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Abstract

In recent years, the important role of the organic matrix for the mechanical properties of bone has become increasingly apparent. It is

therefore of great interest to understand the interactions between the organic and inorganic constituents of bone and learn the mechanisms by

which the organic matrix contributes to the remarkable properties of this complex biomaterial. In this paper, we present a multifaceted view

of the changes of bone’s properties due to heat-induced degradation of the organic matrix. We compare the microscopic fracture behavior

(scanning electron microscopy; SEM), the topography of the surfaces (atomic force microscopy; AFM), the condition of bone constituents

[X-ray diffraction (XRD), thermogravimetric analysis (TGA), and gel electrophoresis), and the macromechanical properties of healthy bovine

trabecular bone with trabecular bone that has a heat-degraded organic matrix. We show that heat treatment changes the microfracture

behavior of trabecular bone. The primary failure mode of untreated trabecular bone is fibril-guided delamination, with mineralized collagen

filaments bridging the gap of the microcrack. In contrast, bone that has been baked at 2008C fractures nondirectionally like a brittle material,

with no fibers spanning the microcracks. Finally, bone that has been boiled for 2 h in PBS solution fractures by delamination with many small

filaments spanning the microcracks, so that the edges of the microcracks become difficult to distinguish. Of the methods we used, baking

most effectively weakens the mechanical strength of bone, creating the most brittle material. Boiled bone is stronger than baked bone, but

weaker than untreated bone. Boiled bone is more elastic than untreated bone, which is in turn more elastic than baked bone. These studies

clearly emphasize the importance of the organic matrix in affecting the fracture mechanics of bone.

D 2004 Elsevier Inc. All rights reserved.
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Introduction

The mechanisms that form the basis of the mechanical

properties of bone and the main failure mechanisms of

healthy and diseased bone are of great scientific and medical

interest [1–3]. Many investigations have focused on the

influence of the microscopic structure of bones on their
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mechanical properties [4–10], including studies on stress

accumulation and formation of microcracks [11,12]. The

structure of bone on the nanoscale is also very important for

the mechanical performance of the bone as a whole.

Interactions in nanocomposites, such as bone [13], nacre

[14], and many others, derive their remarkable properties

from the interaction of the organic (proteins, other organic

polymers) and the inorganic (crystal) constituents [14–16].

In bone, the main component of the organic matrix is type I

collagen and the crystal phase consists mainly of dahllite

(carbonated hydroxylapatite) [13]. It has been shown that
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the organic phase in bone has great influence on the

mechanical properties of the whole biocomposite [13,17–

22]. To understand these mechanical properties, and to

predict and prevent bone failure, it is necessary to under-

stand the nanoscale organization of the bone [23–25]; in

particular, how the components of the bone matrix interact

[22,26] and what role they play in the mechanical properties

of the bulk material, as changes in any of the constituents

will influence the mechanical properties of the whole

composite [18,20,21,27]. To assess the role of the individual

constituents for the mechanical strength, we specifically

targeted the organic matrix by heat treating the bone

samples [28] in different ways (baking and boiling) and

looked for changes in their mechanical properties, fracture

behavior, and appearance. We investigated microscopic

fracture behavior with high-resolution scanning electron

microscopy (SEM) [29] and topology with atomic force

microscopy (AFM) [30]. The influence of the heat

degradation on the individual constituents of bone was

assessed by X-ray diffraction [31], gel electrophoresis [32],

and thermogravimetric analysis (TGA) [33].
Materials and methods

We investigated trabecular bone from bovine vertebrae.

The vertebrae were obtained from a butcher and imme-

diately frozen upon receipt. The bone was cut into 5 � 5 �
4 mm cubes using a regular and a diamond band saw. The

marrow was cleaned out using a Water Pik (a high-pressure

water jet used for dental hygiene). The samples were then

polished with 600-grit sandpaper under flowing water. The

samples were always kept moist during these steps and

stored, briefly, in 0.1 M phosphate-buffered saline (PBS)

between steps.

We studied three types of bone samples [34]:

Untreated bhealthyQ bone: We extracted trabecular bone

from the bovine vertebrae as described above and froze the

samples at �208C typically for not more than 10 days.

Baked bone: The bone samples were heated in a

laboratory oven for 40 min at 2008C. Following heat

treatment they were rehydrated overnight in PBS before

experimental use.

