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The Approach — Magnetic Tweezers

Magnetic force from magnetic field gradient
F=ueVB
1L = magnetic moment B = magnetic field




The System
Electromagnetic Coil (Biot-Savart’s Law)
B] = Nyyl/D
N = no. of loops p,= permittivity
| = current D = coil diameter

Sample
chamber

-
Cover glass




Calibration

Stokes’ Law for low Reynolds numbers
F=6nnRv

1 = viscosity R = particle radius v = velocity

Distance to pole piece:
10 um
25 um
50 pm e
75 um @
100 um

| = 2500 mA ;
| = 250 mA
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Adhesion-CSK Connection

Bead treated with p-toluene-sulfonyl (tosyl)
Sulfonyl esters react covalently with fibronectin
Direct coupling to CSK via integrins

figure 1. Dynabeads® M-450
Tosylactivated
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The Measurement

"Classic” Creep Response
Elastic displacement (Regime I)
Relaxation (Regime )
Steady-state Flow (Regime Ill)
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The Model

Effective elastic
modulus k = k_+k,

Viscosity v,
Relaxation time t

X(tY/F [m/N]

O Creep data
— fit curve
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Viscoelastic Properties

Same symbol:

Multiple
measurements,
one location

Open/closed
symbols:

Same cell,

different

locations
Parameters
vary cell-to-cell

Experiment #

<kg+k,>=0.010Pam
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Strain Field

Magnetic bead (M)

Latex beads (#1-9)
Nonmagnetic, 1 um
Fibronectin coated

3 beads untrackable

F=3.7nN, 1sec

—
e
=

e

ufcos 0
o
—
o

r

radius [um]

11



Deep strain fields
Cell vacuoles show displacement under magnetic
bead force.

Shear on the cell surface penetrates partially into
the cytoplasm
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| Coupling Model
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Cell Mechan
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Microrheology

Noninvasive probe of local viscoelasticity

Monitor the motion of particles
(100 nm diameter)
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The Method
Injecting probes

into cytoplasm

* Microinjector for
2D loading

« Ballistic injection
for 3D loading
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x(ti-T), y(ti-1)

MSDX (z') —

MSD, (z) =

PG, — ) — (1))’

N +1

Zilil(y(ti Y 2') n y(ti ))2

N +1
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Local Creep Compliance, I'(7)

Describes local deformations of cytoplasm by
thermal motion of particles

37D
4k T

FE) = <Ar‘(z)> [cm?/dyne]

10" 10° 10’

Time lag t (s)
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verties

ar modulus, G* ()
2K T

)L (1+a(w))
Ar?(1)>)/0(In t)

Viscoe

0s(za(w)!2)

+ Shear los
G"(w) =|G*(w)|sin(7a(w)/ 2)



+ Storage Modulus:
* Loss Modulus:

B

:ﬂGDg

. Elastic Solids

G*(w) =Inw

Re(G*) = 0
=Im(G*) =n
sformed)

G*(w) =G

G'(®) = Re(G*) =G
G"(®) =Im(G*)=0



+1=QYy
+ T=1dy/dt

storage of strain
(Fluid) dissipation of strain
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Viscous Liguid to Viscous Solid

VEGF softens a cell, but ROCK inhibition restores stiffness
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Creep Compliance I'(t) (cm%dyn) @

N

Elastic Modulus G' (dyn/cm?)

-
o

- »

o

[N

CONTROL a—
+VEGF e
+VEGF & Y27632 ——

10" 10°
Time lag 7 (s)

O Control
M +VEGF
+VEGF & Y27632

Experimental Condition

21






