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Abstract The aim of the present investigation was to

study the effects of mechanical strain on the orthopedic

biomaterial Ti–6Al–4V-osteoblast interface, using an in

vitro model. Homogeneous strain was applied to Human

Bone Marrow derived Osteoblasts (HBMDOs) cultured on

Ti–6Al–4V, at levels which are considered physiological,

by a four-point bending mechanostimulatory system. A

simple model for the estimation of maximum hydrodynamic

shear stresses developed on cell culture layer and induced by

nutrient medium flow during mechanical loading, as a

function of the geometry of the culture plate and the load

characteristics, is proposed. Shear stresses were lower than

those which can elicit cell response. Mechanical loading

was found that contributes to the regulation of osteoblast

differentiation by influencing the expression of the osteo-

blast-specific transcription factor Cbfa1, both at the mRNA

and protein level, and also the osteocalcin expression,

whereas osteopontin gene expression was unaffected by

mechanical loading at all experimental conditions.

1 Introduction

All cells experience and respond to intracellular and

extracellular mechanical stimuli [1, 2]. In response to these

stimuli they are modifying their rate of division, death,

differentiation, movement, signal transduction, gene

expression, secretion, and endocytosis [2, 3]. Mechanical

signals play an essential role in both normal and patho-

logical development of a variety of tissue types, including

bone [4]. The capacity of bone tissue to alter its mass and

structure in response to mechanical demands has long been

recognized [5].

In vitro studies led to the conclusion that the response

of mechanically stimulated osteoblasts depends on strain

kind, magnitude, frequency and time course. Several

studies indicate that osteoblastic cells respond to physical

loading by transducing signals that alter gene expression

patterns. In specific, Core-binding factor alpha 1 (Cbfa1)

mRNA has been found to increase dramatically in osteo-

blastic cells after 0.5 h of continuously applied mechanical

stretching [6]. Mechanical loading of osteoblasts or

osteoblast-like cells has generally shown controversary

results regarding osteocalcin (OC) gene expression and

protein synthesis [7–11]. Studies from different research

groups have confirmed that the osteopontin (OPN) gene

expression is unaffected by longitudinal strain but is very

sensitive to oscillating fluid flow [12–15].

Cellular responses are also material dependent, demon-

strating that the substrate material has a definitive influence

on cell behaviour [16, 17]. The strong influence of the solid

microenvironment on bone cell behaviour and function

complicates the study of bone cell mechanotransduction

mechanisms. Osteoblasts attached on different surfaces

express variable responses to mechanical stimulation.

Human osteoblasts or osteoblast-like cells cultured on
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bioceramics covered Ti–6Al–4V and subjected to mechan-

ical strains have shown different responses in terms of

morphology, DNA synthesis, lactate dehydrogenase (LDH)

release, alkaline phosphatase (ALP) activity, osteocalcin,

collagen and total protein synthesis, in relationship with the

ceramic coating [18, 19].

Moreover, mechanical stress has to be taken into

account in the osseointegration process of orthopedic and

dental implants, since their implantation in the host bone

assumes that they will be subjected to mechanical loading

[18]. Understanding the mechanisms of load transduction

at the tissue/implant interface and the conversion of

mechanical information into biochemical responses by

osteoblasts, will provide new insights in elucidating the

role of mechanical loading in the osseointegration process

of bone implants. Numerous studies examining the in vitro

cellular response to strain have included a variety of

mechanisms to produce strain [20, 21]. Cell loading sys-

tems, based on the four-point bending principle, result in

homogeneous strain application to the whole cell popula-

tion [22–25]. However, when dynamic rather than static

inputs are involved in culture mechanostimulation experi-

ments, motion of the substrate induces motion of the

overlying liquid nutrient medium. In turn, motions of the

nutrient medium occur in association with two categories

of dynamic fluid stresses: shear stresses arising in concert

with fluid velocity gradients, and normal stresses arising in

concert with fluid pressure and acceleration. The reactive

fluid stresses, developed upon the culture layer in mecha-

nostimulation experiments, may seriously confound data

interpretation depending on the specifics of experimental

parameters and study design. Thus, the characterization of

the nature of these reactive fluid stresses is necessary.

Brown et al. [26] developed computer models for the cal-

culation of nutrient medium flow fields for two cell culture

mechanostimulatory systems.

Mechanical loading of cells in vitro has proven to be a

very useful tool in understanding the underlying mecha-

nisms of load transduction at the tissue/implant interface

[16]. The selection of the cell culture model, the loading

conditions, the cell culture substrate and the mechano-

stimulatory system used in this kind of studies are very

important factors for the significance of the experimental

data from the clinical point of view. Moreover, the char-

acterization of the mechanical loading system is mandatory

since strain and/or fluid movement may activate different

signalling pathways.