Boiled bone: The bone samples were boiled in PBS

solution for 2 h and then frozen (�208C) until the time of

the experiments (typically not more than 24 h). During

preparation samples were stored for short periods of time in

0.1 M phosphate-buffered saline (PBS).

We used an FEI (XL 40 Sirion) scanning electron

microscope (SEM) to investigate the fracture behavior of

the heat treated bone. Samples for scanning electron

microscopy (SEM) were typically 5 � 5 � 4 mm in size.

They were polished and cleaned with a high-pressure water

jet to remove loose residue. The samples were quasi

statically compressed (in PBS solution) in a small, SEM

compatible vice until a partial fracture of the trabeculae was
observed under a stereo dissecting microscope. The samples

were compressed to a strain of approximately 20%. All

samples were compressed by the same amount. The samples

were then rinsed in deionized water to prevent salt

crystallization. The samples were degassed in a vacuum

oven (10�3 Torr, 308C) overnight and then gold/palladium

coated for SEM imaging. The images presented in Figs.

2–4 are representative figures of features observed on

multiple locations (out of 80 locations investigated) on

multiple samples (total samples: six untreated, two boiled,

two baked).

For AFM sample preparation, the bone cubes were

studied under an optical microscope to find single trabecu-

lae that were accessible to the AFM and were not damaged

by the cutting. The sample cubes were dried and glued to a

steel sample disc using Devcon 2-ton epoxy. Images were

recorded in air, at room temperature, with a scan rate of

1 Hz, on a standard tapping mode atomic force microscopy

(Digital Instruments Nanoscope IV) using silicon canti-

levers with a force constant of approximately 40 N/m and a

resonance frequency of 300 kHz (TAP300, NanoDevices).

Images shown in this paper are representative of features

observed in tens of AFM images.

Trabecular bone samples for gel electrophoresis were

cleaned with a pressurized stream of PBS, rinsed with ultra

pure water, and lyophilized until dry. The samples were

ground with a mortar and pestle to a fine powder and ca.

45 mg of material was suspended in Tris–Glycine SDS

sample buffer (Invitrogen, Carlsbad, Ca), reduced with DTT

(total sample volume of 120 Al), and heat denatured at 858C
for 20 min. The suspension was centrifuged and the

supernatant was loaded on a 4–20% Tris–Glycine SDS

PAGE gel and run for 2 h at 125 V. The experiment was

conducted five times, each time starting with fresh bone

samples. The gels from these measurements all showed the

same features.

X-ray powder diffraction data were collected on a Scintag

X2 powder diffractometer using Cu Ka radiation from a tube

operated at 45 kV and 35 mA. For heated bone, a sample

heated to 2008C for 40 min was measured from 208 to 558 2h,
where 2h is the Bragg scattering angle, using a step size of

D2h = 0.028 and an exposure time of 2.1 s/step. Untreated

bone was measured using D2h = 0.0358 and 11 s/step while a
boiled sample was measured usingD2h = 0.028 and 21 s/step.
Since the diffraction peaks are significantly size broadened,

the different step size used for the untreated sample does not

influence the results. We repeated the experiment on two

bone samples per treatment and got equivalent results.

Thermal gravimetric analysis (TGA) was performed

using a Netsch STA 409 thermal analyzer. Samples were

heated from room temperature to 11008C at 10 K/min.

Samples were extracted from one single vertebrae and

divided into two sets: one which was left untreated and the

other which was boiled for 2 h in 0.01 M PBS. From each

set, at least three TGA runs were performed. This

procedure was used to minimize intervertebrae variability
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and indeed when considering samples from different

specimens a larger spread in weight loss was observed.

In Fig. 6B, the data have been normalized to the mass at

2348C, which was determined to be the average crossover

temperature from the region dominated by water loss to the

region where the organic matrix is lost. For the boiled

bone, three samples were run. For the untreated bone, four

samples were run. The data curves were averaged for each

group. The standard deviation was used as an indicator for

sample variation.

Macromechanical testing was performed in a home built

compression tester with the capability to load the bone at

loading rates comparable to a typical fall on the hip

(approximately 15 ms) [35]. The bone samples were

mounted in a fluid cell and compressed by an aluminum

plunger, see Fig. 1. The plunger was loaded with impacts

from a pivoting weight. The impact face of the weight was

padded with elastomer to achieve the desired 15 ms rise

time to the peak impact force. The rise time to peak force

depends on the elastic property of the combination of the

bone sample and the elastomer. In our experiments, the rise

time to peak force was primarily determined by the elastic

modulus of the elastomer since the elastomer has a much

lower elastic modulus. Changes in the rise time due to
Fig. 1. Bone compression apparatus. Samples (1) are compressed by

