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1. introduction to cell biology
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the classical cel theory

« all iving things are composed of cells

« cells are the basic unit of structure
and function in IMng thiNngs

« cells are produced from other cells

hooke [1669) schwann & schieiden [1839)], virchow [1858
1 introduction to cell biology
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Figure 1.2 Eukaryotic cell. Cell without a distinct nucleus.
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some facts and figures

« humans consists of approximately 100 trilion,i.e.,
1014 cells

« humans consists of > 200 different cell types
« atypical cell size is 10 um

« the smallest celis are less than Tum in diameter
while nerve cells can be up to a 1m long

« atypical cell mass is 1 nanogram

1 introduction to cell biology

organeles

organelles are specialized subunits within a cell that are enclosed
by their own lipid membrane. the name organele indicates that
these subunits have a similar function to the cel as have organs to
the human body. larger organeles such as the nucleus are easily
visible with a light microscope. different types of organelles may be
found in a cell depending on the cell's function.

typical organelles and their characteristic functions
¢ nucleus - maintenance of DNA and transcription of RNA
¢ endoplastic reticulum - translation and folding of new proteins
e gOlgi apparatus - storage and sorting of proteins
» mitochondrion - energy production / conversion of glucose to ATP

1 introduction to cell biology
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2. introduction to mechanics

3. biopolymers

- | -
3 biopolymers 0

trusses, beams, walls, plates, membranes, shells

H dimension geometry | loading deformation ‘ gov eqn
truss 1d straight | w,h <! | axial tension 2" order
beam 1d straight w,h <1 transverse | bending 4t order
wall 2d flat h<w,l in plane tension/shear | 2" order
plate 2d flat h<w,l transverse | bending 4t order
membrane | 3d curved h < w,l in plane tension/shear | 2" order
shell 3d curved h<w,l transverse | bending 4t order

Table 2.1: Classification of structural elements based on dimension, geometry and loading
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biopolymers

Figure 3.1. Biopolymers. Characteristic length scales on the cellular and sucellular level..
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cytoskeletal flaments

actin filaments are 7nm in diameter and consist of Wwo intertwined actin chains.
they are tension bearing members of the cel. being located close to the cell
membrane, they are responsible for inter- and intracellular transduction. together
with myosin, they from the contraction apparatus to generate muscular contraction
of skeletal and cardiac muscle.

intermediate filaments arc 8-12nm in diameter and thus more stable than actin
flaments. they are dalso tension bearing within a cel. anchoring at organelles, they
organize and maintain the three dimensional structure of the cell.

microtubules are hallow cylinders, 25nm in diameter with a 15nm lumen. they are
comprised of 13 protoflaments consisting of o and B tubulin, microtubules are
organized by the centrosome, but reassemble dynamically. unlke actin and
intermediate flaments, microtubules can also bear compression. in addition, they
form a highway for intracellular transport.

3 biopolymers 13

microtupules

Figure 1.4.3 The cytoskeleton includes a network of microtubules created by the lateral
association of protofilaments formed by the polymerization of tubulin dimers.
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actin flaments

Figure 1.4.1 Actin filaments form tight parallel bundles which are stabilized by cross-linking
proteins. Deeper in the cystol the actin network adopts a gel-like structure, stabilized by a
variety of actin binding proteins.

o | -
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axial deformation - tension

. . .ou  du Al
o kinematics e=lim—=—=uy, homogeneous £ = —
x—0x dx l

o constitutive equation ¢ = o(e) linear elastic = ¢ =Ee

N
o stress resultant N= / / cdydz  homogeneous o=~
o equilibrium Y f=0 inaxaldirection N+ f=0
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axial deformation - tension

EAupe+f=0  with CEA .. axial stiffness> . 2

. vy
cross section area A = 77 1 Ww'ﬂv
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transverse deformation - bending

g = EIW xyxx with ( bending sﬁ@ﬂv YM
w

for circular cross sections | = wr* /4 soles

r 1 E EI
microtubule 125nm | 19,175nm?* || 1.9-10°N/m? | 364-1072°Nm?
intermediate filament 5.0 nm 491 nm? 2.10N/m? 10-10~Nm?
actin filament 3.5 nm 118 nm? 1.9-10°N/m? 2.10"Nm?2

Table 3.2: Bending stiffness of major consituents of cytoskeleton: microtubules, intermediate filaments
and actin filaments
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transverse deformation - bending

e kinematics
o constitutive equation ¢ = Eeé= —Ewz=Exz
e Sfress resutants

e equiiibrium

&= —w,xe =KZ
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free energy - energy and entropy

p=W-TS .. free energy

W = W(g) .. Strain energy

T = 300K .. absolute temperature
S=kln(p) .. Boltzmann equation

k = 1.38-10"23J/K... Boltzmann constant

Yy=W-TS~-TS=—TklIn(p)
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example - entropic spring

“The power of any spring 1is in the same
proportion with the tension thereof: that is, if
one power stretch or bend it one space, two will
bend it two, and three will bend it three, and so
forward. Now as the theory is very short, so the
way of trying it is very easy.”

