and  the  

three-‐‑dimensional  visualization  was  performed  using  AvizoTM  software  [35].  

2.4  Synchrotron  x-‐‑ray  scattering  and  diffraction  measurements  (partitioning  of  strain)  

Strength   and   ductility  measurements   were   also  made   using   uniaxial   tension   tests  

under   conditions   where   simultaneous   small-‐‑angle   x-‐‑ray   scattering   (SAXS)   and   wide  

angle  x-‐‑ray  diffraction  (WAXD)  patterns  could  be  taken  in  real  time.    For  a  given  strain  

on  the  bone  tissue,  this  enabled  estimates  of  the  individual  strain  carried  by  the  collagen  

and  mineral   phases.      Samples  were  mounted   in   a   load   frame   at   the   Advanced   Light  

Source   synchrotron   facility   (Lawrence  Berkeley  National  Laboratory,  Berkeley,  CA)   so  

that   the   long   axis   of   the   bone   was   oriented   perpendicular   to   the   10   keV   x-‐‑rays;   a  

schematic  of   the  experimental  setup   is  shown  in  Figure  2.     A   tensile   load  was  applied  

parallel  to  the  long  axis  of  the  femur.    The  sample  was  kept  hydrated  12  hr  prior  to  the  
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experiment   as   well   as   throughout   the   experiment   by   means   of   a   hydration   cell  

comprised  of  a  strip  of  cellophane  held  to  the  sample  through  capillary  action  with  a  few  

drops  of  HBSS.  

A  parallel  beam  of  monochromatic  x-‐‑rays  (at  an  energy  of  10  keV  and  a  wavelength  

of   0.124  nm)  with   a   1  mm  x   0.25  mm  cross-‐‑section  was  directed  perpendicular   to   the  

applied   load.     A  high   speed  Pilatus  detector  was  used   for   collecting  SAXS  data   and  a  

Quantum   CCD   X-‐‑ray   detector   (Area   Detector   Systems   Corporation)   was   used   for  

reading  WAXD  patterns.      The   sample  was  mounted   into   a   custom   built   tensile   stage  

fitted  with  a  5-‐‑kgf  load  cell  (Omega,  LC703-‐‑10)  and  a  motor-‐‑driven  displacement  stage.    

All  samples  were   loaded  under  displacement  control  at  a  displacement  rate  of  1  µμm/s,  

with  SAXS/WAXD  measurements  taken  at  various  points  along  the  stress/strain  curves,  

with  an  exposure  time  for  the  frames  of  0.5  s.    The  number  of  exposures  was  regulated  in  

order  to  keep  the  radiation  dose  below  30  kGy  so  that  there  would  not  be  any  additional  

damage   to   the   tissue   due   to   the   radiation   received   during   in   situ   tensile   testing;  

specifically,  the  x-‐‑ray  irradiation  was  blocked  between  exposures.      

Synchrotron   radiation  was   used   to  measure   the   SAXS   and  WAXD  patterns  which  

were  analyzed  to  find  percent  changes  in  the  fibril  and  mineral  strain  along  the  tensile  

axis.    For  the  SAXS  region  of  reciprocal  space,  the  meridional  collagen  molecules  in  the  

fibril  have  a  staggered  spacing  of  ~67  nm  (this   leads   to  a  diffraction  peak  at  a  q-‐‑value  

of~0.009  Å-‐‑1),  where   the  mineral   is  primarily  deposited  between   the  heads  and   tails  of  

the   collagen,   leading   to   a   diffraction   pattern.      The   SAXS   detector   was   located   at   a  

distance  of  ~4100  mm  from  the  sample  in  order  to  detect  changes  to  the  collagen  peak  

position.      The  WAXD  detector  was   placed   ~250  mm   away   from   the   sample.      For   the  

WAXD  region  of  reciprocal  space  the  detector  must  be  oriented   to  get  diffraction  from  

the  (0002)  peak  at  a  lattice  spacing  of  ~0.344  nm.     The  sample-‐‑detector  distance  and  the  

beam   center   were   both   calibrated   for   the   SAXS/WAXD   data   analysis   using   a   silver  

behenate   standard.   The   analysis   software   IGORPro   (Wavemetrics)   and   the   custom  

macro  NIKA  were   then  used  in  conjunction   to  convert   the  2-‐‑D  data   to  1-‐‑D  by  radially  

integrating   the   2-‐‑D   SAXS   and   WAXD   patterns   over   azimuthal   sectors.         For   this  
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experiment  SAXS/WAXD  patterns  were  integrated  in  a  narrow  pie  shaped  sector  with  a  

10º  angular  width  that  was  centered  along  the  tensile  axis.     After  integration  the  peaks  

representing   the   first   order   reflection   from   the  meridional   collagen   SAXS  pattern   and  

around  the   (0002)  reflection  from  the  apatite  WAXD  pattern  were   fit  using  a  Gaussian  

function   and   a   fourth   order   polynomial.      The   peak   positions   were   used   to   find,  

respectively,  the  collagen  fibril  D-‐‑spacing  and  the  (0002)  crystallographic  lattice  spacing  

relative  to  the  unstressed  state  (defined  at  zero  load  for  each  sample).    

The   tissue   strain   was   measured   by   measuring   percent   changes   in   the   distance  

between   the   two   horizontal   lines   on   either   end   of   the   samples   using   image   analysis  

software  (National   Instruments  Vision  Assistant  8.5).     This  was  achieved  using  a  CCD  

camera  synchronized  with  the  detectors  to  take  images  when  the  samples  were  exposed  

to  x-‐‑rays  during  testing.      

2.5  Fourier  transform  infrared  spectroscopy  

      Fourier   transform  infrared  (FTIR)  spectroscopy  was  used  in   transmission  mode  

to  assess  the  degree  of  enzymatic  cross-‐‑linking  in  the  collagen  for  two  groups:  healthy  

(unirradiated)   and   irradiated   (70   kGy)   human   cortical   bone.      Ten   samples   of   human  

cortical  bone  were  sectioned  with  a  low-‐‑speed  saw.    The  tissue  was  dehydrated  with  a  

series  of  ethanol  baths  to  remove  the  water  component,  which  has  a  strong  absorbance  

in  the  IR  spectrum.    The  samples  were  then  embedded  in  Technovit  7100  (Kultzer  &  Co,  

Wehrheim,  Germany),  a   liquid  containing  hydroxyethyl-‐‑methacrylate,  according  to  the  

h  hardener  I  and  II  

at  300:3:20  v/w/v   ratio,  as  described   in   [36].     The  embedded   tissue  was   then  sectioned  

with  a  microtome  to  a  final  dimension  of  ~1  mm  x  1  mm  x  2  µμm  as  a  1-‐‑5  µμm  thickness  is  

required  to  analyze  the  samples  with  IR  beam  in  transmission.      

