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Effects of deproteinization and ashing
on site-specific properties of cortical bone
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Buffered sodium hypochlorite (NaOCI) solution was used to remove selectively the collagen
phase from bovine cortical bone. Changes in the mechanical behaviour and material
properties were studied over a wide range of resolution (from 5 um to 3 mm) using an
integrated combination of experimental techniques. Optical microscopy indicated that timed
immersion in NaOCI results in cortical bone specimens that consist of a mineralized tissue
core surrounded by a layer of deproteinized or anorganic bone. With increased NaOCI
treatment, the mechanical behaviour in three-point flexure of the intact specimens became
increasingly characteristic of a brittle ceramic material. Localized material properties were
evaluated using histology, scanning electron microscopy and microhardness testing. The
site-specific properties and the mineralization of the cores were not significantly affected by
the treatment; however, the interactions and structural framework of the hydroxyapatite
crystallites within the anorganic material were compromised. This destruction of crystallite
interlocking was not observed in samples in which the organic phase was removed by
ashing at 800°C. The ashed samples maintained microhardness values three times those of
the bleached samples. Because of its damaging effects on cortical bone structural integrity,
the NaOCI treatment did not provide a reasonable means of studying, as a function of the
phasic mass fraction, incremental changes in bone mechanical behaviour or the relative

roles of collagen and mineral within the structural hierarchy.

1. Introduction

Cortical bone is a complex hierarchical composite
material [1-3] composed of mineral, organic matrix
and water phases [4, 5]. During cortical bone develop-
ment, type I collagen is laid down before mineraliz-
ation [6] and provides the structural framework
around which hydroxyapatite (HAP) crystallites form
[7]. These crystallites, in turn, largely dictate the over-
all bone mechanical stiffness [8]. Changes in bone
mechanical behaviour have been related to the min-
eral phase fraction by Currey [9, 10] using samples
taken from different animal species with differing his-
tologies.

The dependence of mechanical behaviour on the
phasic fractions has also been evaluated using bones
obtained from a single species subjected to selective in
vitro chemical treatments. Immersion in aqueous super-
saturated ethylenediaminetetraacetic acid (EDTA)
chelates the mineral phase while preserving the struc-
tural and mechanical properties of the collagen phase
[11, 12]. Using timed immersion in an EDTA buffer
solution, Sasaki and Yoshikawa [13] attempted to
evaluate the properties of bovine cortical bone as
a function of mineral content. Burstein et al. [14] and
Broz et al. [15], however, demonstrated that such
immersion results in the formation of discrete regions
of demineralized and mineralized tissue rather than
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a uniform mineral distribution. Conversely, the col-
lagen phase fraction can be altered with a 5.25%
aqueous sodium hypochlorite (NaOCI) solution [16].
Extended immersion in NaOCI results in the removal
of 99% of the collagen matrix whereby the bone
ultrastructure is destroyed but the crystal structure
and integrity of the mineral phase are presumably
unaffected [17]. Guzelsu and Walsh [18] used this
treatment to study the bioelectric signals generated by
fully deproteinized (anorganic) cortical bone speci-
mens subjected to low mechanical stresses. Overall,
however, little information is available regarding the
effects of NaOCl treatment on the mechanical behav-
iour and site-specific properties of cortical bone.

The mineral phase of cortical bone primarily con-
sists of HAP crystallites ([Ca;y(PO,)s](OH),), to-
gether with relatively small amounts of amorphous
calcium phosphates and carbonates [19]. Biologically
active calcium phosphates, such as tricalcium phos-
phate [20], HAP [21] and coralline (coral-like) HAP
[22, 23] are being increasingly utilized for bone re-
placement and reconstruction. The biocompatibility
of these implant materials is directly affected by the
composition, structure and site-specific properties of
the surrounding cortical bone tissue [217].

