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Abstract: Since the time of their introduction, optical 
tweezers (OTs) have grown to be a powerful tool in the 
hands of biologists. OTs use highly focused laser light to 
guide, manipulate, or sort target objects, typically in the 
nanoscale to microscale range. OTs have been particularly 
useful in making quantitative measurements of forces act-
ing in cellular systems; they can reach inside living cells 
and be used to study the mechanical properties of the flu-
ids and structures that they contain. As all the measure-
ments are conducted without physically contacting the 
system under study, they also avoid complications related 
to contamination and tissue damage. From the manipula-
tion of fluorescent nanodiamonds to chromosomes, cells, 
and free-swimming bacteria, OTs have now been extended 
to challenging biological systems such as the vestibular 
system in zebrafish. Here, we will give an overview of OTs, 
the complications that arise in carrying out OTs in vivo, 
and specific OT methods that have been used to address a 
range of otherwise inaccessible biological questions.

Keywords: optical tweezers; scattering; microscopy; 
imaging; structured light; complex biological systems.

1  �Introduction
The demonstration of optical forces in the early 1970s by 
Nobel laureate Arthur Ashkin [1, 2] led to the invention 

of optical traps or optical tweezers (OTs) 16  years later 
[3, 4]. One year after their introduction, OTs were used for 
the first time in biology when Ashkin demonstrated the 
manipulation of bacteria and viruses [5, 6]. He clearly dem-
onstrated not only the three-dimensional trapping and 
manipulation of living organisms but showed that they 
survived and functioned normally after being trapped as 
well as after the trap was turned off. Shortly after, the first 
manipulations of cell organelles and chromosomes were 
carried out [7], which initiated and allowed for the precise 
investigation of cell’s internal processes. Naturally, many 
studies of the thermal effects in OTs in biological environ-
ments followed these findings [8].

In general, molecules, cells, and biological tissues 
absorb light, which gives rise to localized and potentially 
harmful heating. A concern, therefore, is that the use of 
OTs could cause noxious heating or photodamage through 
the absorption of light. A possible solution to this problem 
has come from detailed studies of the optical properties 
of the biological matter [9], which have identified wave-
length regions in which the absorption by biological tissue 
is minimized. We call such regions windows of transpar-
ency, and the most prominent one is in the infrared (IR) 
region for wavelengths between 700 and 1300 nm [8]. As 
a result, IR lasers are the tool of choice for most OT micro-
manipulation in biological systems [6].

OTs have now been widely employed in biology as a 
tool to actively probe, manipulate, and position biologi-
cal systems or to measure mechanical properties from 
the nanoscale to microscale [10–15]. Highly focused laser 
light is able to deliver forces of the order of piconewtons 
and torques of the order of tens of piconewtons nanom-
eters, which can be significant in the microscopic world. 
Such optical forces can stop and drag biological swim-
mers, such as bacteria, sperm, or microalgae [16–19]. 
It can slow down or even stop blood cells in vivo and 
consequently stop blood flow [20]. Forces of this magni-
tude can bend or stretch RNA and DNA, macromolecu-
lar assemblies such as microtubules or actin filaments 
[21–25], and even cell membranes or entire cells [26–29]. 
OT is also used to measure the mechanical properties of 
fluids such as their viscosity and elasticity and to study 
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wall effects or other complex surfaces and membranes 
[30–32].

Generally, OT is used to trap objects from 100 nm to 
10 μm in size. It is difficult to trap transparent dielectric 
particles smaller than 100 nm, because the optical forces 
are small and Brownian motion is dominant. In contrast, 
trapping larger objects may require greater forces than 
can easily be generated with OTs because of inertia and 
gravity.

At the small end of the spectrum, nano-OTs would 
enable ultra-accurate measurements of the position of 
single nanoscale objects. In his seminal work [4], Ashkin 
established that, to achieve stable trapping, one has to 
create a potential depth of about 10 kBT (where kB is Boltz-
mann constant and T is temperature in Kelvin) to ensure 
the suppression of the particle’s Brownian motion so 
that stochastic kick will not pull it out of the trap. It has 
been demonstrated that evanescent fields can be focused 
well beyond the diffraction limit to create traps of this 
depth [33–35]. This can be achieved using the plasmon 
nano-optics, where the metallic nanostructures support 
surface resonances and enable the control of light down 
to nanometer scales [36]. With plasmonic nanostructures, 
the light can surpass the diffraction limit and at the same 
time increase its confinement by increasing the depth of 
the trap. This provides new opportunities for optical traps 
at the nanoscale.

As mentioned above, at the other end of the scale 
for trapping is the limit of trapping large objects, above 
10  μm using a single optical trap, as the optical forces 
available cannot create a gradient force large enough to 
enable 3D trapping and manipulation. However, there 
are many modified OT techniques that enable this sort 
of trapping and manipulation. One example is a reflec-
tion trap [37] that enables a highly controlled trapping of 
living organisms up to 50 μm in size. Another method for 
enhancing trapping forces and therefore trapping larger 
objects is the use of structured light, as structured light 
gives an order-of-magnitude higher trap stiffness than 
traditional Gaussian traps provide. The stiffness of such a 
trap can be an order of magnitude greater than the equiv-
alent Gaussian trap and the signal-to-noise ratio is also 
strongly improved [38].

The use of OTs on the microscopic scale in the biolog-
ical world enabled the investigation of a broad range of 
complex systems, phenomena, and processes. A unique 
advantage of the use of OTs in biology is that it is a non-
contact method, where forces on the order of piconew-
tons can be applied very precisely in vivo and without 
any physical interaction, contamination, or damage. In 
addition, the information contained in the light used 

for optical manipulation can be used to quantify physi-
cal parameters such as forces, viscosity, and elasticity on 
exceptionally small scales and short timescales. Subse-
quent responses of any biological system to optical forces 
can be measured with very high precision – forces down 
to femtonewtons and displacements down to a single 
angstrom.