The aim of the present study was to investigate the

effects of mechanical strain on the orthopedic biomaterial

Ti–6Al–4V/osteoblast interface in terms of differentiation

marker genes expression, shortly after the application of

mechanical stimuli, at small deformations and frequencies

of the daily living activities. Gene expression of the

osteoblast-specific transcription factor Cbfa1, the most

osteoblast-specific gene osteocalcin, and the fluid-shear

sensitive gene osteopontin have been studied, as function

of strain frequency, magnitude and time interval. Homo-

geneous strain has been applied by a custom made device,

based on the four-point bending principle, to HBMDOs

cultured on Ti–6Al–4V, at levels which are measured

experimentally on the external surface of bones and are

regarded as physiological, and on the basis of estimated

deformation on hip stem prostheses [19, 27–29]. In order to

characterize the nutrient medium flow field during strain-

ing, a simple model for the estimation of maximum

hydrodynamic shear stresses developed in culture cells

strained in the four point bending device, as a function of

the geometry of the culture plate and the load character-

istics, is proposed.

2 Materials and methods

2.1 Biomaterial

A sheet of Ti–6Al–4V was obtained by TIMET (Savoie

S. A., France) (Fig. 1, TAV). The titanium alloy had the

following composition based on the manufacturer’s heat

chemical analysis (wt.%): Fe 0.127, V 3.927, Al 6.107,

C 0.023, O 0.168, N 0.005. Mean mechanical properties

were as follows: 0.2% yield stress (MPa): 947, ultimate

tensile strength (MPa): 1043, elongation of 50 mm (%):

19.

2.2 Ti–6Al–4V surface preparations

The surface of Ti–6Al–4V was first wet-ground through

1200 grit silicon carbide (SiC) abrasive paper, degreased in

acetone and rinsed with double distilled water (ddH2O). It

was further cleaned in 50% phosphoric acid for 30 min,

and rinsed again with ddH2O. The surface was passivated

with nitric acid, at room temperature, for 20 min and after

this step it was thoroughly rinsed in ddH2O and air dried

[30, 31].

To create cell culture wells on the biomaterial’s surface,

conventional tissue culture dishes (greiner bio-one, cellstar,

60/15 mm) have been used. The bottom of the dishes was

removed with a hot blade and the resulted plastic rings

were attached on the Ti–6Al–4V surface using a silicone

adhesive (Silicone Rubber Adhesive Sealant, GE Silicones,

Holland) (Fig. 1, S, C). The silicone was allowed to cure at

ambient conditions for 72 h and the surface was sterilized

with 100% ethanol, air-dried into a laminar flow cell cul-

ture hood, exposed under ultraviolet light for 24 h and

conditioned with a-MEM in a cell culture incubator until

use [22].
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2.3 Cell culture

Human bone marrow stromal cells (hMSCs) which were

obtained by aspiration from the femoral diaphysis of

patients undergoing total hip replacement surgery were

used in this study. From each donor, a single-cell suspen-

sion was prepared by repeatedly aspirating the cells

successively through 19 and 21-gauge needles. To induce

osteogenic differentiation, cells were cultured in alpha-

Minimal Essential Medium (a-LEL, Biochrom KG, ser-

omed, Berlin), with 10% fetal bovine serum (FBS,

Biochrom), supplemented with 2.5 lg/ml amphotericin B

(Biochrom), 50 lg/ml gentamycin (Biochrom), 10-8 M

dexamethasone (Sigma Aldrich), 1.5 mM b-glycerophos-

phate (Sigma) and 50 lg/ml ascorbic acid (Sigma) The

cells were incubated under a humidified 5% CO2/air

atmosphere at 37�C until confluent, detached by incubation

with 0.25% trypsin (Biochrom) and passaged. Medium was

changed every 3 days. Before the seeding of the osteoblasts

on the cell culture wells, created on the Ti–6Al–4V surface,

the osteoblastic differentiation was checked by staining for

alkaline phosphatase activity (ALP), and calcification,

using histochemical methods [32]. Cells of the second to

the fourth passage were used for the experiments, seeded at

a concentration of 105 cells/cm2 on the biomaterial and

allowed to attach for 72 h before the application of strain.

Cell cultures were tested periodically and found to be

mycoplasma-free.

2.4 Mechanical stimulation

The cell-loading system used in this study applies four-

point bending on a sheet of Ti–6Al–4V (Fig. 1, TAV).

