
JOURNAL OF MATERIALS SCIENCE: MATERIALS IN M E D I C I N E  5 (1994) 72 -79  

Bone composite behaviour: effects of 
mineral-organic bonding 

W. R. WALSH 
Department of Orthopaedics, Biomechanics Laboratory, Rhode Island Hospital Brown 
University School of Medicine, Division of Engineering, Brown University, 593 Eddy Street 
SWP-3, Providence, RI 02906, 401-277-8217 USA 

M. OHNO 
University of Medicine and Dentistry of New Jersey, Department of Pathology/Biomaterials 
Center, 675 Hoes Lane Piscataway, NJ 08854 USA 

N. GUZELSU 
University of Medicine and Dentistry of New Jersey - School of Osteopathic Medicine- 
Biomechanics and Rutgers University Biomedical Engineering, 675 Hoes Lane Piscataway, NJ 
08854 USA 

The mechanical properties of a composite material rely not only on the volume fraction, 
orientation and properties of the individual constituents, but upon their bonding interactions 
as well. This study examines the role of bonding between the mineral and organic constituents 
of bovine compact bone. Intact and completely demineralized samples were tested in tension 
following treatment in varying ionic strength sodium chloride or phosphate ion containing 
buffers to examine the interfacial bonding forces between bone's constituents. Phosphate ion 
treatment caused a reduction in the mechanical properties of intact samples but not in the 
demineralized samples. A sodium chloride solution with ionic strength equal to that of the 
phosphate ion buffer did not alter the mechanical properties of the intact or demineralized 
samples. Ash weight analysis, calcium probe measurements and SDS-gel electrophoresis 
indicated intact samples were not demineralized nor were bone structural proteins removed 
during treatment. Data suggest that the reduction in the mechanical properties of intact 
samples with phosphate ion treatment was due to an alteration in the interfacial bonding 
between the mineral and organic constituents of bone. Phosphate ions can compete with the 
negative domains of organic constituents for calcium binding sites of bone mineral and 
thereby interrupt or partially debond the interactions between the mineral and organic 
constituents of bone.  

1. Introduct ion  
Cortical bone tissue can be considered a complex 
hierarchical biological composite [1] composed of an 
inorganic mineral (hydroxyapatite-like material (HA) 
[2]) fibre embedded in an organic matrix of type I 
collagen and non-collagenous proteins [3]. The non- 
collagenous protein pool are primarily anionic (nega- 
tively charged) [4] and bind readily to calcium on the 
surface of HA [-4, 5]. Cortical bone is composed of 
approximately 70% mineral and 30% organic consti- 
tuents by weight [6, 7]. Furthermore, cortical bone 
can be considered a fibre-reinforced composite where 
the mineral fibres are embedded in the organic matrix 
1-1, 8-10]. 

A great deal of experimental work has shown that 
the mechanical properties of bone tissue depend upon 
the properties, orientation and volume fraction of its 
individual constituents [11]. The mechanical proper- 
ties of the primary constituents of bone have also been 
examined through complete removal of one of the 

phases [12-14]. The elastic moduli for hydroxyapatite 
using ultrasound has been reported to be 114 GPa 
[t4]. The elastic moduli for type I collagen has been 
reported to range from 1.2 GPa [15] to 2.0 GPa [8]. 
The mechanical properties of cortical bone, however, 
cannot be predicted based on constituent properties, 
volume fraction or organization alone. 

The mechanical behaviour of all composite mater- 
ials are influenced by the bonding characteristics at 
the interface between the constituents [16-21]. A 
strong interface results in a fibre-reinforced composite 
with high strength and stiffness [19]. Non-covalent 
chemical interactions as well as possible covalent 
interactions between the bone mineral and protein 
bound organic phosphates have been suggested to 
exist in bone [22]. A theoretical study has suggested 
that partial debonding between the mineral and or- 
ganic phases (collagen and non-collagenous proteins) 
would result in significant modification in strength 
and stiffness of bone and may be an important factor 
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in the mechanical ~ properties of bone in various dis- 
eased states 1-17, 18]. However, no experimental stud- 
ies have examined the role of interactions between the 
mineral and organic constituents of bone and their 
effect on the mechanical properties. Recently, an inter- 
face composed of non-collagenous proteins has been 
identified in cortical bone associated with the mineral 
and collagen phase 1-23]. The objective of this invest- 
igation was to examine the interfacial bonding inter- 
actions between the bone mineral and organic phases 
on the tensile properties of cortical bone due to poten- 
tial-determining ion* treatment of phosphate ions at 
pH 7.5. This work demonstrates the importance of 
interfacial bonding forces between the organic and 
inorganic constituents of bone and its effects on the 
mechanical properties of this calcified tissue. 

