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Abstract Intensive work has been performed on the
characterization of the mechanical properties of minera-
lised tissues formed in vivo. However, the mechanical
properties of bone-like tissue formed in vitro have rarely
been characterised. Most research has either focused on
compact cortical bone or cancellous bone, whilst leaving
woven bone unaddressed. In this study, bone-like min-
eralised matrix was produced by osteoblasts cultured
in vitro on the surface of titanium alloys. The volume of
this tissue-engineered bone is so small that the conven-
tional tensile tests or bending tests are implausible.
Therefore, nanoindentation techniques which allow the
characterization of the test material from the nanoscale
to the microscale were adopted. These reveal the
apparent elastic modulus and hardness of the calcosph-
erulite crystals (a representative element for woven bone)
are 2.35 &+ 0.73 and 0.41 £ 0.15 GPa, respectively. The
nanoscale viscoelasticity of such woven bone was further
assessed by dynamic indentation analysis.
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1 Introduction

Titanium alloys such as Ti6Al4V are widely used as
implant materials in orthopedics due to their excellent
biocompatibility, corrosion resistance and low cytotoxcity
[1-4]. Their relatively low elastic modulus compared to
stainless steel and cobalt chromium alloy also reduces the
elastic mismatch between the implant material and the
bone thus relieving the stress shielding effect, which can be
responsible for potentially damaging resorption of bone on
the inner surface of the natural femur.

Most research on the mechanical characterization of
bone has focused on material retrieved from animals and
humans [5-19]. Various techniques have been used to
characterize the mechanical properties of bone such as
tensile tests, bending tests, microindentation tests and
nanoindentation tests. The majority of the research to date
has either focused on cortical bone or cancellous bone,
whilst little attention has been paid to woven bone. In this
study, immature woven bone was produced on the surface
of Ti6Al4V by osteoblasts in vitro. The individual pieces
of bone successfully formed on titanium in vitro are
typically less than 3 mm in length with a thickness below
50 um. To assess mechanical properties at such a small
scale, nanoindentation techniques are the only viable
approach. Nanoindentation techniques can probe
mechanical properties at various scales (ranging from
nanoscale to microscale) and provide a ‘finger print’ of
the materials response [20, 21]. In order to identify the
local structure, a nanoindenter with in situ AFM was used
in this study which allows the measurement of local
material properties in small, thin and heterogeneous
samples which vary significantly due to the localized
microstructure (e.g. [22]).
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2 Materials and methodology
2.1 Surface topography of the scaffold

Foils and sheets of titanium alloy (Ti6Al4V, Goodfellow)
were polished by silicon carbide polishing paper. The
samples were then cleaned using ethanol. The surface
topography of the titanium alloy (Ti6Al4V) was analyzed
by optical profilometry and atomic force microscopy
(AFM).

2.2 Cell culture

Sprague-Dawley rat osteoblasts were isolated from the
calvariae of 3-day-old neonates by sequential enzymatic
digestion as described previously [23]. Cells were then
cultured in Dulbecco’s modified eagle medium (DMEM)
with 100 U/ml Penicilin, 100 pg/ml streptomycin, 2 mM
L-Glutamine and 10% (v/v) fetal calf serum (FCS) (all
Sigma) at 37°C. Cells were plated onto the surface of the
Ti6Al4V at a density of 80,000 cells/ml. The culture media
was then exchanged after 48 h to include 5 mM f-glyc-
erophosphate (Sigma), 100 pg/ml r-ascorbic acid phos-
phate (Wako Ltd) and 10 nM dexamethasone (Sigma) to
induce osteoblastic differentiation over a period of 35 days.
The osteogenic media was exchanged every 3 days.

2.3 Morphology and composition of the bone

At the end of the culture period, samples were washed
twice with PBS and fixed with 4% (w/v) paraformaledhyde
in PBS. The mineralised matrix was then stained by
Alizarin red staining for better visualisation. The mor-
phology and microstructure of the bone was characterized
by environmental scanning electron microscopy (ESEM)
and atomic force microscopy (AFM). Energy dispersive
X-ray (EDX) was adopted for the chemical composition
analysis.

2.4 Nanoindentation

A Hysitron Triboindenter® (Minneapolis, MN, USA)
which has excellent load control capability in the uN load
range and high spatial resolution (<10 nm) was used to
perform the nanoindentation tests. This system has the
capability for in situ AFM which is essential to characterize
heterogeneous materials such as bone. The surface was
scanned prior to the tests and the indenter was carefully
located on the calcospherulite crystals or the more mature
crystal structures which results from the agglomeration of
the calcospherulite crystals. Figure 1 shows the AFM
images of the calcospherulite and representative regions
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Fig. 1 A representative region of the tissue engineered bone with
abundant calcospherulite grains where indents were made

where the indents were located. The average calcospheru-
lite particle is around 800 nm in diameter (which is similar
to what is observed in natural bone [24]). As the calc-
ospherulite is a representative element of the bone, it is
desirable to maintain the deformation within one grain. To
constrain the deformation (at least the plastic deformation)
within an individual particle, the penetration should be less
than 150 nm. However, at low penetration the surface
roughness becomes an issue. To obtain a reasonable eval-
uation of the elastic modulus or hardness, the penetration
should be at least five times bigger than the roughness. The
roughness values for the selected regions (e.g. the sub-
regions highlighted in Fig. 1) is 15-20 nm, respectively.
Therefore, in this study, a maximum penetration of 100 nm
was adopted.

