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Abstract
Bone remodelling is strongly linked to external mechanical signals. Such stimuli
are widely used in vitro for bone tissue engineering by applying mechanical solicitations to
cell cultures so as to trigger specific cell responses. However, the literature highlights
considerable variability in devices and protocols. We reviewed here the major biological,
mechanical and technical parameters implemented for in vitro tensile loading applications.
The objective was to identify which values were used most, and whether there was an
optimal protocol to obtain a functional tissue-engineering construct.
First, we showed that a shift occurred from fundamental comprehension of bone
formation, to its application in rebuilt tissues and clinical fields. Despite the lack of
standardised protocols, consensual conditions relevant for in vitro bone development, in
particular cell differentiation, could be highlighted. Culture processes were guided by
physiological considerations, although out-of-range conditions were sometimes used
without implying negative results for the development of rebuilt tissue. Consensus can be
found on several parameters, such as strain frequency (1 Hz) or the use of rest periods,
but other points have not yet been fully established, especially synergies with other
solicitations. We believe the present work will be useful to develop new tissueengineering processes based on stretching.
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1 Introduction
Bone is a living tissue constantly renewed by the combined actions of osteoclasts
(responsible for bone resorption) and osteoblasts (bone formation)[1,2]. It is well-known
that this remodelling is enhanced by mechanical solicitations. Wolff [3] first suggested in
1892 that there was a strong response from bone tissue to external mechanical loading in
vivo, leading to resorption or an increase in formation. This behaviour was thus analysed
in vitro and, in 1987, Frost proposed the principle of mechanostat[4] to explain the
remodelling (Figure S1, Supporting data). In vivo, understanding of what is now mainly
called “bone mechanotransduction” progressed year after year from “key early findings”[5],
based in particular on the work of Rubin and Lanyon[6–9] (Figure S1, Supporting data).
During the mechanotransduction process, a mechanical signal is translated into a
biological one, with a strong role played by fluid motion in the lacuna-canalicular
network[10] where osteocytes (mature osteoblasts stuck in the extracellular matrix) play
the role of sensor cells[11]. Although not all of the mechanisms involved are perfectly
understood yet, they have been reviewed many times[5,11–13]. In particular, specific strain
levels have been proposed as in vivo threshold values for triggering physiological and
pathological responses[13].
This knowledge helps researchers in biotechnologies to adapt in vivo mechanisms
to in vitro cell cultures, to refine understanding of bone behaviour but also to develop
tissue-engineered substitutes[14–16]: cells of interest collected from the patient’s body are
cultured, mainly in bioreactors, on specific biomaterials (“scaffolds”) to provide them with
an appropriate environment for improving adhesion, proliferation or differentiation. The
rebuilt tissue, a hybrid substitute made of both material and cells, can then be used to heal
the same patient[17]. Differentiation relies on changes in the culture environment via the
external signals (biochemical, mechanical) applied to the cells[18,19]. We will focus here on
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the specific requirements for in vitro culture steps, prior the implantation, to obtain a
functional tissue-engineered construct.
There are different ways of applying mechanical solicitations[20] and many devices
have been used and reviewed[20–22]. We have chosen here to focus on the application of
tensile loading through deformation of the surface or scaffold on to which cells have
adhered and tissue developed. Although compression (due to daily activity and body own
weight) and fluid shear stress (due to osteocytes’ sensibility in the lacuna-canalicular
network[10]) are physiological mechanical solicitations in vivo and can be mimicked in
laboratory[23–25], tensile stress remains a common and easy method to trigger the cell
response in vitro. Over the years, several devices and bioreactors have been proposed to
perform such solicitations, in particular by mounting the sample into clamps to stretch it,
by bending the culture substrate with a 4-point system or negative pressure (Figure 1A, B,
C). However, to date there has been no analysis of their optimal configuration for specific
applications. Therefore, the present review focuses on tensile mechanical stimuli for in
vitro bone cell cultures to analyse which ranges are the most used and whether an optimal
protocol can be proposed to enhance tissue development. To the best of our knowledge,
such a specific study analysing culture schedules and mechanical, biological and technical
parameters has not yet been carried out.