The device is composed of an aluminum alloy base

(Fig. 1a), two arched bars (Fig. 1b) and a frame

(Fig. 1c), a cam (Fig. 1d) and an electrical motor

(Fig. 1e). The Ti–6Al–4V sheet with the culture wells

rests on the two arched bars and is loosely screwed with

four pins to the frame which is connected to a cam. The

cam is connected to an electrical motor (AC/DC current

gear motor) which in turn is connected to an adjustable

voltage regulator unit. HBMDOs were subjected to two

different strain magnitudes (500, 1000 le), at frequencies

of load application of 0.5 and 1 Hz, for time periods of

1.5, 3 and 6 h.

2.5 Characterization of the strain device

2.5.1 Characterization of the strain loading profiles

Strain loading profiles have been determined by uniaxial

strain gages (KFG-10-120-C1-11L1M2R, KYOWA, Japan,

10 mm length, 119.6 ± 0.4 X resistance and 2.11 ± 1.0%

gage factor) mounted on the biomaterial sheet (Fig. 2b).

The strain gages were connected to a KYOWA quarter

bridge amplifier. The analogue signal output was converted

to a digital signal, through an A/D card (KYOWA data

logging system UCAM-10A) (Fig. 2a).

2.5.2 Estimation of nutrient fluid flow induced

shear stress in culture wells

The derivation of the model for the estimation of maximum

hydrodynamic shear stress in culture wells strained in a

four-point bending device is based on the assumption

(supported by experimental observations) that the fluid free

surface remains at all times flat and horizontal, in agree-

ment with the assumption of negligible inertial forces used

in previous estimations [33]. Fluid circulation is the result

of internal fluid movements, which balance hydrostatic

pressure changes due to substrate deformation. Maximum

shear is observed at locations half a radius away from the

well centre in the long direction of the oscillating plate,

where a sinusoidal oscillating flow is established, with

cross sectional average velocity:

Ux average ¼
3rpdmaxf sin 2pftð Þ

32h0

Fig. 1 Photograph of the mechanostimulatory cell culture system

used in this study into a cell culture incubator. The device was

composed of an aluminum alloy base (a), two arched bars (b), a frame

(c), a cam (d) and an electrical motor (e). The Ti–6Al–4V plate (TAV,

C), shown under the strain device, was prepared in the exact same

manner as the one used in the device (TAV, S) and was the non-

strained control. A near uniform surface strain field was generated

across the inner span of the bended Ti–6Al–4V foil
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where r is the culture well radius, dmax the maximum

deflection at cell wells’ edge, f the loading application

frequency and h0 the well filling depth.

Using this as the forcing velocity in the oscillating wall

problem (second Stokes problem [34]) the maximum shear

stress is obtained as (see appendix)

s0;max ¼ 0:1326
q
ffiffiffi

v
p

rdlmax pfð Þ3=2

h0

where m is the kinematic viscosity and q the density of the

fluid (Fig. 3).

2.6 Gene expression analysis by semi-quantitative

RT-PCR

Total RNA was extracted from osteoblasts after mechani-

cal loading at the strain magnitude of 500 or 1000 le, at 0.5

or 1 Hz, after 1.5, 3 and 6 h, using the Total RNA Isolation

NucleoSpin RNA II kit (Macherey-Nagel, Germany).

About 150 ng of total RNA from each control and loaded

culture were used as a template for reverse transcription.

Fig. 2 a Typical strain versus

time profile. Data collected

from uniaxial strain gages at the

highest strain level used in this

study (1000 le) display a

sinusoidal wave form and

represent positive tensile strains.

b Image of four strain gages

(A, B, C, D) mounted on the top

surface of the Ti–6Al–4V sheet

Fig. 3 The calculated maximum shear stress developed in a circular

culture well with d = 60 mm placed on the Ti–6Al–4V sheet, and

subjected to four-point bending as a function of load application

frequency and strain
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RT-PCR reactions were carried out using the OneStep RT-

PCR kit (QIAGEN). Specific oligonucleotide primers were

designed by PC-Gene and OLIGO software, and obtained

from the MWG-Biotech AG (Germany). The oligonu-

cleotide sequences were the following: Cbfa1F1: 50-TGTA

GATCCGAGCACCAGCC-30, Cbfa1R1: 50-CTTACCTT-

GAAGGCCACGGG-30, OCF1: 50-ATGAGAGCCCTCAC

ACTCCTC-30, OCR1: 50-CTAGACCGGGCCGTAGAA

GCG-30, OPNF1: 50-CCAAGTAAGTCCAACGAAAG-30,
OPNR1: 50-GGTGATGTCCTCGTCTGTA-30, GAPDHF1:

