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ABSTRACT

We have studied stress relaxation of bovine femoral cortical bone specimens treated with
KOH aqueous solution which had been known to degrade selectively protein molecules in
bone. With the KOH treatment, we found an increase in specimens’ volume. This increase
was regarded as swelling of the bone specimen, presumably due to matrix protein network
degradation including that of collagen. In an analogy of bone to gel structure, an increasing
ratio of specimen volume was used as an indicating parameter for the matrix protein network
degradation by the treatment. Although an empirical equation with a linearly combined form
of two Kohlrausch-Williams-Watts (KWW) functions has been shown to describe the stress
relaxation of bone specimens, a single KWW function was suitable for the bone specimens
treated with KOH solution for as little as 3 hours. In KOH treated specimens, both the initial
modulus and the relaxation time decreased with the volume-increasing ratio, while the relax-
ation time distribution did not change. A chemo-rheological consideration attributed the re-
duction of modulus values to the network degradation in the organic matrix phase. The relax-
ation time of KOH treated specimens was thought to be related to the longer relaxation time
of untreated bones, although there was a discontinuity between the extrapolated relaxation
time values for KOH treated specimens and untreated specimens. This discontinuity may
have originated from the release of residual stress existing in the bone by the matrix protein
degradation. The results of the present study suggest that the state of matrix protein is crucial
for integrating the mechanical properties of bone.

Keywords Viscoelasticity of bone/ Stress relaxation/ Relaxation time/ Matrix protein deg-

radation/
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Introduction

Bone has been often regarded mechanically as a composite material of hydrated organic ma-
trix mainly composed of collagen and hydroxyapatite (HAp)-like mineral phase. It is thought
that the pliant collagen is reinforced by stiff mineral particles, and, as a composite, the brit-
tleness of the mineral is compensated for by the viscoelasticity of the collagen. Recently, the
existence of non-collagenous glue proteins that connect mineralized collagen fibres has been
revealed (Recker, 1992; Braidotti et al., 1997; Fantner et al., 2005). Because of the viscoelas-
ticity of collagen fibres and non-fibrous proteins in the bone matrix, bone itself has noticeable
viscoelasticity (Currey, 1965; Sasaki, 2000). As for the mechanical role of organic phase in
bone, Ji and Gao (2004) predicted on the basis of the tension-shear chain model (Jager and
Frazl, 2000) that the organic phase endows bones with important characteristics such as crack
shielding, and energy dissipation, that is, the strength and the toughness. From the result, it
can be easily expected that a change in organic phase would affect the mechanical properties
of bone, in particular its viscoelasticity. However, there have been not so many studies that
treat detailed or thorough experimental results on the relationship between matrix protein
degradation and the mechanical properties of bone. Wynnyckyj et al. studied the change in
toughness of emu femoral bone after the selective degradation of bone collagen by KOH
treatment (2009). Following the treatment their stress-strain curves indicated an increase in
the elastic energy needed for bone destruction. As the increment was contributed mainly by
the stress-strain curve after partial fracture, the toughness increase is considered as a
mechanism caused by something like a sacrificial structure. In order to relate such a structural
feature to the toughness of bone, direct measurements of viscoelasticity would provide useful

information about the relationship. The aim of this study was to obtain the relationship be-
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tween the state of matrix protein and the viscoelastic properties of bone. For this, we prepared
bone specimens with variously degraded matrix proteins. As KOH is known to affect protein
molecules without changing the mineral phase in bone (Abe et al., 1992; Wynnyckyj et al.,
2009), we used KOH solution for the selective degradation of matrix protein in bone. We
monitored the degree of degradation of collagen in bone by hydroxyproline assays (Reddy
and Enwemeka, 1996) for a measure of matrix protein degradation.