Recent comprehensive reviews on OTs have covered 
the physical theory and modeling of optical trapping [11, 
39, 40], single-cell manipulation and mechanical char-
acterization [29, 41], the biophysical analysis of single 
molecules [42, 43], and recent advances and possible 
future developments in the field [44–46]. In this current 
review, we focus on the application of OTs for the study of 
biology, ranging from molecules to macroscopic tissues. 
In discussing these methods, we will pay particular atten-
tion to innovative OT configurations that have permitted 
the manipulation of large objects and objects located in 
the highly scattering milieu of biological tissues.

2  �How is light used to move, 
manipulate, and spin objects

OT is a noninvasive method for physical manipulation 
as it uses only the properties of light to apply forces on 
a large variety of objects from plastic materials, silica 
beads, living cells, and organelles, absorbing metal par-
ticles to polymer-based optically driven micromachine 
elements. By focusing a laser beam into a diffraction-
limited spot, one can create an intensity gradient near the 
focus, drawing high refractive index transparent objects 
toward the focal point. However, when the refractive 
index of a trapped object is smaller than that of the sur-
rounding medium, the object will be pushed away from 
the most intense part of the beam. The same will happen 
if we were to manipulate highly absorbing objects. The 
trapping principles and theory for a single beam optical 
trap (Figure 1A) depend on the object size relative to the 
wavelength of the laser beam λ, its refractive index, and 
the properties of the surrounding medium. The optical 
gradient force on large particles (in comparison to the 
wavelength of light used for trapping) can be calculated 
using ray optics. The particle, refracting light, would 
undergo a nonzero momentum transfer from the photons 
in the direction of the focused spot. When the diameter of 
a trapped particle is much smaller than the wavelength 
of light used for trapping, the particle can be treated as a 
point dipole in an inhomogeneous electromagnetic field 
and will follow the intensity gradient toward the center 
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of the beam. Gradient forces on intermediate-sized par-
ticles (0.1–10 λ), however, cannot be calculated from the 
ray optics model or the point-dipole model, and a more 
complete electromagnetic field model is necessary for an 
accurate description of the force acting on the system in 
this intermediate-sized regime [47–49]. This is an impor-
tant point as a vast majority of experiments lie in this size 
regime. The majority of theories deal with the trapping of 
spherical objects. In practice and especially in many of the 
biologically significant applications, the objects that are 
being manipulated are not spherical; therefore, consid-
eration should be given to the shape and refractive index 
variations throughout the object [50–52].

The gradient force is not the only force that an object 
would be exposed to within an optical trap. Another force, 
known as the optical radiation pressure force [1], results 
from the absorption or the reflection of light by the object. 
Consequently, radiation pressure pushes the particle 
away from the center of the optical trap and therefore 
works against the gradient force [53–56]. For the gradi-
ent force to overcome the radiation pressure force, the 
particle has to be placed in a sufficiently strong intensity 
gradient. Such strong intensity gradients can be created 
using high numerical aperture (NA) objectives that can 
tightly focus laser beams down to a diffraction-limited 
spot. This permits the trapping of high refractive index 
transparent objects from hundreds of micrometers down 
to few nanometers [57] and create forces up to hundreds 
of piconewtons [4].

Light can also carry angular momentum. Circu-
larly polarized light is an example of light with angular 

momentum. In this case, the electric field vector can 
be seen as spinning in a circle in the direction of light 
propagation and so carries ±ħ per photon of spin angular 
momentum depending on the handedness of the spin. This 
spin angular momentum from the light can be transferred 
to an object exhibiting birefringence. Birefringent objects 
are optically anisotropic materials with a refractive index 
that depends on the polarization and propagation direc-
tion of the light they are exposed to. For example, a bire-
fringent object would cause a relative delay in the electric 
field of circularly polarized light along orthogonal axes, 
potentially transforming this circularly polarized light 
into linearly or more generally to elliptically polarized 
light. This will optically induce a torque on the object as 
the total momentum of the system has to be conserved 
(see Figure 1B). Consequently, birefringent particles can be 
rotated with a constant angular speed determined by the 
optical torque created by the laser beam and the viscous 
drag from its surrounding acting on the particle. Speeds 
as fast as 2.45 MHz at a pressure of 1 Pa can be achieved 
where there is vastly diminished drag [58]. In more real-
istic environments, this technique is used to measure the 
viscous drag of the particle; consequently, the viscoelas-
tic properties of biological fluids on the microscale can be 
determined.

An OT system can be constructed from a small number 
of optical elements comprising a laser beam followed by a 
couple of optics to steer and collimate the incoming beam 
and a microscope objective (or other high NA lens) to 
tightly focus the beam to create a single diffraction-lim-
ited spot to trap particles. The lasers that are commonly 
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Figure 1: Manipulation of high refractive index transparent particles with light.
(A) Top: Sketch illustrating that the refraction of a photon within a particle induces a transfer of momentum to the particle. Bottom: Ray 
optics model for a focused beam and gradient force. (B) Transfer of angular momentum to a birefringent particle receiving a circularly 
polarized light and transmitting a linearly polarized light. (C) Basic experimental setup for OTs.
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used to produce linearly polarized light and so carry 
linear momentum of light that can then be transferred 
to the trapped objects. The simple addition of a quarter-
wave plate in the laser path allows the transformation of 
linearly polarized light into circularly polarized light and 
therefore provide the beam with an angular momentum, 
which can be used to spin a target object, providing that 
its optical properties are right (see Figure 1C).

3  �Quantitative measurements of 
forces and torques

As mentioned earlier, the force that OTs can apply on a 
small object is dependent on the intensity gradient of light 
[4] and is given by

∝ −∇
2
,F E

where F is the force on the particle and E is the electric 
field of the incoming light. ∇|E|2, the gradient of light, can 
be approximated by ∇|E|2  a + bx +  …, where x is a small 
displacement. We thus obtain a relationship for optical 
force equivalent to the well-known Hookean spring model:

− 0 ,F F kx

which consists of a constant force F0 plus a change of 
force proportional to displacement. This expression holds 
and generalizes for many types of rigid larger particles as 
well [59]. Much of the literature is devoted to the quanti-
fication and the measurement of forces near the focus of 
the laser beam, or local equilibria, and in particular the 
determination of the local trap response constant (trap 
stiffness) k.