The objective of the present study is to use timed
NaOCI immersion to remove selectively the collagen
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TABLE I Cortical bone structural hierarchy as adapted from Park [1], Katz [2], Lakes [3] and Broz et al. [15], where three-point flexure,
microhardness, optical microscopy and scanning electron microscopy were used to evaluate the bone structures at the greater than 1 mm,

50-100 pm, 0.05-5 pm and 1-2 pm scales of resolution, respectively

Hierarchical level Structure

Size scale

Flexure sample

Compact bone

3.6mm x 3.6 mm x 40.0 mm

Osteons and laminae Fibre and lamina 250 pm
Haversian canals Pore 50-100 pm
Osteocyte lacunae Pore 5-15 pm
Lamellae Lamina 5 um

Collagen fibres Fibre 1-2 pm

HAP crystallite Particle 0.005-0.05 pm
phase within the cortical bone structural hierarchy X

(Table I) and to evaluate the effects on the mechanical 3

behaviour using macroscopic and microscopic experi-

mental techniques [15]. In order to provide a compre- —

hensive comparison, the site-specific properties of the 3
NaOCl-treated tissue are also evaluated with respect Section A ‘ ‘

to ashed cortical bone tissue and coralline HAP. | :

Absence of the collagen framework (1-2 um level) is ‘ i X,
hypothesized to affect directly the bone properties and Section B !

possibly to provide insights for evaluating the interac- Block specimens
tions between the mineral and collagen phases. B X,

2. Materials and methods

Cortical bone sections were removed from the mid-
diaphyseal region of several fresh bovine femora using
a band saw (Fig. 1). Flexure specimens (3.6 mm x
3.6 mm x 40.0 mm) in which the long axis of the
sample was parallel to the bone length were fabricated
using a standard milling machine and a water- cooled
low-speed saw. The specimens were frozen (— 20°C)
until chemical treatment and testing.

The collagen content of the specimens was altered
via deproteinization in 5.25% NaOCI, pH balanced to
7.0 using hydrochloric acid (HCI). The specimens (n =
7-10 per group) were removed after O (control), 1, 3, 7,
14 and 21 days. The NaOCI solution was maintained
at 22°C and replaced with fresh solution every 3-5
days. Following immersion, the specimens were rinsed
in running water for approximately 1 h and frozen
(— 20°C) until testing.

The specimens were thawed in distilled water and
tested in three-point flexure using an Instron model
1331 servohydraulic testing system (Instron Corpora-
tion, Canton, MA) mounted with a three-point bend-
ing fixture (supports of 2 mm diameter; effective span,
37.5 mm). During testing, the maximum engineering
strain rate, de/dt, at the midspan extreme fibres was
approximately 1x10”*min~'. Following fracture,
the cross-sectional dimensions were measured within
0.5 mm of the fracture plane. The elastic modulus, E,
the stresses, o, and the strains, €, were obtained using
classical beam theory [24]:

E L3S PLz . 60z (1)
= = — _
481, 81, L?

where S (kN m ') is the stiffness, P (N) is the applied
load, 6 (mm) is the deflection, L ( = 37.5 mm) is the
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Cortical bone section A

Bovine femur

Figure 1 The orientation of the block cortical bone samples that
were removed from the mid-diaphysis of a fresh bovine femur. The
coordinate reference axes were maintained throughout the fabrica-
tion processes and the mechanical testing.

effective span, I, (mm*) is the moment of inertia and
z (mm) is the specimen thickness. Custom software
was used to determine the initial departure from lin-
earity, or the proportional limit, in the load—deflection
curve. The values of the elastic stress c., and elastic
strain, g, were then determined using a greater than
0.2% strain offset criterion. Ultimate stress, ¢, and
ultimate strain, €,, were calculated to facilitate com-
parisons with published bovine cortical bone data.
The wet densities of the fractured specimens were
obtained using Archimedes’ principle [25].