In our previous papers, as a new empirical equation for the description of stress relaxa-
tion of cortical bone, we proposed that stress relaxation of cortical bone could generally be
described by a linear combination of two Kohlraush-Williams-Watts (KWW) functions (lyo
et al., 2004; lyo et al., 2006),

E(t) = Eof Aexp[-(t/m)1+(1-A)exp[-(tV =)'}, [0<A, B, y<1], 1)

where Egis the initial modulus value, E(0). n and z» (>> =) are characteristic times of the
relaxation processes, A is the fractional contribution of the fast relaxation to the whole relaxa-
tion process, and S and y are parameters describing the shape of the relaxation modulus. It has
been revealed that the first term represents the relaxation in the collagen matrix in bone and
the second term is related to the change in a higher-order structure of bone that is responsible
for the anisotropic mechanical properties (lyo et al., 2004). It seems to be possible to relate
the viscoelastic properties and the hierarchical structure of bone by investigating these me-
chanical parameters. The expected change in mechanical properties of bone due to the degra-
dation of matrix proteins would be quantified by the parameters in eq. 1.

We performed stress relaxation experiments on bovine femoral cortical bone for its
viscoelasticity and analysed the results by determining the parameters in eq. 1. Changes in the

relaxation modulus curve, parameters and relaxation spectrum with the degradation of matrix
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protein were discussed based on the analogy of mechanical formation of bone to that of gels
and network polymers, in particular in terms of the theory of chemo-rheology (Tobolsky,
1960). The changes in the viscoelastic properties of bone brought about by organic phase
degradation may suggest an important role of matrix protein in integrating the mechanical

properties of bone.

Materials and methods

Materials

The bone samples used in this study were obtained from the anterior area of the
mid-diaphysis of 18-month-old bovine femoral cortical bone. Optical microscopic examina-
tion showed that all of the samples were generally plexiform but partly transformed into Ha-
versian bone. The samples were cut using a diamond saw. The cut sections were shaped by
emery paper under tap water into rectangular plates approximately 0.5 cm wide, 5.0 cm long
and 0.1 cm thick. The longer edge of the specimen plate was parallel to the bone axis. The
shaped specimens were set in a reaction vessel so that none of the six surfaces of a rectangu-
lar specimen would overlie the bottom of the vessel. Specimens were then treated with 0.85M
KOH solution for periods of 3, 6, 12, 18 and 24 hours at 37°C under continuous stirring. After
the treatment, specimens were washed thoroughly with Ringer’s solution. The degree of col-
lagen degradation was determined by monitoring the hydroxyproline concentration in the
KOH reactor solution (Wynnyckyj et al., 2009 ; Reddy and Enwemeka, 1996). Details of the

specimens are listed in Table 1.

Methods
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The relaxation Young’s modulus of the rectangular sample plate was measured by a
three-point bending method. A Kyowa Electric Works (KEW) LTS-1K strain gauge transduc-
er was used as the force sensor. The LTS-1K gauge was set on a Sigma Kouki Au-
to-microstage CTS-50X, and the auto-microstage was operated by a Sigma Kouki Co. Stage
Controller Mark-12. By moving the microstage downward, the indenter set at the force sensor
probe pushed the specimen plate at the center to cause bending deformation. The force sensor
detected the recovering force of the specimen. According to the stress-strain curves of bovine
femora in the literature, yield strains are around 0.6% (Reilly and Burstein, 1975). As for the
yield strain for KOH treated bones, it was almost similar to those of untreated specimens
(Wynnyckyj et al., 2009). In our experiments, a maximum strain less than 0.23% was ap-
plied within 0.03 sec. The relaxation modulus measurement was performed to a maximum
time of 5x10 sec. All of the measurements were made in Ringer’s solution at 37+0.5°C. The
obtained relaxation modulus was analysed by fitting the empirical eg. 1 to the data. The me-
chanical effect by KOH treatment was discussed by observing the dependence of mechanical
parameters in the equation on the degree of degradation of collagen. Parameter fitting was
carried out using Gnuplot, a scientific graphing software program (Ver. 4.2, patchlevel 5,

©Thomas Williams, Colin Kelly and many others).