Usually, optical forces can be determined by measur-
ing light emitted from the particle and a careful calibra-
tion of the optical trap. However, there is no simple way to 
measure optical forces that would be applicable to all sizes 
and shapes of trapped objects. Several methods have been 
developed to achieve just that, and each method has its 
own strengths, capabilities, and appropriate applications. 
The minimal apparatus for force detection is the trapping 
apparatus itself with the addition of the imaging system 
for the observation of the trapped particle, preferably at 
video rate or higher. The other main category of measure-
ments is what could be called local probe measurement. 
These measurements are either based on the detection 
of the OT beam itself or using an additional laser beam 
with low output power so it does not trap the object. The 
additional laser only weakly influences the particle; thus, 

the light scattered can be a measure of the position of the 
trapped object in the small displacement limit. Measure-
ments based on these techniques require the addition of 
extra optical elements downstream of the optical trap and 
may not be easily incorporated into existing complex OT 
systems such as those applying atomic force microscopy 
[60] or single-molecule fluorescence [61–63].

Some of the earliest force measurements in biological 
systems used escape force estimation [64, 65]. Both Block 
et al. and Ashkin et al. used video capture to calibrate and 
measure forces on biological particles. Block measured 
optical forces that induce a torque on bacterial flagellum 
[63] and Ashkin measured the force acting upon cellu-
lar organelles. Interestingly, in the Block et al. study, no 
calibration of the optical trap was needed as it relied on 
the return of the bacterium to its rotational equilibrium; 
thus, no uncertainties of the imparted optical forces were 
estimated.

There are a few physical parameters that must be 
assumed or measured before the calibration of the optical 
trap can be performed. Some of the “usual” assumptions, 
especially with the smaller and low-density objects within 
optical traps, are that the particle effectively moves with 
drag proportional to velocity at low Reynolds numbers 
[66]. In the Ashkin et  al. experiment [65], a number of 
estimates of environmental contributions were made and 
a “maximum” estimated uncertainty of 140% was com-
puted for the measurement of drag forces. However, this is a 
worst-case estimate, as environmental parameters such as 
the viscosity and changes of optical trap stiffness in cellular 
media were not well known at the time. Other experiments 
have used variants of this method and made reasonable 
estimates based on more controlled environmental condi-
tions and more careful control of laser power [67–69].

In the linear (Hookean) spring regime, an optically 
trapped particle in water, or similar liquid, undergoes 
Brownian motion, which could potentially move the par-
ticle microns from its starting position over few seconds. 
Brownian motion is just as likely to move the particle 
toward or away from the equilibrium, but as the particle 
moves from the equilibrium the optical force increases, 
pushing it back to the equilibrium position with larger 
force. This behavior can be thought of in a similar way to a 
marble rolling inside a bowl. In the case of a linear force, the 
shape of this “bowl”, known as the potential, is parabolic 
in every direction. Figure 2A depicts the Brownian motion 
of an optically trapped particle inside a potential repre-
sented by the shaded paraboloid. Figure 2B shows how the 
mean square displacement (MSD) of the particle [70] varies 
in two dimensions with time between measurements. The 
inset shows a series of the particle’s position equivalent to 
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40 ms of data. The MSD is used as a measure because the 
Brownian motion that drives the particle motion within the 
optical trap is completely random and thus will tend to a 
zero mean displacement as a length of the measurement 
increases. The curve in Figure 2B demonstrates that at 
short times the particle motion is dominated by the kicks 
of Brownian motion from the environment. As the time 
between the measurements is increased, the confinement 
by the OTs gives an upper limit to the excursion distance 
from the equilibrium position. As water constantly resists 
changing motions of the particle, the optical trap does not 
produce visible oscillations of the particle and without 
Brownian motion will settle at the equilibrium.

In the field of optical trapping, the power spectrum 
analysis of the position of a trapped object is an often used 
alternative to represent the data acquired and to calibrate 
OTs [71–73]. The power spectral density (power spectrum) 
of a time series describes how the trap strength varies and 
how strong it is. One practical model of OTs to consider, 

which describes the full power spectrum of a trapped par-
ticle, combines the Hookean spring model and a complete 
hydrodynamic model (Equation (5) of Ref. [73]). Using 
this model, we calculated the power spectrum of an ideal 
dataset of position data (Figure 2C). We will consider three 
characteristic features on this graph. The first feature is 
at low frequency, where the data are best fitted with a 
horizontal line, seen in the figure as a light yellow color. 
Within the model outlined here, this horizontal line corre-
sponds to overdamped harmonic motion, a characteristic 
of optically trapped particles in the Stokes flow regime. 
As the frequency of motion is increased (Figure 1, light 
green region), the ability for the optical trap to control 
the motion relative to the instantaneous Brownian motion 
reduces. In this regime, it is still possible to resolve motion 
and measure physical processes acting on the particle, 
but when the other forces at these frequencies dominate 
the OTs act as a passive probe beam. Further increases 
of frequency (dark green region) cause the Stokes flow 

Figure 2: The confinement of an optically trapped particle. 
(A) Visualization of a linear (Hookean) spring potential in 2D (shaded paraboloid) for an optically trapped particle moving under Brownian 
motion. (B) MSD and (C) power spectrum of a particle in linear OTs. In B, the Brownian motion of a trapped micron-sized particle is shown in 
the inset, with shading proportional to the latest sample point. In both B and C, the overdamped harmonic optical trap frequency response 
is represented by the lightest part of the curves. The Brownian motion of the particle can be resolved in the frequency spectrum and is 
represented by the middle section of the curves. The ballistic motion of the particle begins to be resolved at higher frequencies and is 
represented on the plot with the darkest shading.
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approximation to break down and the hydrodynamic 
memory and ballistic character of motion to appear 
[73–76]. A combination of noise sources will typically limit 
measurements to about 100 kHz bandwidth, although this 
may in practice be a far lower frequency [73]. Model fitting 
with power spectrum calibration is a powerful technique 
to precisely characterize linear behavior when it can be 
assumed. These methods often use split detection such 
as a quadrant photodetector [77], balanced photodetector 
[75], or other types of split detector [78, 79] to detect the 
change in direction of the light scattered by the particle. 
Calibration using these methods requires several seconds 
of data capture to ensure a good fit to the model [80]. The 
timescale of practical OT measurements will determine if 
the apparatus is used to investigate the transport of large 
objects such as cells, organelles, and protein folding, 
which operate over minutes to milliseconds (Hz to kHz), 
or smaller, faster reactions such as enzyme turnover, 
molecular switching, and electron transfer in large mole-
cules (kHz to MHz) [81–83].

