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Life at the scrutiny of optical forces

In this short review we give the historical 

background of optical tweezers, examine their 

physical principles and describe in a few examples 

how optical tweezers uncovered the mechanical 

world that takes place in our cells.

History
Optical tweezers are a relatively new technique, but 

their historical grounds can be traced back to the 

early 17th century. In 1607 Johannes Kepler watched 

Halley’s comet with fascination and two years later 

hypothesized that the comet tail points away from 

the sun because it is pushed by the solar radiation 

(Figure 1). This profound observation led him to 

write to Galileo that humans may, one day, use this 

push to travel: “Provide ships or sails adapted to 

the heavenly breezes, and there will be some who 

will brave even that void”.  However, the theoretical 

formulation of this “push” and its experimental 

confirmation had to wait almost three centuries. In 

1873 Maxwell formulated that light as a wave can 

exert a force on a massive object by transfer of 

momentum. In a back-of-the-envelope calculation, 

Maxwell estimated that the sunlight presses earth’s 

surface with a force of around four pounds per 

square mile, that is equivalent to 0.7 kg/km². In 1901, 

Lebedev provided a direct proof of this theoretical 

discovery, realising an experimental tour-de-force 

with tiny mirrors and optical elements (Lebedew 

1901). The pressure measured with the light sources 

of the time was, however, rather small, leading 

Poynting to say, in his presidential address to British 

Physical Society in 1905, that the minuteness of 

optical forces puts them “beyond consideration in 
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terrestrial affairs”. This was without counting on the 

invention of lasers in 1960s, which revolutionized 

optics by providing light sources with high spatial 

coherence and thus high “focusability”.  In 1970, 

Ashkin reported a seminal experiment that 

demonstrated the ability of light to accelerate 

and trap micrometer-size particles (Ashkin 1970). 

The experimental set-up consisted of a laser of 19 

mW focused by an objective lens into a chamber 

containing polystyrene beads dispersed in water 

(Figure 2). Ashkin observed beads pushed and 

accelerated in the direction of the beam propagation, 

but also beads transiently attracted by the beam 

towards the high intensity region. In this scheme, 

the trapping force was insufficient to stabilise the 

beads against radiation pressure, and Ashkin used 

two counterpropagating beams to produce a stable 

laser trap. Optical tweezers were born. The single-

lens optical trap, which is nowadays commonly used 

for confinement, was invented in 1986. The crucial 

element, which was absent from the 1970 Ashkin’s 

experiment, is a high numerical objective lens that 

allows a tight focusing of the beam onto particles. 

With such traps, dielectric particles in the size 

ranging from 10 µm down to 25 nm were stably 

trapped in water solution. This opened the way to 

trap, in three dimensions, particles of very different 

sizes, from macromolecules to biological cells. This 

was also instrumental to manipulate and cool down 

atoms.

Figure 1. Drawing from Peter Apian in his book Astronomicum Cæsareum (1540) showing that a comet’s tail points away from the Sun. The 
comet was observed in 1531 and is now known as Halley’s Comet.
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Principles
In 1970,  Ashkin identified two basic forces produced 

by light on the particles:  a scattering force that pushes 

particles in the direction of the incident beam and a 

gradient force along the intensity gradient that pulls 

particles back towards the brightest spot of the 

beam. The scattering force is due to the transfer of 

momentum of the light to the particle as a result of 

scattering and absorption processes. The gradient 

force is responsible for confinement. For dielectric 

particles, the gradient force arises from the fact that 

dipoles in a non-uniform beam experience forces 

in the direction of the field gradient. For particles 

whose size are much larger than the wavelength of 

the trapping laser (Mie scattering), the ray optics 

picture illustrates the origin of the gradient force 

produced by the non-uniform trapping beam. 

Refraction of the incident light by the spherical 

particle leads to a change of momentum carried 

by the beam; in turn, by momentum conservation, 

an opposite momentum is imparted to the bead 

(Figure 3). For particles whose refractive index is 

higher than the surrounding medium, particles are 

attracted towards the high intensity region of the 

beam. For particles whose refractive index is lower 

than the surrounding medium (such as air bubbles 

in water), particles are pushed away from the high-

intensity region.

Notably, for a particle to be trapped in optical 

tweezers, the axial component of the gradient 

force must exceed the destabilising scattering force. 

This condition implies a very steep gradient. This is 

made possible by focusing the trapping laser to a 

diffraction-limited spot using an objective lens of 

high numerical aperture. For small displacements 

(<200 nm) the restoring force due to the intensity 

gradient is proportional to the offset from the 

equilibrium position. As a consequence, the optical 

trap acts as a Hookean spring whose stiffness is 

proportional to the light intensity.