Specimen composition was determined from thin
sections (about 2 mm thick) apposed to the fracture
surface (within 0.5 mm). The sections were weighed to
determine the fully hydrated mass, M., and dried at
70°C for 24h (M-y-c) to remove unbound water
(Mi,0 unbouna) [26]. The sections were defatted
with acetone, rinsed in distilled water, redried at 70 °C
for 24 h, and the mass redetermined (Mg ¢ gefar)-
Finally, the sections were dried at 105°C for 24 h
to remove the bound water (My,0bouna) [26] and
the mass redetermined (Mios5-c); they were then
ashed in a furnace at 800 °C for 24 h to determine the
mineral mass, M,;,. The unbound water, bound
water, total water, fat, mineral and collagen masses
were then expressed as percentages of M, as
described in [15].



Additional sections were cut from all the specimens,
air dried (22 °C and 20% relative humidity) and em-
bedded (Buehler Epo-Thin epoxy). Several sections
from the specimens NaOCI treated for 0, 14 and 21
days were ashed at 800°C and embedded. Sections
approximately 400 um thick were cut from each em-
bedded specimen, mounted on a glass slide with cy-
anoacrylate, ground to a thickness of 100 um and
dehydrated using a standard ethanol series. The speci-
men morphologies (at 250 x light magnification) were
evaluated after staining using a standard haemo-
toxylin—eosin histological protocol.

The exposed surface of each embedded specimen
was polished on various grades of wet—dry silicon
carbide paper (180-600 grit) and wheel polished with
a napped cloth impregnated with 6 um diamond
paste. Microhardness measurements were obtained
using a Tukon model MO microhardness tester
(Wilson Mechanical Instruments Division, Bridge-
port, CT) with a 136° pyramid-shaped (Vickers) dia-
mond indenter and a 50 gf load [27, 28]. The sections
were indented along the X and X, directions (Fig. 1)
at least 12 times, each starting from the epoxy and
terminating at the centre of the section. The lengths of
the pyramid diagonals were measured (at 250 x magni-
fication) and the Vickers hardness was calculated us-
ing the standard formula [27].

The sections of unashed and ashed samples NaOCl
treated for 0, 14 and 21 days were repolished after
microhardness testing, sputter coated with a thin layer
of carbon and ecvaluated using a JEOL JXA-8600
Superprobe electron microprobe. The section mor-
phologies were imaged across the epoxy tissue inter-
face and along the X; and X, directions (Fig. 1),
starting from the epoxy and terminating at the centre
of the section using a 10 um step size. An elemental

analysis was performed using two separate spectrom-
eters to determine the amounts of calcium and phos-
phorus in each tissue region with an analysis accuracy
of + 1%. The effects of atomic number, Z, absorb-
ance, A, and fluorescence, F, were taken into account
using the appropriate ZAF correction factors.

Several blocks of coralline HAP implant material
were oven dried for 24 h at 70 and 105°C to remove
any water (unbound and bound) and the mass deter-
mined. Several blocks were ashed at 800°C and the
mineral mass determined. The mass percentages of the
constituents were determined [15]. All the HAP speci-
mens were embedded in epoxy, sectioned, polished
and microhardness tested according to the aforemen-
tioned protocols.

Values for the flexural, microhardness and composi-
tional properties were compared where appropriate
using an analysis of variance (ANOVA). Differences
between the groups were then evaluated using the
Student’s ¢ test or Tukey’s multiple comparison test as
appropriate [29].

3. Results

During flexure testing of the NaOCI-treated speci-
mens, the deproteinized (i.e., anorganic) tissue layer
cracked and spalled along the outermost surfaces at
the contact points of the three-point bending fixture.
Beneath the spalled anorganic layer, a region of ap-
parently unaffected cortical bone was observed at
10 x magnification. In general, all the flexural proper-
ties of the intact samples (which were normalized by
the geometric properties of the entire cross-section)
were affected by the presence of cracks in the anor-
ganic tissue layer (Table II). The values for the elastic
modulus, E, elastic stress, o., and elastic strain, g,

