
Optical Tweezers in the Life Sciences

NANOTECHNOLOGY

A practical guide to force spectroscopy,  
molecular manipulation, and microrheology

https://www.bruker.com


2



3

Optical Tweezers in the Life Sciences
NANOTECHNOLOGY

A practical guide to force spectroscopy,  
molecular manipulation, and microrheology

Authors

Randhir Kumar, Dimitar R. Stamov and Thomas Henze 
Bruker BioAFM, Berlin, Germany

Acknowledgements

The authors would sincerely like to thank everyone who supported and contributed 
towards the development of this eBook, in particular those who provided samples and 
specimen. 

The critical review and editing by Oilibhe Pabsch (Bruker) is gratefully acknowledged.

Sample Contributors:

Dr. Remus Dame, Leiden University, Netherlands for providing the λ phage DNA used 
in Figure 4.

Dr. Davide Normanno, Institute of Human Genetics, University of Montpellier, CNRS, 
France for the cooperative work used in Figure 8.

Farah Mustapha and Pierre-Henri Puech, Aix Marseille University, CNRS, INSERM, 
LAI, Marseille, France for providing living Jurkat cells and helping with the sample 
preparation used in Figure 12.

Dr. Yan Shi, University of Calgary and Tsinghua University, Beijing, China for providing 
the sample used in Figure 15.

The authors acknowledge the value of open access scientific publications, which 
were utilized as valuable sources of data, figures, and conceptual insights. These 
publications contributed meaningfully to the development of this eBook.



4



5

Contents
Preface................................................................................................................................................................7

Introduction................................................................................................................................................ 8
Fundamentals of Optical Tweezers......................................................................... 8
Instrument Design and Experimental Modes...............................................14

Optical Tweezers in Action: Tales from the Lab........................................21
Applications – A Brief Overview.............................................................................. 21
Case Studies...........................................................................................................................22

Investigating the Mechanics of DNA.........................................................22
Mechanistic Insights into Protein-DNA Interactions..................... 26
Multiplexing and Demultiplexing.................................................................. 30
Biomechanics of Molecular Motors............................................................32
Micromanipulation and Biomechanical Characterization

of Living Cells............................................................................................................. 36
Investigating Viscoelastic Properties........................................................ 40

Enhancing Optical Tweezers 
with Advanced Microscopic Techniques........................................................... 44

Integration with Fluorescence Microscopy.................................................... 44
Integration with AFM (OT-AFM)............................................................................. 48
Integration with Raman Spectroscopy............................................................... 49

Outlook and Future Perspectives................................................................................ 53

References..................................................................................................................................................55



6



7

Preface
Originally developed within the field of optical physics, optical tweezers have 
evolved into a widely adopted experimental technique in the life sciences. They 
enable controlled manipulation of microscopic objects – including biomolecules, 
cells, and individual DNA strands – with high spatial and force resolution. This 
capability has provided critical insights into fundamental biological processes 
and has enabled experimental approaches that are difficult or impossible to 
achieve using conventional microscopy alone. By applying and quantifying 
forces in the piconewton range, optical tweezers allow the non-invasive 
investigation of mechanical and dynamic properties in biological systems at the 
single-molecule and cellular level.

This Optical Tweezers eBook is intended as a technical reference for both 
newcomers and experienced practitioners. It presents a structured introduction 
to the theoretical principles underlying optical trapping, describing the 
interaction between light and matter that enables the stable confinement 
and manipulation of microscopic particles. The eBook describes the core 
components of optical tweezers instrumentation, including trap generation, 
force detection, and the environmental control elements required to maintain 
well-defined experimental conditions for biological samples. 