Another method called direct force measurement has 
been used for decades [8, 84] but has only recently been 
clearly appreciated in a wider community outside of bio-
chemistry [85, 86]. The idea is that optical forces for a 
transparent particle can be exactly determined by appro-
priate quantification of the light it scatters. Quadrant 
detectors cannot generally perform this operation, as they 
only weigh the intensity by the sign of the direction, e.g. 
the amount of light on one side of the detector versus the 
other. In contrast, a position-sensitive detector yields the 
position of the centroid of the light striking the detector. If 
we assume that the microscope imaging the light scattered 
by a transparent object obeys the Abbe sine condition, then 
its centroid is proportional to the angular displacement of 
the light scattered by the particle and transmitted by the 
microscope, and this observation permits force quantifi-
cation. This method is very powerful, as it can be used to 
determine forces on nonspherical and deformable objects 
[50, 87]. It has some strict limitations of applicability due 
to the fact that the light collection angle of microscopes is 
limited and the light emitted and absorbed by the particle 
needs to be completely resolved for an exact determination 
of the force. It is not always necessary to use direct force 
measurement. It is possible to have small enough spheri-
cal particles that scatter reasonably well in all directions. 
Calibration can be performed such that forces in enclosed 
microscopic environments, such as inside cells, may be 
measured with quadrant photodiode [77, 88–90].

As mentioned earlier, the transfer of the angular 
momentum of light to particles is an important method 
of control and manipulation. Two kinds of angular 

momentum transfer can occur in OT: spin-angular 
momentum and orbital-angular momentum [91]. These 
two momentum transfers result in torque, the first one 
being on the particle axis causing it to spin on itself and 
the other on an arbitrary axis. They are measured in dif-
ferent ways. Spin-angular momentum is known as an 
intrinsic momentum, whose transfer is manifested and 
measured by the change of the light polarization [60, 
70]. Orbital-angular momentum can be hard to measure 
because the change in torque needs to be quantified with 
respect to the distance to the axis of rotational motion 
[92]. There is no standard way of performing this meas-
urement; it depends intimately on the physical distances 
and angle between the trapped handle and the object 
being measured. However, there are several methods for 
the measurement of orbital angular momentum, which 
with varying success measure this quite precisely the 
orbital angular momentum [93]. More indirect methods 
can also be used to measure the orbital angular momen-
tum [94].

Torque measurements have few similarities to 
force measurements. Unlike linear momentum transfer, 
angular momentum transfer cannot be as unambiguously 
determined from the light scattered by the particle. Based 
on theory, one could argue that, to measure the electro-
magnetic angular momentum transfer, the field, and not 
just the intensity (as is the case with forces), needs to be 
known. However, the local linear torque acting on a parti-
cle can be deduced by looking at its rotation rate, provided 
the other external forces can be measured or computed 
from a priori information about the environment and is 
given by

0τ τ φ− χ

where τ is the torque acting on the particle, τ0 is a con-
stant torque, φ is the angle of the particle and χ is the rota-
tional stiffness. Much of the literature involving the use 
of optical torques regards only the speed that a rotating 
object exhibits, usually to drive microfluidics, or gener-
ate flow fields. It may be the case that the measurement 
of optical torques appears less frequently in the literature 
due to the difficulties in controlling the location or orien-
tation of the system being investigated so that an accurate 
measurement can be made.

Both absorbing [95] and birefringent transparent par-
ticles such as calcite [96], rods [97], nanorods [98], bire-
fringent cylinders [99], vaterite [100], bespoke machines 
[101], and even molecules such as DNA [99, 102, 103] have 
optically measurable signs of angular momentum transfer.

The rotational torque due to the spin angular momen-
tum transfer is [100, 104]
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0
Pσ

τ
ω

∆=

where Δσ is the change in spin angular momentum in the 
measurement channel, P is the laser power, and ω is the 
optical frequency. The choice of material is of particular 
importance as typical spherical glasses and or plastics 
are isotropic materials and only weakly interact with 
polarized light, therefore producing a hardly detectable 
angular momentum transfer. Strongly birefringent and 
transparent particles, such as calcium carbonate-based 
crystals, are great candidates. Interestingly, nonbirefrin-
gent particles such as cylinders, when their thickness is 
small enough, will experience torque transfer from both 
polarization and orbital angular momentum due to the 
phenomenon known as shape birefringence. The detec-
tion method for alignment torques and continuous spin 
angular momentum transfer from polarization use vari-
ants of a Stokes parameter measurement of various com-
plexities (capability) due to how a particle is rotated [99, 
100, 105].

Torque measurements have also been used for the 
measurement of forces or viscoelasticity properties of 
fluids and biological systems. If certain parameters, 
such as the viscosity surrounding a particle and the 
initial angular momentum imparted to the particle, are 
known, then the total torque on a spherical particle can 
be unambiguously measured [105]. In a study by Parkin 
et al., torque transfer from a beam carrying orbital angular 
momentum was determined by fitting a curve to opposite 
handed spin angular momentum contributions of a con-
tinuously rotating particle to the drag torque:

38D aτ πη= Ω

where η is the drag on the particle, a is the radius of the 
particle, and Ω is the particle rotation rate. Practically, 
it means that the change in polarization on the object 
exposed to the laser beam is measured for three different 
input polarization states. The orbital angular momentum 
transferred to the particle can be deduced from these 
measurements if we assume that spin and orbital angular 
momentum can be added.

The viscoelasticity of fluids can be measured through 
the measurement of torques acting on particles in the fluid 
[32, 106]. Bennett et al. and Zhang et al. applied an optical 
torque to a particle and measured its angular frequency 
and variation of the spin angular momentum transfer using 
polarization. Due to the reasonably spherical shape of the 
probe particles used, the rotational Stokes drag is used as a 
basis for analyzing the data and deducing the viscoelastic 

properties of the fluid. The measurement of viscoelastic 
properties of fluids in vivo is challenging due to the diffi-
culty of precise calibration in a living organism. However, it 
is worth noting that recent studies have successfully meas-
ured the viscosity of fluids and elasticity of cells in vivo 
using an optical trapping technique [107, 108], opening new 
avenues for the study of mechanobiology in vivo.