2. Mater ia l  and methods 
Cortical bone tension samples were prepared from the 
medial cortex of the diaphysis of 18 adult bovine 
femurs obtained from a local slaughterhouse. Thin 
sections of the samples were examined under light 
microscopy and determined to be Haversian bone. 
Samples were stored frozen in 0.145 M NaC1 soaked 
paper towels and frozen in heavy duty plastic bags at 
- 20°C in 0.145 M NaC1 until use. This storage pro- 

cedure has been shown not to alter the mechanical 
properties of bone [24]. Intact bone and demineral- 
ized bone samples were tested. Sixty-four intact bone 
samples (parallel to the long bone (z) axis) were ma- 
chined into a dumbbell shape to serve as intact bone 
sample. The final dimension in the reduced cross 
section were 25 mm long, 5 mm wide and 2 mm thick. 
Twenty-four parallelepipeds were prepared parallel to 
the z axis to be used in the demineralization phase of 
this experiment. The final dimensions for these speci- 
mens were approximately 60 mm long, 5 mm wide and 
2 mm thick. 

The intact bone samples were tested in two separate 
experiments with four groups per experiment (eight 
samples/group). Intact samples were constantly stirred 
in 400 ml of 0 . 1 %  Nonidet P40 for 24 h at room 
temperature. Samples were rinsed in distilled water for 
5 min prior to placement into the treatment solutions 
outlined in Table I. Nonidet P40 is a non-ionic alcohol 
detergent (Sigma Chemical Co., St. Louis MO, No 
N-3516) with an octylephenol-ethylene oxide 
condensate containing an average of 9 moles of 
ethylene oxide per mole of phenol. 

Demineralized bone samples were prepared by trea- 
ting the parallelepipeds in 0.12 M ethylenediamine- 
tetraacetic acid (EDTA) for 42 days at 4 °C with daily 
solution changes 1-25]. A gauge length of 10 mm was 
marked and the ends of the parallelepipeds were 
coated with paraffin wax to isolate the region of bone 
to be tested and avoid demineralization of the speci- 
mens ends where they are gripped during mechanical 
testing 1-12]. Demineralization was monitored with X- 
rays and ashing weight analysis of additional samples. 

T A B L E  I Summary  of sample groups and treatment solutions. 
Treatment  time for intact samples was 24 h in Nonidet  P40 followed 
by 72 h in t reatment  solution. The dry intact samples (*) were 
wrapped with Kimwipes during handling and testing. The wet intact 
samples (**) were wrapped with an adsorbent material with a plastic 
backing during handling and testing. Demineralized samples were 
treated in 0.12 M EDTA for 42 days at 4°C with daily changes 
followed by 72 h in treatment solution (***) 

Sample group Description 

Dry intact samples 
1 
2 
3 
4 

Wet intact samples 
5 
6 
7 
8 

Demineralized samples 
9 

10 
11 

Control 0,145 M NaC1 
N0nidet  P40 + 0.145 M NaC1 
Nonidet  P40 + 2.0 M NaC1 
Nonidet  P40 + 0.66 M NaEHPO 4 

Control 0,145 M NaC1 
Nonidet P40 + 0.145 M NaC1 
Nonidet  P40 + 2.0 M NaC1 
Nonidet  P40 + 0.66 M Na2H PO 4 

EDTA + 0.145 M NaC1 
EDTA + 2.0 M NaC1 
EDTA + 0.66 M Na2HPO~ 

The treatment solutions (500 ml of solution per 35 g 
of bone) used were 0.145 M NaC1, 2.0 M NaC1 and 
0.66 M NaEHPO 4 all adjusted to pH 7.5 (Table I). 
Total treatment solution time was 96 h at room tem- 
perature (24 h NP40 + 72 h treatment solution). In- 
tact and demineralized samples were tested in uniaxial 
tension at a strain rate of 2 . 6 5 x 1 0 - 3 s  -1. Intact 
specimen deformation was recorded with a dynamic 
strain gauge extensometer (12.5 mm gauge length) 
while actuator displacement (10 mm gauge length 
between the grips) was used for the demineralized 
samples. The applied load was measured directly from 
the testing equipment. 

Two different wrapping materials were used to 
avoid drying during installation into the grips and 
testing. Fluid saturated Kimwipe tissues were used for 
groups 1-4 in an attempt to keep samples wet during 
the testing procedures. These samples, however, were 
not completely wet since the tissues had a tendency to 
dry out very quickly. Groups 1-4 are classified as 
"dry-intact bone specimens" (Table III). A wet adsorb- 
ent material with a plastic backing was used for all 
other groups. This material kept samples completely 
saturated with fluid and completely wet during testing. 
Groups 5-8 are classified as "wet-intact bone speci- 
mens" (Table III). 