2.4.1 Quasi-static indentation

For materials which may display time-dependent behav-
iour, displacement control is preferred as is the case in this
study. More details about the advantages of displacement
control tests can be found in [21, 25, 26]. In this study, the
maximum penetration is set at 100 nm with a loading rate
of 20 nm/s and a holding period of 5 s at peak load.
Around 65 indentation tests were manually performed on
selected sample regions.

The elastic modulus and hardness can be determined by
the Oliver and Pharr method based on the load-displace-
ment curves generated [27]. For the Poisson’s ratio, a value
of v = 0.25 is assumed for the bones tested here.
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2.4.2 Dynamic measurement analysis

The Hysitron Triboindenter also features the dynamic
measurement analysis mode, which utilizes small ampli-
tude sinusoidal loading concurrent with the quasi-static
loading. This is useful to test materials that display vis-
coelastic behaviour [28]. Three parameters can be directly
measured: (1) the storage modulus, E': which is related to
the elastic properties of the material or the energy recov-
ered after indentation; (2) the loss modulus, E": related to
the viscosity of the material or the energy lost during
indentation and (3) fand: the difference of phase between
stress and the strain.

The value of Young’s modulus (E) is approximately
given by,

|E| = + /E? 4 E'" (1)

In this study, the varying dynamic load mode is used and
the maximum static load is fixed at 200 uN with loading
rate of 40 uN and frequency of 10 Hz. The oscillation load
amplitude is 2 pN.

3 Results
3.1 Bone morphology

The surface of the titanium alloy was entirely covered by
cells within the first few days. After 7 days, groups of cells
had begun to pile up into structures that were the precursor
to mineralised matrix deposition (data not shown). After
35 days discrete bone-like nodules were visible to the
naked eye on the surface of the titanium alloy substrate.
ESEM analysis of the surface (Fig. 2a) reveals that the
bone-like matrix has formed. It can be seen that the bone
nodules have formed as elongated islands and micropores
are present on the bone surface. The spherical shape
crystals, the so-called calcospherulite [24] which contain
protein, mineral and phospholipids, are also observed in
ESEM images (Fig. 2b). EDX analysis of the deposited
matrix reveals high concentrations of Ca and P (Fig. 3),
which indicate that mineralization has taken place. The
measured ratio of Ca/P is 1.67, which agrees with values
for hydroxyapatite, the mineral component of bone.

3.2 Nanomechanical properties

3.2.1 Quasi-static nanoindentation analysis

As explained previously, Young’s modulus and hardness
values were assessed at 100 nm maximum depth under

displacement control in this study. Although it is chal-
lenging to apply the Oliver and Pharr (O&P) method to

Fig. 2 ESEM images of the tissue engineered bone grown on Ti alloy
scaffold for a general view and b fine microstructure at high
magnification

materials which show viscoelastic (or viscoplastic) prop-
erties, it is still a good approximation if the experimental
procedure is well-designed. The average apparent Young’s
modulus and hardness values obtained by the O&P method
are 2.35 £ 0.73, 0.41 £ 0.15 GPa, respectively. The
measurement error is standard deviation. As the minera-
lised matrix has a heterogeneous structure, it is important
to know the distribution of the determined values. The
statistical distribution of the apparent Young’s modulus
and hardness values were thus plotted in Fig. 4. It can be
seen that the Young’s modulus value is most likely to fall
within the range of 2 to 2.5 GPa which is slighter higher
that that of mineralised pure type 1 collagen derived from a
rat tail measured using similar tests [29]. This is a rea-
sonable value compared to what is reported in [30].

In addition to the determination of the elastic modulus
and hardness, the recorded load-displacement curve
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Fig. 3 EDX spectrum of the bone deposited on the titanium alloy
scaffold in this study
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Fig. 4 The statistical distribution of the apparent a Young’s modulus
and b hardness determined by the O & P method [27]

associated with the indentation cycle gives a mechanical
fingerprint of the indentation history. Figure 5 displays a
group of load-displacement curves obtained in a 10 x
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Fig. 5 A group of typical load-displacement curves at 100 nm load
control

10 pum area. All of them show a significant load drop
during the holding period which is due to creep or visco-
elastic behaviour. Some curves clearly show a surface
effect in the initial loading region which is possibly due to
the localized surface morphology. Different overall load
bearing capacity also results from local composition vari-
ations (e.g. the distribution of the protein and mineraliza-
tion and substructure).