Results

Hydroxyproline assay

Figure 1 shows the weight ratio of collagen dissolved in the reactor solution against collagen
in bone, [Dcol], as a function of reaction time. [Dcol] was estimated from the hydroxylproline

concentration, [Hyp], in the solution (Wynnyckyj et al., 2009 ; Reddy and Enwemeka, 1996).
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[Hyp] was determined by the hydroxylproline assay indicated above. The [Dcol] values for
the initial two points, the reactions for 3 and 6 hours, were not different from those of con-
trols and seemed to be below the detection limit of the assay, i.e., concealed by the back-
ground level. The increasing tendency of [Dcol] with reaction time thereafter is understanda-
ble. We also confirmed that dissolution of Ca** from bone specimen was not detected during
the treatment with KOH solution.

After the KOH treatment, we found an increase in specimens’ thickness, width, and
then cross-sectional area. The width and thickness were measured after the soaking of bone
specimens into Ringer’s solution for 12 hours. These increased values of width and thickness
were used for modulus calculation from the detected force values. Figure 2 shows the nor-
malized cross-sectional area of specimen plotted against treatment time. The result implies
that degradation of matrix proteins in bone brings about this increase. It is worth noting that
the increase in the cross sectional area of treated specimens was almost completely reversible

with soaking-drying- soaking cycles of specimens.

Stress relaxation

Figure 3 shows the relaxation Young’s modulus curves of specimens for the indicated times
of KOH treatment. The curve for bone specimens not treated with KOH (control) is also
shown. This figure shows that the Young’s modulus values decreased with KOH treatment.
Moreover, significant changes were observed in the relaxation curves compared with that of
the controls. This indicates that KOH treatment affects not only the modulus value but also
the relaxation process itself. In order to evaluate the change more quantitatively, we fitted eq.

1 to the obtained relaxation data. Untreated specimens were described by eq. 1 with the pa-
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rameter values listed in Table Il, which are consistent with those in the literature (lyo et al.,
2004; lyo et al., 2006). However, even for specimens treated for as little as 3 hours, a very
small value for A in the order of 10™? was needed for the successful fitting. This result indi-

cates that for KOH treated bone specimens, an equation
t 5
E(t)=E0ex%—(—j } , (0<o<1]) (2)
T

can adequately describe the relaxation modulus data. We used eq. 2 for fitting instead. The
parameters determined are listed in Table Ill. Considering equations 1 and 2, the former
seems more universal than the latter, having more parameters. A satisfying fitting by eq. 1
with insufficient one by eq. 2 might be generally expected. In this case, eq. 1 did fit the data.
However, obtained formula with infinitesimal parameter value as above should be actually

pointing eg. 2.

Discussion

Matrix protein degradation

As shown in Figure 1, the deviation of [Dcol] values of specimens treated for 3 and 6 hours
from that of untreated specimens was too small to be detected by the hydroxyproline assay.
However, even though the increment in [Dcol] value is negligibly small, the mechanical
properties of bone specimens after only 3 hours of treatment with KOH drastically changed.
This fact indicates that for specimens treated for 3 hours and 6 hours changes that cannot be
reflected on [Dcol] would be resulted. There are at least two types of matrix proteins; colla-
gen fibers and non-collagenous proteins gluing mineralized collagen fibers. The former is

armoured by mineral particles while the latter is connecting the formers. The non-collagenous
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glue proteins are easily accessible to degrading agents. Then, specimens treated for 3 and 6
hours, non-collagenous glue proteins could mainly degraded and collagen molecules would
be degraded after 12 hours of treatments as [Dcol] significantly increased. Ji proposed a me-
chanical importance of interface between mineral and organic phase (Ji, 2008). There might
be also a possibility that during early stage of KOH treatment the interface would mainly de-
graded. But, geometrical accessibility discussion above could eliminate the possibility.

