VYSOKE UCENI TECHNICKE V BRNE

BRNO UNIVERSITY OF TECHNOLOGY

FAKULTA STROJNIHO INZENYRSTVI

-1 USTAV MECHANIKY TELES, MECHATRONIKY A

BIOMECHANIKY

FACULTY OF MECHANICAL ENGINEERING
INSTITUTE OF SOLID MECHANICS, MECHATRONICS AND
BIOMECHANICS

VYPOCTOVE MODELY

MECHANICKYCH ZKOUSEK BUNEK

COMPUTATIONAL MODELS OF MECHANICAL TESTS OF CELLS

BAKALARSKA PRACE

BACHELOR THESIS

AUTOR PRACE

AUTHOR

ZDENEK ANCIK

VEDOUCI PRACE DOC. ING. JIRI BURSA, PH.D.

SUPERVISOR

BRNO 2007



Abstract

This work introduces the problem of the biomechsuoitccell and its
computational modelling and testing. Further theknariefly describes the basic
notions of biology and mechanical engineering. aime is the research of available
information sources and classification of the lesfeatomputational modelling and cell
testing.

Key words: Computational modelling, cellular architecture | cebdel, biomechanics
of cell, tensegrity structure, viscoelastic modests of cell.

Abstrakt

Prace uvadi do problému biomechanikyilky jejiho vyp@&tového modelovani
a experimentalnich zkousSek. Stiné popisuje zakladni pojmy biologie a mechaniky.
Cilem prace je provést reSersni studii dostupngfgrinainich zdrofi a zhodnotit
arovei vypaitového modelovani kiky.

Kli ¢ova slova Vypoctové modelovéni, sloZeni tky, model buky, biomechanika
buiky, tensegritni struktura, visloelasticky modelpakky buk.
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1. Introduction

"The biomechanics engineering tries to find waysvho improve human life, but
the most difficult is that the human live.”

The computational models of mechanical tests df @ee interdisciplinary
issues. Therefore the access for successful solafithese issues involves biology and
mechanical engineering. The biomechanics is defasthe application of engineering
principles to biological systems. The biomechamiozblems are generally applied on
biomechanics objects and they are defined by thbgts. In this case we specify the
object as a eukaryotic cell.

The biomechanics of cell, applying mechanical eegimg methods on
eukaryotic cells, recently became an independdaehsfic discipline. The aim of the
discipline is a research of mechanical loads edfect behaviour of the eukaryotic cell,
especially conversion of mechanical signal to bemital signal. This mechanism is
called mechanotransduction.

The biomechanics of cell tries to answer many irtgodrquestions about the
cell, such as the way of transduction of the sigrah surroundings into the cell, the
processing of this signal in the cell, the invokeng appropriate response to the signal
and identification corresponding structures whialtipipate on this mechanism.

The attempt of scientists to answer these questiesidted in experiments on
single cell, which are used for identification dfetproperties of the cell structures.
These properties are utilized as an input datantgpatational modelling.

This work introduces the problem of the biomechanaf cell and its
computational modelling. Further the work brieflesdribes the basic notions of
biology and mechanical engineering. It concurs lw works published in Faculty of
mechanical engineering, University of technologyn@rThe aim is the research of
available information sources and classificatiohef level of computational modelling
and cell testing.



2. Cellular architecture

The cell theory was founded in 1838 and it is tlasebfor cytology and modern
biology. The cell is basic building and functiotdbck of higher organism. Individual
cell themselves are highly complex living entityhel structure of cell consists of
individual elements so-called organelles, bindimggween them and bindings with
surroundings. There are more than 200 differenegyqf cell in human body. The cells
differ in size, shape, structure and function. Ehare two general cell types: eukaryotic
cell, with nucleus, found in higher organism sushn@ammals, and prokaryotic cell,
without nucleus, found in organism such as bactéflas chapter is described the
biomechanics of eukaryotic cell in short.

Mucleus

Muclear pore

Muclear envelope Golgi vesicles

Chromatin {golgi apparatus)  Lysosome
Mucleolus Centrioles

Ribosomes

Plasma membrane Cytoplasrm

Mitochondrion

Peroxisome
Cytoskeletan
Free Ribosomes

Secretory vesicle

Smooth endoplasmic reticulum

Rough endoplasmic reticulum

Flagellum

Figure 1. Structure and organelles found in eukaryotic cell.