The  protein  Amide  I  (peptide  bond  C=O  stretch)  undergoes  frequency  and  intensity  

changes  as  a  result  of   changes   in  protein   secondary  structure   [37].     One  of   the  unique  

capabilities  of  FTIR  spectroscopy  is  the  ability  to  quantify  these  changes,  specifically  by  

tracking   the   spatial   variation   of   the   collagen   components   in   mineralized   tissue.    
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Information   on   the   protein   structure   can   be   extracted   from   broad   spectral   bands  

consisting  of  components  of  peaks  resulting  from  Amide  I  modes  of  various  secondary  

structures  by  using  a  spectral  resolution  technique  [38].    For  type  I  collagen  in  bone  the  

two   major   components   of   importance   are   the   enzymatic   collagen   cross-‐‑links:  

pyridinoline   (Pyr)   and   divalent   dehydrodihydroxynorleucine   (DHLNL).      Indeed,   the  

ratio   of   peak   areas   of   the   Pyr   and   DHLNL   subbands,   at   1660   cm-‐‑1   and   1690   cm-‐‑1  

respectively,   provides   a   semi-‐‑quantitative   measure   of   the   cross-‐‑linking   profile   in   the  

collagen   matrix;   this   ratio   has   been   correlated   to   the   relative   amounts   of   enzymatic  

cross-‐‑links,   specifically   mature   non-‐‑reducible   (interfibrillar)   cross-‐‑links   and   immature  

reducible  (intrafibrillar)  cross-‐‑links  (Figure  1).    A  method  has  been  developed  to  enable  

spectral  analysis  of  the  amide  I  band  to  isolate  peaks  corresponding  to  these  two  major  

type   I   collagen   cross-‐‑links,  namely  pyridinoline   (pyr)  and  DHLNL,   [39]  using   second-‐‑

derivative   spectroscopy.      All   FTIR   spectroscopy   data   were   obtained   using   a  

conventional   Globar   IR   source   at   the   Advanced   Light   Source   (Lawrence   Berkeley  

National  Laboratory,  Berkeley,  USA).    Image  spectroscopy  consists  of  a  source,  a  sample  

handling  unit  and  a  focal  plane  array  detector  on  an  IR  microscope.    The  instrument  is  

equipped  with  a  photographic  device  to  capture  an  image  of  the  area  of  the  tissue  being  

examined.     The  recorded  spectra  were  taken  in  transmission  mode  with  128  scans  and  

had  a  spectral  resolution  of  4  cm-‐‑1  and  a  spot  size  of  ~150  µμm.    OMNIC  software  (Thermo  

Fischer)  was  used  for  data  processing.      

2.6  Deep  ultraviolet  Raman  spectroscopy  

   The   collagen   cross-‐‑linking   profile  was   further   characterized  using   deep-‐‑ultraviolet  

Raman  spectroscopy,  with  a  244-‐‑nm  excitation  source   [23].     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  

(particularly   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  
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below  5  mW  and  the  sample  was  rotated  at  ~45  rpm.    It  is  known  [23,  29]  that  the  height  

of  the  amide  I  feature  at  1650  cm-‐‑1  is  sensitive  to  the  collagen  environment,  in  particular  

to   the   extent   of   cross-‐‑linking,   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-‐‑1   and  

then  normalizing  to  the  height  of  the  CH2  wag  peak  at  1460  cm-‐‑1  (this  peak  does  not  have  

a  strong  resonance  enhancement).  

2.7  Accumulation  of  advanced  glycation  end-‐‑products  

Bone  collagen   is  also  susceptible   to   the  age-‐‑related  accumulation  of  non-‐‑enzymatic  

cross-‐‑links   resulting   from   the   covalent   bonding   of   oxidizing   sugars   and   free   amino  

groups   on   the   collagen   protein   including   arginine   and   lysine.      These   cross-‐‑links   are  

known  as  advanced  glycation  end-‐‑products  (AGEs)  and  they  form  both  intra-‐‑  and  inter-‐‑  

fibrillar   links   along   the   collagen   backbone   [40].      The   AGEs   were   quantified   using   a  

fluorometric  assay  on  both  unirradiated  bone  and  bone  irradiated  at  70  kGy.    For  each  

sample   a   section   of   the   femoral   midshaft   was   demineralized   using  

ethylenediaminetetraacetic  acid  (EDTA)  and  then  hydrolyzed  using  6N  HCl  for  24  hr  at  

110°C.      AGE   content   was   determined   using   fluorescence   readings   taken   using   a  

microplate  reader  at   the  excitation  wavelength  of  370  nm  and  emission  wavelength  of  

440   nm.      These   readings   were   standardized   to   a   quinine-‐‑sulfate   standard   and   then  

normalized   to   the   amount   of   collagen   present   in   each   bone   sample.      The   amount   of  

collagen  for  each  sample  was  determined  based  on  the  amount  of  hydroxyproline,   the  

latter   being   determined   using   a   chloramine-‐‑T   colorimetric   assay   that   recorded   the  

absorbance   of   the   hydrolysates   against   a   commercially   available   hydroxyproline  

standard  at  the  wavelength  of  585  nm  [41]. 

  

3.     Results  

3.1  Strength,  ductility  and  fracture  toughness  
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Bending   stress-‐‑strain   curves,   which   assess   the   macroscopic   strength   and  

ductility,   and   fracture   toughness  R-‐‑curves  of  human  cortical  bone   irradiated  at  

varying  degrees  of  x-‐‑ray  irradiation  (0,  0.05,  25,  35,  70,  210,  630  kGy),  are  shown  

in   Figure   3.      Data   show   that   for   irradiation   exposures   starting   between   35-‐‑70  

kGy,  there  is  a  severe  dose-‐‑dependent  degradation  in  mechanical  properties;  no  

effect  could  be  discerned  at  35  kGy  and  below.     Above   this   level   though,   there  

was   a   complete   loss   in   post-‐‑yield   deformation   (plasticity)   coupled   with   a  

progressive   and   very   severe   reduction   in   the   ultimate   (maximum)   bending  

strength,   bending   strain   and   toughness,   although   little   change  was   seen   in   the  

bending  stiffness.     Specifically,  compared  to  unirradiated  bone,  exposures  of  70,  

210  and  630  kGy  resulted  in  a  respective  decrease  in  the  strength  of  the  bone  by  

~25%,   60%   and   more   than   80%,   while   a   similar   trend   was   observed   for   the  

ultimate  strain  (Fig.  3a),  consistent  with  previous  studies  that  showed  that   -‐‑  and  

x-‐‑irradiation  can  degrade  the  plastic,  rather  than  elastic,  properties  of  bone,  such  

as  bending  strength  and  toughness  [22,  42-‐‑47].      

