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Biophysics with optical tweezers

Optical tweezers use forces of laser radiation pressure to trap small
objects

This technique is 20 years old, and used in biophysics the last 10 years

Outline of lecture:
-Optical tweezers physics (40 min)
*Technical issues (30 min)
-Characteristics of optical tweezers (15 min)
‘How are they used (60 min)



Light exerts force on matter

- EM waves interact with electrons In

matter James Clerk Maxwell
1831-1879
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Radiation pressure is the force per unit area on a object due to change
In light momentum

The light momentum of a single photo is:

-~
A

The change is momentum can be calculated by the difference is momentum
flux between entering and leaving a object

Energy flux

F=(n/c) j j (Sin — Sou )dA

Refraction index



Applying this formula to a 100% reflecting mirror reflecting a 60W lamp
gives a pressure of:

F=2(n/c) jj(‘ém)dA
=2(n/c)W = 4x107" N

Gravity pulls on a 1 kg mirror with 9.8 N so the force of the photos IS
negligible.




Arthur Ashkin builds first optical trap (1970)

vommzl,Nﬁmm PHYSICAL REVIEW LETTERS ¢ 26 JANUARY 190

ACCELERATION AND TRAPPING OF PARTICLES BY RADIATION PRESSURE

A, Ashkin
Bell Telephone Laboratories, Holmdel, New Jersey 07733
(Received 3 December 1969) —1—
o

Micron-sized particles have been accelerated and trapped in stable optical potential zut: M
wells using only the foree of radiation pressure from a continuous laser. It is hypothe- U _E T i Z
sized that similar accelerations and trapping are possible with atoms and molecules us- f 00— j '!}-
ing laser light tuned to specific optical transitions. The implications for isotope sep- — o T :
aration and other applications of physical interest are discussed. | - a FILTER l

DOWN
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FIG. 1. (a) Geometry of glass cell, ¢ =120 um, for

: : observing micron particle motions in a focused laser
How the Ilght paSSIng th rough beam with a microscope M. (b) The trapping of a high
a transparent particle? index particle in a stable optical well. Note position

of the TEMy,-mode beam waists.
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F = dP/dt
Photon

momenitum

P=h2
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A particle in a beam (Transverse)

Force A
. . Net
Light profile « Force .
______ B b, -
Force
A

refraction compared to the surrounding media.
The particle gets push towards the highest light intensity.

However there are also reflections pushing the bead forward

Force develops when rays of light act on objects with different index of




lens Net Force

ﬁ Reflected photons

P g Reflection

Result: A particle can get sucked into the focus of a laser bundle and be
stably trapped.

Thus highly focused laser beam acts as a three-dimensional potential
minimum. Therefore it takes force the dislodge a bead out of the laser focus.



Sphere will be pushed toward focus

light frem objective

¢ =center of sphere
® =source focus

E = gradient force

force left




The Reflection force
(can not be cancelled out)

* There will also be a force
due to reflected light.

- This will push the sphere
away from the focal point.

* The refractive force must
overcome the reflection
force to trap the sphere




But using a high NA objective, the refractive force can overcome the forces
due to reflections.

What is a high NA objective?

Microscope objective

iInput aperture

" Collimated laser light

NA=nsin(q, ) l l

max




Choosing microscope objective properly

- High numerical aperture objective (NA =12 -1.4)

- High NA through oil or water immersion

- Spherical aberration degrades performance

- Water immersion objectives are better
(less n mismatch; longer WD)

- Transmission at trapping wavelength
- NIR transmission (well discuss why we need NIR later)
- Dual-objective method to measure transmission
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dielectric particles

A. Ashkin, J. M. Dziedzic, J. E. Bjorkholm, and Steven Chu
ATET Bell Luborutories, Holmdel, New Jersey 07733

- a stable single-beam trap

12

Observation of a single-beam gradient force optical trap for

LASER BEAM

b)

Fig.1. a) Diagram showing the ray optics of a spherical Mie
particle trapped in water by the highly convergent light of a
single-beam gradient force trap. b) Photograph, taken in
fluorescence, of a 10-um sphere trapped in water, showing
the paths of the incident and scattered light rays.