Jager and Fratzl proposed a structural mechanical model at the nanoscale for bone,
taking account of the geometrical arrangement of collagen matrix and mineral particles in
mineralized collagen fibers (Jager and Fratzl, 2000). Forces are transferred in a zigzag man-
ner by both collagen matrix and mineral particles. Gao discussed thoroughly such a staggered
(a tension-shear-chain) model as representing the optimum structure of biological composite
materials (Ji and Gao, 2004; Gao, 2006) and similar staggered model at the different level of
bone’s hierarchical structure has been applied to elucidate the mechanical characteristics
(Gupta, 2006). Based on the knowledge that the organic phase in bone is continuous and that
force is carried by both organic phase and mineral (Lees, 1979; Gao et al., 2003), a gel-like
structural mechanical model of bone can be analogically considered: paths of load in bone
collagen and non-collagenous protein correspond to inter cross-link chains in gel and mineral
particles to cross-link points. On the basis of this model, the increase in bone cross-sectional
area observed can be considered similar to the increase in degree of swelling of a gel; the ma-
trix protein degradation in bone corresponds to the network disconnection in gels, where the
matrix protein degradation brings about a matrix protein network swelling, i. e. bone swelling.
As the increase in specimen cross-sectional area can be clearly and reproducibly observed for

specimens treated with KOH even for only 3 hours, the value
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Is used as the measure of matrix protein degradation, where Ay is the cross-sectional area for
the specimen before KOH treatment and A is that after the treatment. g defined in eq. 3 rep-
resents the swelling ratio of bone specimen. In the case of a typical gel system, according to
Flory and Rehner (1943), such an increase in the swelling ratio underlies a decrease in the
cross-link density of the gel. There is only a small space for water in native bone other than
pre-existing pores; the absorption isotherm of native bone was revealed as the Langmuir type
and water fraction at the plateau region of the isotherm was 0.1 (g/g dry weight) (Sasaki and
Enyo, 1995). However, by the collagen and the non-collagenous glue protein degradation,
water could penetrate into bone and build pools of water. This process may be observed as the

swelling of bone after the treatment.

Collagen Degradation and Modulus Values
Figure 4 shows the q dependence of initial modulus value, Eq. Young’s modulus E(t) was es-

timated by

FL®
4ab’d

E(t) = : 4)

where F is the observed force, L the inter fulcrum distance of the three point bending tester, a
the width, b the thickness of the specimen, and d the deflection of the specimen at the center
(Ferry, 1980). As indicated in the results section, specimens increased in volume with treat-
ment time. The relaxation modulus values in Figure 3 and Eo values in Figure 4 were calcu-

lated by using the increased width, a, and thickness, b, values. The observed reduction in

10



225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

modulus values in these Figures would be caused by the increases in a and b with the KOH
treatment. In Figure 4, filled circles represent values
[ab*/aghy®] Eo=r(ab®)Eq (5)
where ap and by are respectively width and thickness values before treatment, then r(ab®) is
the increasing ratio of the moment of inertia of the cross sectional area. Eq. 5 compensates for
the change in the moment of inertia of the cross-sectional area of KOH treated specimens.
However, r(ab®)E(t) values are still reduced with q after the compensation as
r(ab®)Ey=185 exp(-2.619 q),  (R*=0.9936). (6)