2.1. Eukaryotic cell

This chapter will target the subsystems and ordgeselinfluencing
mechanotransduction.

The main parts of eukaryotic cell are:

- plasma membrane (wall)
- cytoplasm (cellular plasma)
- nucleus (command centre)
- cytoskeleton (framework)

Plasma membrane

The plasma membrane is a thin and structured bilayephospholipid and
protein molecules that envelopes the cell. Thisi®aseparates a cell interior from its
surroundings and controls what moves in and outrdlare no elements for mechanical
resistivity. It is ensured by the cytoskeleton.

Extracellular Fluid

Protein channel
{transpaort protein) : Hydrophilic heads

Glycoprotein

Globular protein e

DR
i ““]J I !uuf'}

Phosphelipid
molecule

Cholesterol !

tntegra1prote1n — > i
~IGlabular protein} ~_-Surface protein

Glycolipid /

Fltaments of / Alpha-Helix protein Hydrophobic tails

Peripherial protein
- cytoskeleton {Integral protein]

Cytoplasm

Figure 2. The cell plasma membrane.

Cytoplasm

The cytoplasm is liquid environment inside the .c&le organelles and other
subsystems are placed there. It is inhomogeneoutsiem with different viscosity and
density in other partsF{gure 1)
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Nucleus

The nucleus is a highly
specialized organelle that serves as the
information processing and
administrative centre of the cell. This
organelle has two major functions: it
stores the cell hereditary material, or
DNA, and it coordinates the cell
activities including growth, intermediary Endoplasmic
metabolism, protein synthesis and
reproduction. The main structures
building up the nucleus are the nuclear
envelope, nuclear cytoplasm, chromatin
and nucleolus.

Nuclear

Envelope
Chromatin

Mucleolus

Muclear
Paore

Figure 3. The structure of cell nucleus.

Cytoskeleton

The cytoskeleton is a dynamic structure that manateell shape, often protects
the cell, enables cellular motion and plays impdrtales in both intracellular transport
and cellular division. This organelle consists afd rod-shaped molecules attached to
one another and to the other organelles by comteatolecules. It contains three main
kinds of filaments: microfilaments, intermediatdaments and microtubules. The
cytoskeleton is the main element which transfershrarical loads and can be a key for
understanding of machanotransduction.

Figure 4. The cytoskeleton is imaged by fluorescence meihtanuclei
are viewed as purple, microtubules are yellow aatingfilaments are blue.
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3. Methods of measuring the mechanical properties ofel

The external mechanical load is an essential dacelb life, which participates in
many mechanical actions in human body. For bettderstanding to the biomechanics
of cell it is necessary to know the mechanical progs of a single cell.

The experimental data are based on computationdelmand it is used as input
parameters. This part describes measurement metlvbas are used for measuring of
the cell properties such as Yong’'s modulus, sheatuhus, Poisson number etc. Due to
special technologies the mechanical load can béeappn the particular parts of cell,
even to individual organelles and cellular subsyste Their participation in
transduction of mechanical load can be proved erb#sis of test results.

The response to the external mechanical loadfierdiit for every individual type of
cell. It mainly depends on the function of the cdlbllowing factors of external
mechanical load are essential:

* Loading value of load

Chondrocytes are the most loaded cells, whosesstmnsity is around 20MPa.
When the chondrocytes aren’t loaded, they stasphiring. On the other side, when the
load is higher, they are damaged.

* Loading character

The mechanical engineering distinguishes followngin loading types: press,
pull, shear, torsion, bend and their combinatidf®. example the one axis pulling is
typical starting mechanism for function of a tenesy

* Loading time variation

Some types of cells are more sensitive to tinreatian of external mechanical
load than to stable value of it.