4  �Common applications of optical 
trapping in biology

The physical and chemical studies of biological mate-
rials were used to be performed in bulk, giving only an 
average measurement of stresses and strains occurring 
in the experiments. By providing measurement, analy-
sis, and quantification at the nanoscale to microscale, OT 
has allowed studies at the level of individual molecules in 
vivo, vastly improving our understanding of the physical 
forces at play in living cells.

4.1  �Single molecules

On the nanoscale, at the level of single molecules, OTs 
have been applied to a wide range of molecular motors 
[64, 109–117] as well as RNA, DNA [21, 118], and proteins 
[22, 119–122]. This has overcome the technical difficulties 
related to measuring movements of single molecules, as 
their motions occur on the length scale of angstroms to 
nanometers and on the timescale of milliseconds and 
shorter. However, their functions are essential and must 
be investigated to understand the basic functioning of any 
living organism.

One area in which OTs have allowed significant pro-
gress is the study of molecular motors and intracellular 
trafficking. Molecular motors are abundant in all living 
cells with a wide variety of roles and functions. They 
are responsible for DNA replication, RNA transcription, 
and protein synthesis. They drive cell division, induce 
cell motility, intracellular trafficking, and ciliary func-
tion. Molecular motors are known to be extremely energy 
efficient and have therefore been studied intensively. To 
obtain high spatial and temporal resolution of their behav-
ior, a common method is to attach microscopic beads on 
those molecules and observe, manipulate, and measure 
forces on those beads with OTs when the motor is working 
[109, 110, 123, 124].

Rotary motors, such as bacterial flagellum, have been 
manipulated indirectly with OT. Originally, Block et  al. 



1030      I.A. Favre-Bulle et al.: Optical trapping in vivo

showed in 1989 that OT allows the measurement of the 
elastic properties of individual flagella. This sets the stage 
for more detailed analyses of the motor structure [125–127] 
and the forces required to induce movement [128]. More 
recently, Darnton and Berg [129] have made a detailed 
study of flagellum geometry and stiffness using OT based 
on the 12 helical states, or polymorphic forms, predicted 
by Calladine [130, 131].

Another class of molecular motors, the linear motors, 
comprise kinesin and dynein, two molecules able to walk 
on microtubules but in opposite directions. These are 
essential to the transport of materials in cells. The mech-
anochemical processes underlying this transport have 
been extensively studied in vitro, and OT played a crucial 
role in these investigations. OT allowed measurements of 
the forces exerted in the process of microtubules growth, 
their stiffness, as well as the binding mechanics of motor 
proteins on the filaments [25, 113, 132]. Combining OT with 
dual beam interferometry, Svoboda et  al. demonstrated 
that stepwise character of the kinesin molecule’s motion, 
measuring the nanometer-scale displacements and 
piconewton forces produced [123]. The measured average 
step size of 8  nm shows the incredible sensitivity of the 
method. This study revealed the hand-over-hand walking 
behavior of kinesin along microtubules and therefore led 
to a deeper understanding of this complex protein and the 
cellular trafficking that it delivers.

OTs have also been applied to the study of DNA [21, 22, 
114, 118, 122, 133–138], where it provides unique features 
for exploring the DNA’s structure and interactions with 
proteins. For example, Bustamante’s group presented a 
study designed to characterize the rotation and transloca-
tion of the DNA being packaged by the motor throughout 
the entire range of capsid filling. This was enabled by the 
unique properties of OTs to be able to hold the motor part 
of the structure and analyze the rotation of the DNA when 
it was packaged into the motor. They were able to show 
that the motor rotates the DNA during packaging [139].

In another study, DNA bundles have been attached 
to microbeads and stretched using OT, revealing the 
DNA elasticity, the forces involved with transcription and 
packaging, and its different helical forms. More recently, 
nanomachines, or artificial DNA-based devices, have been 
designed to exploit the mechanical nature of the DNA 
double helix and generate forces and torques [140–143].

4.2  �Single-cell manipulation

Within every cell, a range of organelles make specific con-
tributions to the cell’s overall structure and physiology. 

Nuclei, mitochondria, and chloroplasts have been opti-
cally manipulated inside cells, providing information 
about their transport properties and processes, viscoelas-
tic properties, and stress relaxation [65, 144–146]. Vesicles, 
which are lipid bilayer membranes containing a range of 
possible cargos, have been trapped in various cell types 
in vivo [147–150], and this work has been important in 
studying the architecture of their membranes [151]. Cell 
membranes are complex systems as they allow cell flex-
ibility and elasticity as well as mediate and modulate 
signaling, trafficking, and permeability. Vesicles offer a 
simplified version of the cell membrane, permitting the 
analysis and visualization of their individual characteris-
tics and components. Past studies provide the modeling 
and precise measurement of mechanical and rheologi-
cal properties of vesicle membranes using OTs and show 
their high dependence on temperature [152, 153]. In addi-
tion, a cell or vesicle in a fluid imposes a hydrodynamic 
drag on neighboring objects but also to its own motion. 
Understanding this phenomenon led to the study of the 
hydrodynamic interactions on complex surfaces and its 
measurement and modeling [30].

From the nanomechanical characterization of mem-
brane mechanics, cell division, cell-cell interaction, cell 
motility and migration to in vitro fertilization, single-cell 
transfection, or tissue engineering, the examination of 
how individual cells operate, function, and interact with 
each other is currently helping to reveal invisible pro-
cesses and communication and elucidate subcellular pro-
cesses and population behavior.

The most popular application of OT for single-cell 
manipulation is to confine and position cells in a static or 
dynamic flow environment. This includes cell sorting and 
the study of cell motility and swimming.

