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Optical manipulation of single molecules in the living 

cell 

Kamilla Norregaard,a Liselotte Jauffred,a Kirstine Berg-Sørensenb and Lene B. 
Oddershedea ,  

Optical tweezers are the only nano-tool capable of manipulating and performing force-
measurements on individual molecules and organelles within the living cell without 
performing a destructive penetration through the cell wall and without the need of inserting 
a non-endogenous probe. Here, we describe how optical tweezers are used to manipulate 
individual molecules and perform accurate force and distance measurements within the 
complex cytoplasm of the living cell. Optical tweezers can grab individual molecules or 
organelles, if their optical contrast to the medium is large enough, as is the case, e.g., for 
lipid granules or chromosomes. However, often the molecule of interest is specifically 
attached to a handle manipulated by the optical trap. The most commonly used handles, their 
insertion into the cytoplasm, and the relevant micro-rheology of the cell are here discussed 
and we also review recent and exciting results achieved through optical force manipulation 
of individual molecules in vivo.   

 

Introduction 

Since the invention of optical trapping1 and the discovery that 
living microorganisms could survive being optically trapped for 
long periods of time,2 optical traps have had great success 
uncovering fundamentals of biological systems at the single 
molecule level.3, 4 One reason for this success is probably that 
optical traps are capable of measuring forces and distances in 
the pico-Newton and nanometer range, which are exactly the 
forces and distances of interest at the single molecule level of 
the cellular machinery. Another reason which is particularly 
important with respect to in vivo single molecule measurements 
is that optical trapping, even inside a living cell, can be 
performed almost non-invasively,5 which is in contrast to, e.g., 
atomic force measurements where the cantilever would need to 
physically penetrate the cell membrane in order to perform 
measurements inside a cell. Magnetic tweezers can also operate 
non-invasively inside living cells, but a magnetic probe particle 
would need to be inserted into the cytoplasm. 
 Optical traps belong to the toolbox of techniques capable of 
observing individual molecules for an extended period of time. 
Single molecule studies can reveal rare and transient events or 
dynamical behaviour of single molecules, thus unravelling 
fundamental properties of bio-molecules that are typically 
hidden in ensemble studies. In addition to simple video based 
tracking of individual molecules, which can also be performed 
with high accuracy, e.g., by the novel super-resolution 
techniques,6, 7 optical traps are capable of exerting and 
measuring forces. Force has an important role driving the 
fundamental processes of the living cell. For instance, force is 
known to guide cell motility,8 be important for cell-

environment communication, influence stem cell 
differentiation9, and of course be important for intra-cellular 
cargo transportation by molecular motors and cytoskeletal re-
organization, also during the division.  
 Most biomolecules are controlled in a hierarchical manner 
by their local environment through signalling pathways, 
topological constraints, and mechanical forces that all can 
modulate the biomolecule’s function. In vitro optical tweezers 
measurements have successfully uncovered mechanical and 
dynamic properties of many molecular motors. For example the 
run length, step-size, velocity, and load dependence of 
cytoskeletal motor molecules such as kinesin10-12 and myosin.13, 

14 Also, optical tweezers have been extremely useful in 
characterizing the mechanical properties of bio-polymers such 
as DNA, microtubules15 or actin,16 pinpointing, e.g., DNA’s 
force-extension relation,17, 18 melting,19, 20 and twisting18 
properties as well as its interaction with various proteins.19, 21  
In vitro single molecule investigations have the distinct 
advantage of being able to investigate the influence of one well 
defined parameter at a time, which is important, e.g., for 
quantifying the coupling between mechanical work and a 
molecular motor’s energy consumption.11 
 In vitro studies have laid the foundation for our 
understanding of force-dependent and dynamical events of 
biomolecules. However, purifying and removing a single 
biomolecule from its natural environment may alter its 
properties and render in vitro results less biologically relevant 
than observations done within the living cell. Dynein is an 
example of a molecular motor where in vivo observations 
indicate that the motor is less processive inside a living cell22 
than in a test tube.23 However the interpretation of such results 
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is not trivial as dynein cannot depart from its cargo as easily in 
vivo as in vitro and the number of motors attached to the cargo 
is not easily determined in vivo. Also ribosomes are reported to 
translate significantly slower in vitro than in vivo.5 
 Despite the great interest and development of single 
molecule techniques capable of reaching inside the living cell5 
the results obtained in vivo are still limited. This is probably 
due to the severe challenges associated with bringing single 
molecule force-measuring techniques into the living cell.5, 24 
Here, we focus on optical force manipulation inside living cells, 
explain how to overcome the in vivo challenges, and lay out the 
methodology for in vivo force calibration and measurements. 
Also we discuss the important issues of internalizing the handle 
for the optical trap into the living cell and the micro-rheological 
properties of the cytoplasm. Finally, we review exciting results 
recently obtained through optical manipulation of single 
molecules in vivo.  