12



The very special measurement methods are usedeot aeechanical properties.
They are listed bellow:

* Mechanic methods
Cell poking
Atomic force microscopy
Tensile tests
Microplate manipulation
Micropipette aspiration
Traction force microscopy
e Magnetic methods
Magnetic twisting cytomery
Magnetic tweezer
* Optical methods
Optical tweezer
Optical stretcher
Defocusing microscopy

Immunoflorescenece imaging

e Vi
magnetic beads twisting !/ /

x

Figure 5. Schematic drawings of various methods for measuring
mechanical properties of a living cell.
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3.1. Defocusing microscopy

Defocusing microscopy is a recently developed teglenthat allows quantitative
analysis of the membrane surface dynamics of lidalls using a simple bright-field
optical microscope. The base of this techniqueepgqrtional relation of the contrast of
defocused images on the cell surface curvaturegchwbauses light and dark contrast
images that can be measured and quantitativelyestud

Figure 6. a) positive defocusing, b) in focus (object invesibc) negative
defocusing

This technique is used mainly to determine sizeandunt of the membrane shape
fluctuations. In[19] there is published the use of defocusing microgdopmeasure
optical and mechanical properties of the cell, saskcell refractive index, membrane
bending modulus and effective cell viscosity.

Any deformation applied on the plasma membrane gésithe local curvature. It
can be detected and quantified through a simpldysisaof the contrast patterns
appearing in the defocused images, given by:

C=AnC[af —h|Cx (1)
Where:
- C contrast generated by the curvatire
- An difference between refractive indexes of thenim&ane and the
surrounding
- Af defocusing distance
- h vertical extension of the deformation

14



3.2. Immunoflorescenece imaging

Due to immunoflorescence imaging can by examinddtiom between cellular
stiffness and higher order structure of cytoskeletim [5] there is investigated a
distribution of F-aktin, myosin Il and vinculin bgdirect immunofluorescent. The base
of this method is antigen, molecule, which is bimgdon antibody.

A primary antibody is bound to an antigen, secoypdantibody coupled to
fluorescent molecule is bound to the primary arttibo

primary antibody secondary antibody

?v' ,.4 ! fluorescent label
j o )
nd e
I fixed antigen I I

Figure 7. Schematic drawings of indirect immunofluorescent.

Stained proteins can be easily detected with flemeece microscopes. The optical
system of confocal laser scanning microscope id urstest.

focal plane
emission filt

- =\

[ ~
o |
- 1

By~
| S<
(] ~
L]

pinhole

Laser source

pinhole specimen

Figure 8. The optical system of confocal laser scanning nsicope.

The excitation light is focused by pinhole 1 atirrgke point in the specimen.
The pinhole 2 eliminates fluorescence light exaiyat emitted from the focal point.
The two-dimensional fluorescence image is showeddayning excitation light across
the specimen. Thereto, a three-dimensional imagebgaconstructed by stacking each
sectional image obtained at various levels.
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Figure 9. Two-dimensional fluorescent images. A-C) these @nage taken
at different height levels, D) schematically shown.
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4. Computational models of cells

The computational model is constructed on the bafsabtained experimental data
and accessible theoretical knowledge. The targenhadelling is creating simplified
object, whose characteristic properties and beliaace the same as properties of real
object. The complexity of model should be adapt&th vequired accuracy and type of
examine parameters. Then the different levels dietsare constructed (two and three
dimensional models, structural and unstructuredeispdtatic and dynamic model etc.).

This chapter is targeted to three dimensional @kstic and tensegrity model of the
cell with regard to study of published knowledge #argets of this work.

4.1. Continual model of the cell

The measurement methods of the mechanical propestieell, which resolving
ability is lower than distance between each ceallldements (organelles and
subsystems), examine mainly the macroscopic mechlaproperties. The magnetic
bear rheometry, micropipette aspiration and migetté manipulation is possible to
mention. For the computational modelling and ider#tion of macroscopic mechanical
properties of these tests are continual modelscserit.

The viscoelastic description of mechanical propertf continual model is mainly
used in present. The viscoalestic response to agtigin of the force impulse is
indicated by experimental data from magnetic b&éadmery.

(Nd) 82104

=0

et

Time (s)

Figure 10. The creep response and relaxation curves.
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The easier identification of constitutive parametés the next advantage of
viscoelatic description. The viscoelastic propeartieonsist of elastic properties
described by dashpot and elastic properties desthlp spring.

When the force is applied to dashpot and springates of deformation are linearly
related to the force:

- spring Fo(t) =k Cx(t) 2)
- dashpot F, (t) =77, Oxa (t) 3)
Where: -k  spring constant

-Xs  spring length (difference in unloaded and forgeing))
-No dashpot constant
-Xq differentiation with respect to time

This combination of sprig and dashpot is knowrhasMaxwell body.