It is known that the mechanical properties of bone are affected by Ca** elimination (Gus-
tafson et al., 1996; Sasaki et al., 2008). We measured the Ca** concentration of the reactor
solution of KOH treatment and did not detect even a trace of Ca®*. Thus, the reduction in
r(ab®)E; is concluded not to be due to an elimination of mineral during KOH treatment. The
relaxation modulus value was found to decrease as an exponential function of g. In gels and
network polymers, the characteristic feature of the stress relaxation is a relaxation originating
from segment motion among cross-link points followed by a gel plateau (Anseth et al., 1996).
Stress relaxations observed for bone and KOH treated bones are considered to correspond to
the gel plateau region in gels and network polymers because the process changed with the
matrix protein degradation. Based on the analogy between bone structure and that of gels, this
relation, eq. 6, is reminiscent of the stress relaxation of natural rubber at high temperatures.
Natural rubber has a network structure that causes rubber elasticity. When incubated at more
than 100°C, part of the network structure is degraded. According to Tobolsky, the relaxation
modulus value of incubated rubber reduces with the exponential function of the network deg-

radation proceeding linearly with time (Tobolsky, 1960). In the case of bone, applying the
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chemo-rheological consideration, a load-carrying structure will be partly destroyed by the
KOH treatment in the organic phase. This could lead to the reduction in r(ab®)Eo value with g

as eq. 6.

Collagen Degradation and the Relaxation Process

In bone stress relaxation, the most remarkable event observed for treated specimens could be
described by the change in the relaxation modulus function from eg.1 to eqg.2. Untreated bone
specimens had two distinct relaxation processes. After 3 hours of treatment, the relaxation
modulus became to contain only one process. Figures 5 and 6 show the g dependencies of
relaxation time, z, and relaxation time distribution, o, respectively. zdecreased with q rapidly
at first but levelled off later. At the same time, the distribution of relaxation time became
broad: from & ~ 0.5 for untreated bone to 0.3 for KOH treated specimens. Reduction of the
relaxation time has been reported for gels and network polymers with the decrease in
cross-link density (Scholtens and Booij, 1980; Lee and McKenna, 1988; Thirion and Casset,
1970; Levelut et al., 1996; Heinrich and Vilgis, 1992; Liu et al., 2009; Curro and Pincus,
1998). The decrease in 7 can be explained as follows: with the decrease in crosslink density,
constraints on the molecular motion of network chains in rubber and polymers could decrease,
and then the average relaxation time of the chains would decrease. The decrease in 7 with the
decrease in crosslink density have been reported to be described by an exponential function
of g (Thirion and Chasset, 1970; Levelut, et al. 1996) or a power law of function of g (Hein-
rich and Vilgis, 1992; Liu et al., 2009; Curro and Pincus, 1998) depending on the link struc-
ture in gels and network polymers.

In the case of bone, as the relaxation time decreased with progressive degradation of

12
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matrix protein, the relaxation time after the KOH treatment should be related to z in untreat-
ed specimens. The reduction in 7 along with the matrix protein degradation is thought to be
caused by the decreasing constraints on the molecular motion of matrix proteins in bone. The
remarkable reduction in zis observed for specimen treated for 3 and 6 hours. This indicates
that the decrease in 7 is related to the degradation of non-collagenous protein gluing mineral-
ized collagen fibers as discussed above.

In our result for KOH treated bone specimens, z could be well-described by both an
exponential function and the power law relation of g,

r=5.12x10°q* +3.98x10*  (R*=0.999) 7)

7 =5.09x10°exp(—32.5q) + 4.02 x10*  (R?=0.999). (8)
In both cases, however, for a successful fitting, we needed an equilibrium relaxation time z
of the order 10* sec for both the exponential function and the power law relation. The re-
quirement for z indicates the existence of a certain limit of relaxation time reduction. As the
constraint decrease in the matrix with the protein degradation is thought to cause the reduc-
tion in 7, this limitation may be a breakdown of the integration of bone structure by organic
components. The obtained values for z would indicate the characteristic time for an irre-
versible rearrangement of mineralized collagen fibers without gluing proteins.