The  corresponding  toughness  properties,   in  terms  of  full  KR( a)  R-‐‑curves  for  

physiologically  relevant  small  cracks  ( a  <  700   m),  are  plotted  in  Fig.  3b  for  all  

seven   irradiation   groups.      It   was   observed   that   even   though   the   stress-‐‑strain  

curves  showed  a  severe  loss  in  the  plastic  properties  of  bone  with  high  doses  of  

irradiation,   rising   R-‐‑curve   behavior   is   still   exhibited   (albeit   diminished),   even  

after   all   plasticity   is   lost,   indicating   that   some   limited   degree   of   extrinsic  

toughening,   e.g.,   from   crack   deflection   and/or   crack   bridging,   is   still   active.    

Nevertheless,   the   irradiation   caused   a   very   severe   degradation   in   the   crack-‐‑

initiation  toughness  (assessed  in  terms  of  the  intercept  of  the  R-‐‑curve  at   a     0)  

and  crack-‐‑growth  toughness  (assessed  as  both  the  slope  of  the  R-‐‑curve,  dK/d a  

and   the   instability   toughness   value,  KJc).      Specifically,   over   the   first   600   m   of  

(subcritical)   crack   extension,   KJc   fracture   toughness   values   were   as   much   as   a  
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factor  of  five  lower  after  210  kGy  irradiation,  i.e.,  from  values  of   Jc  ~  

9  kJ/m2 Jc  ~  0.3  kJ/m2)   in   the  210  

kGy  irradiated  samples;  similarly,  KJc  values   Jc  ~  5  kJ/m2)  and  

Jc  ~  3  kJ/m2),  respectively,  after  50  Gy  and  70  kGy  of  radiation.      

3.2  Crack  path  observations      

The   nature   of   the   crack   trajectories   in   relation   to   the   microstructure   is  

illustrated  in  Figure  4  for  human  cortical  bone  subjected  to  (a-‐‑c)  low  dose  (50  Gy)  

and   (e-‐‑f)   high   dose   (~MGy)   x-‐‑ray   irradiation   as   two-‐‑dimensional   x-‐‑ray  

tomographic  images  (a,c)  and  (d,f)  and  three-‐‑dimensional  representations  (b)  and  

(e)  of   the  crack  path  and  Haversian  canals.      Specifically,  Figs.   4a,b,c   show  how  

the  growing  crack  is  severely  deflected  and  twisted  as  it  encounters  the  osteons  

in  low  dose  irradiated  bone,  with  the  result  that  the  crack  path  is  highly  deflected  

in  all  orientations.    Such  characteristic  features  of  extrinsic  toughening  are  typical  

of  unirradiated  bone  [11,  48],  and  are  consistent  with  the  notion  that  irradiation  

exposures  of  50  Gy  do  not  appear  to  significantly  harm  the  toughness  properties  

of   the   bone.      In   stark   contrast,   the   crack   trajectories   in   the   severely   irradiated  

bone,   shown   in   Figs.   4d,e,f,   are   quite  different,  with   far   less   evidence   of  major  

crack  deflections  at  the  osteon  boundaries  and  a  resulting  relatively  planar  crack  

path.    The  mechanisms  of  crack  deflection  and  twist  are  still  operative,  but  their  

limited  size  leads  to  much  smaller  amplitude  deviations  in  crack  path  and  hence  

to  lower  toughness,  consistent  with  the  macroscale  test  data  in  Fig.  3.      

3.2  SAXS/WAXD  for  tissue  strain  measurements  

To   further   investigate   the   loss   in   plasticity  with   irradiation,   hydrated   bone  

samples  were   loaded   in   uniaxial   tension  with   simultaneous   examination  using  

SAXS/WAXD.         For   a   given   strain   in   the   bone   tissue   sample,   the   individual  
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strains   in   the   collagen   and   mineral   were   measured   in   human   cortical   bone  

exposed   to   70   kGy   of   x-‐‑ray   irradiation,   as   compared   to   unirradiated   bone.    

Results   are   shown   in   Figs.   5a,b,   respectively,   for   the   variation   in   individual  

strains   in   the   collagen   fibrils   ( F)   and   in   the  mineral   ( M),   as   a   function   of   the  

global  strain  ( T)  applied  to  the  bone  tissue.    With  increasing  tissue  strain,  a  linear  

increase  in  both  the  fibrillar  and  mineral  strain  is  apparent,  until  yielding  occurs  

at  roughly  1%  tissue  strain  (Fig.  6);  at  this  point  most  of  the  strain  continues  to  be  

carried   by   the   collagen,   but   not   in   the   irradiated   bone,   which   then   fractures.    

With  plastic  deformation,  the  fibrillar  and  mineral  strains  assume  approximately  

constant   values   (~1.1%   in   the   collagen,   ~0.2%   in   the   mineral),   consistent   with  

results  in  the  literature  [10].    Following  70  kGy  irradiation,  however,  the  fibrillar  

strains  are  roughly  up  to  50%  lower  for  a  given  tissue  strain,  and  the  sample  fails  

catastrophically  with  little  to  no  evidence  of  post-‐‑yield  deformation,  indicative  of  

the   loss   of   plasticity   in   highly   irradiated   bone.      The   actual   ratios   of   fibrillar   to  

tissue  strain  ( F/ T)  and  mineral  to  tissue  strain  ( M/ T)  are  plotted  for  both  groups  

in  Fig.  6   to   compensate   for   sample-‐‑to-‐‑sample  variability.     The   strain   carried  by  

the  collagen  fibrils  in  the  70  kGy  irradiated  samples  is  ~40%  of  the  applied  tissue  

strain,  which  is  considerably  lower  than  in  the  unirradiated  bone  where  the  fibril  

strain  is  ~80%  of  the  tissue  strain.    The  effect  is  summarized  in  Figure  7  where  at  

an  applied  tissue  strain  of  0.85%,  exposure  to  70  kGy  of  irradiation  causes  a  ~40%  

decrease   in   the   strain   carried   by   the   collagen   fibrils   and   a   ~20%   decrease   in  

mineral   strain,   as   compared   to   unirradiated  bone.      The  data   for   the   tissue   and  

mineral  strain  are  both  binned  in  regular  intervals  of  tissue  strain  (N=20  for  each  

group),  with  error  bars  representing  the  standard  errors  of  mean.      

3.3  Quantification  of  collagen  cross-‐‑linking  
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As   high   doses   of   irradiation   are   known   to   impart   severe   damage   to   the  

collagen   matrix   in   the   form   of   breaking   of   peptide   bonds   in   the   collagen  

backbone   [21,   23,   49],   the   nature   of   the   collagen   environments   was   examined  

specifically  using  a  number  of  techniques.    