The eBook also provides an overview of Bruker’s NanoTracker 2 optical 
tweezers platform as an example of a modern commercial implementation. 
The system supports integration with advanced microscopy and spectroscopy 
techniques, including confocal microscopy, stimulated emission depletion 
(STED) microscopy, epifluorescence imaging, Raman spectroscopy, and 
atomic force microscopy (AFM), enabling correlated measurements across 
multiple spatial and temporal scales. Such hybrid configurations extend the 
experimental scope of optical tweezers by allowing simultaneous access to 
mechanical, structural, and functional information, thereby facilitating a more 
comprehensive investigation of complex biological systems.
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Introduction
Beyond its essential role in daily life, light can be precisely controlled to 
enable powerful technologies. An example of this are optical tweezers, which 
rely on the simple principle of tightly focusing a laser beam through a lens. 
This focused light creates forces capable of non-invasively trapping and 
manipulating micro- and nanoscale objects, such as particles, cells, or cellular 
components. By holding objects in place and measuring the forces acting on 
them, optical tweezers have enabled quantitative discoveries across the life 
sciences, physics, and medicine.

Fundamentals of Optical Tweezers

A Brief History of Optical Tweezers

The development of optical tweezers is closely linked to the concepts of 
radiation pressure and the emergence of laser technology. The concept that 
light possesses momentum and can exert forces on matter dates back to 
1619, when Johannes Kepler observed that the tails of comets point away 
from the Sun.[1] Nearly 250 years later, James Clerk Maxwell developed the 
theory of electromagnetism, providing the theoretical framework to explain 
Kepler’s observation using the concept of radiation pressure.[2-4] Despite this 
early theoretical understanding, as the forces associated with light-matter 
interactions are extremely small, the experimental verification and practical 
applications were not possible until the invention of the laser in 1960. The high 
intensities of light achievable with laser sources ultimately enabled the direct 
observation and exploitation of radiation pressure effects on matter.[5]

In 1969, Arthur Ashkin at Bell Labs experimentally demonstrated the effect 
of radiation pressure on micrometer‑sized dielectric particles using a weakly 
focused laser beam. He observed that, as a result of radiation pressure, latex 
beads were driven in the direction of the beam propagation. In addition, Ashkin 
noted the presence of a transverse force pushing the beads toward the beam 
axis, arising from intensity gradients in the laser field. From these observations, 
he concluded that stable three-dimensional confinement could be achieved 
by balancing the radiation pressure forces using multiple laser beams. In 1970, 
Ashkin created the first optical trap based on counter-propagating laser beams, 
enabling stable trapping and manipulation of particles, droplets, and atoms.[6-9] 

Building on the success of the dual-beam optical trap, Ashkin continued to 
pursue the realization of a single-beam laser trap. In 1986, he demonstrated 
that dielectric particles can be stably confined in three dimensions by using 
a tightly focused laser beam generated by an objective lens with a high 
numerical aperture (NA = 1.25).[10] 
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This configuration, which he termed a single-beam gradient force trap, is now 
widely known as optical tweezers. 

Ashkin characterized the trapping properties of various particles in water 
ranging in size from 25 nm to 10 μm. A year later, he reported the optical 
trapping and micromanipulation of bacteria, yeast cells, and red blood cells 
using an infrared (IR) laser that significantly reduces the optical damage to 
living cells.[11] Since then, the use of optical tweezers has grown in a wide 
range of scientific fields. In recognition of his pioneering work, Arthur Ashkin 
was awarded the Nobel Prize in Physics in 2018 for the invention of optical 
tweezers and their application to biological systems.

Today, optical tweezers are a powerful tool for studying a wide range of 
biological processes, delivering invaluable insights into fundamental molecular 
mechanisms related to health and disease. Their ability to measure and apply 
forces at the piconewton scale has opened new avenues of research, yielding 
insights into, for example, how polymerases move along DNA substrates 
or motor proteins along cytoskeletal filaments, and how disease-associated 
mutations affect the force-generating capabilities of enzymes.[12-14]

To fully appreciate the capabilities of optical tweezers, it is helpful to 
understand the physics behind them. In the next section, we will explore the 
principles of optical trapping and the various forces acting in different regimes, 
explaining how this tool harnesses the power of light to exert control at the 
microscopic level.