\—



Solution 2: cancel 1t out

- We can also use two
laser beams to trap the
sphere

- Reflective forces cancel
- Low NA objectives

- The design is complex

and difficult to keep

both lasers aligned

(at least twice the equipment
investment)
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Microscope

Typica' Single-beam llumination
tweezers design =

Dichroic

Mirror

Position

Detector
Condenser

Sample
Plane
Microscope
Objective

‘ ( | | \ Dichroic
il < . Mirror

Beam Beam
Expander Steering

cco
Camera




Typical Dual beam tweezers design

830 nm, 200 mW CW

£ — —i

830 nm, 200 mW CW Spatial Filter Isolator
—
= — %
Tsolator Spatial Filter
Diode Diode
s Cell A
White Light Source
—

Cube Cubsz /4 Objective Objective 3/4  Cube Cube

Tip




Optical damage

- Biological specimens are relatively transparent in the
near infrared (750 - 1200 nm)
- Damage minimum 830 and 970 nm
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Basic Physics Summary

. Momentum variation push sphere towards high intensity region
. High NA or dual beam overcome the reflection

light
pushes
sphere

net force

sphere pushes
light to left

light pushes
sphere to right

Some Technical 1ssues 1. Trap manipulation
Position detection

Force & trap stiffness calibration
Apply to biophysics studies

»WN

Laser pointer (mW)~10 pN
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Microscope

Typica' Single-beam llumination
tweezers design =
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Microscope
lllumination

£‘

3D trap positioning

- Move laser focus by moving first lens in n:::::::c s |
telescope s
Detector
- Beam rotates around back-aperture, which  gopgenser U/
corresponds to translation of focus point ' —
Plane

- Move lens in axial direction -> change focus “6';;]:5::‘:‘? I{:,-a-ir
position along optical axis R

> Dichroic
E < Mirror

Beam Beam
Expander Steering

cco
Camera




Dynamic position control

* Scanning mirror
- Low losses

- Large range

- Slow (1-2 kHz)

- Lower resolution

- Acousto-Optical
Deflection (AOD)

- Fast (100 kHz)
- High losses
- Non-uniform diffraction

- High-resolution

input
Lasar
Beam

Travaling
Sound
Wave

a grating

a change of a materials permittivity, ¢,

due to a mechanical strain

Acouslic
AlsorDer
E
—_—

15t Order
—pp Diffracled

=
| -
— -

"=

Piezo
Transducs:
FT Ernive
Signal

Lazer Beam

s
A Transmitted
Lasar B&aim
{Oth Ordar)




AOD for Trap steering
A)

B)

1" arder

h
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- Slow
Data bandwith needed for a 1kx1k CCD
= 1000x1000x8Dbit + processing
(30-120Hz limited by video rate)
- Absolute position with

~10 nm position

- Fast (100 kHz)
- Relative position (bead - focus)
- 1nm or better resolution

—_—




Laser based Back-focal-plane detection

- Focus a laser on the bead

- Collect light on condensor side.
- Detect interference between unscattered

and scattered light ) v
- Image back-focal plane onto a position % vy < V-i58)
sensitive detector.

E
Digital Analog £ 200 - ,
Processing Processing 5 . | ; e és.
o -200 ElE
- .
400 2004

400 1o 2001E, -,
o wf SRS
§ n] : od B am Ln
= r ’: B .I.
s * g1
2004 -1004 = 5 g
> LAy
(1 = 200+
400 -200 0 200 400 -200 100 D 100 200
X Poasition (nm) X Position (nm)
-4! 5 i 4 -4 ! E ; 4
LASER Mormalized Difference (V) Residual Error After
Fitting (nm)

Precise position measurement < force measurement




Force Calibration: Theoretical Power Spectrum

Eq. Of motion for a Brownian particle
in a harmonic potential:

S.(f)=

kra =

- L
F=ki,, X
Jo

Fourier transform gives Power Spectrum :

= —— = corner frequency
2y

w+lx =F (1)
y = 6;rn = Stokes drag
kc = trap stiffness

F(t) = random thermal force

ke, T
27y (fy + f7)




How does the Power Spectrum of a trapped bead look like?