Ultimate stress, yield stress and elastic modulus 
were determined for all intact bone samples (groups 
1-8). Ultimate stress, strain to failure and elastic 
modulus were determined for all demineralized sam- 
ples (groups 9-11). The ash fraction (mineral content) 
was determined for all samples after mechanical tes- 
ting (group 2). Samples were dehydrated in acetone for 
three days and ashed in a muffle furnace at 650 °C for 
24 h [26]. The ash fraction was calculated by dividing 
the ashed weight by the dry weight. 

* Potential-determining ions of bone mineral (hydroxyapatite) are PO2 a, Ca+2 and O H - 1  [2]. Potential-determining ions preferentially 
adsorb to the mineral surface and can exchange for lattice ions and thereby exert a fundamental  control on the surface charge of the mineral. 
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Sodium dodecyl sulfate (SDS) gel electrophoresis 
was carried out on the extractions from the concen- 
trated buffer treatment solutions (Table I) following 
equilibration with intact bone samples according to 
the method of Laemmli [27]. This was done to deter- 
mine if any organic constituents were removed from 
the intact specimens during treatment with solutions 
shown in Table I. Polyacrylimide gel concentrations 
of 5% and 10% were used to cover high and low 
molecular weight components respectively. Molecular 
weight standards used were myosine (200000), 
b-galact0sidases (116 250), phosphorylase 1~ (92 500), 
bovine serum albumin (66 200), ovalbumin (45000), 
carbonic anhydrase (31 000), soybean trypsin inhibi- 
tor (21 500) and lysozyme (t4 400). Following the 72 h 
treatment period, the treatment solutions were lyo- 
philized to reduce the volume, dialyzed continuously 
for 1 week for the NaCI and Na2HPO4 and 3 weeks 
for Nonidet solution with a daily change of distilled 
water. The samples were dissolved in 1% SDS-urea 
sample-buffer. Low power (50 V, 75 mA) was used to 
bring samples to the end of the stacking gel. High 
power (150 V, 125 mA) was applied at the onset of the 
separation gel and ran for 4 h and 30 min. The gels 
were stained by 0.25% Coomasie Blue dye for 3 h then 
destained in 10% acetic acid for 20 h. 

A calcium electrode (Orion) (sensitivity > 10-5 M) 
was used on treatment solutions from the intact bone 
group to determine if calcium ions were lost and the 
bone samples were demineralizing during equilibra- 
tion with the treatment solutions outlined in Table I. 
Treatment solutions from the demineralized samples 
were not subjected to calcium probe analysis since the 
mineral phase was removed prior to treatment. In- 
frared (IR) spectra were obtained for the groups 1-4. 
IR spectra were obtained on a Perkin-Elmer 1725 
Infrared Spectroscopic System. Bone wafers were 
ground with a mortar  and pestle. Approximately 
0.6 mg of sample was mixed with 300 mg KBr (Sigma 
Chemical Co., St. Louis MO, IR grade) and made into 
a pellet. IR spectra were obtained between 4000 cm-  1 
and 400 cm-  1 at a resolution of 2 cm-  1. 

Statistical differences between the groups were de- 
termined using statistical analysis software (SAS) 
(Cary, NC). Analysis of variance (ANOVA) and mul- 
tiple comparison post-hoc analyses (Duncan's mul- 
tiple range test, least significant difference (LSD) and 
Bonferroni t-tests, Tukey's and Scheffe's to control for 
type I and type II errors) were carried out to determine 
the differences and levels of significance between 
mechanical parameters between groups. A coanalysis 
of variance (COANOVA) was performed using ash 
fraction as a covariate to account for any biological 
variation between groups based on mineral content. 

3. Results 
Sample preparation consisted of wet grinding of a 
portion of the diaphysis to 2 mm in thickness under a 
continuous stream of distilled water followed by cut- 
ting with a low-speed saw under distilled water. This 
procedure no doubt removed a large portion of cells 
and cellular debris present in the Haversian systems 
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and debris from grinding at this stage of preparation. 
Gel electrophoresis experiments confirmed that the 
total amount of proteins extracted from the intact 
bone samples following Nonidet P40 and the treat- 
ment solutions were relatively small compared with 
the total organic phase. The results indicate no protein 
equivalents to collagen bands atl, a2 and 13 (dimer). 
Protein bands larger than 100 000 daltons were not 
detected. The major protein bands detected were 
60000-70000 daltons equivalent to bovine serum 
albumin in all extracts (Fig. 1). Overloaded samples 
revealed 5-6 low molecular weight components rang- 
ing from 45 000 to 21 000 daltons in the phosphate 
and Nonidet solutions (Fig. 2). 