50-CTGCACCACCAACTGCTTAGC-30, GAPDHR1: 50-
AAGTCAGAGGAGACCACCTGG-30. The primers for

GAPDH were designed on different exons. Amplification

was carried out in a thermocycler (Peltier PTC-200) for the

optimal number of 33 cycles. The program of the thermal

cycler was as follows: 50�C for 30 min, 95�C for 15 min,

followed by a 3-step cycling with denaturation at 95�C,

annealing, and extension at 72�C. Specific conditions for

the studied genes were as follows: Cbfa1: 35 s, 60�C, OC:

30 s, 58�C, OPN: 30 s, 50�C, GAPDH: 45 s, 57�C. After

completion of the RS-PCR, samples were analyzed on

2.5% agarose-ethidium bromide gels and visualized under

ultraviolet illumination (Figs. 4 and 5). The densitometric

value of the RT-PCR product detected with ethidium

bromide was determined using Kodak Electrophoresis

Documentation and Analysis System (EDAS) 120 (Kodak

Digital Science). The reproducibility of the sqRT-PCR

experiments was confirmed by repeating each reaction 3

times. Changes in band densitometry were quantified and

expressed as percentage relative to the static controls

(100%) after normalization with GAPDH expression,

according to the formula presented by Di Palma et al. [19].

The percentages quoted are average changes (±SD) of

three independent experiments and are summarized

graphically (Figs. 6 and 7).

Fig. 4 Semi-quantitative RT-PCR analysis of mRNA expression of

Cbfa1 and OC genes. Effects of mechanical loading on the mRNA

expression of Cbfa1 and OC in HBMDOs cultured for 1.5, 3 and 6 h

on a Ti–6Al–4V substrate as assessed by sqRT-PCR. GAPDH mRNA

amplification was included as an internal control and as a measure of

RNA integrity. Representative image of sqRT-PCR products visual-

ized under UV light after electrophoresis in a 2.5% agarose ethidium

bromide gel. The frequency of the mechanical loading and the strain

magnitude was a 0.5 Hz, 500 le, b 0.5 Hz, 1000 le, c 1 Hz, 500 le,
d 1 Hz, 1000 le. Each experiment was run in triplicate. Strained (S)

and unstrained (C) cultures were performed in parallel

Fig. 5 Semi-quantitative RT-PCR analysis of OPN mRNA expres-

sion. Effects of mechanical loading on the OPN mRNA expression in

HBMDOs cultured for 1.5, 3 and 6 h on a Ti–6Al–4V substrate as

assessed by sqRT-PCR. GAPDH mRNA amplification was included

as an internal control and as a measure of RNA integrity. Represen-

tative image of sqRT-PCR products visualized under UV light after

electrophoresis in a 2.5% agarose ethidium bromide gel. The

frequency of the mechanical loading and the strain magnitude was

a 0.5 Hz, 500 le, b 0.5 Hz, 1000 le, c 1 Hz, 500 le, d 1 Hz,

1000 le. Each experiment was run in triplicate. Strained (S) and

unstrained (C) cultures were performed in parallel
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3 Results

3.1 Characterization of strain loading profiles

The cell loading system used in the present study permitted

the application of well-characterized cyclic strain to

HBMDOs cultured on Ti–6Al–4V. Typical strain versus

time profile of maximum deflection of the Ti–6Al–4V

sheet (1000 le) is shown in Fig. 2a. Measurements were

collected from uniaxial strain gages mounted on the top

surface of the biomaterial during cyclic loading (Fig. 2b).

Fig. 6 Semi-quantitative RT-PCR analysis of mRNA expression of

Cbfa1 gene. Band densitometry was quantified for Cbfa1 and

GAPDH. Diagrams a–d show the relative Cbfa1 gene expression of

the strained osteoblasts (gray columns ■) (% of their respective 100%

unstrained controls (black gray columns ■)) after normalization of the

bands based on GAPDH internal control expression, according to the

formula presented by Di Palma et al. [19]. Data were collected from

three independent experiments and the mean values with SDs are

presented. a 0.5 Hz, 500 le, b 0.5 Hz, 1000 le, c 1 Hz, 500 le, d
1 Hz, 1000 le

Fig. 7 Semi-quantitative RT-PCR analysis of mRNA expression of

OC gene. Band densitometry was quantified for OC and GAPDH.