Robert Hooke [1678] De Potentia Restitutiva

3 biopolymers 2

concept of persistence lengtn

_EI
kT

« the persistence length is a measure of the length scale over which
a polymer remains roughly straight

A persistence length

o the persistence length is a measure of the competition
between the entropic parts of the free energy randomizing the
orientation of the polymer and the energetic cost of bending.

 the persistence length is the scale over which the tangent-
tangent correlation function decays along the chain

suggested reading: 8.2 macromolecules as random walks / 10.2.2 beam theory and the persistence length

3 biopolymers =

concept of persistence lengtn

« stiffer flaments are straighter o« bending stifness EI
« coCler flaments are straighter o inverse temperature kT

EI
A=— ersistence length [ < A <L
kT P K By l]ey;(ﬂVYM
actin filament | 35nm | 1.910°N/m? | 210" ®Nm? | 0.048 mm

Table 3.6: Persistence lengths of major consituents of cytoskeleton at room temperature: microtubules,
intermediate filaments and actin filaments

3 biopolymers 2

polymerization of idealized polymers

L1 P

DP oP
dn
— = 4k, C . monomer capture 4
dt n

4 +kon C— koff

dn dt
T —kost ... monomer release

critical free monomer concentration

dn . ko
E - +kon Ccrit - koff =0 thus Ccrit - Ef:
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polymerization of actin and tulbulin

L1 P

DP oP
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polymerization of actin - steady state treadmiling

kit T Koge
k& + kon

steady state concentration

Cstd =

+
Ccrit

=0.124M < Cyq = 0.17 uM < Co;, = 0.62 uM

crit
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polymerization of actin - treadmiling

3 biopolymers 2

from molecular level to cellular level

three examples

* fiber bundle model for flopodia
* network model for red blood cell membranes
« tensegrity model for generic cell structures

4 cytoskeleton 2



from molecular level to cellular level

assuming we know the mechanical properties of the individua flaments, what
does that actually tell us about the assembly of flaments that we find in the cell?

e could we then predict the stiffness of the overall assembly?

o how does the flament microstructure affect cytoskeletal properties”?

e how can we cdculate the macroscopic network properties from the
individual microscopic flament properties”?

4 cytoskeleton 2

assembly of crosslinked actin flaments

Figure 4.3. Bundles of actin filaments tightly crosslinked through fascin are known as filopodia. The mechanical properties of filopodia
play an essential role in various different physiological processes including hearing, cell migration, and growth.

flopodia are very thin structures approximately 0.2 um in diameter. they can easly
extend up to 1.5um. they typicaly polymerize and depolymerize at rates of
approximately 10 um/min. the mechanical properties of flopodia play an essential
role in various different physiological processes, including hearing, cell migration, and
growth, despite therr importance to cell function, the structural architecture
responsible for their overall mechanical behavior remains largely unknown,

4 cytoskeleton a1

flopodia and other filber bundels of F-actin

e 08108, DEvssIIger, cleessens, bausch, Ty [2008]
4 cytoskeleton 30

pushing the envelope

simplified model for cell locomotion

e protrusion ... polymerization at the leading edge of the cell
e gitachment ... formation of focal adhesions 1o link the cell to the surface
e ratraction ... contraction of stress fibers to retract the rear of the cell

aloerts, johnson.dewis, raff roberts wwalter [2002]

4 cytoskeleton 2



pushing the envelope - critical length

¢ loose assembly o tightly crosslinked

4 cytoskeleton 33

case |l - tigntly crosslinked actin filaments

4 4
Trk r )
I = 4“ =n? 4a°t with 74 = /11 Taut

n = 30 filaments Leit = 2.278 ym
better model - agrees with observations of 2um

4 cytoskeleton 3s

case | - loosely assembled actin flaments

4

[=nla with L= _‘a
4
n = 30 filaments Lesit = 0.416 ym

much too low - disagrees with observations of 2um
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network model for red blood cells

the human red blood cell membrane skeleton is a network of roughly
33,000 protein hexagons that looks like a microscopic geodesic dome