Cell sorting was originally demonstrated by Buican 
et  al. in 1987  when they created a trap with two weakly 
focused counterpropagating beams, selected cells with 
particular optical properties, and transported them reli-
ably over millimeter distance [154]. This groundbreaking 
work led to the development of other active sorting tech-
niques using single or multiple traps based on fluores-
cence activation [155, 156], magnetic activation (magnetic 
activated cell sorting) [157], or simple cell imaging identi-
fication [158–160]. In parallel, passive optical sorting tech-
niques have been developed based on the identification of 
cells on their shape, size, and refractive index difference, 
avoiding the use of markers and keeping cells intact, in 
their original state [161, 162].

Conveniently, OTs can hold moving microorganisms 
such as swimming bacteria, parasites, sperm, or micro-
algae and allow the quantification of their swimming 



I.A. Favre-Bulle et al.: Optical trapping in vivo      1031

forces and their interaction with the surroundings. The 
swimming force, or thrust force, can be calculated from 
the measurement of the distribution of position of the 
organism in the trap but also by measuring the minimum 
laser power needed to hold a swimmer in the trap, as this 
is directly proportional to the swimmer’s swimming force. 
Based on these methods, multiple studies have used OTs 
to quantify swimming thrust and torque for a wide range 
of swimmers. Chattopadhyay et al. investigated the forces 
and torques of Escherichia coli using OT to study their 
behavior when they were exposed to an external flow [163]. 
By looking at the power spectrum of the position of E. coli 
in the trap, they were able to visualize directly the two 
frequencies associated with the angular velocities of the 
cell body Ω and the flagella bundle ω. They reported that 
the average frequency values, calculated from more than 
200 bacteria to be 19.6 ± 0.3 Hz for the body and 115 ± 2 Hz 
for the flagella bundle, which agree with previous meas-
urements based on imaging [164, 165]. In addition, they 
were able to measure the average thrust of E. coli to be 
0.57 pN and the average torque 5 × 10−19 N m, revealing the 
precise measurements of bacterial propulsion using OT. 
In the work of Armstrong et  al., OTs were used to char-
acterize the swimming and tumbling behavior and the 
clear characterization of those motions was determined. 
More importantly, the viscous forces were determined and 
linked to polymorphic changes of the flagella [166].

The application and measurement of forces on single 
cells have also been useful for studies of cell-cell interac-
tions, cell migration, cell division, and the cells’ mechani-
cal properties. The characteristics of the mechanical 
deformation of living cells are known to strongly influence 
their functions, and their inability to deform sufficiently 
can contribute to a number of diseases. Red blood cells 
(RBCs) are a good example of cells whose shape flexibility 
is essential to the organism and its function. Their average 
diameter is about 8 μm, but they deform to fit through cap-
illaries as narrow as 3 μm in diameter. In a study by Dao 
et  al. in 2003, they attached two silica microbeads onto 
an RBC’s surface, pulled those beads in opposite direc-
tions with two optical traps, and generated impressively 
large deformations of the cell with optical forces as large 
as 600  pN. By modeling and measuring those deforma-
tions, they revealed the key viscoelastic properties of the 
cell membrane and captured the complete deformation 
characteristics of the cell [26].

Blood transfusions require high RBC survivability, 
leading to strict rules for the blood’s storage. This precise 
cell characterization and its linkage with health and sur-
vivability are therefore of great importance for medicine. In 
Kashchuk’s work [167], dual OTs were used to controllably 

stretch blood cells of different ages and measure their 
stiffness. Measurements were done by holding one trap 
at a constant position and stretching the cell by moving 
the other trap away from the first trap. Using this method, 
the modulus of deformation could be precisely measured. 
This work could potentially help to choose the fittest RBCs 
for longer-term storage and blood transfusions.

4.3  �Advanced devices and optical techniques 
for OT in biology

Given the flexibility of OT and the diverse biological 
questions that it can address, a wide range of techniques 
and OT systems, based on the core system described in 
Figure 1C, have been developed and implemented in bio-
logical experiments [168–170].

The most common mode of operation for OT is to use 
a highly focused Gaussian beam for trapping. However, 
when we want to dynamically manipulate several objects 
at once or if the trapping is to be done on a large objects, 
multiple highly focused laser beams are required to grab 
the cell at several points and manipulate it. To enable this, 
either multiple independently controllable lasers or beam 
multiplexing, shaping, and or scanning needs to be incor-
porated into the apparatus.

For example, the use of holograms or other types of 
diffractive optical elements have significantly extended 
the possibilities for optical trapping and manipulation. 
By placing a diffractive optical element in the sample’s 
conjugate plane, one can produce the desired intensity 
and phase profile of light at the sample plane. Fixed holo-
grams can be generated using photolithographic tech-
niques and can produce fixed optical traps at arbitrary 
locations. However, very often, the study of biological 
systems requires the dynamic control of OTs, and this can 
be achieved using either fast scanning devices, such as 
acousto-optic deflectors and galvo mirrors, or spatial light 
modulators (SLM), such as deformable mirrors, digital 
micromirror device, and liquid crystal SLM. With scanning 
devices, high scanning speeds can be reached, allowing 
the generation of multiple optical traps by time sharing. 
In addition, they are usually formed in only one- or two-
axis planes due to a lack of capability to easily refocus the 
incident laser beam. SLMs can alter the wavefront of the 
laser, and provided sufficient resolution can allow multi-
beam generation without time sharing. However, this 
increased flexibility can slow operation in some cases due 
to the factors, including the complexity of the calculation 
of the display pattern and the speed at which pixels switch 
values.
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The approaches and devices mentioned above provide 
several ways to deliver multiple, arbitrarily shaped, 
dynamically controlled optical traps. One example of the 
combination of optical systems and devices developed for 
multiple particle trapping is known as holographic OTs 
(HOTs). Originally demonstrated with diffractive optical 
elements [171], HOTs have now been designed with SLMs 
enabling dynamic optical manipulation [172].