TABLE II Material and composition data for NaOClI-treated intact flexure specimens, where the stress and strain properties were
calculated from the load-displacement curves and the composition data were obtained from sections cut from a point no greater than 2 mm
from the fracture site (data are presented as mean value + standard deviation)

Values for the following NaOCI treatment time

Control 1 day 3 days 7 days 21 days
Material properties
Number of samples 7 3 3 3 3
E (GPa) 128 +1.7* 10.8 +1.3* 10.8 +0.3* 6.71 £ 0.17° 471 4+ 1.50°
G, (MPa) 123.8 +17.3 122.2 +13.0° 124.7 £ 8.5* 510 +7.2° 13.6 +59¢
€, (10*mm™") 9.8 +1.9* 11.3+05 11.6 £ 0.6° 76 +1.1° 33 £201°
o, (MPa) 205.4 + 40.7* 1620 + 17.1° 168.2 + 1.4° 726 +8.3" 270 +4.6°
g, (107 mm™?) 204 +4.8* 189 + 1.4* 18.6 + 1.4* 17.1 +1.5* 74 +0.3°
Composition
Number of samples 7 3 3 3 3
Unbound H,O mass % 11.7 £ 0.8* 14.0 £ 0.6" 132 £ 0.1* 150 +6.0° 232 +69¢
Bound H,O mass % 1.3 + 04" 1.0 £ 0.3* 0.8 +0.2° 1.0 +04° 0.6 +0.2°
Fat mass % 0.2 +£0.2° 0.1 £0.1* 0.4 +0.2° 0.8 +01* 0.5 +04°
Total H,O mass % 13.0 £ 0.7* 15.0 +0.4° 14.0 + 0.2 16.0 +59' 238 +6.8°
Mineral mass % 61.5+0.7* 62.0 +0.5" 61.5 + 0.3 657 +5.8 643 +5.8"
Collagen mass % 253 +£04° 229 +02° 24.1 +£0.2° 175 +£02° 114 +05¢
Ash mass % 70.9 +0.3* 731 +0.3" 71.8 £ 0.2 789 +1.3¢ 850 +0.5¢
Calcium mass% 282 +0.1* 29.1 +0.1° 28.6 +0.1* 314 +0.5¢ 33.8 +0.2¢

Statistics: where appropriate in all the tables, superscript bold letters (and in the figures bold letters) are used to indicate groups that are
significantly different. If two groups share any bold letter in common, then they are not significantly different (p < 0.05) using Tukey’s
multiple range test for pair wise comparisons. If two groups do not have any bold letter in common, then they are significantly different

(p < 0.05).
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Figure 2 Changes in the elastic stress, o., plotted with respect to
NaOCl immersion times for the intact () and core (H) specimens.
Statistical comparisons are made within the intact and core speci-
men groups and not between the two groups. Although not initially
statistically significant for the core specimens, G, tended to decrease
with increasing immersion time; however, the changes were more
pronounced in the intact specimens. The control values for the
intact and core specimens are identical. The data are plotted as
mean value + standard deviation.
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Figure 3 Changes in the mineralization plotted with respect to the
NaOCl immersion times for the intact (] ) and core (H) specimens.
Statistical comparisons are made within the intact and core speci-
men groups and not between the two groups. With longer immer-
sion times, the ash content of the intact specimens systematically
increased while the core composition remained unaffected. The
control values for the intact and core specimens are identical. The
data are plotted as mean value + standard deviation.

significantly decreased with extended immersion in
the NaOCl solution (Fig. 2). The trends observed for
the ultimate stress, o,, and ultimate strain, g,, were
similar to those observed for the elastic properties.
The percentage of collagen in the NaOClI-treated
samples decreased significantly at each immersion
time interval (Table II). After 21 days, the average
collagen content and mineral content had decreased
by 55% and increased by 16%, respectively, from the
control values (Fig. 3). The unbound-H,O content
increased from 11.7% (control) to 23.2% for the 21
day NaOCl-treated intact samples. Concomitantly,
the total-H,O content of the 21 day NaOC]I-treated
intact samples increased by 177% compared to the
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Figure 4 Micrograph (at 250 x magnification) of a representative
cross-section taken from a 21 day NaOClI-treated flexure sample.
The mineralized core, the discrete interface and the anorganic tissue
layer can be clearly distinguished. Extensive microcracking which
resulted from the chemical treatment is visible between the lamellae
of the anorganic tissue. Such structural damage was not observed
within the tissue of the mineralized core.