4 cytoskeleton 36



network model for red blood cells

4 cytoskeleton a7

different network kinematics

4 cytoskeleton 3

homogenization - hil-mandel condition

aim. o determine the overall material properties xand  prof the net-
work of spectrin chains in terms of the spectrin chain stifness

Wmac -~ Wmic

hil, r. elastic properties of reinforced solids; some theorstical principles, joumal of the mechanics and
physics of solids, 1963, 11:357-372.
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single spring energy

free energy W*F' of a single spring

W =1k =1k[I-1p)* where d=1I1-1I

4 cytoskeleton %



discrete microscopic network energy

4 cytoskeleton #

tensegrity = tension + integrity

balanced interplay between tension and compression
ingber [1998]
4 cytoskeleton “

equivalent macroscopic energy

mae - V\[miC
e

sontes ™

4 cytoskeleton “
4 trusses 6 trusses

12 trusses
8 Trusses 6 trusses and 1 nucleus
3 trusses
4 cytoskeleton .



tensegrity models for cells

4 cytoskeleton 4

prestress - analytically predicted

prestress is of the same order as young's modulus

4 cytoskeleton a

tensegrity models for cells

. 1
Wl’l’laC i Wl’l’llC Wmac — E 8 E 8
= ﬁ T small strain Ey =5.85 Eg %
521y 8x — 50 2 1+12¢

4 cytoskeleton %

prestress - experimentally measured

prestress is of the same order as young's modulus

wang, naruse, stamenovic, fredoerg, miaiovich, tolic-nomelyide, polte, mannix, ingber [2001

4 cytoskeleton 4



5. biomembranes

- | -
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the cell membrane

Figure 1.3. Cell membrane. Phospholipic bilayer with hydrophobic water-avoiding tails and hydrophilic water-loving heads.
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the lipid bilayer
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the cell membrane

all cellular components are contained within a cell membrane which is
extremely thin, approximately 4-5nm, and very flexible. inside
the cel membrane, most cells behave like a liquid as they consist of
more than 50% of water. the cel memborane is semi-permeable
dlowing for a controled exchange between intracelular and
extracelular components and information.

mechanisms of transport through the membrane
e passive transport driven by gradients in concentration

e gctive transport that doss reouire extra energy; it is regulated by
lon channels, pumps, transporters, exchangers and receptors

5 biomembranes 52



the cell membrane

the barrier between the inner and outer cell is the cell membrane, a
bilayer consising of phospholipids of a characteristic structural
arrangement. in agqueous solutions, these phospholipids essentially
display two kinds of non-covalent interactions.

non-covalent interactions of phospholipids
 hydrophobic, water avoiding non-polar residues
o hydrophilic, water loving polar head groups

this behavior is similar to fatty acids or oil in water, where the
hydrophiic polar heads tend to be oriented towards the watter phase
while the hydrophobic talls are oriented towards the oil phase.
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law of laplace from free body diagram

| \S]
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micropipette aspiration
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law of laplace
1 1 e
ip L Wrgdlﬁ' i
ppp =2n |:Rpip Rcell ”M%Wc
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micropipette aspiration

human chondrocyte
with diameter of 12-16um

neutrophil chondrocyte

hurman neutrophil
with diameter of 8um

the figure on the left shows a human neutrophil with a diameter of ~8um and a human chondrocyte with a
diameter of ~12-16um. scale bars indicate 2um.the figure on the right shows a neutrophi and a chondrocyte

each being aspired into a micropipette. scale bars indicate 5um.

5 micropipette aspiration 57

micropipette aspiration - chondrocyte

chondrocyte

Lpro/ Rpro

micropipette aspiration of a chondrocyte and an endothelial cell. chondrocytes and endothelial cells continue to
behave as an elastic solid for values L’ Rero >1 that are significantly larger than one. cells that do not flow into

the pipette freely behave as elastic solids.
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micropipette aspiration - neutropnil

neutrophil [ ]

Lpro/ Rpro

micropipette aspiration of a liquid drop with a constant cortical tension T,. LPr is the length of the protrusion of
the drop into the pipette and RPr is the radius of the protrusion. when Lpr/ Rero >1, the results are no longer
stable to an increase in pressure. the cell flows fregly into the pipette when the pressure is increased beyond
Lo/ Rere =1, cglls as neutrophils that flow into the pipette fresly at this point behave as liquid drops.