Experimental  

Optical tweezers are typically formed by tightly focusing a 
laser beam to a diffraction-limited spot using a high numerical 
aperture (NA) objective. Figure 1 shows a setup where an 
optical trap (the infrared light originating from a 1064 nm 
Nd:YVO4 laser) is implemented in a confocal microscope. This 
type of setup allows for simultaneous force measurements and 
confocal visualization of fluorescently marked molecules and 
handles. Equipped with appropriate detection schemes, as for 
instance photodiodes in the back-focal plane, optical tweezers 
can measure displacements in three dimensions with a spatial 
resolution down to 0.2 nm and a temporal resolution on the 
order of µs. Often the beam profile of the trapping laser is 
Gaussian because it provides a small well defined focal spot 
and produces a large optical gradient, hence, a large force. The 
trapped object experiences a force, F, that is a combination of 
gradient and scattering forces. The equilibrium position is 
normally close to the focus of the laser beam, however, it could 
be displaced somewhat in the axial direction because of the 
scattering force.25 For small displacements of the trapped object  
the force scales linearly with displacement, x. In this regime, 
the optical trap is well-described as a Hookian spring, F = -κx, 
where κ is denoted the spring constant. κ has a different value 
in each of the translational directions, is typically weaker in the 
axial direction than in the lateral directions, and normally has a 
value of ~0.01-1 pN nm-1, depending on laser power and 
alignment.  
 For biological applications, optical tweezers based on near-
infrared lasers (850-1064 nm) are preferable because biological 
tissue and water absorbs only very little light at those 
wavelengths. To create a strong trap based on a single laser 
beam it is advantageous to use a high NA objective. Oil 
immersion objective are available with higher NA than water 
immersion objectives, however, an oil immersion objective 
introduces significant spherical aberration in an aqueous sample 
and the aberration is strongly depth dependent. A water 
immersion objective introduces less aberration of an infrared 
laser beam26 and the aberration is nearly independent of 
imaging depth (until depths of ~200 µm).  
 Position detection can be performed either simply with a 
camera, or by using photodiode based techniques, the latter 
typically having the advantage of a higher space and time 
resolution and easier data processing.  As depicted in Figure 1, 
a photodiode, either a quadrant photodiode detector (QPD) or a 
position sensitive detector (PSD) can be placed in the back 
focal plane of the objective. These photodiodes collect the 

forward scattered light and can easily achieve a spatial 
resolution down to a few nanometers in 3D27 and a time 
resolution of µs.28, 29 For certain purposes it is an advantage to 
employ a separate laser for position detection, which also 
allows for implementation of a feedback system with, e.g., 
acousto-optic30 or electro-optic31 deflectors.  
 

Figure 1. Illustration of an optical trap implemented in a confocal microscope. 

This equipment allows for simultaneous fluorescent visualization and force 

measurements and manipulation. Figure reproduced with permission from 

Richardson et al. 
32

 

Force calibration   

In many experimental situations, the laser intensity in the 
trapping plane is not readily known and as precise calculations 
of optical forces are quite involved33 and not necessarily 
available for complex geometries and handles, the force exerted 
by the trapping laser is most often found by calibration.  A 
popular choice for precise and fast calibration relevant for in 

vitro experiments relies on recordings of the Brownian motion 
of an optically trapped dielectric bead. Such recordings are also 
denoted passive measurements because variations in the 
position of the trapped particle are caused by thermal 
fluctuations only and not by any active driving. In the simplest 
version of passive calibration, the bead radius and the viscosity 
of the surrounding liquid are assumed known. The trapping 
potential is assumed harmonic and by analysis of either the 
correlation function34 or the power spectrum35, 36 of the 
positions visited by the trapped bead, the passive calibration 
method returns a value for the spring constant κ of the trapping 
potential. With a value for κ at hand, a precise measurement of 
the position of a trapped object relative to its equilibrium 
position, x, will allow extraction of the force, F = -κx.  
 In vivo the task of calibrating the optical trap becomes more 
complex. Now, the surrounding medium is no longer a liquid 
with known viscosity but may rather be modelled as a 
viscoelastic medium. If the trapped object is well characterized 
and available also outside the cell, one may determine its 
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trapping spring constant in a simple viscous liquid, e.g., 
through passive calibration. Then, the spring constant in the 
viscoelastic medium can be approximated by the spring 
constant found, but modified by accounting properly for the 
difference in refractive index between the two media. Another 
option is to use the limiting behavior at vanishing frequency of 
the real part of the viscoelastic modulus for the determination 
of the spring constant of the trap in the viscoelastic medium.37  
Often, however, the size and geometry of the object trapped 
within the living cell are unknown. In that case, two 
conceptually different approaches have been applied to 
determine the force exerted by the optical trap. One relies on 
the measurement of momentum changes imparted to the 
trapping laser light – and requires the ability to detect all the 
light scattered.38, 39 A completely different approach relies on a 
combination of active and passive measurements.40, 41 This 
approach allows for determination both of trap characteristics 
and of viscoelastic properties of the cytoplasm and does not 
require that the geometry or optical properties of the handle are 
known.42 The procedure involves a series of experiments, as 