The Physics of Optical Trapping

Optical trapping relies on the radiation forces exerted by light on particles, 
stemming from the conservation of light momentum during scattering.[15-17] 
The theoretical force calculations in single-beam optical tweezers depend on 
the particle size and wavelength of the laser beam. Based on the relationship 
between the particle diameter (d) and the beam wavelength (λ), the forces 
acting on the trapped particle are categorized into three regimes:

� Ray Optics regime: When the size of the particle is much larger than the
wavelength (d≫λ).

� Rayleigh regime: When the size of the particle is much smaller than the
wavelength (d≪λ).

� Intermediate regime: When the size of the particle is comparable to the
wavelength (d≈λ).

Detailed treatments of these regimes are beyond the scope of this eBook; 
readers seeking deeper theoretical insight are referred to references.[15,16] 
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The ray optics regime provides an intuitive framework for describing light-
matter interactions in optical trapping. In this regime, the forces acting on a 
particle are commonly divided into gradient and scattering forces. Gradient 
forces arise from the refraction of light as it passes between media with 
different refractive indices, causing the light rays to change direction. These 
forces are proportional to the spatial intensity gradient of the laser beam i.e., 
the variation of light intensity across the beam profile. As a result, gradient 
forces drive particles toward regions of higher intensity, typically pulling them 
toward the center of the focused beam.

In contrast, the scattering force, also known as the radiation pressure force, 
originates from the momentum transfer associated with reflected and 
scattered photons and is proportional to the total intensity of the laser beam. 
This force acts in the direction of beam propagation. The balance between the 
gradient and scattering forces determines the stability of the optical trap and 
enables the three-dimensional confinement of particles.

In the example below, two optical rays, r1 and r2, refracted from the particle 
result in the gradient forces F1,g and F2,g, respectively, and scattering force Fs as 
shown in Figure 1a. With a Gaussian beam intensity profile, common in most 
optical traps, ray r2 is more intense (and thus carries more momentum) than 
ray r1, leading to F2,g > F1,g. When the particle is slightly displaced to the left of 
the beam center, a net gradient force Ft,g acts towards the center of the beam, 
pushing the particle to the equilibrium position. At the beam center, the total 
gradient force Ft,g is balanced by the scattering force Fs, resulting in a stable 3D 
trap.

The force acting on the trapped particle is proportional and opposite to the 
displacement of the particle from the beam center, akin to a spring-mass 
system as shown in Figure 1b. This force can be described by Hooke’s law: 
Fx= -κtx, where Fx is the force, κt is the trap stiffness, and x is the displacement 
of the particle from the beam center in the x-direction. By knowing the 
displacement of the particle and the trap stiffness, the optical forces acting on 
the particle can be accurately measured.[17]

Methods for Measuring Particle Displacement 

The most common methods for detecting the displacement of a trapped 
particle relative to the trap center or optical axis are video-based detection and 
back focal plane interferometry (BFPI).

Video Detection

The most straightforward approach for position detection is video-based 
particle tracking, in which a camera records a time series of images and the 
particle position is extracted using image-processing algorithms.[18,19] 
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Figure 1: Schematic representation of optical forces acting on a dielectric spherical 
particle in an optical trap. 

(a) When the particle is slightly displaced from the center of the laser beam, a net force 
acts towards the beam center, driving the particle to the equilibrium position. 

(b) The force acting on the particle is proportional to its displacement from the beam 
center, analogous to a simple spring-mass system (Hooke’s law: Fx= -κtx).
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This method provides the absolute position of the particle and enables 
simultaneous tracking of multiple particles. However, its spatial and temporal 
resolution are fundamentally limited by the frame rate, pixel size, and signal-to-
noise ratio of the camera. In addition, video tracking is computationally memory 
intensive and is sensitive to variations in illumination and imaging contrast. 
These limitations restrict its accuracy and bandwidth, making it less suitable 
for high-precision or high-frequency position measurements compared to other 
methods.