2 Methodology
The first survey of the literature was performed using classical search engines
(Pubmed, Scopus, Google Scholar), looking for the appearance in title or abstracts of the
keywords: “bone, tensile, mechanical loading, in vitro”, leading to around 200 occurrences.
It had been decided previously not to include articles from earlier than 1990 because
Murray et al[26] was reported as the first publication studying the effect of mechanical load
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on in vitro cell culture[27], following key early in vivo findings[6–9]. The publications were
found to be spontaneously distributed over the last 3 decades (Figure 1D).
Articles were further selected if they involved in vitro cell cultures, tensile loading
and bone tissue, and were focused enough on these points to provide all the information
requested (geometry of the mechanical device, frequency and magnitude of strain, etc)
and a conclusion on the specific influence of solicitations. This screening led to the
selection of 37 articles following the same trend over the years as the first general
selection (Figure 1D). A systematic analysis of the in vitro culture steps presented in these
papers was therefore performed to highlight major trends or variability, consensus, or
processes still under discussion.

3 General analysis

3.1 Bone tissue engineering pillars
There are generally 3 components considered as essential for growing or building
engineered tissue in vitro: cells, biomaterial and environment[28]. Classical 2D and new 3D
culture approaches can be used, with various types of cell and different devices generating
tensile loading as a specific dynamic environment. The relevant parameters from the
above mentioned studies are summarised in Table 1.

3.1.1 Types of cell and relevant biological responses
Many different bone cell types have been used, from different species, lineages or
differentiation states. The overall distribution is summarised in Figure 1E.
This variety of cell sources can be partly explained by technical issues, such as the
presence of animal facilities, ethical considerations, skills, costs, and time. Cell lines are
therefore very popular, because of availability and stability, although they cannot claim to
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be completely the same as primary cells. In addition, there is no consensus on a specific
line to study, and 8 different cell lines have been reported, the most common being
MC3T3-E1[29–33].

Monocytes

osteoclastogenesis[34,35].

were

also

included

when

investigating

Primary fibroblasts were also mentioned in 2 cases,

corresponding to a control group[29] for one and to the specific study of the bone/tendon
interface[36] for the other.
For a very large number of articles, the biological analysis focused mainly on the
functionality or differentiation state of the tissues or cell populations at the end of the
culture period. Authors investigated differentiation states through gene expression
analysis, production of specific proteins (such as osteocalcin or osteopontin), ECM
deposition, alkaline phosphatase (ALP) activity, mineralisation, and bone nodule
formation. In the case of co-culture studies or when the balance with other functions was
explored, markers of other lineages were also analysed (for instance osteoclastogenesis
markers[35]).
In certain publications, the main objective was to highlight specific molecule
signalling or specific pathways[26,29,31,34,37–46]. The intention of these studies was not to
obtain functional bone tissue-engineered constructs, but rather to have better
fundamental understanding of bone response to solicitations.
In addition to differentiation, general cell properties were often investigated, such
as cell viability, metabolic activity or proliferation[30,31,47–54]. In particular, Weyts et al[53]
proposed an extensive study of cell apoptosis with a cross-analysis of mechanical signals
and differentiation. Cell morphology, more particularly alignment, was also a focus in
several publications[48,49,55–57]. Cell alignment could indeed improve bone growth and
differentiation, an anisotropic tissue[58]. Finally, Struewer et al[36] specifically studied the
influence of mechanical solicitations on cell detachment.
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3.1.2 Biomaterials
We refer here to scaffolds when specific 2D or 3D biomaterials were used in
addition to a standard substrate to perform and enhance cell cultures. The majority of the
studies used only a standard culture surface (membrane, plate, bottom of a well or a dish),
sometimes with a coating to improve cell adhesion (collagen or fibronectin, see for
instance[43]). When using scaffolds, degradation rate, overall biocompatibility and
degradation products remain crucial parameters to ensure a successful integration in the
body[59–63].
Here, scaffolds were knitted[49] or electrospun[64] polymer fibres (respectively
polyethylene terephthalate and polycaprolactone), fibrin or collagen gels[30,41,65,66], a 3D
collagen structure[47], or a nanostructure obtained by lithography[56]. Nevertheless, these
biomaterials were not used as active culture structures capable of monitoring cell
behaviour, and the effect of their morphology on the transmission of mechanical
solicitations was not analysed. Mechanical solicitations remained the main way of
monitoring cell development in these studies. Only Prodanov et al[56] studied the impact of
a nanostructured surface on cell behaviour, concluding that synergy could appear between
a relevant nanostructure and mechanical loading. Bruinink et al[49] compared the results of
cell-seeded scaffolds with nude ones to estimate variations in its mechanical properties
due to the presence of living tissue.