Diagrams a–d show the relative osteocalcin gene expression of the

strained osteoblasts (gray columns ■) (% of their respective 100%

unstrained controls (black gray columns ■)) after normalization of the

bands based on GAPDH internal control expression, according to the

formula presented by Di Palma et al. [19]. Data were collected from

three independent experiments and the mean values with SDs are

presented. a 0.5 Hz, 500 le, b 0.5 Hz, 1000 le, c 1 Hz, 500 le, d
1 Hz, 1000 le
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The data show a sinusoidal wave form and represent

positive tensile strains. Differences smaller than 10% in

strain values obtained from the two strain gages in the

homogeneous strain area were observed (Fig. 2a).

3.2 Nutrient flow induced shear stresses

Figure 3 displays the calculated maximum shear stress

developed in a circular culture well with d = 60 mm,

placed on the Ti–6Al–4V sheet (as it is shown in Fig. 1),

and subjected to four-point bending as a function of load

application frequency and strain. The maximum stress

increases quickly with increasing strain and frequency. The

peak shear stress value was estimated as 0.019 dyn/cm2 and

it was observed at locations half a radius away from the

centre of the cell culture well in the long direction of the

oscillating plate, for strain magnitude of 1000 le and

frequency 1 Hz.

3.3 Expression of Cbfa1, osteocalcin and osteopontin

genes

The mRNA expression of Cbfa1, osteocalcin and osteo-

pontin genes has been studied by sqRT-PCR for the

maximum time interval of 6 h. The DNA amplification

products of Cbfa1 (375 bp), OC (303 bp), and OPN

(347 bp) were analyzed and normalized to the expression

of the housekeeping gene glyceraldehyde-3-phosphate

dehydrogenase, GAPDH (405 bp).

It has been observed that the most stimulating condition

for Cbfa1 mRNA expression was that of 0.5 Hz, 500 le,
3 h (Figs. 4a and 6a). Mechanical loading at 500 le seems

to have a more profound effect on Cbfa1 mRNA expres-

sion compared to the higher mechanical stimulation at

1000 le (Figs. 4a–d and 6a–d).

Interestingly, it has been shown that the highest level for

osteocalcin mRNA expression was achieved at 0.5 Hz,

500 le, 3 h, corresponding to the higher expression level of

Cbfa1 (Figs. 4a and 7a).

Finally, osteopontin gene expression was unaffected

by mechanical loading at all experimental conditions

(Fig. 5).

4 Discussion

The environment of the prosthetic materials is dynamic

after implantation and mechanical deformations at the cell-

implant interface have to be considered in understanding

and predicting the short- and long-term integration of bone-

replacing implants. Numerous studies examining the in

vitro cellular responses to strain have been performed, using

a variety of mechanisms to produce strain. On the contrary,

very few works have studied the response of cells growing

on substrates which are typical for orthopedic prosthesis.

Cellular responses are material dependent and it has been

shown that the substrate material has a definite influence on

cell behaviour [17, 18, 35]. Ti–6Al–4V is the biomaterial of

choice for the construction of hip implants. Osteoblastic

cells grown on Ti–6Al–4V, under cyclic strain, at physio-

logical levels have been found that increased their

proliferation and total protein synthesis, whereas alkaline

phosphatase activity and osteocalcin concentration were

decreased [22, 36]. Opposite results have been found by Di

Palma et al. [35]. Mechanical straining at 600 le and

0.25 Hz, of osteoblast-like cells on Ti–6Al–4V, stimulated

alkaline phosphatase activity by 25–30%, but had no effect

on cell growth. In the present investigation the pattern of

gene expression for Cbfa1, OC and OPN has been studied

by sqRT-PCR, in HBMDOs growing on the major ortho-

pedic alloy of titanium, Ti–6Al–4V, shortly after the

application of mechanical strain, at physiological levels, for

the maximum time interval of 6 h.

Typical strains measured on the surface of human tibial

bone in vivo during vigorous activity were up to 2,000

microstrain (le) or 0.2% deformation and they can be

considered as physiological [37]. The lower levels of the

considered as physiological range of strain were used in

this study. Frequencies of 0.5 and 1 Hz have been applied

as they are considered dominant frequencies of activities of

daily living [38, 39].

In this work, the bone marrow donors have undergone

total hip replacement. Thus, the use of osteoblasts of pri-

mary cultures ensured that the cell-biomaterial interaction

was assessed using the cells which will react in vivo with

the prosthesis. Many studies use cell culture systems of

non-human origin, tumor cell lines or they exploit cells

which are not opposed to orthopedic implants in situ.

The use of the four point bending principle for the design

and construction of the mechanostimulatory cell culture

system permitted the homogeneous application of charac-

terized cyclic strains to the whole population of osteoblastic

cells. Variations observed in measured strain values from

strain gages mounted on symmetric positions on the top of

the Ti–6Al–4V surface were attributed to the subtle mis-

positioning of the plate on the arched bars, the pins which

connect the Ti–6Al–4V sheet to the aluminum frame and

the cam, the alignment of the strain gages, and the subtle

variations in the thickness of the plate [22] (Fig. 2a).