Back Focal Plane Interferometry

Back focal plane interferometry relies on the interference between forward 
scattered light from the trapped particle and the unscattered portion of the 
trapping beam in the back focal plane (BFP) of the detection optics. The 
resulting interference pattern is recorded using a position sensitive detector, 
such as a four quadrant photodiode.[20-22] Lateral displacements of the trapped 
particle relative to the beam center (in the xy-plane) cause changes in the 
intensity distribution within the BFP, whereas axial (z-direction) displacements 
predominantly lead to changes in the spot size. By detecting and analyzing 
these variations, BFPI enables the quantitative determination of both the lateral 
and axial displacement of the particle with high spatial and temporal resolution.

Signals acquired from position sensitive detectors are typically measured in 
units of voltage rather than physical length, necessitating the use of a voltage 
to displacement conversion factor. This factor, commonly referred to as the 
detection sensitivity, characterizes the response of the detection system and 
can be determined using several established methods.[23-25] 

A widely used approach is calibration based on the thermal motion of the 
trapped particle. Provided that the viscosity of the surrounding medium 
is known, the detector sensitivity can be obtained by comparing the 
experimentally measured power spectral density with the corresponding 
theoretical prediction. 

Alternatively, if the viscosity of the surrounding medium is unknown, the 
detector sensitivity can also be calibrated independently of hydrodynamic 
parameters. In this approach, a bead immobilized on the substrate is displaced 
by a known distance, for example using a piezoelectric translation stage, while 
the trapping laser remains fixed. The resulting change in the detector signal is 
recorded, and the ratio of the imposed displacement to the measured signal 
change yields the position calibration factor.

Calibration of Trap Stiffness

To determine the trap stiffness (κt) numerous methods have been developed, 
most of which are based on analyzing the Brownian motion of the trapped 
particle.[16,26] 



13

Commonly used techniques include the equipartition method, potential energy 
(Boltzmann) analysis, mean square displacement analysis, autocorrelation 
analysis, drag-based methods, Bayesian inference, and power spectral density 
(PSD) analysis.

Power Spectral Density Method

Calibration based on the power spectral density is one of the most reliable 
and widely used methods for determining the stiffness of an optical trap. This 
approach relies on the analytical description of the Brownian motion of a 
trapped particle.[27] In practice, the particle position is recorded as a function 
of time and transformed into the frequency domain using a Fourier transform. 
The resulting power spectrum describes how the positional fluctuations are 
distributed over frequency.

By fitting the experimentally measured spectrum with an appropriate 
theoretical model, the trap stiffness can be determined from the corner 
frequency (fc), which marks the crossover between motion dominated by the 
optical restoring force at low frequencies and motion dominated by viscous 
damping at high frequencies. In addition, the PSD fit provides an absolute 
calibration of the detector sensitivity by relating the measured voltage 
fluctuations to the thermally defined position fluctuations.[28] Figure 2 illustrates 
a typical PSD as measured for a particle trapped in water. The PSD method is 
widely utilized in advanced commercial software to precisely calibrate optical 
traps and accurately measure forces and positions.[29] In general, the PSD is a 
very robust theoretical description of the Brownian motion of a particle held by 
an elastic force – a restoring force proportional to the particle's displacement 
from the trap's center. Working in the frequency domain, it removes noise at 
different frequencies and corrects experimental and numerical changes in the 
PSD, such as aliasing, hydrodynamic interaction, and crosstalk.[16] In addition 
to trap stiffness, PSD analysis can be used to determine quantities such as 
the viscous drag coefficient (γ) and the diffusion coefficient (D), and facilitates 
calibration of the volts-to-length conversion coefficient.[28] 

Calibration in Viscoelastic Media

Most calibration methods require prior knowledge of both particle size and 
medium viscosity, making them well-suited for viscous media with known 
viscosities. However, in viscoelastic environments such as living cells, complex 
polymer solutions, or hydrogels the viscosity is often unknown, limiting 
the applicability of these approaches. Alternative calibration strategies 
have, therefore, been proposed and can be further explored in the following 
references.[30-32]
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