
Optical tweezers

Light pressure is used to manipulate tiny 
objects.

Particles with high refraction index (i.e.: lipid 
droplets, polystirene or silica beads) are 
attracted to the intense region of a laser 
beam field and can be permanently trapped 
at the focal point.

The force exerted by the laser beam on the 
bead is function of many parameters as:

•size and shape of the object
•difference in refraction index between the 
bead and the medium
•intensity gradient of the laser beam



The basic principle behind optical tweezers 
is the momentum transfer associated with 
bending light. Light carries momentum that 
is proportional to its energy and in the 
direction of propagation. Any change in the 
direction of light, by reflection or refraction, 
will result in a change of the momentum of 
the light. If an object bends the light, 
changing its momentum, conservation of 
momentum requires that the object must 
undergo an equal and opposite momentum 
change. This gives rise to a force acting on 
the object.

http://stanford.edu/group/blocklab/





The incoming light comes from a laser which 
has a "Gaussian intensity profile". Basically, the 
light at the center of the beam is brighter than 
the light at the edges. When this light interacts 
with a bead, the light rays are bent according 
the laws of reflection and refraction (two 
example rays are shown in Fig 1b). The sum of 
the forces from all such rays can be split into 
two components: Fscattering, the scattering force, 
pointing in the direction of the incident light (z, 
see axes in Fig 1b), and Fgradient, the gradient 
force, arising from the gradient of the Gaussian 
intensity profile and pointing in x-y plane 
towards the center of the beam (dotted line). 
The gradient force is a restoring force that pulls 
the bead into the center. If the contribution to 
Fscattering of the refracted rays is larger than that 
of the reflected rays then a restoring force is 
also created along the z-axis, and a stable trap 
will exist. Incidentally, the image of the bead 
can be projected onto a quadrant photodiode 
to measure nm-scale displacements 

http://stanford.edu/group/blocklab/



To efficiently trap an object in the beam propagating direction, the force due to 
refraction should compensate the ones due to reflection



To overcome the loss mechanisms, the optical trap must be designed to have a 
high trapping force. Gaussian laser beams should be focused by a high NA 
objective

The light coming from the edges of the 
objective lens contributes the most to the 
trapping force. In practice, this means that a 
microscope objective with a high numerical 
aperture (NA) must be used to generate the
greatest trapping force. The maximum 
numerical aperture is n , where n is the index 
of refraction of the medium immediately 
following the objective. For air, this is one.
Therefore, oil immersion objectives, which are 
designed to have oil between the microscope 
objective and sample, are often used in optical 
tweezers instruments. These can have 
numerical apertures of up to 1.4.
The use of high power lasers also maximizes 
the trapping force.



Force exerted by a Ray of Light on a glass micro-sphere
A Simple Explanation
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np > nm

D ~ 2λ

nm – refractive index of the medium
np – refractive index of the particle
D – diameter

P – Linear momentum
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Linear Momentum, P

E = Nhν

P =E x nm(p)/c
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When the bead is displaced from the 
center of the trap, what force does it 
feel? The restoring force of the optical 
trap works like an optical spring: the 
force is proportional to the 
displacement out of the trap. In 
practice, the bead is constantly 
moving with Brownian motion. But 
whenever it leaves the center of the 
optical trap the restoring force pulls it 
back to the center. If some external 
object, like a molecular motor, were 
to pull the bead away from the center 
of the trap, a restoring force would be 
imparted to the bead and thus to the 
motor. An example trace of a single 
kinesin motor taking 8 nm steps 
against a 5-pN force is shown in Fig 2.

http://stanford.edu/group/blocklab/



Reasonable value for trap stiffness K: 50 pN/μm (in AFM: 10-1000 pN/nm)

Resolution: 0.5 pN
Force resolution increases by decreasing trap stiffness



CALIBRATING TRAP STIFFNESS

Equipartition Theorem (simple but not very precise)

1. Track bead position (x,y,z) in the optical trap for 1-2 s with a detector with 
bandwidth > 5 kHz 

2. Calculate the Variance V (Vx, Vy, Vz), determine stiffness: 

KOTx = KBT / Vx  KOTy = KBT / Vy  KOTz = KBT / Vz 
Typical values for OT : KOT = 0.001 – 1 pN/nm

Compared to AFM: K AFM = 10 – 1000 pN/nm

Alternative methods for calibration of an OT: 

•Stokes drag force

•Power Spectrum Density

Some useful references: 

Svoboda and Block, 1994;  Gittes and Schmidt, 1997, 

Review Optical Tweezers: Neuman and Block, Rev. Sci. Instr. 2004

(𝐹=6𝜋𝜂𝑟𝑣)
,



By measuring the velocity of the liquid, V, we know the viscous drag force

sphere of radius r  with 
velocity v
η =  viscous coeff.