M, Ky Vi
F =1 F =
— AW
S X
Dashpot Spring

0 t

Figure 11. The parameter model of Maxwell body and the cowardmg
creep response to a step change in the applie@ forc
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4.2. Published studies of continual models

4.2.1.

In [6] there the viscoelastic model is used for iderdtfmn of mechanical
properties such as Young elastic modulus E andusenodulus). The target of this
work is attempt to estimate in living adherent legial alveolar cells the degree of
structural and mechanical heterogeneity by consigdwo individualized cytoskeleton
components. That is a cortical cytoskeleton an@epdytoskeleton. The results from
the magnetic twisting cytometry are used as antidpta. These results show that the
cortical cytoskeleton response is a faster, saft@derately viscous, slightly tensed and
easily damaged structure compared to the deepksleisn structure which appears
slower, stiffer, highly viscous, more tensed artyfelastic.

Bead rotation angle 8
(degrees)
Bead rotation angle 8

Time (seconds) Time {seconds)

Figure 12. a) model of cortical cytoskeleton, b) model of degpskeleton
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4.2.2.

In [7] there is viscoelastic model used for computationatiel of isolated cell
nucleus. The response on AFM and micropipette aspir experiments is simulated in
these cases. The model includes distinct compomeptssenting the nucleoplasm and
the nuclear envelope. The nuclear envelope conesfsteree layers: inner and outer
nuclear membranes and one thicker layer repreggertie nuclear lamina. The
nucleoplasm is modelled as a viscoelastic Maxwetybwith a single time constant.
The nuclear envelope layer is taken as a lineatielmaterial.

The model for an isolated
nucleus in micropipette aspiration
experiments is developed with the radius
Fﬁgﬂml nuclear  Of 3 um. The nuclear inner and outer

25nm | envelope o mbranes have thickness of 7.5nm and
nuclear lamina is 25nm thick.

The computation is performed by
nucleoplasm Abaqus. It is modelling software using
finite element method. The eight-node
biquadric axisymmetric finite elements
are used in calculations.

outer membrane

Inner membrane

nuclear lamina

Figure 13.  Nuclear elements
considered in the computational model.

The input data to computational model are:

- nuclear envelopay =5mN/m;Ky(t=0)=16mN/m;a,=0.01;1,=5s
- nucleoplasm E=30Pas1s;v=0.48

- load the pressure increased linearly to 300P&srthien held
constant
Where:
- KnL stretching stiffness of nuclear lamina
- Kp stretching stiffness of lipid bilayer
- Op ratio of the final apparent stiffness
- E Young elastic modulus
- 1 characteristic time
- v Poisson ratio

20



S, von Mises (Pa)

Figure 14. a) displacement field, b) effective stress field

axis of
symmetry

02 - =  Experiment (Guilak et al_, 2000}
—— Computation

0 50 100 150 200 250 300 350 400 450 500
Aspiration time (s)

Figure 15. Comparison of the results of the computational rhadké the
experiment.
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4.2.3.

In [8] there is used same model for simulation of atofarce microscopy
measure method.

The input data are:

- nuclear envelopay =5mN/m;Ky=18mN/m
- nucleoplasm E=25Pa=0.485
- load displacement ofuin

U,magnitude, um Mises Stress, Pa

1oeu +8.5e+00
i +6.5e+00
+8 3e-01 +6.0e+00
e +5.56+00
b g ) +5.0e+00
+5‘oe.c)1 +4.4e+00
14'2._»01 +3.9e+00
+3.3e-01 +3.4e+00
+2.5¢-01 +2.9e+00
+1.7e-01 +2.4e+00
+8.38-02 +1.9e+00
+0.0e+00 :g ggrg‘lo
+32e-01

@ (b)

Figure 16. a) displacement field, b) effective stress field
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4.3. Tensegrity model

The intercellular and extracellular elements, whagk participant in mechanical
behaviour of the cell, have the same propertiestassegrity structure. This theory was
described by Donald Ingber in 1980s. The term fgmiseis contraction of tensional
integrity. This structure is composed of rigid baosnpressed by continuous network of
pre-stretched cables. The stability of structurasisured by pre-stretched cables. More
formally:

"A tensegrity system is established when a set isfodtinuous compressive
components interacts with a set of continuous kermponents to define a stable
volume in space.”