Biochemical analysis of the extracted material con- 
firms that Nonidet primarily removed organic mater- 
ial associated with the vascular channel system and 
that collagen and other bone structural proteins were 
not removed from the samples by the treatments. It is 
likely that the majority of the organic material present 
in the Haversian system (blood vessels, nerve, red 
blood cells and lining osteoblasts [11, 28] had been 
removed along with their enzymes during earlier 
sample preparation. Calcium probe experiments on 
the treatment solutions indicates intact samples did 
not demineralize during the 72 h equilibration time 
within the detection limits of the probe. Ash weight 
analysis confirmed that all the intact bone samples 
(groups 1-8) had similar mineral content and were not 

Figure 1 SDS gel electrophoresis results: Lane 1: Nonidet extract; 
Lane 2:NaC1 extract--0.145 M; Lane 3:Na2HPO4--0.66 M; Lane 4: 
NaC1 extract--2.0 M; Lane 5: molecular weight standard, from top 
(a) myosin (200 000), (b) galactosidase (116 250), (c) phosphorylase 
(92 500), (d) bovine serum albumin (BSA) (68 200) which is marked 
with a triangle, (e) ovalbumin (45 000); Lane 6: Calf skin collagen 
standard 13 (dimer) (200 000), at-chain (100 000) (at I and et2). The 
samples for lanes 1-4 were obtained from 400 ml of treatment 
solution. Concentration of total protein in the samples for SDS gel 
electrophoresis was 0.83 ~tg per ml. Concentration of the standards 
were 0.5 I~g per ml. 



T A B L E  II  Ash content. All sample groups were taken from the 
same region of bone samples. Ash weight analysis confirms that all 
samples had similar mineral content and were not  deminerahzed by 
the treatments 

Sample group Description Ash fraction 

Dry intact samples 
1 Control 0.145 M NaC1 0.70 
2 Nonidet  0.145 M NaCI 0.70 
3 Nonidet  0.66 M Na2HPO 4 0.69 
4 Nonidet  2_0 M NaC1 0.69 

Wet samples 
5 Control 0.145 M NaCI 0.71 
6 Nonidet 0.145 M NaC1 0.70 
7 Nonidet  0.66 M N a 2 H P O  4 0.69 
8 Nonidet  2.0 M NaC1 0.70 

Figure 2 Overloaded SDS gel electrophoresis results: Lane 1: 
N a z H P O 4 ~ . 6 6  M; Lane 2:NaC1 extract, combined total of 0.145 M 
and 2.0M; Lane 3: Nonidet extract; Lane 4: Molecular weight 
s tandard from top (a) myosin (200 000), (b) galactosidase (116 250), 
(c) phosphorylase [3(92 500), (d) bovine serum albumin (BSA) 
(68 200), (e) ovalbumin (45 000). The max i mhm amount  of samples 
were loaded in order to see the minute amount  of constituents to 
such an extent where the protein migration patterns were distorted. 
Small amounts  of low molecular weight components  became barely 
visible indicated by the white arrow (Lane 1 and Lane 3 at the level 
of the arrow). Samples were concentrated 10 times as compared to 
the first measurements  (8.3 gg per ml). Also the volume of the 
samples were doubled in the SDS gel electrophoresis. 

demineralized during the 72h equilibration time 
(Table II). Ashing of the demineralized samples 
(groups 9-11) did not reveal any residual mineral. 
Infrared (IR) spectroscopy did not reveal any signific- 
ant differences between any groups. The spectra be- 
tween 1200 and 900 cm- 1 (v 1 and v 3 stretching mode 
PO 4 regions), and 700 and 500 cm -1 (v4 bending 
modes PO4 region) did not vary with respect to treat- 
ment solutions (Fig. 5). 

Analysis of variance (ANOVA) demonstrated the 
ultimate stress, yield stress and elastic modulus of the 
dry intact samples to be significantly greater than the 
wet sample counterparts (p < 0.0001) (Table III). The 
increase in the mechanical properties for the dry 
specimens demonstrates the effect of drying artefact on 
the mechanical properties of bone. ANOVA analysis 
within the dry and wet groups, respectively, revealed 
no statistically significant differences between the 
0.145 MNaC1, Nonidet + 0.145 M and Nonidet 
h- 2.0 M NaC1 (dry groups 1 versus 2 versus 3; wet 

groups 5 versus 6 versus 7). A statistically significant 

difference was found for the phosphate treated 
groups (groups 4, 8) compared with their sodium 
chloride ion solution controls (p < 0.05 for yield stress 
and ultimate stress; p < 0.001 for elastic modulus). 
ANOVA analysis did not reveal any significant differ- 
ences amongst the demineralized groups (groups 
9-11) or the ash fraction (mineral content) for the 
intact bone samples. Finally, the analysis of covaria- 
nce (COANOVA) using ash fraction as the covariate, 
did not reveal, any new findings between the groups. 