Cbfa1 can directly stimulate transcription of osteoblast-

related genes such as those encoding osteocalcin, type I

collagen, osteopontin and collagenase 3 [40] and is con-

sidered a focal point for integration of a variety of signals

affecting osteoblast activity [41]. These signals include

information about the extracellular matrix environment

as detected through integrin-extracellular matrix (ECM)
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interactions and hormone/growth/differentiation factor

levels in the extracellular milieu. It has been shown that

low level stretching of human osteoblastic cells or stromal

cell lines directly up-regulates the expression and DNA

binding activity of Cbfa1, providing a molecular link

between mechanostressing and stimulation of osteoblast

differentiation [6, 40, 41]. This up-regulation of Cbfa1

mRNA was followed by an increase in Cbfa1 protein [6].

No change in the mRNA levels of Cbfa1 has been observed

after the stimulation of marrow stromal cells (MSCs) with

oscillating fluid flow [13]. It should be noticed that all of

these studies use either non-physiologic levels of strain,

cell culture substrates of non-orthopedic materials, cell

lines, or they study late responses of mechanical strain.

In the present investigation it has been observed that the

most stimulating condition for Cbfa1 mRNA expression

was that of 0.5 Hz, 500 le, 3 h (Figs. 4a and 6a).

Mechanical loading at 500 le seems to have a more pro-

found effect on Cbfa1 mRNA expression compared to the

higher mechanical stimulation at 1000 le (Figs. 4a–d and

6a–d). This is in accordance with previous studies and our

finding (data not shown) that osteoblastic cells which

receive the most intense stretching (1 Hz and 1000 le)
secrete the lowest stimulatory activity [22, 24, 42, 43].

The osteocalcin gene is the only truly osteoblast-specific

gene, expressed only by fully differentiated osteoblasts [44].

Dynamic mechanical stretching of osteoblasts or osteoblast-

like cells on silicone substrates, at physiological strain

levels, generally resulted in increased osteocalcin gene

expression and protein synthesis [7–11, 45] with some

exceptions being reported [42]. Osteoblasts cultured on

orthopedic biomaterials display differentiated response

when strained. Osteocalcin secretion was not affected by

mechanical strain of osteoblasts on alumina-coated titanium

alloy [19]. In the present investigation, sqRT-PCR analysis

showed that osteocalcin gene expression increased at

0.5 Hz, 500 le, 3 h, in correspondence to the higher

expression level of Cbfa1 (Figs. 4a and 7a). On the contrary,

Lewandowska-Szumiel et al. [36] found that osteocalcin

concentration was significantly decreased in osteoblasts

cultured on Ti–6Al–4V substrate and subjected to cyclic

elastic strain of 1000 le. The loading frequency in this latter

work was 11 Hz. Mechanical loading, by four point bend-

ing, with the system used in our study at 11 Hz has been

calculated to induce shear stresses by the nutrient medium

fluid flow 36 times higher than those induced by mechanical

loading of 1 Hz for the same strain (1000 le). This finding

suggests that the contribution of shear stress to the cellular

responses observed in that study, compared to that of stretch,

was much more significant. Given that the cell response is

proportional to shear stress [46], the decreased osteocalcin

concentration might be due to shear stress rather than to

stretch. This was supported by the nitric oxide secretion in

the culture which was subjected to straining but not in the

control culture. It was also consistent with the findings of

Bannister et al. [47], that after 1 h of exposure to shear,

osteocalcin levels were reduced in culture.

It has been reported that Cbfa1 does not up regulate

osteocalcin gene expression at early stages but does so at a

late stage of osteoblast differentiation in vivo and in vitro

[40, 48]. In the present investigation, sqRT-PCR analysis

showed that osteocalcin gene expression increased at

0.5 Hz, 500 le, 3 h, in correspondence to the higher

expression level of Cbfa1 (Figs. 4a and 7a).

Studies from many different research groups have

confirmed that osteopontin expression increases at supra-

physiological substrate strain (higher than 3000 le) and it is

very sensitive to fluid shear [7, 12, 49–52]. Osteopontin

exerts various physiologically and pathologically important

functions in vitro and in vivo: cell adhesion, migration,

survival, angiogenesis, tumorigenesis, metastasis, immune

responses, wound healing, host defence, and inhibition of

complement-mediated cell lysis [53]. No change in osteo-

pontin mRNA level in response to 0.5% strain at 1 Hz has

been observed. In contrast, oscillating fluid flow predicted

to occur in the lacunar-canalicular system due to routine

physical activities (2 N/m2, 1 Hz) caused significant

increases in both intracellular Ca2? and osteopontin mRNA

[12, 54]. She current study showed that osteopontin gene

expression was unaffected by mechanical loading at all

experimental conditions confirming the above results that

fluid forces and not mechanical stretch influence OPN

expression in osteoblasts (Fig. 5).