aluminum plunger (2) in the direction indicated by the arrow. Samples were

constantly in liquid (sealed sample chamber; 3) and the liquid could be

changed during the experiment through the fluid lines (4). The force that

was exerted on the sample was measured with a load cell (5). The

compression of the sample was measured by measuring the displacement of

the plunger with a fiber optic positioning sensor (6).
different elastic modula of the bone samples were

negligible. Each sample was loaded with a series of

impacts following the same protocol for each sample:

starting at 0.5 J impacts, the impact energy was increased

after each fourth hit to 0.75, 1, 1.25, 1.5, 1.75, 2, 2.5, 3,

3.5, 4, 4.5, 5, 6, 7, 8, 9, and 10 J, respectively. The

experiment was aborted when the sample had been

compressed by more than 2 mm. The force was measured

with a load-cell (LB01K, Transducer Techniques) and the

compression of the sample was assessed by measuring the

displacement of the plunger with a fiber optic position

sensor (MTI 2000, MTI Instruments). The data were

collected using LabView 6.0. We tested six samples of

untreated bone, six samples of boiled bone, and four

samples of baked bone. The sample variation is represented

by error bars in Fig. 8A.
Results

Fig. 2 shows SEM images of an untreated bone partially

fractured by compression. Fig. 2A shows the bone cracking at

stress accumulation points and reveals microcracks within the

bulk material. The directions of most of the cracks are parallel

to lines of equal stress, resulting in a delamination rather than

a cracking normal to the trabecular surface. Examples are

shown by the arrows in Fig. 2A. Further magnification of a

crack tip (Fig. 2B) shows that there are filaments spanning the

gap between the separated pieces. Similar organic filaments

have been reported previously to span the cracks in abalone

shell, a biocomposite consisting primarily of calcium

carbonate and insoluble proteins (e.g., lustrin A). These

organic filaments were proven to greatly improve the

mechanical strength of the shell [14]. Recently, similar fibers

were found in microcracks of cortical bone [22]. Fig. 2C

shows a delamination crack in the untreated bone with fibrils

spanning the gap over a distance of up to 20 Am (Fig. 2D).

The length and width of the fibers indicate that one filament

consists of bundles of molecules, primarily collagen [36].

Some of these filaments show the 67-nm banding pattern

characteristic of collagen fibrils (data not shown).

Fig. 3 shows SEM images of a baked bone partially

fractured by compression. The crack formation is different

from the untreated bone. The fracture surfaces are no longer

smooth, but are rough and branched. The fractures are not

primarily due to delamination and cracks occur in all

directions. Figs. 3B and C show two cracks running

perpendicularly into each other. In direct contrast to the

healthy untreated bone, the microcracks are not spanned by

filaments (Fig. 3D).

Fig. 4 shows SEM images of boiled bone partially

fractured by compression. Fig. 4B shows a microcrack seen

from the surface as well as in the cross section. The fracture

is not a single crack but branches into several cracks that

form loose bone pieces between the two main fractured

surfaces (Fig. 4C). There are many filaments spanning the



Fig. 2. SEM images of partially crushed, untreated trabecular bone. (A) Low magnification view showing fracture points and small cracks. White arrows point

to delamination cracks. (B) View of a crack end, revealing filaments spanning the microcrack. (C) Delamination crack on a polished surface. (D) High

magnification view of the crack shows organic filaments spanning the gap in the microcrack over several Am.
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crack, making the exact fracture surface difficult to

distinguish (Fig. 4D).

The heat treatments not only influence the fracture

behavior, but also the appearance of the bone surfaces. Figure

5 shows atomic force microscopy (AFM) images of surfaces

of untreated, baked, and boiled bone samples, respectively.

The surface of an untreated bone is shown in Fig. 5A. The 67-

nm banding pattern that is typical for collagen fibrils is clearly

visible [37], the image represents AFM height data. Fig. 5B
Fig. 3. SEM images of partially crushed, baked trabecular bone. (A) Crack form

propagate parallel to lines of equal stress but occur in all directions, even crossing i

The surface of the trabeculae has a rough topography.
shows the surface of a baked bone that still exhibits a fibrous

surface. However, the banding pattern observed in the

untreated samples has disappeared and the fibers are more

distinct. On the surface of the boiled bone, no fibrils are visible

(Fig. 5C). The surface appears to be covered with a soft layer,

possibly remnants of organic material that might cover

underlying fibrils. Several AFM images were taken distrib-

uted over each sample. The images shown here appear to be

representative for the whole surface of each sample.
ation on an inside surface of the trabeculae. (B and C) Cracks no longer

nto each other. (D) The microcracks shows no filaments spanning the crack.