Stress-strain curves for intact samples were typical 
of bone tissue having no toe region, a linear region 
followed by a minimal plastic deformation (Fig. 3). 
Phosphate ion treatment resulted in a significant al- 
teration in the stress-strain behaviour of intact bone 
samples (Fig. 3). The stress-strain curves of the de- 
mineralized parallelepiped samples were characteristic 
of type I collagenous soft tissues (Fig. 4). A significant 
toe region followed by ~t linear region and a strain 
greater than 10% was found for all demineralized 
samples. Ion treatment solutions did not alter the 

140.0 

120.0 

100.0 
- 

~E 80.0 
v 

60.0 

40.0 

20.0 

0.0 
0.000 

' ' ' ' ' [ ' I ' 

0.002 0.004 0.006 0.008 0.010 0.012 0.014 
Strain 

Figure 3 Typical s tress-strain behaviour for intact control and 
phosphate  samples treated with Nonidet  P40 for 24 h followed by 
0.145 M NaC1 or 0.66 M Na2HPO 4 at pH 7.5 for 72 h. This figure 
demonstrates  the classic s tress-strain behaviour of intact cortical 
bone tested in tension. Phospha t e  ion treatment lowers the yield 
and ultimate stress as well as the elastic modulus  compared with 
control samples. The reduction in mechanical properties is at- 
tributed to an alteration in the interfaoal bonding between the 
mineral and organic constituents of bone ( m  Phosphate; - -  con- 
trol). 
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T A B L E  I I I  Summary of mechanical properties. All solution pH were 7.5 and did not vary during equilibration. Groups 1-4 (Kimwipe 
specimens) were kept wet during milling with a squirt bottle filled with testing solution and during alignment and testing with kimwipes. 
Groups 5-8 were completely submerged during milling and kept wet during alignment and testing with a special adsorbent material with a 
plastic backing. Comparison of these groups indicates that the drying artefact present in groups 1-4 has been removed in groups 5-8. Nonidet 
detergent treatment does not alter the mechanical properties of bone tissue, but removes enough organic material in the vascular channel 
system to allow phosphat e ions access to the mineral organic interface [31]. Nonidet plus phosphate ion treatment causes a statistically 
significant decrease in mechanical properties compared to respective controls. Phosphate ions compete with anionic groups of proteins for 
positively charged calcium sites of the bone mineral. In addition, the adsorption of phosphate ions to bone mineral at pH 7.5 causes the 
mineral to obtain a negative charge. The organic constituents will also have a negative charge at pH 7.5. This creates an electrostaticaUy 
unfavourable condition for bonding between constituents and weakens the interracial bonding causing a decrease in the mechanical 
properties. The action of phosphate holds for both the drying artefact and wet samples. Demineralization results in significant reduction in the 
mechanical properties compared to intact bone samples. No reduction in the mechanical properties was seen in the demineralized samples 
with phosphate or high sodium chloride concentration. This indicates that phosphate ions or high ionic strength do not alter the interactions 
among the organic constituents of bone, (* = p < 0.05, # = p < 0.001) 

Sample group Description Modulus Yield stress Ultimate stress 
(GPa) (MPa) (MPa) 

Dry artefact samples 
1 Control 0.145 M NaC1 27.3 (0.9) 161.0 (12.7) 161.9 (12.5) 
2 Nonidet 0.145 M NaCI 28.3 (1.5) 173.1 (13.3) 173.7 (13.7) 
3 Nonidet 0.66 M Na2HPO4 23.1 (1.9)# 150.3 (7.3)* 154.1 (11.1)* 
4 Nonidet 2.0 M NaC1 29.9 (1.0) 175.1 (14.8) 178.5 (16.9) 

Wet samples 
5 Control 0.145 M NaC1 19.8 (1.6) 113.0 (4.9) 116.1 (6.9) 
6 Nonidet 0.145 M NaCI 20.4 (1.4) 119.4 (6.5) 121.5 (5.1) 
7 Nonidet 0.66 M Na2HPO4 16.5 (1.6)# 107.5 (10.5)* 109.8 (10.9)* 
8 Nonidet 2.0 M NaC1 20.8 (1.2) 118.1 (3.9) 120.1 (4.1) 

Demmeralized samples 
9 EDTA 0.145 M NaC1 54.2 (21.2) 14.6 (1.3) 16.9 (1.3) 

10 EDTA 2.0 M NaCI 53.6 (26.9) 15.3 (11.6) 17.8 (1.4) 
11 EDTA 0.66 M Na2HPO~ 57.9 (20.7) 15.7 (3.5) 16.6 (1.0) 

20.0 
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10.0 

0.0 ~-- , I ' I ' I ' 
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Figure 4 Typical stress-strain behaviour for demineralized bone 
samples (EDTA-treated) control 0.145M NaCI and 0.66M 
Na2HPO 4 at pH 7.5 for 72 h. The stress-strain behaviour is typical 
of type I collagenous soft tissues with a toe region followed by a 
linear elastic region. Treatment with phosphate ions does not alter 
the stress-strain behaviour of completely demineralized bone sam- 
ples. This indicates that the organic-organic interactions are not 
susceptible to phosphate ion treatment ( - -  phosphate; - -  control). 

stress-strain behaviour of demineralized bone sam- 
ples (Fig. 4). 