As  we  reported  previously  [23],  results  from  deep  UV-‐‑Raman  spectra,  shown  

in  Figure  8  for  (hydrated)  unirradiated  and  all  irradiated  groups  of  bone,  indicate  

a   very   pronounced   increase   in   the   amide   I   peak   after   exposure   to   x-‐‑rays,  

implying   severe   damage   of   the   collagen  with   increasing   degree   of   irradiation.  

Although   this   indicates   significant   changes   in   the   collagen   environment  

associated  with  increased  cross-‐‑linking,  the  identification  of  the  specific  nature  of  

the  cross-‐‑links  with  this  technique  remains  uncertain.    

For   this   reason,   in   the   present   study   we   performed   additional   Fourier  

transform   infrared   (FTIR)   spectroscopy   on   unirradiated   and   70   kGy   irradiated  

bone.      The   protein   amide   I   (peptide   bond   C=O   stretch)   mode   near   1650   cm-‐‑1  

undergoes   frequency   and   intensity   changes   as   a   result   of   changes   in   protein  

secondary   structure.      FTIR   spectroscopy   gives   quantitative   information   on   the  

collagen  maturity   in   bone,   specifically   the   ratio   of   two   of   the  major   enzymatic  

collagen  cross-‐‑links:  specifically,  the  mature  (non-‐‑reducible)  divalent  cross-‐‑links  

(Pyr)   and   the   enzymatic   immature   (reducible)   divalent  

dehydrodihydroxynorleucine   cross-‐‑links   (deH-‐‑DHLNL).      Of   these   components  

the  relative  percent  area  ratio  of  the  two  sub-‐‑bands  at  ~1660  cm-‐‑1  and  ~1690  cm-‐‑1  

is  related  to  collagen  cross  links  that  are  abundant  in  mineralized  tissue  (Pyr  and  

deH-‐‑DHLNL,  respectively)  [39].    For  our  results  (Figure  9),  a  comparison  of  the  

calculated  1660:1690  spectroscopic  ratio  of  these  two  peaks  in  the  two  groups  of  

bone   is   shown   in   Fig.   9a.      The   ratios   are   calculated   using   second   derivative  

spectroscopy   which   locates   the   position   of   the   underlying   bands   within   the  

amide  I  region  and  then  peak  fits   these  sub-‐‑bands  to  obtain   information  on  the  
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relative   percent   area   contribution   of   each   underlying   component   for   the  

unirradiated   and   70   kGy   irradiated   groups.      The   1660:1690   peak   area   ratio  

appears   to   correspond   to   the   ratio   of   non-‐‑reducible   (mature)   to   reducible  

(immature)  collagen  cross-‐‑links  in  bone  [39].    The  results  show  that  following  70  

kGy   irradiation,   the   1660:1690   ratio   decreases   by   almost   two-‐‑thirds,   indicating  

that  the  damaging  effects  of  irradiation  affect  the  mature  cross-‐‑links  such  as  Pyr  

to  a  greater  degree  than  the  immature  cross-‐‑links  such  as  deH-‐‑DHLNL.    

The   quantification   of   non-‐‑enzymatic   cross-‐‑links   was   achieved   via   a  

fluorometric   assay   that   determines   the   relative   intrinsic   fluorescence   due   to  

advanced   glycation   end-‐‑products   (AGEs)   relative   to   the   amount   of   collagen   in  

the   bone   matrix.         We   find   that   bone   which   has   been   exposed   to   70   kGy  

irradiation   has   an   elevated   concentration   of   AGEs,   on   the   order   of   ~21%,   as  

compared  to  that  in  unirradiated  bone  (Figure  10).    

4.     Discussion  

Although   irradiation   is   known   to   deleteriously   degrade   the   structure   and  

mechanical   properties   of   bone,   we   show   in   this   work   that   the   effect   can   be  

extremely   severe;   indeed,   the   tissue   can   be   dramatically   and   irreversibly  

embrittled   with   major   losses   in   strength,   ductility   and   fracture   resistance  

following   exposures   in   excess   of   35   kGy.      Specifically,   compared   to   healthy  

(unirradiated)  human  cortical  bone,  we  find  that  bone  strengths  are  reduced  by  

~60%  and  more  than  80%  for  irradiation  doses  of  210  and  630  kGy,  respectively,  

with  a  factor  of  five  loss  in  fracture  toughness  at  210  kGy.    Additionally,  for  x-‐‑ray  

irradiation   exposures   above   ~70   kGy,   the   bone   no   longer   displays   evidence   of  

post-‐‑ ,  simply  failing  at  its  elastic  limit  (Fig.  3).    

We  explain   these  effects   in   terms  of  how  the   irradiation  affects   the   intrinsic  

and  extrinsic  contributions  to  the  bone  toughness,  which  are  developed  at  widely  
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different   structural   length-‐‑scales.   At   micro-‐‑   to   macro-‐‑scales,   the   major  

contributions   to   the   fracture   toughness   originate   extrinsically   through   such  

mechanisms  as  crack  deflection  and  bridging.    The  key  here  is  the  occurrence  of  

microcracking,   which   predominates   -‐‑mineralized  

interfaces  of  the  osteons  (cement  lines)  and  to  a  lesser  extent  along  the  lamellar  

boundaries.      In   the   longitudinal   orientations,   (cement   line)   microcracks   are  

aligned   roughly   parallel   to   the   growing   crack;   their   formation   alongside   and  

ahead  of  the  crack  tip  leaves  locally  intact  regions  that  can  act  as  bridges  across  

the   crack   ( uncracked-‐‑    and   can   carry   load   that   would  

otherwise  be  used  to  promote  cracking  [48].    The  extent  of  toughening,  however,  

is  far  larger  in  the  transverse  direction,  the  orientation  examined  in  this  study,  as  

the  microcracks  are  now  aligned  roughly  perpendicular  to  the  crack  path  where  

  [11,  17];  this  serves  to  locally  arrest  growing  

cracks,  cause  marked  crack  deflections  and  crack  twists,  generate  highly  tortuous  

crack   paths,   extremely   rough   fracture   surfaces,   and   correspondingly   high  

toughness  (Figs.  4a,b,c).    Specifically,  the  growing  cracks  deflect  by  as  much  as  90  

degrees  as  they  encounter  these   interfaces  between  the  interstitial  bone  and  the  

osteons;   the   consequent  marked   crack  deflections   and   through-‐‑thickness   twists  

(Figs.   4a,b,c)   are   the  primary   source   of   (extrinsic)   toughening   in   the   transverse  

orientation.      