In contrast, at g—1,  had a value of 5x10° sec in both cases. This value 7 =5x10°
sec is much smaller than »=1.42x10" sec, the longer relaxation time of the untreated bone
specimens. The inconsistency of relaxation time suggests that there is a discontinuity in the
states of a bone between untreated and protein-degraded, presumably the degradation of
non-collagenous glue proteins. After experiencing the discontinuity, the state of bone would

not change as was reflected on the constancy in 6, that is, the discontinuous change is irre-
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versible. The existence of residual stress in bone was recently demonstrated (YYamada et al.,
2011). This means that bone is integrated in a pre-stressed state. Following a loss of continu-
ity in bone structure, this pre-stressed state can be released. Selective, systematic elimination
of minerals from bone resulted in an applicability of the time-mineral content, ¢, reduction
to stress relaxation curves (Sasaki and Yoshikawa, 1993). The shift factor there, however, was
a continual function of ¢y, from untreated bone to slightly demineralized bone. These experi-
mental results of destruction of bone structure by matrix protein degradation in the present
work and mineral elimination by Sasaki and Yoshikawa (1993) show the importance of or-

ganic matrix in integrating the bones” mechanical construction.
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Captions to Figures

Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure 5.

The weight-by-weight ratio of dissolved collagen molecules by the KOH
treatment against the amount of collagen in untreated bone specimen plotted
against the treated time. The amount of dissolved collagen was estimated from

hydroxyproline in the reacter solution.

The ratio of cross sectional area of specimens after KOH treatment
swollen with Ringer’s solution against that before the treatment plotted against the

treated time.

Relaxation Young’s modulus of bone specimens treated for 3 hours (o),
6 hours (e), 12 hours (A), 18 hours (A), and 24 hours (O). Vertical lines on the
curves represent the standard errors. Relaxation Young’s modulus for untreated

specimen was also plotted as a control ().

Initial Young’s modulus values, E,, determined by fitting plotted
against the swelling ratio. Measured value (o) and compensated values by the
inertia of moment of the cross section of each specimen (®). Eq value for untreated

specimen was also plotted (A).

Relaxation time, 7, in eq. 2 plotted against the swelling ratio. Vertical

lines represent the standard errors. The decay in 7 with g can be described by a
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421 power law relation, eq. 7, (------- ) or an exponential decay, eq. 8, (———).

422

423  Figure 6. Stretched exponent value, o, in eq. 2 plotted against the swelling ratio.
424 The horizontal line indicates the stretched exponent value of the slow process, v, in
425 eq. 1 for untreated specimens.

426
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Table I. Detaile of bovine cortical bone specimens.

specimen size before the treatment

treatment time  sample size width (mm) thickness (mm) AlA,
control 8 4.80 +0.27 1.27 +0.04 1
3 hours 5 4.87 +0.08 1.26 +0.01 1.01 +0.01
6 hours 5 4.90 +0.05 1.27 +0.01 1.03 +0.01
12 hpurs 5 4.83 +0.03 1.26 +0.02 1.11 +0.04
18 hours 5 4.85 +0.04 1.26 +0.02 1.20 +0.04
24 hours 5 4.87 +0.03 1.26 +0.02 1.28 +0.10

* A, and A are cross-sectional area values of speciemns before and after the treatment, respectively.
The ratio was calculated for each specimen and then averaged.



Table Il. Mechanical parameters in eq. 1 for untreated specimens.

E o(GPa) A 74(Sec) Yij 7,(Sec) Y

14.8 £0.5 0.12 +0.01 117 +24 0.27 £0.05 (1.42+0.5)x10’ 0.49 +0.03




Table 111. Mechanical parameters in eq. 2 for KOH treated specimens.

specimen treatment time E o(GPa) 7(sec) o
3 hours 13.4 04 (4.240.7)x10° 0.27 +0.02
6 hours 11.3+0.3  (1.74#0.2)x10°  0.312 +0.004
12 hours 7.3+04  (5.2+0.9)x10* 0.29 +0.02
18 hours 4.6 0.4 (3.2+0.7)x10* 0.27 +0.01
24 hours 2.7+0.3  (4.0+1.0)x10" 0.28 +0.01
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