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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)



- EM waves interact with electrons in  
matter

Light exerts force on matter

James Clerk Maxwell
1831-1879



Radiation Pressure
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:

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

Energy flux

Refraction index



How big is the optical pressure?
Applying this formula to a 100% reflecting mirror reflecting a 60W lamp 
gives a pressure of:

=

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

• Sunlight on earth 0.5 nN/cm2
• Laser pointer ~10 pN

However, if the same light is reflected by a object of
1 μg it can’t be ignored!  (1μg ~ a 100 μm droplet) 

Using a laser on a microscopic particle will realize this situation.



Arthur Ashkin builds first optical trap (1970)

Single-beam trap

Dual-beam trap

How the light passing through 
a transparent particle?



Basic Ray Optics

Light refraction
Light is bent by the glass sphere. 

Snell’s law



For every action there exists an equal but opposite 
reaction                                              

~Sir Isaac Newton (3rd law of motion)

Photon meets refracting object



A particle in a beam (Transverse) 

A 

B 
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Force A Net 
Force Light profile 

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

Net Forcelens

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.

A particle in laser beam (Longitudinal)

Reflection
Force

Reflected photons



Sphere will be pushed toward focus



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?

Solution 1: overcome it

( )maxsin θnNA =



Choosing microscope objective properly

• High numerical aperture objective (NA = 1.2 – 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 (we’ll discuss why we need NIR later)
– Dual-objective method to measure transmission



- a stable single-beam trap

Anti-scattering force:
Forward momentum is increased by 
lens –focusing effect.



Solution 2: cancel it 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)



Typical Single-beam 
tweezers design



Typical Dual beam tweezers design



Optical damage
• Biological specimens are relatively transparent in the 
near infrared (750 – 1200 nm)
• Damage minimum 830 and 970 nm



Basic Physics Summary 
. Index refraction mismatch deflect the light
. Momentum variation push sphere towards high intensity region
. High NA or dual beam overcome the reflection 

Some Technical issues 1. Trap manipulation
2. Position detection
3. Force & trap stiffness calibration
4. Apply to biophysics studiesLaser pointer (mW)~10 pN



Typical Single-beam 
tweezers design



3D trap positioning

• Move laser focus by moving first lens in 
telescope

• Beam rotates around back-aperture, which 
corresponds to translation of focus point

• Move lens in axial direction -> change focus 
position along optical axis



Dynamic position control

• Scanning mirror (Disco Pub)
– Low losses
– Large range
– Slow (1-2 kHz)
– Lower resolution

• Acousto-Optical 
Deflection (AOD)
– Fast (100 kHz)
– High losses
– Non-uniform diffraction
– High-resolution a grating

a change of a materials permittivity, ε, 
due to a mechanical strain



AOD for Trap steering



Position detection

• Video tracking
– Slow 
Data bandwith needed for a 1kx1k CCD
= 1000x1000x8bit + processing
(30-120Hz limited by video rate)
– Absolute position with 

~10 nm position

• Laser based Back-focal-plane 
detection

– 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
• Image back-focal plane onto a position
sensitive detector.

Precise position measurement è force measurement



Force Calibration: Theoretical Power Spectrum



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

3d Brownian motion

Brownian motion



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



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  



•Forces are linearly related to the
object displacement.

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

•The stiffness dependence on the bead
size and shape and the laser power.
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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: ~1 kHz

Characteristics of optical traps



• 1 picoNewton (10-12 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



Comparison of forces with 
other techniques and biological processes:

Optical traps 10-14-10-10 N
Electric fields (electrophoresis) 0-10-12 N
AFM 10-11-10-7 N

Kinesin step 3-5 pN
RNA polymerase stalling 15-30 pN
Virus motor stalling ~50 pN
DNA conformational change ~65 pN
Biotin-streptavidin binding 300-400 pN a good linker



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



Science 235, 1517
(1987)



Science 264, 819 (1994)
C= 12 DNA/ um3

12 DNA/ um3

0.9 cp solvent

dt~ 2.3s & 13s

C= 7 DNA/um3

dt= 1.5s









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.











NCD acts just like the
muscle-motor protein myosine:
it binds the microtubule, pulls
it and lets go.

The kinesin dimer
attaches to, and moves 
along, microtubules



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.

Power strokes from the motor protein NCD



3684 bp DNA with 17 tandem 
repeat

Rncp ~ 5.5nm
Rn-n ~200 bp
NCP 147bp DNA 

1.65 round



Partial release DNA

80+/-1 bp

78+/-1 bp

27 +10+31 + 5 +5 +31+10+ 27   



10s relaxation after each stretch 





Red bar: OT working range





Optical traps for Biophysics
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 (*)