3.1.3 Environment: tensile loading application
Different devices were proposed to apply tensile loading at the cell scale through
the deformation of samples. Regarding the culture substrate itself (besides an additional
scaffold as seen above), it was possible to distinguish three cases: culture wells on elastic
plates (16 papers), direct culture on dishes / plates / elastic membranes (15), or a specific
culture chamber (6). Extensive reviews of the different mechanical loading devices and
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bioreactors have been proposed[14,20,21,67]. Here, the application of tensile loading to the
living tissue were performed with 4-point bending (8 papers), by applying negative
pressure to the substrate (13), by mounting the samples directly into clamps (11), or with
specific designs (3). Overall, the geometry of the systems was not highly diversified, but to
date there is no gold standard. Commercial devices may by a range of magnitude and
frequency values or when specific scaffolds have to be used. The articles using scaffolds
confirmed this, with 7 out of 8 publications using original or custom-made devices.

3.2 Main aims when applying tensile loading in vitro
All the publications aimed to analyse the influence of mechanical loading on cell
behaviour, but more detailed objectives can also be highlighted, with two main trends
(Figure 1G). On the one hand, articles focusing on understanding cell response
mechanisms under mechanical solicitations mostly occurred in the early years (before
2001)[26,40–44,50,68–70]. On the other, the exploitation of the potential of these cell responses
for clinical applications[45,66] and tissue engineering[36,38] started in the last decade, with
the first publication in the eponymous journal[65] in 2010. 7 out of the 8 papers using a
scaffold were published in the second half of the studied period (after 2001). This
highlights a logical shift from fundamental comprehension of bone cell response to
external solicitation, to its application for rebuilt tissues and clinical fields by using
mechanical loading in vitro before implantation.

3.3 Culture conditions and loading protocol
3.3.1 Dynamic loading
There was a major consensus on the use of dynamic loading, in particular a
sinusoidal signal with a 1-Hz frequency. It was often argued that this value was chosen as
a physiological one for everyday life activities i.e. physiological walking[4,6,9,50,71,72].
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The remaining studies differed in frequency with lower values, from 0.05 Hz[70], to
0.5 Hz[30,45,53]. Tanaka et al[30] was the only one to use a frequency above 1 Hz (3 Hz).
Bruinink et al[49] used a frequency of 0.01 Hz as a physiological value for rest periods,
which was in fact close to the solicitation frequency chosen by Cillo et al[70] (0.05 Hz).
Significant results were nevertheless obtained with this low value.
In contrast with frequency, the maximum magnitude varied considerably from one
study to another (reported either as a microstrain unit (µstrain) or an elongation
percentage (1,000 µstrain = 0.1%)). When different strains were successively applied to
the same sample during the experiment, only the maximum value was considered in the
analysis. Magnitude distribution is shown in. Most of the articles used a magnitude of less
than 25,000 µstrain (2.5% elongation), in particular from 1,000 to 5,000 µstrain (0.1 to
0.5%), which is indeed considered to be a physiological range[13,44,73] (Figure S2,
supporting data). Bone resorption occurs at less than 200 µstrain, a physiological range is
up to 2,500 µstrain (walking and running generate 400 and 950 µstrain in humans,
respectively[7,9,50]), an overused window with increasing formation is up to 5,000 µstrain
and pathological overloading above[13].
However, many studies used loading protocols outside of this physiological
window. Bruinink et al[49] first specified that a 20,000 µstrain would be a “macroscopic
strain”, enabling the easy detection of the in vitro response to a magnitude greater than
the usual in vivo response. Zhu et al[74] used the same strategy and multiplied the values
obtained by finite element modelling by 20 before in vitro culture to ensure cell response.
With deformation over the physiological range, it may become possible to compare
physiological and pathological behaviours[26]. Nevertheless, it remains important to limit
magnitudes under a threshold that would lead to cell death and bone resorption[49]. The
maximum magnitude could also be limited by the behaviour of the substrate itself: we
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could assume that plastic deformation of the scaffold under solicitations would have an
impact on the culture and loading applied to the cells. It should therefore be avoided.
Most of the articles studying several magnitudes actually compared physiological
and higher values. Cell response peaked around the physiological range in terms of
prostaglandin E2 (PGE2) production[26], proliferation[40,52] or ALP production[51]. However,
an upturn sometimes appeared for the higher values, for instance a second peak of PGE2
production above 28,000 µstrain[26] or a fibrous response in addition to proliferation
above 10,000 µstrain[40]. For Murray et al[26], these results showed the repair mechanisms
which may occur in the failure range. In other articles, the parameters analysed remained
stable for any range of magnitude for cell viability[52], proliferation[53] or apoptotic
response[53]. Finally, some responses shifted, highlighting the difficulty in adapting in vivo
principles to in vitro experiments. For instance, Thomas et al[68] found an ALP production
peak for 230 µstrain (compared to 35 and 2500 µstrain), lower than expected[68]. The shift
often occurred towards higher values, as found by Jagodzinski et al[75] (ALP, osteocalcin
and Cbfa1 production for 80,000 µstrain), Koike et al[51] (proliferation, 150,000 µstrain),
Zhu et al[74] (osteocalcin, collagen, runx2 production, 32,000 µstrain), Prodanov et al[56]
(continuously increased alignment from 10,000 to 80,000 µstrain) and Matsugaki et al[55]
(alignment peak, 40,000 µstrain).

