
1me239 mechanics of the cell

me239 - mechanics of the cell

2me239 mechanics of the cell - literature

alberts et al. [2008] boal [2002] howard [2001] phillips et al. [2008]

recommended textbooks / additional reading

3me239 mechanics of the cell - overview

topics covered in class

41 introduction to cell biology

1. introduction to cell biology

the inner life of a cell, viel & lue, harvard [2006]



51 introduction to cell biology

the classical cell theory

schwann & schleiden [1839], virchow [1858]

• all living things are composed of cells

• cells are the basic unit of structure
  and function in living things

• cells are produced from other cells

hooke [1665]

61 introduction to cell biology

some facts and figures

• humans consists of approximately 100 trillion,i.e.,
  1014 cells

• humans consists of > 200 different cell types

• a typical cell size is 10 µm

• the smallest cells are less than 1µm in diameter
  while nerve cells can be up to a 1m long

• a typical cell mass is 1 nanogram

71 introduction to cell biology

eukaryotic cells

Figure 1.2 Eukaryotic cell. Cell without a distinct nucleus.

81 introduction to cell biology

organelles

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

organelles are specialized subunits within a cell that are enclosed
by their own lipid membrane. the name organelle indicates that
these subunits have a similar function to the cell as have organs to
the human body. larger organelles 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.



92 introduction to mechanics

2. introduction to mechanics

the inner life of a cell, viel & lue, harvard [2006]

102 introduction to mechanics

trusses, beams, walls, plates, membranes, shells

113 biopolymers

3. biopolymers

the inner life of a cell, viel & lue, harvard [2006]

123 biopolymers

biopolymers

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



133 biopolymers

cytoskeletal filaments

actin filaments are 7nm in diameter and consist of two intertwined actin chains.
they are tension bearing members of the cell. 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 are 8-12nm in diameter and thus more stable than actin
filaments. they are also tension bearing within a cell. anchoring at organelles, they
organize and maintain the three dimensional structure of the cell.

microtubules are hollow cylinders, 25nm in diameter with a 15nm lumen. they are
comprised of 13 protofilaments consisting of ! and " tubulin. microtubules are
organized by the centrosome, but reassemble dynamically. unlike actin and
intermediate filaments, microtubules can also bear compression. in addition, they
form a highway for intracellular transport.

143 biopolymers

actin filaments

the inner life of a cell, viel & lue, harvard [2006]

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.

153 biopolymers

microtubules

the inner life of a cell, viel & lue, harvard [2006]

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.

163 biopolymers

axial deformation - tension



173 biopolymers

axial deformation - tension

scales with radius2

183 biopolymers

transverse deformation - bending

• kinematics
• constitutive equation
• stress resultants
• equilibrium

193 biopolymers

transverse deformation - bending

scales with radius4

203 biopolymers

free energy - energy and entropy

W = W(!)

… free energy

… strain energy

… absolute temperature

… Boltzmann equation

… Boltzmann constant



213 biopolymers

example - entropic spring

“The power of any spring is 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

223 biopolymers

concept of persistence length

• stiffer filaments are straighter   # bending stiffness 

• cooler filaments are straighter #  inverse temperature

scales with radius4

233 biopolymers

concept of persistence length

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

physical biology of the cell, phillips, kondev, theriot [2009]

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

243 biopolymers

polymerization of idealized polymers

TP

DP

TP

DP



253 biopolymers

polymerization of actin and tubulin

TP

DP

TP

DP

263 biopolymers

polymerization of actin - treadmilling

273 biopolymers

polymerization of actin - steady state treadmilling

284 cytoskeleton

from molecular level to cellular level

three examples

fiber bundle model for filopodia
network model for red blood cell membranes
tensegrity model for generic cell structures

•

•

•



294 cytoskeleton

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

could we then predict the stiffness of the overall assembly?
how does the filament microstructure affect cytoskeletal properties?
how can we calculate the macroscopic network properties from the
individual microscopic filament properties?

•

•

•

from molecular level to cellular level

304 cytoskeleton

bathe, heussinger, claessens, bausch, frey [2008]

filopodia and other fiber bundels of F-actin

314 cytoskeleton

assembly of crosslinked actin filaments

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.