Prior  exposure   to  x-‐‑rays  at  dosages   in  excess  of   ~70  kGy,  however,   leads   to  

radical  changes  in  the  crack  path  (Figs.  4d,e,f).    Although  growing  cracks  are  still  

subject   to   such   microstructurally-‐‑induced   deflections,   the   deflections   are   far  

smaller   in  magnitude  (although  more  frequent)  resulting  in  minimal  crack-‐‑path  

deviations   and   an   essentially   linear   crack   trajectory   (Figs.   4d,e,f).      It   is   the  

absence  of   such  highly   tortuous  crack  paths   in   irradiation-‐‑damaged  bone,  with  

minimal   deviations   from   the   plane   of   maximum   tensile   stress,   that   serves   to  
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curtail  the  high  extrinsic  toughness  which  is  characteristic  of  healthy  bone  in  the  

transverse  orientation.  

   In   many   respects   though,   it   is   the   effects   of   irradiation   on   the   intrinsic  

contributions   to   the   bone   toughness   that   are   more   interesting.   These  

contributions  arise  at  much  smaller  (sub-‐‑micron)  length-‐‑scales  and  are  associated  

sliding,  which   can  occur   at  both   the   fibril   [10]   and   fiber   [50]   level.     Within   the  

fibrils  non-‐‑recoverable  deformation  mechanisms  take  place,  such  as  sliding  at  the  

HA/tropocollagen   interface   [9],   increased   intermolecular   cross-‐‑linking   density  

[40]   and   sacrificial   bonding   [51];   these   mechanisms   constrain   molecular  

stretching   and   provide   the   basis   for   the   increased   apparent   strength   of   the  

collagen   molecules   without   catastrophic   failure   of   either   of   the   individual  

components.    The  molecular  behavior  of  the  protein  and  mineral  phases  (fibrillar  

sliding)  within  a  fibril  enables  a  large  amount  of  dissipative  deformation  energy  

once   plastic   yielding   begins   in   mineralized   tissues   [10,   52,   53]   and   other  

biological   materials   [54].      At   the   nano-‐‑scale   the   predominant   plasticity  

mechanisms   are   represented   by   this  model   of   load   transfer.     As   is   common   in  

most   materials,   plasticity   contributes   to   the   intrinsic   toughness   by   dissipating  

-‐‑like  defects   that   further  

serve  to  blunt  crack  tips,   thereby  protecting   the   integrity  of  the  entire  structure  

by  reducing  the  driving  force  (i.e.,  stress  intensity)  for  crack  propagation.  

   Changes   to   the   effectiveness   of   this   intrinsic   mechanism   are   largely  

influenced  by  the  organic  matrix.    In  this  regard,  damage  to  the  collagen  matrix  

induced   by   irradiation   can   be   extremely   problematic   to   the   biomechanical  

properties   of   bone,   in   particular   through   the   formation   of   collagen   cross-‐‑links  

[55-‐‑58]  and  eventually  breakage  of  the  backbone  of  the  collagen  molecule.    In  this  

regard,  the  profile  and  distribution  of  collagen  cross-‐‑links  have  a  major  influence  
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on  bone  function.    As  noted,  three  major  types  of  collagen  cross-‐‑links  are  found  

in   human   cortical   bone:   enzymatic   immature   (reducible)   divalent   cross-‐‑links  

(dehydrodi-‐‑hydroxynorleucine)   and   mature   (non-‐‑reducible)   divalent  

(pyridinoline   and  pyrrole)   cross-‐‑links   linking   neighboring   fibrils,   and   the   non-‐‑

enzymatic   advanced   glycation   end-‐‑products   (AGEs)   that   form   both  

intermolecular   and   interfibrillar   cross-‐‑links   along   the   collagen   backbone.    

Intermolecular  cross-‐‑linking  provides  the  fibrillar  matrices  with  properties  such  

as  tensile  strength  and  viscoelasticity  [40,  59-‐‑61].       The  staggered  array  of  type  I  

collagen,   the  primary   type   found   in  bone,   relays   strength   in   tension;   the   cross-‐‑

links  keep   the  array   in   conformity   -‐‑   if   there   are   too  many   cross-‐‑links   collagens  

ability  to  absorb  energy  declines,  if  there  are  too  few  the  array  may  break  apart.    

A  similar  effect  is  thought  to  occur  at  the  next  structural  level  between  arrays  of  

fibrils  [50],  which  are  linked  via  non-‐‑collagenous  proteins  and  cross-‐‑linking.  

   In   the   current   work,   macroscopic   mechanical   tests   clearly   indicate   that   a  

primary   aspect   of   the   irradiation-‐‑induced   loss   in   fracture   resistance   can   be  

attributed   to   a   complete   loss   in   post-‐‑yielding   (plastic)   deformation   (intrinsic  

toughness)  for  radiation  exposures  of  70  kGy  and  above.    Based  on  SAXS/WAXD  

analyses  and  associated  cross-‐‑link  measurements,  we  interpret  this  in  terms  of  a  

suppression   of   the   prevailing   plasticity  mechanism   in   bone   of   fibrillar   sliding,  

which   results  principally   from  a  change   in   the  proportion  of   the   three   types  of  

collagen  cross-‐‑linking  caused  by  the  irradiation  damage.  

   At  the  onset  of  plastic  deformation  in  healthy  (unirradiated)  bone  (Figs.  5-‐‑6),  

the  strain  in  the  mineral  becomes  roughly  constant  with  increasing  tissue  strain  

(Fig.  5b).    Initially  the  load  in  the  bone  is  carried  by  the  mineral  particles  through  

shearing   of   the   collagen  matrix   [62],   but   once   yielding   occurs   the  mineralized  

fibril  and  the  fibril  matrix  begin  to  decouple  [53];  a  schematic   interpretation  for  

the  load  transfer  in  bone  is  shown  in  Figure  7.    The  tensile  strain  can  be  divided  
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into   two   contributions:   first   from   the   tensile   stretching   of   the   mineralized  

collagen  fibrils  (which  we  studied  by  examining  changes  in  the  67  nm  D-‐‑spacing)  

and  second  by  shear  deformation  of  the  interfibrillar  matrix  and,  at  the  smallest  

length-‐‑scale,   by   shearing   of   the   collagen   matrix   through   the   transfer   of   stress  

between  the  stiff  mineral  platelets  [10,  63].    In  contrast,  once  plastic  deformation  

begins  in  the  irradiated  bone,  the  tissue  fails  due  to  degradation  of  the  collagen  

matrix,  which  acts  to  totally   capacity  for  plastic  deformation;  

in  materials  science  terms,  the  bone   embrittles   due  to  irradiation.         

   Our   spectroscopy   and   fluorometric   measurements   (Figs.   8-‐‑10)   strongly  

suggest   that   this   progressive   irradiation-‐‑induced   embrittlement   of   bone   in   the  

form   of   the   suppression   of   plasticity   from   fibrillar   sliding   and   the   consequent  

major   losses   in   toughness   initially   result   from   an   increase   in   specific   collagen  

cross-‐‑linking  which  raises  the  amount  of  bonds;  further  irradiation  exposures  can  

cause   molecular   damage   due   to   breaking   the   peptide   backbone.      Irradiation  

exposure  leads  to  the  release  of  free  radicals  via  radiolysis  of  water  molecules  in  

bone  which  can  severely  degrade  the  collagen  molecules  in  addition  to  restricting  

fibrillar  sliding  mechanisms  [21,  49,  64].      