An isolated bead in an optical trap experiences random forces due to thermal 
fluctuactions: analysis of power spectrum density (FT of autocorrelation function)

constant power spectrum



This gives the frequency dependence of 
fluctuations, or the power spectrum, of the 
position of a bead in an optical trap.

Particle is experiencing: 
• Optical force (spring-like) −kx
• Viscous Force −γx˙
• Thermal noise F(t)

Brownian motion of a particle in a fluid, with 
deterministic (trap) and random forces:
Overdamped Langevin equation (inertia 
negligible with respect to friction, small mass)







Molecular motors: DNA/RNA polymerase

E. coli RNA polymerase incorporates NTP into the nascent mRNA molecules, and used the 
released energy to move along DNA. The average polymerization velocity was independent 
of tension up to 25 pN, when transcription was stalled.
T7 DNA polymerase velocity was very sensitive to tension, and stalled at 34 pN. 
In order to stretch the DNA molecule, thus exerting a force opposing transcription, the glass 
micropipette is moved to a specific position or is moved until a specific force on the bead in 
the optical trap is observed.







Biophysical properties of nucleic acids

To understand DNA replication and repair or RNA transcription/translation it is 
important to understand the behavior of nucleic acids under the wide variety of 
conditions present in the cell.
To understand DNA replication it is crucial to understand the transition from dsDNA 
to ssDNA, or the “helix-coil transition”.



Biophysical properties of nucleic acids

DNA that rotates freely is overstretching at 65 pN: a force-induced melting.
The molecule unwind with the base-pairs holding breaks.
Poly(dG-dC) have an overstretching transition 30 pN higher then poly (dA-dT), 
consistent with the difference in melting T between the two molecules
(GC free energy = 5.2 kBT, AT free energy = 3.2 kBT)
The area between the stretching curves gives the helix-coil transition free energy.



Biophysical properties of nucleic acids

In a later work (Clausen- Schaumann et al.  2000), they showed a strand separation force 
depended on the rate at which the dsDNA was stretched, while the overstretching 
transition did not depend on the pulling rate. In the force-induced melting theory, the 
overstretching transition is an equilibrium melting transition, while the second transition 
at higher force is a nonequilibrium strand separation transition, during which the last 
base pairs holding the two strands together are irreversibly broken. A rate-dependent 
force is expected when single bonds are irreversibly broken (Evans and Ritchie 1997)



Biophysical properties of nucleic acids

To test the force-induced melting model, Williams et al.  measured DNA overstretching as a 
function of pH and T (Williams et al.  2001b).
 Since extremely high and low pH lower the melting temperature of dsDNA, the
overstretching force should also decrease if melting occurs during the transition. This 
decrease in the overstretching force was demonstrated, and the fitted value of the change in 
entropy of DNA upon melting was in agreement with calorimetric measurements.



Biophysical properties of nucleic acids

Force induced unfolding/refolding of small RNA hairpins.
Same force for unfolding/refolding at low pulling rates (thermodynamic 
reversibility).





Modern Optical Tweezers: In practice, 
optical tweezers are very expensive, 
custom-built instruments. These 
instruments usually start with a 
commercial optical microscope but add 
extensive modifications. In addition, the 
capability to couple multiple lasers into 
the microscope poses another 
challenge. High power infrared laser 
beams are often used to achieve high 
trapping stiffness with minimal photo-
damage to biological samples. Precise 
steering of the optical trap is 
accomplished with lenses, mirrors, and 
acousto/electro-optical devices that can 
be controlled via computer. Figure 3 is 
meant to give an idea of the number of 
elements in such a system. In short, 
these are very complicated instruments 
that require a working knowledge of 
microscopy, optics, and laser 
techniques.
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