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

324 cytoskeleton

pushing the envelope

                       simplified model for cell locomotion

protrusion    ... polymerization at the leading edge of the cell
attachment  … formation of focal adhesions to link the cell to the surface
retraction     … contraction of stress fibers to retract the rear of the cell

•

•

•

alberts, johnson, lewis, raff, roberts, walter [2002]



334 cytoskeleton

pushing the envelope - critical length

• •

344 cytoskeleton

case I - loosely assembled actin filaments

much too low - disagrees with observations of 2um

354 cytoskeleton

case II - tightly crosslinked actin filaments

better model - agrees with observations of 2um

364 cytoskeleton

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



374 cytoskeleton

network model for red blood cells

384 cytoskeleton

homogenization - hill-mandel condition

hill, r. elastic properties of reinforced solids: some theoretical principles, journal of the mechanics and
physics of solids, 1963, 11:357–372.

aim. to determine the overall material properties     and     of the net-
work of spectrin chains in terms of the spectrin chain stiffness

394 cytoskeleton

different network kinematics

404 cytoskeleton

single spring energy



414 cytoskeleton

discrete microscopic network energy

424 cytoskeleton

equivalent macroscopic energy

scales with √3sp
ring stiffn

ess

434 cytoskeleton

ingber [1998]

tensegrity = tension + integrity

balanced interplay between tension and compression

444 cytoskeleton

4 trusses 6 trusses
12 trusses

6 trusses and 1 nucleus
8 trusses

3 trusses



454 cytoskeleton

tensegrity models for cells

464 cytoskeleton

tensegrity models for cells

474 cytoskeleton

prestress - analytically predicted

prestress is of the same order as young’s modulus

young’s modulus scales with pre-stress

484 cytoskeleton

prestress - experimentally measured

prestress is of the same order as young’s modulus
wang, naruse, stamenovic, fredberg, mijailovich, tolic-norrelykke, polte, mannix, ingber [2001]



495 biomembranes

5. biomembranes

the inner life of a cell, viel & lue, harvard [2006]

505 biomembranes

the lipid bilayer

515 biomembranes

the cell membrane

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

525 biomembranes

the cell membrane

   mechanisms of transport through the membrane
• passive transport driven by gradients in concentration
• active transport that does require extra energy; it is regulated by
   ion channels, pumps, transporters, exchangers and receptors

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



535 biomembranes

the cell membrane

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

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

this behavior is similar to fatty acids or oil in water, where the
hydrophilic polar heads tend to be oriented towards the water phase
while the hydrophobic tails are oriented towards the oil phase.

545 biomembranes

micropipette aspiration

555 biomembranes

law of laplace from free body diagram

2

565 biomembranes

law of laplace

surface tension relates relates 

pressure and cell radius



575 micropipette aspiration

micropipette aspiration

hochmuth [2000]

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

human neutrophil 
with diameter of 8um

human chondrocyte 
with diameter of 12-16um

neutrophil chondrocyte

585 micropipette aspiration

micropipette aspiration - neutrophil

neutrophil

micropipette aspiration of a liquid drop with a constant cortical tension Tc. Lpro is the length of the protrusion of
the drop into the pipette and Rpro is the radius of the protrusion. when Lpro/ Rpro >1, the results are no longer
stable to an increase in pressure. the cell flows freely into the pipette when the pressure is increased beyond
Lpro/ Rpro =1. cells as neutrophils that flow into the pipette freely at this point behave as liquid drops.

Lpro/ Rpro

595 micropipette aspiration

micropipette aspiration - chondrocyte

micropipette aspiration of a chondrocyte and an endothelial cell. chondrocytes and endothelial cells continue to
behave as an elastic solid for values Lpro/ Rpro >1 that are significantly larger than one. cells that do not flow into
the pipette freely behave as elastic solids.

chondrocyte

Lpro/ Rpro

hochmuth [2000]

605 micropipette aspiration

micropipette aspiration

hochmuth [2000]

human neutrophil 
with diameter of 8um

human chondrocyte 
with diameter of 12-16um

neutrophil chondrocyte

summary neutrophis behave as a liquid drop with a cortical surface tension of about 30pN/um and a
viscosity of the order of 100Pa. chondrocytes and endothelial cells behave as a solid with an elastic modulus
of the order of 500pN/um=0.5kPa.