   Specifically,  we  observe  a  significant  change  in  the  magnitude  of  the  amide  I  

peak   in   UV   Raman   spectra   with   radiation   indicative   of   a   radically   changed  

collagen  environment  (Fig.  8).    Indeed,  these  measurements  show  that  for  a  very  

large   exposure   of   630   kGy,   the   spectral   features   were   broadened   to   such   an  

extent  that  the  individual  peaks  could  not  be  observed,  which  is  likely  associated  

with   breaking   of   peptide   bonds   in   the   collagen   backbone   [49].      Although   this  

change   in   the   height   of   the   amide   I   peak   has   been   related   to   collagen   cross-‐‑

linking   [23,   29],  we   obtained   further   information   on   the   nature   of   these   cross-‐‑

links  using  FTIR  spectroscopy  techniques  to  measure  the  vibrational  energies  of  

molecules  to  detect  changes  to  the  structure  of  the  collagen.    Past  studies  [22,  65]  
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have   used   this   procedure   to   examine   the   effects   of   gamma   irradiation   on   the  

mechanical  and  material  properties  of   tendon,  which   is  primarily   comprised  of  

type   I   collagen   organized   in   parallel   arrays,   and   have   reported   changes   to   the  

cross-‐‑linking  in  collagen  with  increased  exposure  to  irradiation.    The  collagen  in  

both   tendon   and   bone   is   stabilized   by   interfibrillar   and   intermolecular   cross-‐‑

links,   the   primary  mature   cross-‐‑link   is   hydroxypyridinium;   indeed,   one   study  

demonstrated   [22]   a   significant   decreases   in   hydroxypyridinium   cross-‐‑link  

density  with  60  kGy  of   irradiation.     High  doses  of   irradiation  may  also   induce  

changes  in  the  material  properties  of  tendons  by  breaking  of  peptide  bonds  in  the  

collagen  molecules  and  rupture  of  the  hydrogen  bonds,  although  these  changes  

occur  more  often  in  the  dry,  rather  than  wet,  state.  

For   the   present   FTIR   results   for   unirradiated   and   70   kGy   irradiated   bone  

shown   in   Fig.   9,   the   infrared   spectra   in   the   region   of   1585-‐‑1720   cm-‐‑1   are   of  

relevance  as   they  show  absorbance  bands   for   the  vibrations  of  protein  amide   I.      

Among  the  underlying  bands  that  make  up  the  amide  I  spectral  peak,  two  are  of  

particular  interest,  at  ~1660  cm-‐‑1  and  one  at  ~1690  cm-‐‑1,  as  it  has  been  shown  that  

during   collagen  denaturing   the   relative   intensity  of   the   former  decreases  while  

the  latter  increases  [39,  66,  67].    Indeed,  the  ratio  of  these  two  bands  corresponds  

to   the   amount   of   enzymatic   collagen   cross-‐‑links   present,   specifically   the   non-‐‑

reducible   mature   Pyr   cross-‐‑links   (interfibrillar)   and   the   reducible   immature  

DHNLN   cross-‐‑links   (intrafibrillar)   found   in   bone   [39].      In   past   studies,   the  

relative   areas   of   1660:1690   peaks  were   found   to   increase  with   aging   in   bovine  

bone   [39]   and   osteoporosis   in   human   bone   [66],   while   the   ratio   was   found   to  

decrease  with  vitamin  B6-‐‑deficient  chicken  bone  [39].    We  similarly  find  here  that  

with  70  kGy  of  irradiation,  the  ratio  of  1660:1690  peak  areas  decreases  by  almost  

two-‐‑thirds,   indicative   of   major   changes   in   cross-‐‑linking   and   bonding   in   the  

amide   I   region.     With   respect   to   the   enzymatic   cross-‐‑links   in   the   collagen,   the  
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decrease  in  this  ratio  with  irradiation  exposure  suggests  that  there  are  changes  in  

the   cross-‐‑link   profile   with   a   greater   proportion   of   immature   cross-‐‑links   to   the  

mature   cross-‐‑links   following   irradiation   [65];   indeed,   either   an   increase   in  

immature   cross-‐‑links   or   a   reduction   in   mature   cross-‐‑links   could   disrupt   the  

integrity  of  the  mature  cross-‐‑links,  such  as  covalent  hydroxypyridinium,  leading  

to    premature  failure  of  the  tissue.      

   Finally,  we   also   find   an   increase   in   the   concentration   of   the   non-‐‑enzymatic  

(AGE)  cross-‐‑links  (Fig.  10),  which  are  known  to  suppress  plasticity  in  older  bone  

[68,   69].      Indeed,   we   suspect   that   it   is   these   cross-‐‑links   that   are   primarily  

responsible  for  the  restriction  in  bone  plasticity  from  fibrillar  sliding  in  irradiated  

bone.      Although   the   increased   accumulation   of   AGEs   in   aging   bone   can   be  

attributed   to   the   longevity   of   the   tissue   and   age-‐‑related   changes   in   biological  

bone  metabolism   (including   incomplete   tissue   remodeling   and   altered   glucose  

metabolism),  the  mechanism  of  the  apparent  increased  concentration  of  AGEs  in  

irradiated   bone   observed   is   not   known.      It   may   be   possible   that   the   non-‐‑

flourescent   intermediate   cross-‐‑links   that   occur   during   the   Amadori  

rearrangement      of   sugars   [40]   is   accelerated   by   irradiation,   producing   the  

fluorescent  AGEs  observed  here.    It  is  also  important  to  note  that  the  quantitative  

AGEs   content   is   normalized  with   respect   to   collagen,   and   any   loss   of   collagen  

due   to   the   damaging   irradiation   could   also   increase   the   AGEs   per   amount   of  

collagen.      Regardless  of  the  mechanism,  however,  the  increase  in  AGEs  content  

is  consistent  with  the  inhibition  of  fibrillar  sliding  and  loss  of  plastic  toughening  

observed   in   aging   bone.      These   harmful   effects   of   bone   irradiation   can   be  

observed  at  multiple  length  scales  through  the  suppression  of  nano-‐‑  and  micro-‐‑

scale   plasticity  mechanisms,   and  may   be   the   result   of   alterations   in   the   profile  

and  distributions  of  the  collagen  cross-‐‑linking.      
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5.     Conclusions  

Based  on  an  experimental  study,  spanning  molecular  to  macroscopic  length-‐‑

scales,   of   the   effects   of   synchrotron   x-‐‑ray   irradiation   on   the   structure   and  

mechanical   properties   of   hydrated   human   cortical   bone   (in   the   transverse  

orientation),  the  following  conclusions  can  be  made:  

1. Compared   to   healthy   (unirradiated)   bone,   exposure   to   irradiation   doses  

between   0.05   and   630   kGy   progressively   led   to   a   severe   degradation   in  

strength,  ductility  and  toughness.      