5 micropipette aspiration

micropipette aspiration

human chondrocyte
with diameter of 12-16um

neutrophil chondrocyte

hurman neutrophil
with diameter of 8um

summary neutrophis behave as &liquid drop Wth a cortical surface tensjao—af goout 30oN/um and a
viscosity of the order of 100Pa. chondrocyes and endothelial cells behave & @ th an elastic modulus

of the order of 500pN/um=0.5KPa.

5 micropipette aspiration



finite element simulation of micropipette aspiration concept of surface tension

| zubin huang [2007]
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concept of surface tension tension vs bending - membranes vs shells

overall strain = In plane (constant) + transverse (inear)

5 biomembranes 63 5 biomembranes 64



membrane stiffness characteristics

the fluid mosaic model | gnes

red blood cells

nyy = Kseyy with Kg=2Gh= % ... membrane shear stiffness
o . 10-5 Tow!
red blood cells K =69 . 106 N/m> i wper
Eh
_ 2 . _ . .
p. = Kp Aw with Kp= oa— membrane bending Stliﬁf,s.?
oW
red blood cells @IO‘19 Nm > PRIRL wper
5 biomembranes 6
mechanotransduction

K = 6—9-10°N/m ,ﬂ,,ww“"w

simger & nicolson (1972

5 biomembranes 66

the process of converting physical forces into biochemical signals
and integrating these signals into the cellular response is referred
to as mechnotransduction. to fully understand the molecular basis for
mechanotransducion, we need to know how externally applied forces are
transmitted into and throughout the cell. different technigues have been
developed to probe mechanotransduction Dy mechanically stimulate
cels to address the following guestions,

mMmechanotransduction

the process of mechanotransduction can be divided into three steps

* mechanoreception
detection of the stimulus and transmission of the signal from outside
the cell to its inside

¢ intracellular signal transduction
transduction of the stimulus to location in the cell where a molecular
response can be generated

* target activation
activation of proteins that cause alterations in cell behavior through a
variety of different mechanisms

6 mechanotransduction

6 mechanotransduction



mechanotransduction pathways during skin expansion

stretch-activated integrins growth factor  G-protein-coupled

stretch ion channels receptors receptors stretch
<= 7 collagen —)
fibronectin

extracellular

intracellular
domain

|

.
AT IC ) 4
cytosol actin \ ‘ / skesgton

transcription factors )

i

mechanotransduction pathways during skin expansion

v
nucleus mechanoresponsive genes

mechanotransduction in growing skin consists of three steps

* mechanoreception
detection of the stimulus, stretch beyond the physiological limit, and
transmission of the signal from outside the cell to its inside

* intracellular signal transduction
transduction of the stimulus to the nucleus, t© the location in the cell
where a molecular response can be generated

* target activation
activation of proteins that cause alterations in cell behavior through
increased mitotic activity and increased collagen synthesis

6 mechanotransduction

mechanoreception

intracellular signal transduction

=3

integrins

mediate attachment between a cel and the extracelular matrix, play a central role
in force transmission across the cell membrane, triggering targets such as nitric
oxide NO signaling, mitogen-associated protein kinases MAPK, Rho GTPases,
and phosphoinositol-3-kinase PIBK

stretch-activated ion channels

open in response to elevated membrane straing, allowing positively charged
calcium ions Ca2+ and other cations to enter the cell, changes in the intracellular
calcium concentration regulate intracellular signaling and cytoskeletal remodeling

growth factor receptors
bind to growth factors outside the cell, thereby tuming on several receptor

mediated pathways inside the cell, such as nitric oxide NO signaling and mitogen-
assoclated protein kinases MAPK

G protein-coupled receptors

seven-transmembrane proteins, can be activated by mechanical stretch outside
the cel to Initiate mechanotransduction pathways inside through second
messengers such as nitric oxide NO signaling and phosphoinositol-3-kinase PISK

6 mechanotransduction

e physical transduction. the cytoskeleton scrves as scaffold for the transduction of
mechanical into biochemical signals. strain can induce conformational changes in the cytoskeleton,
which may affect binding affinities to specific molecules and activate signaling pathways
e biochemical transduction. signaling molecules, small intracellular medator molecules,
second messengers, and network of intracellular signaling molecules
Ca2+ changes in the intracelular calcium concentration are known  to regulate
ntracellular signaling and cytoskeletal remodeling

Rho GTFases regulates many aspects of intracellular actin dynamics, Rho proteins have
been described as molecular switches and play a role in cel proliferation, apoptosis, gene
expression, and multiple other common cellular functions
< MAPK) MAPK mitogen-associated protein kinase pathways convey information to effectors,
coordinate incoming information from other signaling cascades, amplify signals, and initiate a variety
of response patterns