4. Discussion 
Most of the variations in the mechanical properties of 
compact bone have been accounted for statistically by 
a few variables. The most important of these are 
porosity, orientation and amount of mineralization 
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[29]. Bone is a composite tissue and as in all com- 
posites the bonding between the constituents plays an 
important role in determining the strength and stiff- 
ness. The goal of this study was to examine mineral- 
organic interracial bonding and determine its influ- 
ence on the mechanical properties of compact bone in 
tension. In order to alter the interracial bonding forces 
between the mineral and organic constituents of bone 
and change the mechanical properties, treatment ions 
must be able to reach this interface. Preliminary mech- 
anical tests on intact bone samples (data not reported) 
treated with a phosphate ion containing solution with- 
out a prior Nonidet detergent treatment did not alter 
the properties compared with control samples. This 
suggested that phosphate ions were not able to access 
the mineral-organic interface to alter the mineral- 
organic bonding relationship and affect the mechan- 
ical properties. 

The presence of an ion-containing fluid phase in 
contact with a charged solid surface establishes an 
electrical double layer [30]. We have previously 
characterized the electrical double layer of cortical 
bone using a streaming potential experiment where an 
ion-carrying fluid is forced through a bone sample 
[31]. The flow of fluid generates electrical currents 
and at steady state an electrical potential difference 
called the streaming potential can be measured. Strea- 
ming potential measurements allow the charge in the 
electrical double layer to be characterized through the 
calculation of the eleetrokinetic or zeta potential. The 
charge and sign of the zeta potential is related to the 
charge in the electrical double layer and the species 
that comprise it. Streaming potentials can be used to 



determine whether an ion is adsorbing or able to reach 
the interface and alter the zeta potential. Strearfiing 
potential experiments of control intact cortical bone 
plug samples indicated that phosphate ions did not 
alter the electrokinetic potential on intact bone sam- 
ples for similar treatment times [31]. This confirmed 
that phosphate ions cannot access the mineral-  
organic interface in control intact bone samples with- 
out a prior treatment to remove the diffusional 
barriers present in the vascular channel system [31]. 
Streaming potential experiments support a compart- 
mental model for bone fluid spaces [31]. The organic 
linings present in the vascular channel system shields 
the mineralized bone matrix and therefore the 
mineral-organic interactions from the vascular chan- 
nel fluid space [31]. The organic linings of the vascular 
channel system act as a diffusional barrier to ions 
accessing the calcified matrix where the mineral-  
organic relationship occurs. This barrier must be re- 
moved or stripped away to some degree to allow ions 
access to the mineral-organic interface in order to 
alter the bonding forces between constituents [31]. 

A non-ionic detergent Nonidet P40 (NP40) was 
chosen to remove the diffusional barriers because it is 
known to solubilize organic membranes and proteins 
[32, 33]. A non-ionic detergent also bears no apparent 
ionic charge and does not generally adsorb onto a 
surface and affect its surface charge significantly 
[31, 34]. Furthermore, treatment with 0.1% Nonidet 
P40 detergent has been shown to remove some of the 
organic linings (lining cells (resting osteoblasts), endo- 
thelial cells, basement membrane) present in the 
vascular channel system allowing phosphate ions ac- 
cess to the calcified matrix to alter the electrokinetic 
properties of 0.5 mm thick cortical bone plugs after 
24 h in phosphate buffer [31]. Long-term equilibration 
studies of 0.5 mm cortical bone plugs in phosphate 
buffer revealed no additional change in the electrokin- 
etic properties after the initial 24 h equilibration [31]. 
Considering the thickness of our samples was three to 
four times as thick as our electrokinetic samples and 
our ionic strength increased from 0.145 to 2.0 ionic 
strength, a treatment time of 72 h was chosen. 

The use of Nonidet P40 detergent treatment, how- 
ever, increased the samples' susceptibility to drying. 
NP40 treatment clears the vascular channels of cellu- 
lar debris and solubilizes some of the organic linings of 
the vascular channels [31]. This allows water in the 
matrix to communicate with the external environment 

TABLE IV The ratio of wet samples (groups 5-8) to drying 
artefact samples (groups 1-4). The increase in mechanical properties 
in the drying artefact samples in groups 1-4 is consistent with 
literature on effects of drying [35]. 