3.3.2 Duration of the dynamic culture phase
The dynamic culture phase lasts from the very first mechanical load to the last
cycle, even if rest periods occurred between these points. Most of the studied articles
(around 40%) belong to two groups: a very short (<1 hour) or a long (1 day – 7 days)
dynamic culture period. Short times may be more suitable for studying the early cell
response to tensile loading, with regular sampling, whereas long experiments make it
possible to study overall tissue reconstruction.
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Certain articles detailed a comparison between different durations, either for short
times[57,70], or several days or even weeks[48,54,64]. The results showed that some
parameters, especially gene expressions, had non-monotonic variations with a peak at a
specific duration[57,70], while other values continuously increased or decreased
(respectively mechanical properties[64] and metabolic activity[48]). Connelly et al[65]
suggested that these different behaviours may have occurred because of successive effects
and different mechanism triggers, and thus noted the need for both short and long term
studies. For instance, cell response began with an increase in the production of proteins
and proteoglycans, then this production decreased and an increase in collagen production
occured[65].
As these non-monotonic variations sometimes occurred for a very short time, it
was therefore interesting to use high sampling even for long term studies, because quick
adaptive responses could be missed (for instance gradual or cyclic responses), just as the
real period of a periodic signal could be lost if the sampling did not satisfy the NyquistShannon theorem[76], classically respected in electronics and signal acquisition and
processing.

3.3.3 Rest periods
In vivo studies suggested that cell sensitivity to tensile loading could saturate, but
is quickly recovered[6,77,78]. This means that cells are able to recover their capacity to
translate mechanical signals into a specific biological response after a short or very short
rest period[6,77,78]. Many studies mimicked this concept in vitro, using different rest periods
schedules (Figure 1H) but several exceptions could be noticed. In particular, Baker et al[64]
and Bruinink et al[49] did not use complete rest periods but left the samples respectively
under agitation or with low-frequencies solicitations (0.01 Hz). However, they referred to
these phases as “resting phase”[49]. We could assume that this method also mimicked in
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vivo behaviour, where cells never experience complete rest, due to muscle tone, body’s
own weight or normal micro-movements[79].