control sample. However, an overall decreasing trend
was observed for the bound-H,O content. The fat
content was relatively unaffected by the chemical
treatment.

Optical microscopy (at 125 x magnification) and
histological analysis (at 250 x magnification) of
NaOCl-treated cross-sections showed a mineralized
core surrounded by a discrete layer of anorganic bone
tissue (Fig. 4). Within each tissue region, osteocyte
lacunae were clearly visible and the vascular channels
(i.e., Haversian and Volksmann canals) appeared to be
continuous across the interface; however, the anor-
ganic tissue region was extensively cracked and struc-
turally heterogeneous (Fig. 4). In the haemotoxylin
—eosin stained sections, a significant cellular gradient
between the tissue regions was not observed. The size
of the anorganic tissue region increased with extended
immersion and the percentage of mineralized tissue
area decreased to 26.9 + 1.9% of the control values
for the 21 day NaOCiI-treated group.

The discrete interface between the mineralized and
anorganic tissue regions was observed in scanning
electron micrographs of representative specimens
NaOCl treated for 0, 14 and 21 days. Elemental line
scans of the NaOCI-treated specimens indicated that
the amounts of calcium (Ca) and phosphorus (P) in
both the mineralized core and the anorganic layer
were comparable with those of the control. Detailed
morphological comparisons of the tissue regions in-
dicated that the structural integrity of the anorganic
layer had been compromised by the chemical treat-
ment (e.g., a large number of cracks and discontinui-
ties were observed in the bone lamella of the anorganic
tissue region). The discrete interface was also visible in
scanning electron micrographs of the ashed 14 and 21
day NaOCl-treated samples, i.e., the core could be
readily differentiated from the layer of anorganic
bone tissue. Furthermore, the ashed mineralized core
appeared to be more structurally intact than the ashed
anorganic region.

A discrete interface between the mineralized core
and the anorganic bone layer was visible during



TABLE III Microhardness measurements obtained from control and NaOCI-treated cortical bone sections, where the wet density of the
mineralized tissue core was determined from one half of each fractured core flexure specimen (data are presented as mean value +standard
deviation; NA means not applicable, i.e., an anorganic bone layer was not present in the control samples)

Values for the following NaOCI treatment names

Control 1 day 3 days 7 days 14 days 21 days
Mineralized core
Wet density (g cm ™ 3) 2.03 +0.03* 2.01 +0.02* 2.01 +0.03* 2.00 + 0.05* 2.03 +0.04* 1.92 + 0.04"
Number of indents 21 NA 15 13 11 11
(Vickers hardness (kgf mm ™ 2) 69 +5 NA 66 + 6 7146 73+ 6 72+ 8
Anorganic bone tissue
Number of indents NA — 19 19 12 14
(Vickers hardness (kgf mm~2) NA — 33+ 12 36 + 19 33+ 12 42 + 14

TABLE IV Material and composition data for NaOCl-treated core flexure specimens, where the stress and strain properties were calculated
from the load—displacement curves and the composition data were obtained from sections cut from a point greater than 2 mm from the
fracture site (data are presented as mean value + standard deviation)