Brownian motion

107 ¢

10" _

WEY  bsusrsusamanassss ,.._

powver speciral densiy {V:Hz]l

3d Brownian motion

, | '
S ) [alls oll as F 1 10 100 1000 10*

fraquency [ Hz)




In any physical system in thermal equilibrium, every particle has
exactly the same average kinetic energy, (3/2)kgT . The Ex is
shared equally among all of its independent parts, on the
average, once the system has reached thermal equilibrium.

« Equipartition Theorem:

counts

7

* 10

T

fep T
k

<x®>=

Gl

AL

2 0 9

Displacement (m)



Other technical Issues

- Temperature gradients

- Acoustic vibration
- Powersupplies etc. outside room
- Music and voices easily coupled to trap

- Mechanical vibration
- Short optical path
- Damped table

« AIr currents

Setting up "good enough” optical
tweezers is not that trivial
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Force (picoNewton)
|_\
I

0 1 1 1
0 50 100 150 200
Bead displacement from focus (nm)

‘Forces are linearly related to the
object displacement.

‘The slope of the force-displacement
curve iIs called the stiffness of the
optical trap (in N/m).

*The stiffness dependence on the bead
size and shape and the laser power.



Characteristics of optical traps

Micrometer sized glass or polystyrene beads are commonly used as
attachment handles of the materials under investigation.

The advantage of this approach is the clear and uniform interaction
between the beads and the laser beam.

Typical stiffness: 100 pN/micrometer
Typical displacements: 1-500 nm
Typical forces: 0.1-100 pN

Measurable speeds: ~1kHz



- 1 picoNewton (10-*2 N) is roughly equal to...

- ...the gravitational attraction between you and a book at
arms length

- ..the radiation pressure on a penny from a flashlight 1 yard
away

- ...1 millionth the weight of a grain of salt

| Optical Trap typical forces: 0.1-100 pN I

Molecular motors

Single pol lecules
e e(I;;}NyEeRI}IJf) e Carbon nanotubes
1 10 100 1 000 10 000 100 000 1 000 000
Laser Tweezers
‘ Magnetic Tweezers ‘
Lab scales
Atomic Force Microscope
0.1 mg’

—



Comparison of forces with
other techniques and biological processes:

—  Optical traps 10-14-10-10 N
Electric fields (electrophoresis) 0-10%2 N
AFM 10-1-10-"N
Kinesin step 3-5pN
- R!\IA polymerase _stalllng 15-30 pN
Virus motor stalling ~50 pN
- DNA conformational change ~65 pN
Biotin-streptavidin binding 300-400 pN
Table 1 | Owerview of single-molecule manipulation methads
Methods Fr e (NP X (M Stiftness (N mr) Applications Practical advantages
Cantilsyars” 10110 e 0.007-100 FTMHWMWGHME"“ Higjh Spatial rasobition
Bond strangth®™ Commercially availatie
Micronescies { LR | % 1081 Myosin motor force'” Good operator control
DHANILN strength®™® Saft sprirg constant
Flon figldt 101202 109 na DWA dynamics™ Faged burher exchange
RMNA polymerasei® Simphcity of design
Magnetic: fiald? 100" 10 na. DNA entropic elasticity® Specificity to magnets
Topoisomenase activity™ Abiliny o induce 1ongue
Fhoton field! 101810 10 10102102 Protein motors'3 4 Specific manipulation
Protein unfolding™ High fefce resolution

"Mechanical transducers: probes e Dendable Deame: Spatial ocstion & by beam deflection. "External lekd manipulstons: probes ane microscopic beads: spsotial iocation
15 by bead dspacemant. TThess NUMDS s rsprasent oty smprical, not atsokte Bnis. 7, ... frce rEnge: X, . minimum displacemant. §

N




What can we do with optical tweezers?

1) Pull or displace microscopic particles

2) Measure microscopically small forces like:

Studying the strength of biological materials such as cells,
membranes, proteins or DNA.

Detection of force generation in molecular motors such as kinesin
(the protein responsible for pulling apart chromosomes during cell
division) or RNA polymerase.

Elucidation of the microscopic properties of complex solutions (for
example: polymer solution).