4 Conclusion

To date, there is no standard protocol for applying tensile loading to in vitro cell
cultures, nor any specific protocol depending on target applications or cell sources.
However, for certain technical parameters, optimized and consensual ranges of values
could be highlighted and appeared to be both relevant and efficient (summary table S1).
The analyses of schedules and technical parameters allowed us to highlight “optimal”
values, i.e. protocols which led to huge differences in the biological response compared to
unstrained control groups while, in the best cases, bone differentiation was triggered. As
an overall analysis, a 1-Hz sinusoidal signal in the physiological range seems relevant in
most cases for preventing cell death and detachment while triggering bone cell
differentiation, maturation and functions. Short dynamic phases separated by rest periods,
for instance 600 cycles (10 minutes) of stretching every 6 hours, should allow cells to
recover their sensitivity which can fade after a moderate number of cycles. A 24-hour
static pre-culture expansion stage should also be considered, in particular when a scaffold
is used, to ensure cell attachment.
In contrast, other parameters could be seen as irrelevant and showed decreases in
cell viability or cell numbers. In particular, an out-of-range magnitude could lead to
undesirable effects, such as no cell response below specific loading (300 µstrains in
contrast with 3,000 µstrains and more[40]) or a decrease in cell alignment[55] and
proliferation[52] for high magnitudes.
The analysis was conducted here for tensile loading devices and bone tissue
applications, and the main conclusions could be used as a tool to help in decision-making
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in the development of future experiments. The technical parameters were often guided by
in vivo results or physiological values, but moving to out-of-range conditions did not
necessarily have a negative impact, especially when the main objectives were to obtain a
rebuilt tissue. It appeared furthermore that a slide from studies of fundamental
mechanisms to tissue engineering applications may be occurring. We can expect this shift
to be strengthened in the future as tissue engineering processes start to reach clinical
applications. Moreover, there is now a growing interest for the regeneration of interfaces
and composite tissues, complex hybrid systems[80]. Mechanical solicitations will require
accurate optimisation to monitor the growth of several cell lineages simultaneously in
addition to bone, such as ligament[81].
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Table 1. Detailed summary of the articles studied.

Author

Year

Table 1. Detailed summary of the articles studied
Cell Type
Origin
Device

Murray

1990

Osteoblasts, Calveria

Mouse

Jones

1991

Periostal cells, Hav cells,
Osteoblast-like cells

Bovine

NeidlingerWilke

1994

Femur or tibia osteoblasts

human

Pitsillides

1995

Osteocytes from tibiotarsi

Chick

Thomas

1996

Bone marrow cells

Rat

Smalt

1997

Calvarial cells, long bone cells,
MC3T3-E1 , UMR-106–01 and
ROS 17/2.8

Rat

Kawata

1998

Zaman

1999

Frontal and parietal bone cells
Long bone–derived osteoblastlike cells and calvarial-derived
osteoblast-like cells

Rat
Rat, chick

Kaspar

2000

Femoral or tibial osteoblasts

Human

Cillo
Miyauchi

2000
2000

Osteoblast-like cell SaOS-2
Osteocytes

Human
Rat, chick

Peake

2000

Osteoblast-like cells and MG-63
human osteosarcoma cells

Human

Wells on elastic slides,
vertical, clamps
Wells on elastic slides,
horizontal, 4-point bending
Elastic silicon dishes,
horizontal, clamps
Elastic plastic strips, 4point bending
membrane bases of dishes,
horizontal
Tissue culture-treated strip
of polystyrene film
withayer of flexible silicone
sealant, horizontal,
Flexcell
Plastic strips, 4-point
bending
Elastic culture dish,
60*30mm, horizontal, 4point bending
Flexcell
Flexcell
Collagen and fibronectin
coated coverslips, 4-point
bending

Scaffold
No
No
No
No
No

No
Collagen gel
No

No
No
No
No
17

Author

Year

Cell Type

Origin

You

2000

Foetal osteoblasts SV40-hFOB
1.19

Human

Bruinink

2001

Bone marrow cells

Rat

Tanaka

2003

MC3T3-E1 cells

Mouse

Weyts

2003

Foetal osteoblasts SV40-HFO

Human

Jagodzinski

2004

Bone marrow stromal cells

Human

Boutahar

2004

Rat, mouse

Koike

2005

Mouse

Flexcell

No

David

2007

ROS 17/2.8 , MC3T3-E1 cells
Bone marrow stromal cell line
ST2
Mesenchymal stem cells

Coated silicon membrane,
horizontal, clamps
Custom-made micro
tensile apparatus
Tension/compression
chamber filled with cellsgel composite (piston-like)
Flexcell
Rectangular, elastic
silicone dishes, horizontal,
clamps
Flexcell

Bovine

No

Armstrong

2007

ROS 17/2.8 cells

Rat

Qi

2008

Bone marrow cells

Rat

Zhu
Huang

2008
2009

Human
Human

Sunters

2010

SV40 osteoblasts
Mesenchymal stem cells
UMR-106 cells, fibroblasts and
osteoblasts