Values for the following NaOCI treatment times

Control 1 day 3 days 7 days 14 days 21 days
Material Properties
Number of samples 7 7 6 7 5 7
E (GPa) 12.8 + 1.7* 135+ 1.2 134 +1.0® 142 +1.3* 16.1 + 1.1* 11.5+22"
G, (MPa) 123.8 + 17.3* 140.7 + 18.1* 1263 + 13.9* 114.8 + 154 110.4 4+ 7.0° 85.0 + 22.3¢
g, (1073 mm™1) 9.8 +1.9° 10.5 + 1.6* 9.5+ 1.4 8.1+ 1.1* 6.8 +0.9¢ 74 4+ 1.1%
o, (MPa) 205.4 + 40.7* 151.6 + 67.4™ 1789 4+ 15.8" 156.1 + 11.6™ 1529 +5.0™ 121.0 +22.0°
g, (107 mm) 204 +4.8* 16.3 + 2.0 172 +0.9* 15.1 +2.2% 121405 14.8 + 1.3
Core Composition
Number of samples 7 7 7 7 7 7
Unbound H,O mass % 11.7 £ 0.8* 129 £ 0.7* 11.7 £ 0.5* 114 + 09" 11.7 £ 0.7* 155 + 4.0
Bound H,0 mass % 13 +04 1.0 +£0.5 0.9 + 0.4 1.0 + 04 1.6 +0.6° 23405
Fat mass % 0.2 +0.2° 0.3 +02* 0.7 £0.3* 0.6 +£0.2* 0.7 £ 04" 04 +03*
Total H,O mass % 13.0 £ 0.7* 13.9 + 0.8* 12.6 + 0.6* 124 +1.1* 133 £ 1.0° 179 + 3.7
Mineral mass % 61.5+0.7* 61.1 + 09" 61.6 +0.7* 62.7 + 1.8" 61.8 +1.5* 59.3 +2.9"
Collagen mass % 253 +04" 24.8 + 1.0 251 +0.7* 242 + 0.7 242 + 1.0 224+ 1.8
Ash mass % 70.9 + 0.3 712 + 1.0 71.0 + 0.9* 721 + 1.1* 719 + 1.3* 72.6 + 1.7*
Calcium mass % 282 +0.1* 28.3 + 04" 28.3 +0.3" 28.7 +0.4* 28.6 +0.5* 289 + 0.7

microhardness evaluation. The microhardness values
of the control and NaOClI-treated sample cores
ranged from 66 to 73 kgf mm ™2 (Table III) and the
microhardness of each NaOCl-treated sample min-
eralized core was not statistically different from that of
the control. In the anorganic bone layer, the values for
microhardness (ranging from 33 to 42 kgf mm ~ ) were
approximately 50% lower and significantly different
(p < 0.05) from the control value. The microhardness
of the ashed control sample was based on 15 measure-
ments across the cross-section and found to be
115+ 7kgf mm~2. In contrast, the microhardness
values of the pre-ashed and post-ashed coralline HAP
samples were significantly different (i.e., 253 + 12
kgf mm ™2 and 286 + 24 kgf mm ™2, respectively).

To investigate further the effects of NaOCI immer-
sion on the core properties, the anorganic portions of
the rectangular specimens were carefully removed
with a scalpel (n=5-7 for the flexure sample,
NaOCl treated 1, 3, 7, 14 and 21 days). The remaining
mineralized tissue cores were mechanically tested
and compositionally evaluated. Following mechanical
testing, the cross-sectional properties of the core

specimens were determined and the stress—strain
properties were calculated (Table IV).

Ovverall, the elastic moduli for all the core specimen
groups were not significantly affected by the NaOCl
immersion. The values of elastic stress, o, for the 1,
3 and 7 day groups were not statistically different from
those of the control group. Although not initially
significant, an overall decreasing trend for the elastic
stress was observed for the extended immersion times
(Fig. 2). Values of o, and &, for 21 day NaOClI-treated
specimens were 31% and 41% lower, respectively,
than the control. The elastic strains, €., of the 14 and
21 day NaOCl-treated groups were significantly lower
than those of the control group. Similarly, the ultimate
strain demonstrated a decreasing trend with extended
immersion time.