 Trapping forces on the order of 1 pN per 10 mW 

of power using a 1.2 NA objective lens are achieved 

with micrometer size beads. The typical trap 

stiffness is on the order of 100 pN/µm.

The development of optical tweezers is strongly 

linked to the development of new technologies, 

specifically lasers, objective lenses, piezoelectric 

stages and position detectors. Building an optical 

tweezers setup is quite straightforward, yet 

quantitative measurements with high accuracy 

requires expertise in optics and data acquisition 

(Neuman and Block 2004).

Applications

Applications of optical trapping are numerous and 

their scientific impact has been important in several 

fields. Ashkin was awarded the Physics Nobel prize 

in 2018 for his discovery of optical tweezers and 

their applications in biological systems, while two 

areas of physics that directly benefited from his 

discovery were previously awarded this prize: 

laser cooling and trapping of atoms (1997), and the 

realisation of Bose-Einstein condensates (2001). We 

will focus on the applications of optical tweezers 

in life sciences, but we shall not forget their major 

contribution to physics, nanotechnology and soft 

Figure 2. Ashkin’s schematic of his seminal experiment on manipulating particles with light.  A laser beam focused on polystyrene beads attracts 
and pushes them in the direction of light propagation (Ashkin, 1970)

Figure 3. Principles: Optical trapping lies in the ability of light to transfer its momentum to matter. A particle is attracted towards the maximum 
of intensity of the trapping beam.
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matter (See Jones and others (2015), a recently 

published book which covers most applications, as 

well as the principles of the technique).

The application of optical tweezers to biology did 

not occur immediately because of the belief of 

many that the intense laser light needed for trapping 

would not be compatible with life. Therefore the 

first application of optical tweezers to biology 

happened against all odds and actually with a bit of 

luck. As Arthur Ashkin recalled in a conference he 

gave to the Optical Society of America in 2014, a 

sample he left overnight to use the next morning 

happened to be contaminated with bacteria. To 

his and his team's greatest surprise they managed 

to capture bacteria with optical tweezers without 

damaging them (Ashkin and Dziedzic 1987). This 

seminal observation led to numerous applications 

that have flourished since then, including the 

application of optical tweezers to single-molecule 

biophysics, cell biology and medicine.

Single molecule biophysics
For many years, the studies of molecules found 

in the cell were done in bulk. Researchers would 

only have access to the average behaviour of a very 

large number of molecules at the same time. In the 

70s and 80s, together with optical tweezers, a few 

techniques flourished to access to the behaviour of 

a single molecule at a time. Patch clamp technique 

could probe single ion channels activity, optical 

tweezers, magnetic tweezers and atomic force 

microscopy could mechanically probe single 

proteins, polymers or nucleic acids, while a number 

of highly sensitive fluorescence techniques allowed 

the detection of single molecules. 

The success of optical tweezers in this area lies 

in the length (from a fraction of nm to a few tens 

of micrometers) and force scales (from a fraction 

to pN to a few hundreds of pN) at which optical 

tweezers operate and match those at play in the 

molecular world, whose natural units are nm and 

pN. The natural energy unit for single molecules 

(DNA, molecular motors) is the thermal energy 

kT, where k is the Boltzmann constant and T the 

Figure 4. Single molecule mechanics. a, DNA elastic properties were determined thanks to the direct probing of single DNA molecule by optical 
tweezers. b, When attached to a bead,  kinesins or myosins exert a pulling force detected by optical tweezers, giving access to the stepping 
mechanism of these molecular motors.

Figure 5. Probing cell mechanics. a, A membrane tether can be pulled out from the cell surface. As the tether initiates, the force applied on the 
bead increases suddenly; when the tether lengthens, the force stays constant, indicating a mechanical transition. b, The dual fiber apparatus allows 
a cell to be stretched, which is attracted by the light source emanating from both optical fibers. c, Cell junctions can be trapped directly. Here the 
early single layer epithelium of the fruit fly embryo is depicted.  A single junction is trapped and deformed allowing the measurement of its tension 
and rheological properties. The combination of a light-sheet scheme with an optical trap allows for the high signal-to-noise ratio in vivo imaging as 
the cell mechanics is probed.
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temperature. Any motion per degree of freedom 

that a molecule can make is stimulated by one half 

of this energy. At room temperature, kT=4 10^-

21 J which can be conveniently expressed as the 

mechanical work of a force (in pN) by a distance (in 

nm):  kT=4 pN.nm. Optical tweezers currently used 

in labs can typically probe energies that are a tenth 

of the thermal energy. 