Fig. 4. SEM images of partially crushed, boiled trabecular bone. (A) Low magnification view of the deformed trabeculae. The bone shows less breaks than the

untreated or baked bone. (B) A crack formation seen from the surface and from the cross section, showing the multiple cracks that form the fracture. (C and D)

High magnification view of the crack. Many filaments span the microcrack. The crack surfaces become hard to distinguish.
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To investigate the effects of heating on each constituent

phase (organic and inorganic), we looked at the individual

constituents and on the weight ratio of the inorganic and

organic phase after heat treatment.

X-ray diffraction of the untreated, baked, and boiled bone

shows that the heat treatment at these temperatures does not

significantly influence the inorganic phase (Fig. 6A). The

peaks in the spectrum are nearly identical in peak width (for

the 328 peak: 1.688 F 0.078). The slight variation in relative

peak height results from a difference in preferred orientation

due to the fact that it was not possible to grind the untreated

and boiled bone to a fine powder (this effect was observed in

two measurements on two different diffractometers).

Fig. 6B compares thermal gravimetric analysis of

untreated and boiled samples extracted from the same
Fig. 5. AFM images of bone surfaces. (A) Untreated bone, showing the 67-nm ban

the surface of baked bone, there is still a fibrous structure, but the collagen band

consistent with mineralized fibrils degrading to fibers of mineral particles associate

that they previously coated. (C) The boiled surface shows no distinct fibrillar com
vertebra. The organic material is lost between approxi-

mately 2508C and 5008C. Thus, in our samples baked at

2008C for the other experiments, we know that the organic

material that is degraded is still present. The degradation

of the organic material in the baked samples is shown by a

color change from white to light brown, as well as by the

gel results discussed below. In the boiled sample, in

addition to slight degradation shown by a small color

change from white to ivory, there is also some loss of

organic material into the solution. There is clearly

relatively less organic material in the boiled samples.

The average weight fraction of organic, normalized to the

2348C starting mass to eliminate variations due to differ-

ences in the amount of water, is 28.9% for the untreated

bone and 26.3% for the boiled bone. Comparison of TGA
ding pattern typical to collagen fibrils (image shows sample height). (B) On

ing pattern has disappeared (image shows sample height). This would be

d with each other and what is left of the degraded collagen, now unbanded,

ponents but appears to be covered with a soft layer, possibly loose organic.



Fig. 6. Influence of the heat treatments on the organic and inorganic components of bone. (A) X-ray diffraction pattern of untreated, baked, and boiled bone.

The peaks are identical for the three samples, indicating that there is no change in the crystal structure due to heating up to these temperatures. (B) Thermal

gravimetric analysis of untreated bone and boiled. The weight loss shows the destruction of the organic matrix. The boiled bone loses less weight during the

TGA experiment than the prebaked and untreated ones, suggesting a substantial weight loss during the pretreatment by boiling. The data have been normalized

to a starting mass corresponding to the value at 2348C to eliminate variations due to differences in sample hydration. The curves for the two treatments are

averages of four curves and three curves for the untreated and boiled samples, respectively. The arrow bars represent intersample variations by means of the

standard deviation, showing that the difference between the two treatments is significant.
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analysis of untreated and baked bone samples (data not

shown) showed that baking at up to 2008C does not result

in a change in the fraction of organic material, which is all

lost above this temperature. The spread of the data in the

graph gives an indication of the variability between

samples, in total seven untreated and four boiled samples

were tested. The samples used for Fig. 6B all came from

one vertebra (four untreated, three boiled).

To assess the quality of the organic matrix, we used gel

electrophoresis to look for extractable proteins. Fig. 7A

shows the lanes for the untreated, boiled, and baked bone

at 2008C, respectively. Fig 7B shows the corresponding

densitometry graphs. The untreated bone (lane 1) shows a
Fig. 7. Gel electrophoresis of proteins extracted from bone powder. (A) Gel electr

lane 3: baked bone at 2008C for 40 min. (B) Densitometry of gels calibrated for o

that were representative for the five gels that were analyzed. The gels of differen
few dominant bands and several bands of lower intensity.