Optical Tweezers in biology (Review)

- Virus, Bacteria, cell trapping

- Mechanical properties of DNA
* Nucleic acid enzymes

- Studying molecular motors

- Disruption of nucleosomes




Optical Trapping and Manipulation of

Viruses and Bacteria

A. ASHKIN AND J. M. DzIEpZIC

Optical trapping and manipulation of viruses and bacteria by laser radiation pressure
were demonstrated with single-beam gradient traps. Individual tobacco mosaic viruses
and dense oriented arrays of viruses were trapped in aqueous solution with no
apparent damage using ~ 120 milliwatts of argon laser power. Trapping and manipula-
tion of single live motile bacteria and Escherichia coli bacteria were also demonstrated
in a high-resolution microscope at powers of a few milliwatts.

m_ Glags
ahamber

Fig. 1. .!'l.p‘l.lt“’l"‘li used for aptcal trapping af
TMV partices and mabile bacreria. Spariathy fil-

serec argon laser light &t 5145 A is focused o a
soet diameter of abour 0.6 pm in the waez-filled
cliamber by die hiph numerical aperiere (1.25]
warer-ipumersion  microscepe  objecdwe  (AT)
faroung 2 single-beam gradient ceap necr che
beam focns (F) The 907 seateriap fram teapped
particles can be viemsed wvisually chrough & heam
salitrer (8) with 4 mueroseape (M) or recreded
s g & photaderector (D).
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Fig. 2. Scattered light observed at 90° as succes-
sive TMV viruses enter the optical trap, At times
labeled “B” the tragping beam 1s momentarily
blacked, releasing the viruses. The trap subse-
quently refilis wich new wirug particles.

Science 235, 1517
(1987)
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Fig. 3. &v:atm-ed he ar 90" fromm 2 live bastorim
tragped by ~3 mW af laser poer. Mk ahoot 1003

runates {indicated Dy areow] the pesser wad
increased to 100 mW. The bacterim was kil o
anel apparenrly loses mods of s cell conrenes.



Direct Observation of Tube-Like Motion
of a Single Polymer Chain

Thomas T. Perkins, Douglas E. Smith, Steven Chu*
A 18 —

(3
)
N2

N

0.9 cp solvent

(=T L I - - -
T T T T

dt=1.5s

— . -Iﬂ- ‘lq’-._...h,..-

Pl . B o P e A

C=12 DNA/ um?3 dt~ 2.3s &
Science 264, 819 (1994)



Invisible DNA molecule
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Thermodynamics of DNA
Interactions from Single

Molecule Stretching Experiments

MARK C. WILLIAMS,? IOULIA ROUZINA, AND
VICTOR A. BLOOMFIELD*

Department of Biochemistry, Molecular Biology, and
Biophysics, 1479 Gortner Avenue, University of Minnesota,
Saint Paul, Minnesota 55108

Received July 23, 2001 (Revised Manuscript Received
November 14, 2001)

ABSTRACT

On the basis of our analysis of detailed measurements of the
dependence of the overstretching transition of double-stranded
DNA (dsDNA) on temperature, pH, and ionic strength, we have
demonstrated that a model of force-induced melting accurately
describes the thermodynamics of DNA overstretching. Measure-
ments of this transition allow us to determine the stability of dsDNA
and obtain information similar to that obtained in thermal melting
studies. This single-molecule technique has the advantage that it
can be used to measure DNA stability at any temperature. We
discuss the use of this technique to study the nucleic acid
chaperone activity of the HIV-1 nucleocapsid protein.

Laser beam .
Microscops

f__,,_‘-— jbjecti VES

Folystyrene

bead — |
|
|

Glass Micropipette/’ || DNA maolecule

Laser beam

100
80 -
= g‘nﬁﬂﬁﬂ-“'n
%& 60 -
g 40) -
L
20 -
|:| Tk T T
0.2 04 0.6
DMA exlansion {nm/bg)

FIGURE 1. Typical DNA stretching curve in high-salt (250 miv NaCl)
buffar (). Lines represanting the WLC model (eq 1) for the elasticity
af dsDNA with Fys = 50 nm and Kgs = 1200 pN (left) and the
measured elasticity of ssDNAZ (right) are also shown, The DNA
stretching cunve appears to ba a transition from dsDNA to ssDNA,
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A. Helical base-paired DNA  Length per base pair 0.34 nm