DNA
Single molecule experiments using optical tweezers 

use beads as handles, with single molecules attached 

to their surface through chemical bonds. For 

example, to probe the elasticity of DNA molecules, 

Smith et al. (1996) held a single molecule between 

two beads: one immobilised by a micropipette, the 

other trapped by optical tweezers (Figure 4a). The 

molecule is stretched by moving the micropipette, 

while the force is determined by measuring 

the displacement of the trapped bead from the 

trap centre. Force-extension curve reveals the 

mechanical properties of the probed molecules, 

such as the elastic modulus and the persistence 

length, which characterises the length of bending 

fluctuations.

Molecular motors
Another impressive achievement of optical 

tweezers is the understanding of the mechanics of 

single molecular motors. These proteins are widely 

found in the cell and carry out major functions, such 

as DNA replication by DNA polymerases, muscle 

contraction by myosins or long-range transport by 

kinesins. Many different schemes have been used 

to probe these proteins with optical tweezers. 

The most typical experiment is to chemically 

attach a very few motors on a single bead and then 

approach the bead to the substrate of choice of the 

motor (Figure 4b). Grabbing the protein by its tail, a 

number of labs could observe that the bead is pulled 

by the motor unidirectionally along its substrate. 

They could follow stepping mechanisms of kinesins 

(Block and others 1990; Svoboda and others 1993) 

or myosins (Mehta and others 1999) in real time and 

observe complex behaviours that were not even 

imagined from results of bulk experiments. Proteins 

can pause on their substrate or go backward (such 

as in the case of DNA polymerases that step back 

on the DNA to check for errors (Wuite and others 

2000; Hoekstra and others 2017). In early studies, 

researchers even found that in a population of 

seemingly identical motor proteins, some motors 

perform better than others (Wuite and others 

2000).

Cell biology and development
Optical tweezers have proven to be a powerful and 

versatile tool to probe cell mechanical properties 

and cell interactions. One example is the study of 

adhesion between cells and their environment. 

Adhesion plays a crucial role in how cells organise 

in tissues and organs, and how cells migrate in the 

organism. Cells adhere to the extracellular matrix 

through molecules called integrins which link the 

intracellular skeleton of cells (cytoskeleton) to 

proteins from the extracellular matrix.  To probe 

the strength of interactions between integrins 

and the cytoskeleton, trapped beads were coated 

with an integrin domain and brought into contact 

with the leading edge of a migrating cell (Jiang and 

others 2003). Upon migration the bead is displaced 

from the trap centre as a result of the force acting 

between integrin and the cytoskeleton. When a 

link is broken, the bead is pulled back to the trap 

centre. Force measurements during these events are 

informative on the strength of the link (typically of 

the order of 2pN).

Using beads attached to cell membranes, it is also 

possible to measure the mechanical properties of 

cell membranes. Interestingly, pulling a bead attached 

to a membrane away from the cell leads to the 

formation of narrow tubes, called membrane tethers 

(Dai and Sheetz 1995) (Figure 5a). The force at which 

the tether forms is indicative of the interactions 

between the membrane and the cytoskeleton. 

The tethers can be dramatically elongated with a 

constant force (membrane tension) that indicates 

the existence of a membrane reservoir.

Single cells and organelles can be directly trapped 

as their constituents offer sufficient refraction index 

mismatch from the surrounding. 

Interestingly, focused lasers are not always required 

for efficient for trapping. One particularly efficient 

scheme to trap objects consists in two optical fibres 

which deliver two divergent counter-propagating 

beams (Constable and others 1993). Using this 

device, cells or cell clusters as large as 100 µm in 

diameter can be trapped and stretched (Guck and 

others 2001) (Figure 5b). 

More recently optical tweezers have been applied 

to measure cell mechanics in vivo during the 

development of an organism, namely the fruit fly 

Drosophila melanogaster (Bambardekar and others 

2015). Combined with light sheet microscopy 

the approach provides measures of tension and 

material properties of cell-to-cell contacts over 

the course of animal development (Figure 5c). An 

important finding is that cell-to-cell contacts behave 

like elastic solids at timescales of less than a few 

tens of seconds and viscous liquids at longer times 

(Clément and others 2017). They are therefore 

able to withstand short-term forces but can be 

irreversibly remodelled under the application of 

long-term forces. 

Concluding remarks
Laser tweezers have a long history but live a 

Renaissance as illustrated by recent biological 

applications - but also optical developments 

including holographic approaches or combination 

with fluorescence imaging that we have not covered 

in this review.  “May the optical forces be with you!”, 

or at least, may the optical tweezers be in the 

toolkit of life scientists.
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