The boiled bone (lane 2) shows generally fewer and

weaker bands. The two high molecular weight bands

around MW 300 (collagen type I triple helix) and the band

at MW 65 (bovine serum albumin; BSA [38]) in the

untreated samples are absent in the boiled sample and the

bands around MW 200 are significantly less visible than in

the untreated bone. The bands around MW 110 (type I

collagen) that are partially merged in the untreated bone

are well separated in the boiled sample. However, an

additional band around MW 16 (possibly chondroitin and

keratan sulfates) is present in the boiled bone. This could

either be an additional band that became extractable from
ophoresis of extracted proteins; lane 1: untreated bone; lane 2: boiled bone;

ptical density. The two traces per treatment represent two different samples

t samples with same treatment correlate well.



Fig. 8. Macroscopic fracture testing of the bone samples. (A) Normalized

sample height after impacts, averaged over a total of 16 samples. The baked

(2008C, 40 min) and the boiled (1008C, 2 h) bone samples have lost much

of their strength compared to the untreated bone (they break at much lower

accumulated impact energies). The collapse of the baked bone is very

abrupt (indicating high brittleness) compared to the gradual collapse of the

boiled bone that is tougher. Error bars represent 80% confidence regions

due to sample variation. (B) Zoom in of low energy impact region on

representative curves. The boiled bone sample shows significant permanent

compression even at low impact energies. The untreated bone is much less

affected by these low energy impacts and is hardly compressed at these soft

impacts. (C) Compression profiles during impact of representative samples.

The boiled bone samples are more compressible than the untreated samples.

The baked samples are much less compressible. Curves represent hits close

to the yield-accumulated energies of the samples.
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the bone due to processes happening during boiling or

could be fragments from other proteins that are denatured

or decomposed due to the boiling. From the baked bone,

however, no intact proteins could be extracted. From this

and the TGA data, we can conclude that the organic in the

bone is significantly degraded by baking, but not removed,

whereas the boiling affects the nature of the organic

constituents only slightly (gel results are very similar) but

reduces the total amount of organic material (smaller

weight loss in TGA).

Can the changes in the microscopic fracture behavior

be correlated to macromechanical properties? To answer

this question, we tested samples that were untreated,

baked, or boiled in a custom-built mechanical impact

tester, Fig. 1. The apparatus was designed to be able to

exert forces at rates comparable to loading rates that

occur during a fall of an adult human on the hip [39] (ca.

15 ms to peak force). The samples were successively

loaded with an increase in peak force after every fourth

hit. The forces that were applied to the sample and the

compression of the sample were recorded. From this data,

three interesting parameters could be extracted: (1) the

maximum amount of accumulated energy that could be

applied to the sample before it would break, (2) the rate

of collapse before and after the sample has reached its

yield point, and (3) the elastic compression of the samples

during impact.

Fig. 8A shows the height of the samples after each hit.

The baked and boiled samples both collapse under

significantly less accumulated energy (summed impact

energies over all hits) than the untreated samples, indicating

a decrease in toughness. Furthermore, it can be seen that the

baked bone collapses abruptly after it starts to yield,

whereas the boiled and untreated bone retain part of their

strength even after yielding. The height of the untreated

bone is virtually unaffected by the lower energy impacts,

whereas the height of the boiled and baked bone decreases

already at low energy impacts. After impacts for a total 40 J

of accumulated energy, the untreated bone has been

permanently compressed by only 0.1%. The baked and the

boiled samples, however, have at that accumulated energy

been compressed by 1% (Fig. 8B).

Compression profiles during the impact are shown in Fig.

8C. The baked bone shows much less elasticity than the

untreated and boiled bone. This again shows a decrease in

toughness when the organic matrix in bone is degraded. The

boiled bone collapses very gradually, suggesting a more

elastic, deformable material. Several samples of each

preparation were tested, extracted from two different

vertebrae specimens.
Discussion

The microscopic fracture behavior of the bone samples

under compression changes significantly with the pretreat-
ment of the organic matrix. Where the untreated matrix

forms distinct fibrillar connections between the fractured

surfaces (that have been reported to play an important role

in the strength of bone [22]), the boiled bone shows thinner,

less coherent filaments. The transition from bbulk-materialQ
to the fibers is very gradual in these samples, suggesting the

presence of mineral crystals in the denser regions of the
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transition. The organic in the baked bone has lost its ability

to form filaments completely, yielding fractures resembling

those of a brittle material. This substantiates the theoretical

predictions by Yeni and Norman [26] who have described

the possible role of collagen fibers spanning a microcrack

for the energy required for crack propagation.