F<F

owerstreteh

B. Partially overstretched DNA

overstretch

F=F

C. Overstretched DNA  Length per base pair (.58 nm

LY L £y "\ .‘\‘.
WRAWAW NV W - \!}IIH‘H‘\,HIH{‘\HI'JI -_
D. Hysteresis upon relaxation
F< Foverswewh
—-

E. Overstretched nicked DNA  rreversibly melted section
F=F

overstretch

F. Stretched nicked DNA

F<F

overstretch

Increased contour length

a
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FIGURE 3. Hystoresis soen in DNA averstretching is consistent with
force-induced melting. (A) A single dsDNA makcule that has been
tothered and stretched to 048 nmibp (arrow] in 250 mhd butfor ()
dizplays partial =sDNA character during the relaxation curse (79
and subscgueont stretch (a), This is due to irmeversible melting, as
described in Figure ZEF. (B) Multiple stretches to high extensions
produce partially ssDNA A dsDNA molecule that has been tethered
in 250 mM bufter and stretched to near the maximum force
achievable with this instrument (@) displays large hysterasis and
partial ssDMA character during relaxation (2). Second (&) and third
(%] stretches increase ssDNA character (from ref 23)
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Processive translocation and DNA
unwinding by individual RecBCD
enzyme molecules

Piero R. Bianco* ¥, Laurence R. Brewer:, Michele Corzetts,
Rod Balhom§, Yin Yehl, Stephen C. Kowalczykowski* ¢
& Ronald J. Baskint

Sections of * Microbiology and of T Molecular and Cellular Biology and

| Department of Applied Science, University of California at Davis, Davis,
California 95616, USA

T Electronics Engineering Technologies Division, and § Biology and Biotechnology
Research Program, Lawrence Livermore National Laboratory, Livermore,
California 94550, USA

RecBCD enzyme is a processive DNA helicase' and nuclease® that
participates in the repair of chromosomal DNA through homo-
logous recombination™. We have visualized directly the move-
ment of individual RecBCD enzymes on single molecules of
double-stranded DNA (dsDNA). Detection involves the optical
trapping of solitary, fluorescently tagged dsDNA molecules that
are attached to polystyrene beads, and their visualization by
fluorescence microscopy™®. Both helicase translocation and DNA
unwinding are monitored by the displacement of fluorescent dye
from the DNA by the enzyme’. Here we show that unwinding is
both continuous and processive, occurring at a maximum rate of
972 *= 172 base pairs per second (0.30 wms '), with as many as
42,300 base pairs of dsDNA unwound by a single RecBCD enzyme
molecule. The mean behaviour of the individual RecBCD enzyme
molecules corresponds to that observed in bulk solution.

=4 © 2001 Macmillan Magazines Ltd
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RecBCDis a protein of the E. coli bacterium that
Initiates recombinational repair from DNA
double strand breaks which are a common result
of ionizing radiation, replication errors,
endonucleases, oxidative damage and a host of
other factors. It is both a helicase that
unwinds, or separates the strands of, DNA and
a nuclease that makes single-stranded nicks in
DNA.

NATURE | VOL 409 18 JANUARY 2001 | www.nature.com
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Muscle fibre
(single cell, multi-nuclear)

Ferimysim -
Bone Fagcicle Blood vessel
l\'_

Tendon Epimysium .

Myosin head

Stalk : ' ."._Z} A myosin-actin

cross-bridge
Hinge \\\\ —i

; B " |, e
g ‘“h )
Thick {myosin) filament ql'."- :,.. 3 fr

Myosin motor molecules and actin filaments are the most basic
constituents of muscle tissue. They form overlapping filaments in

| Actin Myosin - Titin
the cells that slide past one another to make the muscle contract filament



Actin filament

POCOOCeE 'l ; The myosin motor produces
Myosin mechanical work by pulling on
molecule the actin filament in a cyclical

‘ manner: (1) binding to the fila-
ment, (2) pulling on the filament,
(3) releasing the filament, and (4)

refuelling (one molecule of ATP)