Sample description Modulus Y i e l d  Ultimate 
(GPa) stress stress 

(MPa) (MPa) 

Control 0.145 M NaC1 0.73 0.70 0.72 
Nonidet 0.145 M NaC1 0.72 0.70 0.70 
Nonidet 0.66 M Na2HPO 4 0.71 0.72 0.71 
Nonidet 2.0 M NaC1 0.70 0.67 0.67 

and makes the samples more susceptible to a drying 
artefact in open air. This accounts for the increase in 
mechanical properties for the 0.145 M NaC1 and the 
NP40-treated 0.145 M NaC1 groups (groups 1 and 2; 
groups 5 and 6). Drying of bone samples is known to 
increase the yield stress, ultimate stress and elastic 
modulus of bone approximately 30% [35]. The ratio 
of wet to dry sample reveals approximately a 70% 
reduction and confirms the effect of drying on the 
properties (Table IV). The wet Kimwipe wrap was not 
efficient enough to keep the samples wet during tes- 
ting. The second wrap material was able to keep the 
samples wet during handling and testing. 

Treatment with NP40 does not alter the mechanical 
properties of bone tissue compared to controls as long 
as the samples are handled in the same manner 
(groups 1 versus 2 and 5 versus 6). NP40 did not 
remove any organic material which had a mechanical 
load-bearing function in bone tissue. In addition, the 
values of our control samples and NP40-treated con- 
trois were not statistically different and fit well with 
the published data for cortical bone in tension at a 
similar strain rate (8). This indicates that our samples 
were not destroyed by enzymatic release during the 
treatment time used in our experiments. 

Treatment with phosphate ions caused a significant 
reduction in the tensile properties of intact bone 
samples compared with samples treated in NP40 
+ 0.145 M NaC1 (Fig. 2). The modification can be 

attributed to adsorption of the potential determining 
phosphate ions to the bone mineral surface and com- 
petition with the negative binding sites of the proteins 
(carboxy or phosphate groups) for positively charged 
calcium sites on the bone mineral [36, 37]. Phosphate 
ion bonding and an alteration in the interfacial 
bonding between constituents results in a decrease in 
mechanical properties. The effect of phosphate ions on 
mineral-organic interfacial bonding may be similar to 
the elution of proteins from hydroxyapatite columns 
by phosphate ions. Phosphate ions compete with 
anionic groups of the proteins for positively charged 
calcium sites of hydroxyapatite and debond and re- 
moved organic material [38-40]. Our data supports 
Bundy's hypothesis on the effect of partial debonding 
between the constituents of bone and the effect on 
mechanical properties. 

Electrokinetic experiments have also shown that the 
adsorption of phosphate ions to the bone mineral will 
also cause a charge reversal for the mineral phase 
(hydroxyapatite) from positive to negative at pH 7.5 
[41-45]. The organic constituents of bone, which have 
low isoelectric points, are negatively charged at pH 7.5 
[41,42]. Therefore, the electrostatically favourable 
condition (positively charged mineral and negatively 
charged organic phase) that had existed prior to phos- 
phate ion adsorption at pH 7.5, no longer holds since 
both species are negatively charged. This creates an 
electrostatically unfavourable condition between the 
mineral and organic constituents. The introduction of 
phosphate ions to the interface between the bone 
mineral and organic constituents may weaken the 
interfacial bonding (based on electrostatic forces) and 
thereby reduces the mechanical ,properties of the 
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tissue. The properties of the "dry" Kimwipe-wrapped 
phosphate samples were also statistically lower than 
their respective controls. This suggests that the action 
of phosphate ions holds for both cases of wet and dry 
samples. 

A 2.0 M NaC1 group was tested in order to deter- 
mine that the action of phosphate ions was not due to 
ionic strength of the solution. Ionic strength (I) of a 
solution is defined as (1/2) E (Cmi Z2) where Cmi is 
molar concentration and Zi is valence of the ion. Ionic 
strength considers not only the bulk molar concentra- 
tion but the charge of the particular ion [32, 46]. The 
ionic strength of 0.66 M Na2HPO4 at pH 7.5 is 2.0 
which is equal to the ionic strength of 2.0 M NaCI. A 
high ionic strength solution has more charged species 
present that can compete for spaces on the solid 
matrix, thus displacing the original occupants [32, 45, 
46]. In addition, as the ionic strength increases the 
energy of interaction between two charges decreases 
as predicted by the Debye-Huckel theory [44]. 

High ionic strength NaC1 treatment did not alter 
the mechanical properties (groups 3 and 7, Table I) 
compared with controls. Biochemical analysis on the 
treatment solutions equilibrated with the intact bone 
samples indicated proteins were not removed due to 
high ionic strength solution treatment (Fig. 1). This 
suggests that the effect on the mechanical properties of 
the phosphate-treated samples was by phosphate ions 
and not attributed to ionic strength amplification and 
the removal of organic material through a salting out 
mechanism. 