The dominant fracture mechanism also depends to a large

extent on the condition of the organic matrix. In the

untreated and the boiled bone, delamination is the principal

type of fracture, whereas in the baked bone the cracks are

more random and are no longer oriented parallel to the

trabecular surface.

The appearance of the surfaces changes significantly

with the heat treatment. Baking the sample reveals very

distinct fibers but removes the 67-nm banding typical for

collagen. This indicates that this part of the organic matrix is

degraded and can therefore no longer function as an energy-

absorbing medium. It has been reported that in mouse

models with osteogenesis imperfecta (OI), a type I collagen

disorder that results in a deranged collagen matrix, bones are

weaker, having reduced post yield deformation which is

typical for brittle materials [40].

The surface of the boiled bone has a soft appearance,

suggesting that the cohesion of the organic matrix is

softened, but the organic is still present. This could explain

the more flexible behavior of the boiled bone since the

organic matrix no longer holds the inorganic components

tightly together but is still important for energy dissipation.

The X-ray diffraction data show that none of our

treatments have a significant effect on the inorganic phase,

so the change in the fracture behavior has to be attributed to

a change in the organic matrix or the interaction of the

organic matrix with the mineral crystals. This is in good

agreement with the findings of Rogers and Daniels [31] who

have found no significant change in the X-ray diffraction

pattern of bone heated to 2008C compared to native bone,

and Catanese et al. [41] who have shown by X-ray

diffraction that there is no change in the crystal structure

when heating the bone as high as 3508C. Catanese et al. [41]
have observed recrystallization in bone samples heated to

7008C whereas Rogers and Daniels report significant

changes in the spectrum already between 4008C and 6008C.
From the TGA data, we know that at the temperatures the

samples were baked, none of the organic was actually

removed. This corresponds to the findings of Murugan et al.

[33] who found that bone heated at 3008C showed the same

peaks in the IR-spectrum as untreated bone. Catanese et al.

[41] found that heating the bone up to 3508C removes 85%

of the organic within a day of heating. Although there are

different values in the literature for the temperature at which

the bone starts to lose a significant part of its organic, all

papers report only insignificant loss of organic from heating

the bone to 2008C. The gel electrophoresis data, however,

show that by heating the bone to 2008C, the extractable

organic molecules have been significantly altered, indicating

a significant change in the properties of the organic matrix.
The absence of the bands could indicate a destruction of the

proteins or could be caused by a change in affinity of the

proteins to the inorganic, altering the extractability of the

proteins. Either of these changes could explain the absence

of the filaments in the microcracks as seen by SEM. For the

boiled bone, a slight change in the gel pattern is observed

that might alter the influence of the organic matrix on the

mechanical properties of the bone. In the TGA data, we see

that bone has lost some of its organic during the boiling,

which will also influence the contribution the organic matrix

makes to the strength of bone. Although the effects of

boiling of the bone is not directly related to physiological

processes that occur in vivo, the boiling is a way to gently

degrade the organic matrix by partially denaturing some of

the proteins. Bone with partially degraded organic matrix by

other treatments, such as irradiation, have also shown a

reduction of the work to fracture. Currey et al. [42] report a

reduction of the work to fracture that increases with

increasing irradiation dose.

Macromechanically, the reduction in overall strength by

heat-degrading the organic matrix shows once again the

importance of the organic matrix being in healthy condition

as has been reviewed by Currey [43]. Healthy bone not only

requires more accumulated energy to be fractured, it is also

much more resistant to low energy impacts than boiled

bone. The fracture mechanism typical for a brittle material

and the reduced reversible deformation of the baked bone

shows that a highly degraded organic matrix results in brittle

bone [40].

We have shown that degeneration of the organic matrix

by heat has a large impact on the mechanical properties of

bone. In healthy bone, the main failure mechanism is a

delamination of the bone following the contours of the

trabeculae, whereas in bone with the completely degraded

organic (from baking), the main fracture type is rugged,

nondirectional, diffuse crack propagation. In the boiled

bone, the binding between the organic and the inorganic and

the binding within the organic seems to be reduced, leading

to a more flexible but less strong material. The bones with

the completely degraded organic matrix were less strong in

the macromechanical test than the untreated ones and

showed less elastic deformation during the impacts. X-ray

analysis shows that the inorganic components have not been

affected by our heat treatments.

This, together with the altered crack formation, shows

that the degradation of the organic matrix is responsible for

the much more brittle nature of the degraded bone. Similar

degradation of the organic, for example, aging of the

organic matrix [44], could be a reason for the brittleness of

older [45,46] or osteoporotic bone [47,48].
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