2. After  630  kGy  of  radiation,  the  ultimate  strength  and  ductility  were  decreased  

by  ~80%,  the  work-‐‑of-‐‑fracture  by  ~100%,  and  the  fracture  toughness  (fracture  

resistance)  by  a  factor  of  five.     No  major  changes  in  the  mechanical  integrity  

of  the  bone  could  be  discerned  for  irradiation  exposures  of  35  kGy  or  less.          

3. The   irradiation-‐‑induced   loss   in   fracture   resistance   is   attributed   to   both  

intrinsic   (plasticity)   and   extrinsic   (shielding)   contributions   to   the   bone  

toughness.  Compared   to  unirradiated  bone,   fracture   in   irradiation-‐‑damaged  

bone   was   characterized   by   far   smaller   crack-‐‑path   deflections,   smoother  

fracture  surfaces,  and  hence  much  lower  extrinsic  toughening.        

4. At   irradiation   doses   of   70   kGy   and   above,   stress-‐‑strain   curves   displayed   a  

complete   absence   of   post-‐‑yield   plastic   deformation   and,   with   increasing  

irradiation,   a   major   reduction   in   fracture   load   and   toughness.      The  

irradiation-‐‑induced   suppression   of   bone   plasticity   acts   to   severely   limit   the  

intrinsic  toughness  by  macroscopically  embrittling  the  bone  tissue.    

5. Such   irradiated-‐‑induced   suppression   of   bone   plasticity   is   consistent   with  

SAXS/WAXD   studies   of   the   partitioning   of   strain   in   the   bone   under   load,  

which  indicated  that  for  an  applied  tissue  strain  of  ~1%,  the  individual  strain  

carried   by   the   collagen   fibrils   was   some   40%   smaller   in   70   kGy   irradiated  
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bone,  as   compared   to  unirradiated  bone,   indicative  of   a   lack  of  plasticity   in  

the  collagen.  

6. The   loss   in   intrinsic   toughness   through   the  suppression  of  plasticity  via   the  

mechanism   of   fibrillar   sliding   is   attributed   to   an   increased   incidence   of  

specific   cross-‐‑linking   of   the   collagen   with   irradiation.      Measurements   for  

unirradiated   and   70   kGy   irradiated   bone   revealed   that   there   was   a   ~21%  

increase   in   the   concentration   of   non-‐‑enzymatic   cross-‐‑links,   in   the   form   of  

advanced  glycation  end-‐‑products  (AGEs),   in  the   irradiated  bone,  which  acts  

to  restrict  fibrillar  sliding  of  the  collagen  fibrils.      

7. With  respect  to  the  enzymatic  cross-‐‑links,  we  find  a  decreasing  ratio  of  non-‐‑

reducible   (mature)   to   reducible   (immature)   cross-‐‑links   in   the   collagen   in  

irradiation-‐‑damaged   bone.      The   departure   from   the   healthy   distribution   of  

these  cross-‐‑links  appears  to  progressively  disrupt  the  integrity  of  the  mature  

cross-‐‑links,  leading  to  lower  fracture  loads.      

8. At  very   large  exposure  of  630  kGy,   the  distortion  of   the  UV  Raman  spectra  

further  suggests  complete  fracture  of  peptide  bonds  in  the  collagen  backbone,  

which   is   consistent   with   the   progressively   degraded   bone   strength   at   high  

irradiation  exposures.  
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Figure  1:     The  structural  hierarchy  of  bone.     At   the   smallest   level,   at   the   scale  of   the  
tropocollagen   molecules   and   mineralized   collagen   fibrils,   (intrinsic)   toughening   is  
achieved   through   plasticity,   principally   via   mechanisms   of   molecular   uncoiling   and  
intermolecular  sliding  of  molecules  and  mineralized  collagen  fibrils.     Cross-‐‑links  form  
at   these   length-‐‑scales  between  the  collagen  molecules  and  between  the  fibrils   [40].     At  
micrometer  dimensions,  the  breaking  of  sacrificial  bonds  at  the  interfaces  of  fibril  arrays  
contributes  to  increased  energy  dissipation,  together  with  crack  bridging  of  microcracks  
by   collagen   fibrils.      At   the   largest   length-‐‑scales   in   the   range   of   10s   to   100s   µμm,   the  
primary  sources  of  toughening  are  extrinsic  and  result  from  extensive  crack  deflection  
and   crack   bridging/twisting   by   uncracked   ligaments,   both   mechanisms   that   are  
motivated  by  the  occurrence  of  microcracking  [5,  6].  
  
Figure   2:   Schematic   showing   the   beamline   setup   for   in   situ   tensile   testing   of   bone  
with   real   time   small-‐‑angle   x-‐‑ray   scattering   and   wide-‐‑angle   x-‐‑ray   diffraction  

(SAXS/WAXD)   imaging.         The   10   keV   x-‐‑ray   beam   penetrates   the   longitudinally  
oriented   human   cortical   bone   sample   perpendicular   to   the   tensile   set   up.      The   SAXS  
detector   is   positioned   to   record   the   meridional  D-‐‑spacing   in   the   staggered   array   of  
mineralized  collagen  fibrils.    The  WAXD  detector  is  positioned  to  record  patterns  from  
the  crystallites  with  c-‐‑axis  along  the  tensile  direction.    Tissue  strain  is  determined  by  the  
marker  lines  on  the  sample  (camera  not  shown  in  schematic).    Images  (a)  and  (b)  show  
WAXD   pattern   and   the   SAXS   pattern   of   bone   respectively,   with   the   region   for  
azimuthal  integration  shown  in  the  pie-‐‑shaped  sector  outlined  in  both.    Figures  (c)  and  
(d)   show   the   integrated   intensity   variation   over   this   region.      Graph   (c)   shows   a  
pronounced   (0002)   diffraction   peak   for   the   hydroxyapatite,   and   graph   (d)   shows   a  
pronounced  first  order  diffraction  peak  due  to  the  fibrillar  D-‐‑spacing  (67  nm).      
  