Cyclic bending of the Ti–6Al–4V foil results in cell

culture medium movement over the cellular layer. Exper-

imental findings have confirmed, in human bone cells, that

strain applied through the substrate and fluid flow stimulate

the release of signalling molecules to varying extents.

These two types of stimuli, substrate deformation and shear

stress, do not affect identically the cell behaviour on rigid

biomaterials [35]. Osteopontin gene expression is a marker

of fluid shear stress presence, which may dramatically

affect the cellular responses. In the current investigation

the finding that osteopontin gene expression remains

unaltered supports the idea that fluid shear due to the

movement of culture medium is insignificant under the

loading experimental conditions.

In the mechanostimulatory system used in this study, the

generated fluid flow of the nutrient medium, during bend-

ing of the Ti–6Al–4V plate, creates shear stresses on the

cell culture layer which are maximum at locations half a

radius away from the cell well centre in the long direction

of the oscillating plate. Although the tensile strain of the

culture substrate is almost uniform irrespective of the

position of the cell culture well in the region between the

loading points (Fig. 1b), the flow velocity at each point on
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the Ti–6Al–4V depends on its displacement and the fre-

quency of loading application or strain rate. The maximum

hydrodynamic shear stress developed in cell culture wells,

strained in a four point bending device, was estimated as a

function of the geometry of the culture well and the load

characteristics. For the maximum frequency and strain

magnitude of this study (1000 le, 1 Hz), the peak shear

was calculated to be 0.019 dynes/cm2. The most stimulat-

ing experimental conditions for Cbfa1 and osteocalcin gene

expression (500 le and 0.5 Hz), induce shear stress of

0.0033 dynes/cm2. This value is 10-fold lower than the

values of shear stress that have been found experimentally

to elicit osteoblastic responses [46, 55, 56]. Most of the

studies investigating the effects of shear stress on cells

have focused on stress levels somewhat higher than 0.02

dynes/cm2; therefore, it can be concluded that fluid flow

did not contributed to the observed responses, in the

present study. Interest in the response of cells to mechan-

ical stimuli has led to the introduction of a variety of

laboratory devices designed to deliver quantified mechan-

ical inputs to culture systems. Such devices commonly rely

upon distention of a flexible culture substrate. The substrate

distention in such systems typically induces motions in the

overlying liquid nutrient medium, which in turn exert

unintended reactive stresses, mostly shear stresses. The

information on the shear stresses is rather limited and relies

either on numerical simulations of cell culture mechanos-

timulus systems with specific characteristics [26] or on

rough estimates [33]. It has been shown that the shear stress

field shows markedly different characteristics depending on

the configuration of the loading system [26]. Thus, in

considering whether the role of fluid flow is relevant, each

loading system should be studied separately.

The transformation mechanisms, converting the physical

stimulus into the cellular response, called mechanotrans-

duction, are not well known. Certainly, it is clear that

mechanical signals in bone alter its transcriptional activity,

and this is an effective strategy for a ‘‘smart’’ material to

accommodate new loading challenges. Critical components

in the load profile for the high responsiveness of bone cells

to mechanical stimuli, are still unclear. Virtually, every

type of signalling cascade is subject to activation by

mechanical forces. Moreover, the promoter of several

osteoblast phenotypic genes including osteopontin and

osteocalcin, is responsive to a number of different tran-

scription factors. This could justify the different profile of

gene expression presented in the current study for osteo-

calcin and osteopontin.

Further work is being carried out to determine the long

term effects of cyclic mechanical stretching, and to define

the signalling biochemical pathways involved in the

mechanotransduction process, using the presented experi-

mental model.

5 Conclusions

In conclusion, our experiments demonstrated that HBM-

DOs growing on Ti–6Al–4V implant surface translate the

mechanical information after mechanical loading at phys-

iological levels into an adaptive response in terms of

differentiation and production of extracellular matrix

components, by influencing the level of bone-related genes

(osteocalcin) and transcription factors (Cbfa1). The theo-

retical analysis of the predicted fluid flow induced shear

stress in the used mechanostimulatory system showed that

fluid shear due to the movement of culture medium is

insignificant under the loading experimental conditions.