3.2.2 Dynamic mechanical analysis

Figure 6 displays representative results from the dynamic
mechanical measurements performed by the same nano-
indenter. An indentation size effect is clearly observed
similar to what is reported for natural bone which is due to
its heterogenous structure, non-uniform composition and
surface roughness [31]. The storage modulus is much
bigger than the loss modulus. The Young’s modulus from
dynamic mechanical analysis (DMA) in the nanoindenter
(using Eq. 1) is consistent with what is obtained from the
quasi-static indentation tests at 100 nm displacement con-
trol in the previous section. The phase difference is around
0.18 which is not negligible. This is supporting evidence of
the viscoelasticity of some components within the bone.

4 Discussion

As woven bone contains coarse collagen fibres oriented in
an irregular fashion, the mechanical properties of woven
bone are more isotropic than those of lamellar bone at the
macroscale. Therefore, the anisotropic behaviour well-
addressed in the literature for cortical and cancellous bone
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Fig. 6 Elastic modulus, storage modulus, and loss modulus deter-
mined by DMA at range of penetration depths

is not a big issue for the woven bone. However, for indi-
vidual calcospherulite regions, anisotropy may be a factor
which affects the histogram of the measured mechanical
properties. The determined elastic modulus here is around
8 times higher than that from a femur harvested from a
female Sprague-Dawley rat measured by tensile testing
[32]. The reason for this is that the tests have been done at
dramatically different length scales. In the tensile test, the
mechanical response is predominately controlled by the
macro/mesoscale structure (such as pore density, ratio of
trabecular bone over compact bone, etc.).

The elastic modulus of woven bone in rat fractured callus
was reported to be 0.201 £ 0.2 GPa with data spanning
from 0.026 to 1.01 GPa for 41 indentations [33]. However,
the woven bone measured in [33] is moist which will sig-
nificantly reduce its stiffness. The localized surface features
and indentation size can also contribute to the difference
because the maximum penetration used in [33] is over
1000 nm which is much bigger than the 100 nm in this
study. Furthermore, the location where the indentation is
made in [33] is only selected by reflected light microscopy
which is blind to the localized features and microstructure
visible by AFM which may account for the big variance in
the measured Young’s modulus. However, in this study, it
was ensured that each individual indentation was made on
the calcosperulite crystal structure which is the represen-
tative element for dry woven bone. The value of the elastic
modulus measured here agrees well with those reported for
tissue engineered bone from a similar initial rat osteoblast
cell formed on polystyrene (~2 GPa) and titanium coated
polystyrene (~4 GPa) [30]. The hardness obtained in this
study is a few times bigger than the bone formed on poly-
styrene (~0.03 GPa) and titanium coated polystyrene

(~0.09 GPa) in vitro [30]. The difference arises from the
maturity of the bone due to the different culture conditions
and the properties of the substrate. Again, measurement at
different length scales is another issue.

It is necessary to point out that the length scale of the
current tests (around 100 nm penetration) is commensurate
with the dimensions at which individual cells interact with
the extracellular environment. Understanding the mechan-
ical properties of bone at this scale is important as it can
give us an insight into the likely role that substrate con-
formity plays in the control of cell behaviour. The elastic
modulus and hardness of a surface has been shown to play
a crucial role regulating the activity of several cell types
[34, 35]. This is achieved through cell—extracellular
matrix (ECM) interactions that are of the size to the
indentation contact length scale in this study. Bone matu-
rity and the mechanical properties at such length scales
may reflect the strength of interaction between the cell and
ECM.

5 Conclusions

It was found that bone nodules formed as elongated islands
on Ti6Al4V. The bone formed is woven bone as indicated
by microstructural analysis. This paper reports the first
direct measurement of the mechanical properties of tissue
engineered woven bone deposited on a titanium alloy
scaffold. It demonstrates that nanoindentation with in situ
AFM imaging is very useful to identify and characterise the
small features in bone which is not easily achievable by
other techniques. The surface topography of sub-regions,
heterogeneous microstructure, anisotropy (local grain ori-
entation) and inhomogeneous composition lead to a sta-
tistical distribution of the measured Young’s modulus and
hardness. The average value of the Young’s modulus is
consistent with what is expected for woven bone in a rat.
The hardness values are also reasonable for this type of
bone. Dynamic mechanical analysis during nanoindenta-
tion can determine the viscoelastic properties of this tissue
engineered bone. In this study, it confirms that the cell
culture conditions used here yield similar bone structure
and Ca/P ratio to natural bone. This is very encouraging
and is driving further work on the optimised titanium alloy
surface treatment and cell culture conditions for bone
growth.

The measured mechanical properties such as elastic
modulus and hardness of the bone formed in vitro strongly
depend on the length scale, the state of the bone (dehy-
drated or hydrated), the properties of the scaffold, its
composition and localized microstructure. Testing proto-
cols must be used to give contact at similar length scales if
comparative studies are to be undertaken.
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