Figure   3:      Mechanical   properties   of   hydrated   human   cortical   bone   (transverse  
orientation)  subjected  to  varying  degrees  of  x-‐‑ray  irradiation.    (a)  Stress-‐‑strain  curves  
from   three-‐‑point   bending   tests   (offset   for   clarity)   and   (b)   fracture   toughness  R-‐‑curves  
showing  resistance  to  fracture  in  terms  of  the  stress  intensity,  KJ,  as  a  function  of  crack  
extension,   a,   both as   a   function   of   prior   x-‐‑irradiation   dosage.  KJ   fracture   toughness  
values  were  back-‐‑calculated  from  J  measurements  using  the  J-‐‑K  equivalence  for  mode  I  
fracture.      The   end   of   the   curves   indicates   the   critical   toughness   values,  KJc,   at  which  
complete  failure  occurred.    
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Figure   4:      X-‐‑ray   computed   micro   tomography   of   crack   paths   in   hydrated   human  
cortical  bone  in  the  transverse  orientation  following  (a-‐‑c)  low  dose  (50  Gy),  and  (e-‐‑g)  

high  dose  (~MGy)  x-‐‑irradiation.    Images  show  crack  paths:  (a)  &  (d)  x-‐‑ray  tomographs  
from  side-‐‑view  perpendicular  to  the  crack  plane,  (b)  &  (e)  3-‐‑D  x-‐‑ray  tomography  images  
of  these  paths  (3-‐‑D  crack  surface  is  in  purple;  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   increases  with   irradiation  while   their  severity  decreases,  
resulting  in  less  meandering  crack  paths  in  the  irradiated  bone.      
  
Figure  5:    Partitioning  of  strain  between  the  collagen  and  mineral  as  a  function  of  the  

global   tissue   strain   in   70   kGy   irradiated   vs.   unirradiated   hydrated   human   cortical  
bone.  Variation  of  the  strain  from  SAXS/WAXD  measurements   in  the  (a)  collagen  and  
(b)  mineral  as  a  function  of  the  global  applied  strain  in  the  bone  tissue  for  unirradiated  
and   70   kGy   irradiated   bone.      The   collagen   and  mineral   strain   are   binned   in   regular  
intervals  of  tissue  strain  (N=20  for  each  group).     Error  bars  in  the  graphs  are  standard  
deviation  of  the  binned  value.    Note  that  for  a  given  strain  in  the  bone  tissue  the  strain  
in  the  collagen  fibrils  is  diminished  in  irradiated  vs.  unirradiated  bone,  consistent  with  
the  progressive  loss  in  macroscopic  plasticity  in  bone  with  increasing  irradiation.  
 
Figure   6:      Strain   in   collagen   fibril,   and  mineral   in   bone   as   a   function   of      applied  

strain   in   the   tissue   for  human   cortical  bone   in   the   (a)   unirradiated   and   (b)   70  kGy  

irradiated  condition.     The  upper  graphs  show  the  ratios  of   fibril   to   tissue  strain,   F/ T,  
and  mineral   to   tissue   strain,   M/ T,   for   the   (a)   unirradiated   and   (b)   70   kGy   irradiated  
bone,   averaged   from   N=20   samples   for   each   group.      In   (a)   and   (b),   the   solid   lines  
represent  the  constant  stain  ratio  expected  before  yield.  In  (a),  the  dotted  line  represents  
where   the   ratio  would  vary   if   the   fibril   and  mineral   strain   remained  constant  beyond  
the  yield  strain.    The  lower  graphs  show  the  corresponding  stress-‐‑strain  curves  for  the  
(a)  unirradiated  and  (b)  70  kGy  irradiated  human  cortical  bone.    
  
Figure  7:    (a)  Schematic  illustration  of  the  sample  orientation  in  relation  to  the  bone-‐‑

matrix  microstructure   in   human   cortical   bone   (top)   and   schematic  model   for   bone  

deformation  for  the  various  hierarchical  length-‐‑scales  in  response  to  external  tensile  

load.      Strain   is   simultaneously  measured  at  all   three   levels  of   the   structural  hierarchy  
(tissue,   fibril,   and  mineral  nanoparticles).     The  mineralized   fibrils,  which  are   stiffened  
with  collagen  cross-‐‑links,  deform  in  tension  and  transfer  the  stress  between  neighboring  
fibrils  by   shearing   in   the   thin   layer  of   the  matrix.     Within  each  mineralized   fibril,   the  
stiff  mineral  platelets  deform  in  tension  and  transfer  stresses  between  adjacent  platelets  
by   shearing   in   the   interparticle   collagen   matrix.   (Red   lines   demonstrate   shearing  



qualitatively).      (Adapted   from      ref.   [10]   )      (b)   At   a   fixed   tissue   strain   of   0.85%,   the  
individual   strain   in   the   fibrils   is   42%   less   in   the   70   kGy   irradiated   bone   than   in   the  
healthy  unirradiated  bone.    
 
Figure  8:    UV-‐‑Raman  spectroscopy  of  (hydrated)  unirradiated  and  x-‐‑irradiated  human  
cortical  bone.    (a)  UV-‐‑Raman  spectra  for  five  different  irradiation  groups  after  doses  of  
0,  0.05,  70,  210  and  650  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  as  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-‐‑1),  amide  III  (primarily  
from  in-‐‑phase  combination  of  NH  in-‐‑plane  bend  and  CN  stretch,  1245-‐‑1260  cm-‐‑1),  and  
amide   II   (primarily   from   out   of   phase   combination   of   NH   in-‐‑plane   bend   and   CN  
stretch).  (Additional  data  from  ref.  [23]).  
  
Figure   9:      Fourier   transform   infrared   spectroscopy   of   human   cortical   bone   in   the  

unirradiated   and   70   kGy   irradiated   condition.      (a)   Shows   a   comparison   of   the  
calculated   spectroscopic   ratio  of   the  1660:1690   cm-‐‑1  peaks   in  unirradiated  and  70  kGy  
irradiated   samples.      The   1660:1690   ratios   are   calculated   through   a   combination   of  
second  derivative   spectroscopy   to   locate   the   position   of   the   underlying   bands  within  
the   amide   I   region   and   then   peak   fitting   of   these   subbands   to   determine   the   relative  
percent   area   of   each   underlying   component.      The   area   1660:1690   ratio   appears   to  
correspond   to   the   ratio   of   nonreducible/reducible   collagen   cross-‐‑links   in   bone   [39].        
Following   irradiation   of   70   kGy,   the   1660:1690   ratio   decreases   by   almost   a   third.      (b)  
Shows  FTIR  spectra  and  the  amide  I  underlying  bands  for  both  groups.    
  
Figure   10:      The   accumulation   of   advanced   glycation   end-‐‑products   (AGEs)   was  

fluorimetrically   quantified   in   the   cortex   of   the   femora   in   unirradiated   and   70   kGy  

irradiated   human   cortical   bone   samples.      AGEs   increase   slightly   when   bone   is  
irradiated  with  a  dose  of  70  kGy  which  increased  the  concentration  of  fluorescent  (non-‐‑
enzymatic)  cross-‐‑links  to  ~21%  more  than  in  the  unirradiated  bone.      
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