When we are interested in both the physical and 
chemical properties of the trapped microscopic objects, 
we can combine trapping with other imaging or spectro-
scopic techniques. In particular, if the aim is to charac-
terize physical and chemical properties and the temporal 
evolution of a single cell, for example, this characteriza-
tion can be done with Raman tweezers, a technique that 
combines Raman spectroscopy as a diagnostic tool and 
OTs for single-cell trapping and manipulation [173, 174]. 
In yet another study, a micro-Raman spectrometer was 
combined with external OTs enabling resonance Raman 
studies of a single functional trapped cell. The advantage 
of this particular experiment was that two separate lasers 
were used for the two functions of the setup – separate 
lasers for trapping and the Raman spectrometry. This 
configuration enabled separate wavelengths and powers 
to be used for these two functions [175]. Specific applica-
tions of Raman tweezers include the analysis of cancer 
cells, microorganisms, subcellular structures, and orga-
nelles such as chromosomes and mitochondria. Single-
cell interrogation using the powerful combination of OTs 
and chemical analysis with Raman spectroscopy brings 
the potential advantages of spectroscopic identification 
of cellular components with high spatial resolution, but 
foremost this technique gives the freedom from intercel-
lular and surface adhesion effects on the single-cell level.

Another example of a very powerful combination is 
the integration of OTs in fluorescence resonance energy 
transfer spectroscopy (FRET). Such systems have been 
used for studies on how the mechanical environment 
influences cell population functions, in once case explor-
ing the phenomenon of how mechanical stimuli are trans-
mitted into biochemical signals. The cell was stimulated 
using OTs that exerted a known adhesion force and mech-
anotransduction was studied using FRET [63].

The final example of a powerful combination of OTs 
with other spectroscopic techniques is the work done by 
Käll’s group. They demonstrated that, using OTs to move 
a single silver nanoparticle into a contact with an immo-
bilized particle, an isolated surface-enhanced Raman 
spectroscopy (SERS) active silver particle dimer was 
formed. As the dimerization occurred, the SERS intensity 
was enhanced by a factor of approximately 20 [176].

These new combinations of OT with complemen-
tary optical methods, and the resulting advances, have 
allowed the investigation of a wide variety of complex bio-
logical systems from the nanoscale to the microscale.

5  �Trapping at the limits

5.1  �Light scattering in biology

OT, like any optical technique, has its challenges. In the 
context of the manipulation of biological systems, deliver-
ing light to specific regions, to either manipulate or simply 
illuminate, can be a difficult task. OT is challenging in vivo 
both because of the absorption of light by biological tissue 
and from the scattering of the light when it encounters 
refractive index surfaces [177]. The disparity of refractive 
indices within a cell or biological tissue is enormously 
complex and dynamic, as cells and their organelles are 
tightly packed and in constant motion. As you go deeper 
into a biological tissue, spatial light distortions increase, 
leading to the random speckle pattern of the incoming 
illumination (see illustration in Figure 3A) and a defocus-
ing of targeted light.

Despite those difficulties, direct optical manipulation 
is possible within low absorptive or low scattering envi-
ronments such as shallow tissue regions and transparent 
model systems. In such situations, trapping can be per-
formed in vivo without the need to compensate for light 
scattering and distortions. Blood cells have been manipu-
lated and trapped in vivo in mice [20] in shallow regions of 
the ear (~40 μm deep), allowing the measurement of the 
drag force of the blood flow circulating around the cell. At 
such depths, forces applied on circulating RBCs are suffi-
cient to pause the motion of the cell and completely block 
blood flow in thin blood vessels. Similarly, nanoparticles 
and microparticles and cells have been manipulated in 
genetically engineered transparent zebrafish [107, 178, 
179], a relatively small model compared to mice. Zebrafish 
are of great interest due to its advanced brain structure 
and its small dimensions [180, 181]. The transparency of 
this relatively new model facilitates light transmission and 
therefore allows optical manipulation deeper in tissue. 
Blehm et al. reported trapping down to 500 μm in such a 
model [107]. In this work, they performed the first rheo-
logical characterization in vivo in a vertebrate with great 
impact for biomedicine. The method they used was intro-
duced as “active microrheology by optical trapping in vivo” 
and used OT as a unique tool allowing the measurement of 
physical properties of cells in vivo on the microscale deep 
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within the organism. As the physical properties of tissue 
and in particular the matrix elasticity of a cell can deter-
mine the development of cancer or other malignant phe-
notype, this method has the potential to allow the direct 
detection of abnormal transformation of cells in vivo and is 
therefore of great interest for medical sciences.

As discussed in Section 3, the measurements of forces 
or torques usually require calibration of the optical trap-
ping system. Different methods for in vivo calibration 
have been developed such as the light-momentum change 
method, the microrheology method, or the refractive index 
matching method. A comprehensive study comparing 
these methods favored the momentum-change approach, 
as it requires just a single calibration and is insensitive to 
changes such as the refractive index in the surroundings 
and changes in the geometry of the particle itself [182]. 
However, depending of the application, a careful consid-
eration of all these methods is recommended.

5.2  �Trapping through highly scattering media

Understanding and predicting light scattering in complex 
media is necessary for the precise delivery of light through 
it. However, the distribution, movements, and interac-
tions of molecules, organelles, and even cells are hardly 
predictable. Therefore, the study and modeling of the 
scattering properties of biological tissues is a rich and 
timely area of research. The principles and fundamentals 
of light scattering [183] have been covered in a number of 
books and review articles as well as the various models for 
biological tissue [184–186].

Recent advances in the field and the surge of new 
imaging techniques and light shaping devices have 
allowed imaging and manipulation ever deeper in highly 
scattering media, including biological tissues [187, 188]. 
The approach behind these methods is to create arbitrary 
light illumination, correcting for light distortions originat-
ing from both the sample and the optical system (see illus-
tration in Figure 3B).

The generation of arbitrarily shaped wavefronts has 
been of great interest to both biologists and physicists, 
and nowadays, delivering light into one plane of a sample 
is relatively straightforward. Any arbitrary 2D surface can 
be generated using techniques such as Gerchberg-Saxton 
[189] or with prisms and lenses [190]. The Gerchberg-
Saxton algorithm is of particular interest in optogenetics 
and neuroscience. This method used for 2D light shaping 
relies on the iterative calculation of a hologram in the 
Fourier plane of the sample to create a chosen illumination 
pattern within the sample. It retrieves the phase of both 
the incoming light distribution (usually a Gaussian profile 
incoming beam) and the target intensity profile related via 
the Fourier transform. One limitation of this method is the 
poor axial resolution, or the significant axial spreading of 
the light, when illuminating large 2D regions. However, 
the use of a two-photon laser and its combination with 
a grating to perform temporal focusing, as described by 
Emiliani’s group [191, 192], allows a remarkable confine-
ment of the light in the plane of illumination.