The mineral content and collagen content of the
core specimens were not significantly affected by the
chemical treatment until the 21 day NaOCI-treated
group. For the 21 day group, the mineral content and
collagen content were 5% and 12% lower, respec-
tively, than the control values. However, for the ash
content, no statistically significant differences were
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observed (Fig. 3). The unbound-H,O content and
total-H,O content of the 21 day NaOClI-treated
core group were significantly higher than all other
groups and no clear trend was observed for the bound
H,0O. The NaOCI treatment did not significantly
affect the fat content of the cores. A decreasing
trend for the wet density of the core samples was
observed (Table IV); however, the differences with
respect to the control groups did not become statis-
tically significant (p < 0.05) until after NaOCI treat-
ment for 21 days.

4. Discussion
Currey [ 10, 11] demonstrated that small changes in the
ash content (mineral content normalized with respect
to bone dry mass) at the smallest bone hierarchical
scale, ie., 0.005-0.05 um, significantly affect cortical
bone mechanical behaviour and material properties.
Otter et al. [17] and Guzelsu and Walsh [18] showed
that NaOCI immersion results in the removal of bone
ultrastructure at the 1-2 um level (Table I) without
significantly affecting the mineral phase material and
bioelectrical properties. In the current study, NaOCI
deproteinization was utilized to alter the relative
collagen content of bovine cortical bone specimens.
The deproteinization occurred primarily along the
bone—fluid interface, and to a much lesser extent with-
in the specimen cross-section. Consequently, the
flexure specimens were structurally heterogeneous and
consisted of a mineralized core surrounded by an
anorganic tissue layer whose thickness was governed
by immersion time. As the thickness of the anorganic
tissue layer increased, the flexural behaviour of the
chemically treated specimens became increasingly
characteristic of a ceramic material, i.e., brittle fracture
at relatively low strains with little plastic deformation.

For all flexure specimens, the shear component was
less than a fifteenth of the total deflection [30] and the
bending stress values were corrected by a factor of 0.97
[31]. The corrected flexural properties (elastic
modulus, ultimate stress and ultimate strain) and ash
content (e.g., Mpnin/Mo5-c) obtained from the control
group (immersion for 0 days, i.e., no immersion) were
not statistically different (p > 0.10) from those ob-
tained by Martin and Boardman [32] for bovine cor-
tical bone specimens. Within the mid-diaphyseal
region of bovine bone, the distal-proximal variations
in elastic modulus and flexure strength are minimal
[33]. Thus, the significant changes in the mechanical
behaviour of the NaOClI-treated intact and core speci-
mens with respect to the control were attributable to
the chemical treatment rather than to the location or
orientation within the bone. However, owing to the
spalling of the anorganic tissue layer at the load point
and supports, flexure testing was found to be inad-
equate for accurately evaluating material property
changes of the NaOClI-treated intact specimens.
Material property changes between these specimens
were more appropriately quantified using the site-
specific testing techniques.

The overall increase in the mineral content (the
mineral mass normalized with respect to the specimen
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wet mass) of the intact NaOCI-treated specimens re-
flects the increase in the unbound-H,O content in the
samples and replacement of the collagen (py. ~ 1.18
gcm ™) with water (p &~ 1.00 gcm ™ 3). Thus, as the
collagen phase is removed, the resulting voids in the
anorganic bone are filled with water and the total-
H,O content significantly increases. The decrease in
the bound-H,O content is presumably due to prefer-
ential adsorption of water to the collagen molecules
[34]. The systematic increase in the ash content is
more indicative of the mass changes in the mineral and
collagen resulting from the chemical treatment. Al-
though the collagen content and the ash content of the
NaOCl-treated core specimens were relatively unaf-
fected by extended immersion in the NaOC], the treat-
ment significantly affected the elastic stress and strain
values and elastic flexural properties (Table IV).