Regarding the effects of our ion treatment protocol 
on the bone mineral phase, the IR spectra data indi- 
cate that the mineral phase is not being significantly 
altered by phosphate ion treatment (Fig. 5). The IR 
spectra support the finding that the mineral phase is 
not changing its crystallinity or altering its crystal 
structure significantly due to our treatments. Had the 
mineral phase become an amorphous phase due to 
our treatments, we would have expected a change in 
the 1200-900 cm- 1 and 700-500 cm- 1 regions. How- 
ever, the similar spectra for all treatments supports the 

i I I I ~ I I I I I I I i ~ I 

1200 1100 1000 900 800 700 600 5 0 400 
crn-1 

Figure 5 Infrared (IR) spectrum of a NP40 + 0.145 M NaCI and 
NP40 + 0.66 M NazHPO 4. The IR patterns of the two do not differ. 
This suggests that the phosphate ion treatment does not have a 
significant effect on the mineral phase size or crystallinity. 
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view that the bulk properties of the bone mineral did 
not significantly change [47, 48]. 

The question arose whether or not the ionic 
strength and ion treatments may also influence 
organic-organic interactions in bone leading to a 
change in the mechanical properties. Demineralized 
samples were tested with the same treatment solutions 
in order to confirm that phosphate ions or high ionic 
strength were not altering any organic-organic inter- 
actions resulting in a change in the mechanical prop- 
erties of the organic phase. The mechanical properties 
of the demineralized groups did not differ (Table III). 
Bone particle electrophoresis of EDTA-treated sam- 
ples tested in phosphate buffer showed phosphate ions 
had no effect on the electrokinetic potential [46]. This 
suggests that phosphate ions do not adsorb or alter 
the surface charge and zeta potential characteristics of 
EDTA-treated demineralized bone. Therefore, phos- 
phate ions presumably do not alter the mechanical 
properties of the type I collagen of bone remaining 
after EDTA demineralization. 

EDTA treatment for 42 days completely removed 
the inorganic bone mineral leaving type I collagen and 
its associated organic phase behind. The stress-strain 
behaviour for EDTA-treated samples was consistent 
with a type I collagenous soft tissue (Fig. 4). Histo- 
logical analysis with hematoxylin and eosin staining 
revealed a normal-appearing type I collagen phase. 
Demineralization with EDTA does not alter the 
mechanical properties of bone type I collagen [25]. 
The treatment solutions used in the present study did 
not alter the mechanical properties of the demineral- 
ized samples (Table lI). This confirms that the 
organic-organic interactions were not influenced by 
either phosphate ions or high ionic strength to alter 
the mechanical properties of demineralized bone at 
pH 7.5. Demineralized sample deformation was moni- 
tored using the testing machine LVDT. An exten- 
someter was not used since only soft tissue (type I 
collagen) remained after demineralization. However, 
all demineralized specimens were tested in the same 
manner and no differences were found following treat- 
ments. 

The experimental results found in the present study 
suggests that phosphate ions are capable of altering 
the mineral-organic interfacial bonding resulting in a 
reduction in the tensile properties of cortical bone. 
Our data supports the theoretical debonding hypoth- 
esis proposed by Bundy [17, 18]. Interfacial bonding 
forces between the mineral and organic constituents 
gives bone its unique composite behaviour and may 
be an additional parameter to account for the varia- 
tion in the properties. 

The technique of a detergent treatment to remove 
some of the organic linings present in the vascular 
channels and potential-determining ion treatment 
may be useful to investigate the mechanical properties 
of bone tissue and mineral-organic interfacial bon- 
ding in normal, aged and diseased states. The sample 
preparation technique of wet grinding and cutting 
most likely washes away the majority of the cellular 
material and enzymes released in the vascular chan- 
nels that may have a detrimental effect on the mechan- 



ical properties. The sample preparation technique also 
accounts for the small amounts of protein material 
extracted with Nonidet P40 and the even smaller 
amounts removed by the treatment solutions. Finally, 
had enzymatic release and degradation occurred dur- 
ing the time period, we would not expect the samples 
treated in 0.145 M NaCI to be similar to literature- 
reported values. 

Changes in bone quality (bonding between the min- 
eral and organic constituents) may be important in 
addition to changes in bone quantity in aged and 
diseased bone (osteoporosis) [17, 18]. The work pre- 
sented here suggests that the mineral and organic 
phases of bone are linked through adsorption forces 
via electrostatic bonding (van der Waals', hydrogen 
bonding and hydrophobic interactions) and other 
possible adsorption forces [48]. This results in load 
transfer through the mineral and organic phases 
where the bone mineral acts a short fibre to reinforce 
the organic matrix. Phosphate ion access to the 
mineral-organic interface can interrupt or partially 
debond this interaction and weakens the interracial 
bonding causing a decrease in the tensile mechanical 
properties. 
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