Optical trap Optical trap

The ‘dumbbell’ experiment. A single
filament of actin is stretched between
two plastic beads held in optical
tweezers. The myosin molecule can
then bind to the filament, and its
working stroke is detectable from the
positions of the two trapped beads

Actin filament

Latex bead

S et Tt el Sttt e e e A

F‘h\__ Mwsin

molecule

3 How do muscles produce

s work? Using optical tweezers
. : D — 'to study molecular machines
j el [

Alexandre Lewalle iroon King's Colepe, Londor, 105,
prashics Back the Troetiors of aur knos ledoe of

metors At the malecalas level.
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Working strokes by single molecules
of the kinesin-related microtubule
motor ncd

Michael J. deCastro*, Regis M. Fondecave*t, Leigh A. Clarke*, Christoph F. Schmidt*$§,
and Russell J. Stewart*q)

*Department of Bioengineering, University of Usah, Salt Lake City, Utah 84112, USA

FDeparsment of Biophysics & Physics of Complex Systems, Division of Physics, Vitje Universiteir Amsterdam, 1081 HV Amsterdam, The Netherlands
FCurnent: address: Deparement of Chemisery, Michigan State Universiey, Ease Lansing, Michigan 48824, USA

Ge-mail: gfs@narvinl

Te-miail: rstewart@ee.ueah.edn

The ncd protein is a dimeric, ATP-powered motor that belongs to the Kinesin family of microtubule motor proteins. The kl neSI n d I me r

Here we resolve single mechanochemical cycles of recombinant, dimeric, full-length ned, using optical-tweezers-

based instrumentation and a three-bead, suspended-microtubule assay. Under conditions of limiting ATP, isolated

and transient microtubule-binding events exhibit exponentially distributed and ATP-concentration-dependent life- attaCheS tO, and moveS

times. These events do not involve consecutive steps along the microtubule, quantitatively confirming that ncd is

- ive. At low loads, a singl t lecul d ATP-tri d working strokes of about 9 nm, which i
gggu::r:::i:;;n;ds o:‘:inzl?né ;:”Ee motor molecule produces riggered working strokes of about 9 nm, whic along’ mICrOtUbU|eS

Three-Bead Assay

Detector

Microtubule

Slide
Trap 2

724 MATURE CELL BIGLOGY [VOL 2 |OGCTOBRER 2000
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The cyclical reaction of binding and unbinding of NCD are clearly visible
It this graph. These kind of measurements reveal many details of these
kind of processes.



Mechanical disruption of individual nucleosomes
. . Rnep ~ 5.5nm
reveals a reversible multistage release of DNA Rnn ~200 bp

Brent D. Brower-Toland®, Corey L Smith?, Richard C Yeh*, John T. Lis*, Craig L. Peterson®, and Michelle . Wang*s

*Department of Physics, Laboratory of atom i and Solid State Physics, and *Department of Molecular Blology and Geretics, Cornell, Unhversity, ithaca, Ny N C P 14 7 b p D N A
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Fig.2. The amount of DNA released from nuclecsomes upon disruption. (4)
Amount of naked DNA as a function of time derived from data shown in Fig.
1B. The top red dotted line is a comparison with a full-length naked DMA. At
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Fig.3. MNucleosome reassembly after disruption by repetitive stretching with

a velocity clamp. Nucleosomes were repetitively stretched with a 10-5 relax- Fig.5. A threestage model for the mechanical disruption of the NCP. See
ation period after each stretch, (A) Maximum force at =50 pM. Force-extension text for a description.

curves of a nucleosomal array repetitively stretched three times with mazxi-

mum force at =50 pM: first stretch (black), second stretch (red), and third

stretch (Blue). (B) Maximum force at =60 pN. A nucleosomal array first was

stretched to a maximum force of 50 pN (black). In subsequent stretchas (red

then blue), the maximum force was increased to =60 ph.



Optical Tweezers — How it works
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Length scales

Biological length scales
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Time and force scales
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Pro's:
Remote manipulation of biomolecules

Measurable forces and distances are well suited for enzyme dynamics and
molecular motors

They work in normal buffer conditions

con's:
Radiation damages of samples

Slow throughput

Not commercially available (*)