Microhardness testing and scanning electron
microscopy were effective in quantifying the physical
effects of the chemical treatment and the small-scale
structural variations across the anorganic bone layer
of NaOCl-treated intact samples at the 50-100 um
level in the structural hierarchy (Table 1). Within the
anorganic bone regions, the average values of the
Vickers hardness were considerably lower than those
of the mineralized core and control samples. Although
the values of Vickers hardness of the anorganic bone
were comparable among the NaOClI-treated groups,
a fairly large variance (25-40% of the mean value)
within each deproteinized region was observed. The
average Vickers hardness of the ashed samples was
considerably higher and the variance in the measure-
ments across the cross-section was smaller (approxim-
ately 10% of the mean value) in comparison with
the anorganic bone values. This difference is prob-
ably attributable to the increasingly heterogencous
appearance of the NaOClI-treated anorganic tissue
regions (Fig. 4).

Ashing at high temperatures (800 °C), in contrast,
removes the organic constituents (collagen and other
proteins) of cortical bone and the coralline HAP with-
out, apparently, affecting the interlocking framework
of the HAP crystallites [35, 36]. Furthermore, similar
to the results of Wang and Chaki [36], the ashing
process increased the microhardness of both the coral-
line HAP and the ashed-control cortical bone. On the
other hand, chemical treatment in NaOCl, as a result
of either the reaction kinetics or fluid flow due to
agitation, apparently weakens the HAP crystallite in-
teractions and leads to microcracking within cortical
bone. Thus, the drop in microhardness in the anor-
ganic bone regions was not wholly the result of the
collagen removal but was also apparently due to the
heterogeneous destruction of the HAP crystallite sup-
port framework.

In the context of bone replacement and reconstruc-
tion, there exists the possibility of using the ashed and
anorganic cortical bone tissue as implantable mater-
ials. Porous coralline HAP is a commonly used bio-
compatible implant material which binds with the
surrounding bone tissue and allows for substantial
ingrowth, given a minimum pore size of 50 um [37].
Klawitter and Hulbert [38] found that pore sizes of



approximately 150 pm are required for optimum in-
growth. Within the ashed and anorganic cortical bone
tissues, the average size of the pores ranged from
approximately 50 to 200 um. As such, the biocompati-
bility of bone HAP makes it a candidate for use as an
implant material; however, the microhardness values
of the ashed and anorganic bone HAP were consider-
ably lower than those of the coralline HAP. Therefore,
as the structural properties of the bone—implant com-
bination are dominated by the properties of brittle
implant material [22, 37], the ashed and anorganic
cortical bone HAP implants may not be as suitable for
bone repair as other biologically active calcium phos-
phates.

The NaOCI treatment was effective in removing the
collagen fibres at the 1-2 pm level of the cortical bone
structural hierarchy (Table I). Somewhat similar to
immersion in EDTA [14, 15], the NaOCI treatment
produced discrete regions of mineralized and chemic-
ally altered tissues. However, the mechanical behav-
iour and material properties of the mineralized cores
of the NaOCI-treated samples were significantly
altered. Thus, unlike EDTA treatment [15] and
contrary to the hypothesis of Guzelsu and Walsh [18],
immersion in NaOCI apparently does not leave the
overall structural and material properties of the min-
eralized and anorganic tissues completely intact.

While contributing little to the hardness of bone,
collagen acts as the underlying structure around
which a HAP framework is constructed [39, 40]. Re-
moval of this support structure at the 1-2 pm level, by
either ashing or chemical treatment, results in a mater-
ial which is highly brittle, porous and susceptible to
microcracking at each level of the structural hierarchy
(Figs 4 and 5). The data presented here, in fact,
indicate that ashed bone demonstrates less induced
damage than bleached bone, despite its known brittle-
ness and extensive microcracking. Thus, owing to the
brittle and discontinuous nature of the deproteinized
bone and the effects of the treatment on the min-
eralized tissue, the NaOCI treatment does not provide
a reasonable means of studying incremental changes
in the gross mechanical behaviour of cortical bone as
a function of the mineral mass fraction.
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