In 3D, however, light shaping is more nuanced. Simple 
3D illumination patterns, such as multiple spots, have 
been achieved and proven to be useful for optical trapping 
[172, 193] and optogenetics [194, 195]. However, 3D surfaces 

Figure 3: Scattering in tissue.
(A) Illustration of light distortion through biological tissue. (B) Illustration of light wavefront shaping with an SLM aiming to optically 
manipulate an organelle within biological tissue.
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are challenging to create in nonturbid media [196] and are 
not sufficiently robust for their implementation in biology.

Čižmár et al. demonstrated for the first time the in situ 
wavefront correction for optical trapping through highly 
turbid media [197, 198]. Using an SLM, they altered and 
optimized the phase of the modes composing the incom-
ing beam such that they could interfere constructively at 
the trap location. Interestingly, this method provides cor-
rection for not only aberrations from the sample but also 
the entire optical train, starting at the laser output and 
ending at the trap focus.

Other methods for wavefront correction in vivo include 
the use of a “guidestar” [199]. Recent work shows that a 
micrometer-sized focal spot deep within tissue can serve 
as a guide for the calculation of the optical properties of 
the medium and the needed corrections to get a tightly 
illuminated spot deep within tissue. Coupled with feed-
back loops and fast detectors and modulators, Bloch et al. 
showed that the fast correction of focused light in dynamic 
samples is feasible at speeds up to 4.1 kHz [200]. These 
great advances are promising for fields such as optogenet-
ics, drug delivery, and deep tissue imaging.

5.3  �Trapping complex biological objects and 
structures

As the manipulation of large objects is challenging due to 
their large geometry and inertia, additional light shaping 
techniques have been developed to optimize and increase 

optical trap stiffness [37, 38]. Taylor et  al. designed a 
structured incident light field able to interact with large 
particles, as a particle acting as a beam splitter would 
with a Gaussian beam, and thereby increased previously 
achieved trapping stiffness by more than 20 times for 3.5 
to 10 μm silica particles. Another interesting example 
comes from Pitzek et al., who used an optical mirror trap. 
In addition to a normal optical trap, they introduce a sec-
ondary trap that reflects on the sample chamber surface 
to reach and trap the particle from the back and therefore 
propagates in the opposite direction to the primary trap, 
thus enhancing the trap stiffness. This technique allows 
work with long working distance, large field of view, and 
low NA microscope objectives to manipulate particles up 
to 45 μm.

Kirkham et al. used a variant of HOT to position and 
organize different cell types into 3D structures, allowing 
them to bond and stabilize [201]. As HOTs can create mul-
tiple independent traps in 3D, other studies have shown 
experimentally how one or multiple cell types can be 
assembled in specific structures to mimic real biological 
tissue and therefore produce complex synthetic tissues 
[202, 203].

These optical trapping designs are flexible and offer 
a high degree of control but remain challenging to imple-
ment in biological systems; therefore, very few studies 
report the optical manipulation of large objects in biology.

Using a simpler approach, we have targeted and 
manipulated the otoliths in live zebrafish. Otoliths or ear-
stones are calcium carbonate crystals located in the ears 

Figure 4: Manipulating zebrafish inner ear with OT.
(A) Top view (top) and side view (bottom) of zebrafish. The inner ear is circled in dashed orange. Acceleration sensing otolith pointed in 
red. (B) Tail bend in response to single otolith exterior trapping (red dot). The original position of the tail is shown in dashed red line. 
(C) Distribution of neuronal intensity profiles in the brain (see details in Ref. [204]). Credit to Gilles Vanwalleghem and Nick Valmas.
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of zebrafish, and their movements permit vestibular and 
auditory perception. Otoliths are typically about 55 μm in 
diameter in 6 days post-fertilization fish and are located 
about 150 μm deep in tissue (Figure 4A). Despite the obsta-
cles stemming from otolith location and geometry, we 
showed in a recent study [204, 205] that we can success-
fully apply forces to the otolith responsible for acceleration 
sensing and thereby simulate acceleration without physi-
cally moving the animal. Previous studies on the vestibu-
lar system involve accelerating or spinning the animal, 
introducing difficulties in imaging or unwanted artifacts 
such as water flow in the case of zebrafish [206–208]. The 
introduction of OT for the manipulation of the inner ear 
also allows a specific stimulation of a single otolith, which 
could not be obtained with motion of the animal as well as 
both otoliths simultaneously, therefore simulating more 
natural movements. Using this method, we determined 
that the behavioral responses (from eyes and tail) to the 
simultaneous manipulation of both otoliths was the linear 
combination of the behavioral responses to single otolith 
manipulations (Figure 4B).

Further investigation of the information processing 
and neuronal network of the vestibular system, from the 
otolith to the tail and eyes, led us to image the brain activ-
ity in response to various OT manipulation [205]. Such 
imaging relied on the animal’s stability, so our ability to 
simulate movement without physically moving the animal 
was key. Our technique allowed us to simulate various 
acceleration amplitudes and directions, revealing the 
brain activity that resulted from the perceived accelera-
tion (Figure 4C). These results and this new application 
of OT open the door to many further questions related to 
the perception and sensory processing of vestibular and 
auditory stimuli.

6  �Summary
The demonstration of optical trapping and precise 
manipulation of biological systems by Ashkin triggered 
an unprecedented investigation of biological phenom-
ena from molecular interactions and behavior to a whole 
organ function. In parallel with these investigations, the 
precise quantification of forces and torques has been very 
useful for studies of the mechanobiology of molecules, 
cells, and tissues, all of which would have been extremely 
difficult without the noncontact forces provided by OT. 
In combination with subsequent developments in arbi-
trary light shaping, OT has been enhanced, optimized, 
and extended to manipulate and measure a large variety 
of objects in vivo. Experiments and studies using OT will 

continue to benefit from technological improvements that 
will increase their power, depth, and precision and will 
continue to make profound contributions to our under-
standing of biological molecules, cells, and tissues.
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