615 biomembranes

finite element simulation of micropipette aspiration
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625 biomembranes

concept of surface tension

635 biomembranes

concept of surface tension

645 biomembranes

   overall strain =  in plane (constant) + transverse (linear)

tension vs bending - membranes vs shells



655 biomembranes

membrane stiffness characteristics

red blood cells

red blood cells

red blood cells

this is su
per low!

this is su
per low!

665 biomembranes

the fluid mosaic model

singer & nicolson [1972]

fluids have now shear stiffn
ess

676 mechanotransduction

mechanotransduction
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 techniques have been
developed to probe mechanotransduction by mechanically stimulate
cells to address the following questions.

686 mechanotransduction

mechanotransduction

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

•

•

•



696 mechanotransduction

Ca2+ Rho NO PI3KMAPK

transcription factors

mechanoresponsive genes

integrins growth factor
receptors

G-protein-coupled
receptors

stretch-activated
ion channelsstretch stretch

collagen
fibronectin

cyto-
skeleton

extracellular
matrix

intracellular
domain

cytosol actin

nucleus

mechanotransduction pathways during skin expansion

706 mechanotransduction

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, to 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

•

•

•

mechanotransduction pathways during skin expansion

716 mechanotransduction

mechanoreception
integrins
mediate attachment between a cell and the extracellular 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 PI3K

stretch-activated ion channels
open in response to elevated membrane strains, 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 turning on several receptor
mediated pathways inside the cell, such as nitric oxide NO signaling and mitogen-
associated protein kinases MAPK

G protein-coupled receptors
seven-transmembrane proteins, can be activated by mechanical stretch outside
the cell to initiate mechanotransduction pathways inside through second
messengers such as nitric oxide NO signaling and phosphoinositol-3-kinase PI3K

726 mechanotransduction

intracellular signal transduction
•  physical transduction. the cytoskeleton serves 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

• biochemical transduction. signaling molecules, small intracellular mediator molecules,
second messengers, and network of intracellular signaling molecules

Ca2+ changes in the intracellular calcium concentration are known to regulate
intracellular signaling and cytoskeletal remodeling

Rho GTPases regulates many aspects of intracellular actin dynamics, Rho proteins have
been described as molecular switches and play a role in cell proliferation, apoptosis, gene
expression, and multiple other common cellular functions

      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 free radical that can diffuse through
the plasma membrane and affect nearby cells

        PI3K phosphoinositol-3-kinase is an intracellular signaling pathway regulating apoptosis

Ca2+

Rho

NO

PI3K

MAPK



73

mechanoresponsive genes

6 mechanotransduction

target activation

mechanical activation initiates multiple signaling pathways, which can
have a substantial overlap and crosstalk. however, since
mechanically-induced signaling pathways may be 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.
overall, the underlying principle is that stretch invokes a cascade of
events that trigger increased mitotic activity and increased
collagen synthesis, which ultimately result in increased skin
surface area to restore the homeostatic equilibrium state.

transcription factors

746 mechanotransduction

probing mechanotransduction

in their physiological environment, cells are subjected to various
combinations of mechanical stimuli and it is difficult to
predict which stimulus is responsible 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 to probe mechanotransduction in
living cells include the following tests.

uniaxial and biaxial tension
uniaxial and hydrostatic compression
uniaxial and circumferential shear

•

•

•

756 mechanotransduction

probing mechanotransduction

pulsatile stress
and shear stress
for vascular cells

oscillatory uniaxial 
tension/compression 

for tendon and 
ligament cells

oscillatory
compression

for cartilage cells

hydrostatic pressure
for bone cells

oscillatory tension
for dermal cells

76me239 mechanics of the cell - midterm

me239 - midterm - may 22, 2012



77me239 mechanics of the cell - midterm

me239 - midterm - may 22, 2012

78me239 mechanics of the cell - midterm

in plane
second order

fourth order
transverse 

me239 - midterm - may 22, 2012

79me239 mechanics of the cell - midterm

mechanical      forces chemical 
signals 

mechanoreception 
intracellular signal transduction 
target activation

tension

shear
compression

me239 - midterm - may 22, 2012

80me239 mechanics of the cell - midterm

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

me239 - midterm - may 22, 2012