NO nitric oxide acts as a second messenger, it is a Tree radical that can diffuse through
the plasma membrane and affect nearby cells

PIBK phosphoinositol-3-kinase . is an intracelular signaling pathvway. regulating.anoptosis

6 mechanotransduction



target activation

( transcription factors )

v

@echa.noresponsive gene@

mechanical activation initiates multiple signaling pathways, which can
have a substantial overlap and crosstak.  however,  since
mechanicaly-induced  signaling pathways may e shared with
classical receptor-mediated pathways, they are typically difficult to
study In isolation. it is clear, however, that all these signaling
pathways converge to activate transcription factors, \which
stimulate gene expression and other nuclear events.
overal, the underlying principle-is that-stretch invokes a cascade of
events that tfrigger increased mitotic activity =nd increased
collagen synthesis, which ufimately result in increased skin
surface area o restore the homeostatic equilionium state,

prolbing mechanotransduction

oscillatory uniexial

tension/compression
for tendon and
ligament cells
‘ hyarostatic pressure
pulsatie stress for bone cels
and shear stress
for vascular cells oscilatory tension
for dermal cells
oscillatory
compression
for cartlage cells

6 mechanotransduction

prolbing Mmechanotransduction

in thelr physiological environment, cells are subjected to various
combinations of mechanical stimuli and it is dificult t©
predict which stimulus is responsiole for which change within the
cell. in an attempt to better understand the response of the cell to
individual mechanical stimuli, experiments are performed  under
controlled laboratory conditions in which different loading
scenarios can be applied in a selective way. some of the classical
devices that are used t© probe mechanotransduction in
living cells include the following tests.

e Uniaxial and biaxial tension
o Uniaxial and hydrostatic compression
¢ Uniaxial and circumierential shear

6 mechanotransduction
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ME239 Mechanics of the Cell Midterm Exam

ME239 - Mechanics of the Cell

Instructions

A. This is an closed note / closed book exam allowing for one sheet of paper.
B. Multiple choice questions might have more than one correct answer.

C. Questions are not all worth the same number of points.

D. You have the full class period (75 minutes) to complete the exam.

Name Student ID

me239 mechanics of the cell - midterm
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ME239 Mechanics of the Cell Midterm Exam

1. Multiple choice questions may have more than one correct answer
32 points, 1 point per correct answer

1f. What are the assumptions of the Euler Bernoulli beam theory?

X Upon deformation, normals remain straight.
X Upon deformation, normals remain unstretched.
[0 Upon deformation, normals remain unrotated.

X Upon deformation, normals remain normal.

me239 mechanics of the cell - midterm -
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ME239 Mechanics of the Cell Midterm Exam

2. Complete the following texts. 32 points, 1 point per correct answer
2f. Mechanotransduction

Mechanotransduction is the process of converting
cesy into
signaly . Mechanotransduction consists of three phases

(state the technical terms and/or describe them with your own words):

(i) mechanoreceptior

(ii) intracellular signal transduction

(i) target activationw

To test a particular cell type, three loading scenarios can be studied to

probe mechanotransduction. tersion can be applied by

seeding cells on biocompatible sheets and stretching them at both ends.
shear is typically applied to probe osteocytes or endothe-

lial cells in flow chambers. _ COMPressionw  can be applied to test

cells such as chondrocytes in a hydrostatic or uniaxial setting.
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ME239 Mechanics of the Cell Midterm Exam

2. Complete the following texts. 32 points, 1 point per correct answer

2e. van Karman shell theory

In the van Karman shell theory, strains can be decomposed

into a constant and a linear contribution. Constant strains are

related to l’/WPlOWW deformations and lead to a
second order partial differential equation. Linear strains

are related to travwverse deformations and lead to a

fowrtivorder partial differential equation.
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ME239 Mechanics of the Cell Midterm Exam

3.-7. Problems like the homework problems 6-12 points each

1.1 Calculate the cross section area AMllow = [ pouter2 _ yinner2 | of microtubules when
considered as a hollow cylinders.

1.2 Calculate the moment of inertia ["low = 1/47[rouerd — pinnerd ] of microtubules
when considered as a hollow cylinders.

1.3 Calculate the radius r*°® of an imaginary solid cylinder which would have the
same cross section area as microtubules.

1.4 Calculate the moment of inertia of I**d of this imaginary solid cylinder of equal
cross section area.
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