The properties of tensegrity structure:

- proportional dependence on stiffness and pre-sinesables

- no linear response to external load

- transfer of external load to the other elementstroicture (global response)
- synergic action

- independence of stability of structure on inte@ttvith surroundings

- statistic imbalance

pre-stretched cable

\
< rigid bar

Figure 17. The tensegrity structure.
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4.4. Published studies of tensegrity models

4.4.1.

In [10] there is used the tensegrity model composed wfid bars connected to
a continuous network of 24 viscoelastic pre-stretcbables. The target is analysed the
role of the cytoskeleton spatial rearrangement han iscoelastic response of living
cells.

These properties are considered in model:
- discrete nature of the cytoskeleton
- cell - cell and cell - extracellular matrix intetans
- cellular pre-stress
Relationships between the global viscoelastic ptogse of the tensegrity

models, and the physical properties of the coristéuelements are examined in this
study.

Global properties:

- viscosity modulus)
- elasticity modulus E

Properties of the constitutive elements:

- length of elements L
- initial internal tension T

Figure 18. The tensegrity model.

The load of model is shown Irigure 18 External forces are applied at nodal
points 6 and 11. Extension and compression forgearé applied along the z-axis.
Shear forces Jare applied along the y-axis and twisting torcgi@pplied by opposite
forces at node 6,/and at node 11,F
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Figure 19. Normalized viscosity and elasticity modulus asrecfion of the
global deformation.

4.4.2.

In [9] there are presented “non-regular” tensegrity nmdehich respect some
basic properties of cytoskeleton.

T

ension Tonsion

ok B 108 043603
S i

280

+
srateeh

= o s
ST § == o) | sk

10 calcuipfmage  S.41ps . 10 caletisfmpge  S31ps

Figure 20. Models of an epithelial cell.
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Figure 21. Models of a blood platelet.
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4.4.3.

In [1] there is used high structure model, based on geitbgestructure. This
model is considered with the cytoskeleton, membemeslop, cytoplasm and nucleus.
The cytoskeleton is composed of 30 rigid bars cotateto a continuous network of 60
pre-stress cables. The rigid bars present theitamof the microtubules, cables present
actin filaments. The same miniaturized structureised as a nuclear skeleton. These
structures are connected together by 30 rigid bardsich present function of
microtubules and intermediate filaments. This tgngestructure is enveloped by shell
element and felled up with an isotropous homogencmstinuum. They presents
membrane envelop and cytoplasm. A linearly elastinstitutive model is used for
material properties.

The input data to computational model are:

- cytoskeleton rigid bars E=1,2e6kPa=0,3
- cytoskeleton cables E=2,6e6kPga=0,3
- connecting rigid bars E=2e6kPa v=0,3

- membrane envelop E=10kPa ; v=0,3
- cytoplasm E=0,001kPav=0,45
- nucleus E=0,005kPav=0,45

cytoplasm : = . cytosleketon

nucleus

receptors plasma membrane

Figure 22.  The structural model of cell — spherical shape.
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This model is used for simulation of AFM measueain method. Above
mentioned model is remodelled to adhesion shasetiyng required displacement.

fixation

Figure 23. The computational simulation of AFM test.

Simulation
2
Experiment
1,5
2 1
8
& ant
0,5
i

Displacement [ um)]

Figure 24. The comparison of computational model and experimen
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5. Conclusion

This bachelor thesis describes the biomechanicelbbn the basis of available
information sources. Due to the technical interthefstudy the basic knowledge of
technical terminology is expected therefore motendibn is dedicated to the
biological term description.

The work follows the dissertation thesis publisbedhe Faculty of mechanical
engineering, University of technology Brno in 208 includes the sources which
are not mentioned in that works. Due to high lefeksearch and large information
content of the earlier published works it was wéifficult to find new information
about this topic.

With respect to the high demands and difficultedated to cell testing the
international cooperation is useful. Consequemhtlie information exchange and
the presentation of the results the English languagenerally used and it was
considered appropriate to use English in this vearkvell.
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7. Appendix

There is the CD with electronic version of this wor PDF format.
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