Connelly

2010

Flexcell
Custom-made plastic
strips, 4-point bending
4-point bending apparatus
with flexible siliconbottomed chambers
Flexcell
Flexcell
Custom-made plastic
strips, 4-point bending
Chambers filled with fibrin
hydrogels , horizontal,
clamps

Bone marrow stromal cells

Rat, mouse
Calf

Device

Scaffold
No
Knitted PET mat
Collagen gels
No
No
No

No
No
No
No
No
Fibrin gel
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Author

Year

Cell Type

Origin

Diederichs

2010

Adipose tissue–derived
mesenchymal stem cells, MG63 cells

Human

Prodanov

2010

Bone marrow mesenchymal
stem cells

Rat

Galea

2011

Saos2 cells

Human

Baker

2011

Tibial and femoral bone
marrow stem cells

Calf

Zhong

2011

MC3T3-E1 cells

Mouse

Li
Matsugaki

2013
2013

Human
Mouse

Struewer

2014

Embryonic stem cells
Calvariae osteoblasts
Bone marrow osteoblast-like
cells, tail tendon derived
fibroblasts

Device

Scaffold

Rectangular, elastic silicon 3D samples : 2
dishes in a stimulation
mm-thick
apparatus, horizontal,
collagen scaffold
clamps
(MG 63)
Lithography
Horizontal, clamps
nanostructured
silicon
Custom-made plastic
No
strips, 4 points bending
Custom-made medium
Aligned PCL
chamber, horizontal,
electrospun
clamps
fibers
Silicone membrane,
No
horizontal, clamps.
Flexcell
No
Silicon chamber
No

Rat

Flexcell

No

Flexcell

3D collagen gels

2014

Mesenchymal stem cells

Human
(osteoporotic
donors)

Guo

2015

Osteoblasts, bone marrowderived mesenchymal stem
cells and RAW264.7 cells

Rat, mouse

4-point bending

No

Kao

2016

Monocytes

Human

Commercial vacuum
system

No

Charoenpanich
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Figure 1: Examples of cell tensile loading, with uniaxial stretching into clamps (A), 4-point bending (B) or gel
matrix and vacuum (C). Adapted from Brown et al[20] and Flexcell® documentation. D: Cumulative
distribution of the articles retained (blue line) and of the total number of publications with the keywords “bone
tensile mechanical loading in vitro” according to Scopus (red line). Distribution of (E) cell sources regarding
species, origins (primary cells / cell lines), (F) differentiation states and functions, (G) the main objectives as
announced in the respective introductions (some studies announced several objectives) and (H) the different
ways of applying rest periods to cell cultures in vitro.

20

Timothée Baudequin received his Ph.D. in Biomechanics and Bioengineering from the
Université de Technologie de Compiègne in 2015. His research focused on the
development of scaffolds for the generation of tissue-engineered bone substitutes for the
maxilla-facial area. He has a strong interest in the influence of chemical, biological, and
mechanical signals on stem cell differentiation and the resultant synergistic effects. He
recently started a post-doctoral position at the Institute of Biomedical Engineering of the
University of Oxford.

Cécile Legallais is Director of Research at CNRS, and currently head of the UMR CNRS 7338
Biomechanics & Bioengineering at the Université de Technologie de Compiègne. Bronze
Medal from the CNRS in 2003, she focuses her research on the design and characterisation
of (bio)artificial organs, combining experimental and modelling approaches at different
scales. More specifically, she has worked on external bioartificial liver since 15 years,
dealing with the microencapsulation of hepatic cells in alginate for use in a fluidized bed

21

bioreactor. More recently, she also developed tissue engineering approaches for the
reconstruction of musculo-skeletal tissues.

Fahmi BEDOUI is Associate professor at Sorbonne University – Université de Technologie
de Compiègne. He focuses his research on the investigation of correlation between
process, microstructure and macroscopic behaviour of polymeric materials. More
specifically, he has worked intensively on the development of characterization and
modelling methods to predict mechanical properties of virgin and nano-reinforced
polymers. More recently, he has widen his interest to the understanding of the
relationship between material-microstructure and cell response in the fields of tissue
engineering in the objective of the reconstruction of musculo-skeletal tissues.

22