The fluid shear sensitive osteopontin gene expression was

unaffected by mechanical loading at all experimental

conditions confirming the above mentioned finding.
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Appendix: Maximum shear stress estimation

In the following a simple model for the estimation of

maximum hydrodynamic shear stress in culture wells

with substrates strained by a four point bending devise,

is obtained. The derivation is based on the assumption

(supported by experimental observations) that the fluid

free surface remains at all times flat and horizontal, in

agreement with the assumption of negligible inertial

forces used in previous estimations [33]. Fluid circula-

tion is the result of internal fluid movements, which

balance hydrostatic pressure changes due to substrate

deformation.

The geometry of the experimental apparatus and the

corresponding parameters are defined in the following

figure. The culture well may be cylindrical in shape (of

radius l, centered at y = 0, z = 0) or rectangular (of half

length l and width w, with primary axes along the y and z

axes). The well is filled with liquid to a height h0.

h

x

l1 l2

δ
y

The volume of the liquid in the well is constant and at

any time during the forcing cycle is given by the equation
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V ¼ h0

Z l

�l

w xð Þdx ¼
Z l

�l

h tð Þ þ d tð Þ½ �w xð Þdx

with w ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

l2 � x2
p

for a cylindrical well.

Based on four point bending kinematics the surface of

the substrate, in the area between the two inner supports,

follows the shape of a parabola with deflection

d ¼ Cx2; xj j � l1

With a sinusoidal forcing the deflection corresponding

to the well wall a x = l is

dl ¼ dlmax
1� cos 2pftð Þð Þ

2

where dlmax is the maximum deflection at the well wall and

f the frequency of the forcing.

Thus, within the well boundaries, d as a function of dlmax

is

d x; tð Þ ¼ dlmax

2

x2

l2
1� cos 2pftð Þð Þ

Assuming that the surface of the liquid in the well

remains flat and horizontal during the forcing cycles it can

be shown that the minimum depth (corresponding to

x = 0) follows the relation

h ¼ h0 �
dlmax

g
1� cos 2pftð Þð Þ

where g is a shape factor taking values 3 for a rectangular

well and 8 for a cylindrical one.

The total depth at each position, x, changes with time

during the forcing cycle as

dH

dt
¼ d hþ dð Þ

dt
¼ 1

g
� x2

2l2

� �

dlmax
d cos 2pftð Þ

dt

¼ � 2

g
� x2

l2

� �

dlmaxpf sin 2pftð Þ

It follows that for 2
g� x2

l2
¼ 0, that is at locations xp ¼

� 1
2

l for the cylindrical well and xp ¼ �
ffiffi

2
3

q

l for the

rectangular one the total liquid depth remains constant

through the cycle with H = h0.

The liquid flows through any constant x cross section to

balance the pressure and maintain the flat and horizontal

surface. Defining as Vx the liquid volume from the leftmost

well wall (at -l) to x the liquid volume flow rate through

an x cross section can be estimated for a cylindrical well as

Q ¼ � dVx

dt
¼ �

d
R x

�l h tð Þ þ d tð Þ½ �w x0ð Þdx0

dt

¼ � x l2 � x2ð Þ3=2
dlmaxpf sin 2pftð Þ
2l2

It follows that in a cylindrical well the maximum flow

rate observed at x ¼ � 1
2

l is given by

Qmax ��
3
ffiffiffi

3
p

32
r2dlmaxpf sin 2pftð Þ

corresponding to a cross section average velocity (volume

flux) of the form

ux average ¼
Q

A
¼ Q

hþ dð Þw ¼
3rdlmaxpf

32h0

sin 2pftð Þ

¼ U0 sin 2pftð Þ

To provide an estimate of the fluid velocity distribution

and the associated shear stress the corresponding

oscillating wall problem (second Stokes problem [34]) is

considered using Ux average as the forcing wall velocity.

With this assumption the velocity distribution within the

fluid has the form:

ux y; tð Þ ¼ U0ey
ffiffiffiffiffiffiffiffiffiffi

pf=vð Þ
p

sin 2pft � y
ffiffiffiffiffiffiffiffiffiffiffiffiffi

pf=vð Þ
p

� �

The hydrodynamic shear stress at the substrate surface can

be estimated as

s0 ¼ �l
oux

oy

�

�

�

�

y¼0

¼ �l
3rdlmax pfð Þ3=2

32h0

ffiffiffi

v
p cos 2pftð Þ þ sin 2pftð Þ½ �

Maximum shear corresponds to time instances satisfying

2pft ¼ kpþ p
4

and is equal to

s0;max ¼ 0:1326
q
ffiffiffi

v
p

rdlmax pfð Þ
h0

3=2
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