illustrated in Figure 2: In passive measurements (Fig. 2 a), time 
series of the positions visited by the trapped particle are 
recorded and power spectra, P(f), are calculated. In active 
measurements (Fig. 2 b), while oscillating either the sample 
stage or the trapping laser, time series of the positions of the 
trapped bead are recorded and compared to the positions of the 
oscillating trap or stage, and a so-called relaxation spectrum is 
recorded.  
 In practice for the active measurements, the stage is 
oscillated at angular frequency �, the stage position ����� is 
described as ����� � �� sin��� � �� and the motion of the 
trapped particle �����, recorded by a QPD, is fitted to the form 
����� � �� sin��� � ��. Subsequently, the data both from 
active and passive spectral measurements are combined to 
extract the information sought for, namely the spring constant 
of the trap, κ, and the viscoelastic modulus G(f). 
Figure 2. Illustration of the active-passive calibration method that is applicable in 

living systems. Sketch is not to scale. In part a), the passive part of the 

measurement protocol is illustrated. Recordings of the position of the trapped 

object inside the cell, here, a lipid granule inside a live S. pombe cell, allows for 

the experimenter to obtain a power spectrum, P(f). In part b), the active part of 
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the protocol is illustrated, allowing to obtain values for the amplitude ��/�	and 

phase �/� of both the stage (subscript S) that is actively driven, and the 

response of the trapped object (subscript P). In parts c)-e), experimental steps to 

determine parameters of the detection system are illustrated. In panel f), results 

obtained with trapped granules in a live S. pombe cell demonstrate that the 

spring constant of the trap, κ, increases linearly with the power of the trapping 

laser. 

Intermediary steps (described by parts c)-e) in Fig. 2) ensure 
that the final outcome carries the correct physical dimensions. 
The active-passive method should be applied with a driving 
frequency chosen in frequency intervals that do not involve 
active processes, like action of molecular motors, as the method 
is based on the assumption that concepts of equilibrium 
thermodynamics are applicable. Fig. 2 f) demonstrates that the 
hallmarks of optical traps well-known from in vitro also apply 
in vivo: The spring constants characterizing optical trapping of 
lipid granules inside S. pombe yeast cells increase linearly with 
laser power.42 This approach was also applied to investigate 
kinesin and dynein motors in live A549 human epithelial cells 
and in Dictyostelium discoideum.43  
 A slightly different, yet comparable method relies on fitting 
parameters of a proposed model for the viscoelasticity of the 
cytoplasm and has provided detailed information on 
microtubule motors in living cells, using endocytosed latex 
beads as tracer particles.44  

What can be trapped? 

Individual bio-molecules usually cannot be trapped because the 
induced dipole moment by the optical trap is not large enough. 
Therefore, a handle, that can be trapped, is typically specifically 
and firmly attached to the molecule of interest. Individual 
polystyrene and silica beads with diameters of several 
micrometers,33, 45 quantum dots,46 and various metallic 
nanoparticles with sizes down to ~ 10 nm can be optically 
trapped.47, 48 For in vivo studies lipid granules that occur 
naturally inside most cells are particularly attractive as handles 
because they need not be internalized and can easily be 
optically trapped.49-53 Furthermore, they are often transported 
by kinesin and dynein, hence, these motors are conveniently 
studied in vivo using lipid granules as handles. One 
shortcoming of optical tweezers is that they lack selectivity and 
therefore, all dielectric objects with an index of refraction that 
is larger than the surrounding medium and with an inducible 
dipole large enough will be trapped. In vitro such artefacts can 
be avoided or brought to a minimum by keeping the 
concentration of handles in the sample chamber very low. 
However, in living cell this is not possible and during the 
analysis one needs to take into account that maybe more 
handles are in the trap than aimed for.  

Internalizing and conjugating the handle 

Unless an endogenously occurring object, such as a lipid 
granule, is used as a handle for the optical manipulation, the 
handle needs to be internalized into the cell. Internalizing the 
handle may distort cellular integrity. The gentlest approach is 
probably to let the cell endocytose the handle. With many cell 
types this can be achieved simply by adding particles to the 
solution containing the cells. An example is given in Figure 3, 
which shows endocytosis of 60 nm gold nanoparticles by H727 
neuroendocrine cancer cells. Conveniently, the size range of 
endocytotic uptake corresponds well to the size range of 
handles that can be stably optically trapped.54 During 
endocytosis, nanoparticles in contact with the outer cell 

membrane, either non-specifically or by receptor recognition, 
are engulfed by large encapsulating lipid compartments called 
endosomes. Upon internalization, the endosomes are 
transported, typically along microtubules, to their designated 
location or the end terminal of the endosomal pathway, the 
lysosomes. The lysosomes are responsible for degrading the 
content of the endosomes by means of a highly hostile 
environment. If, however, one wishes to explore other parts of 
the cellular machinery than the endocytotic pathway, this 
approach has the shortcoming that the handle needs to be 
released from the coating vesicle and actively pulled to the 
location of interest inside the cell. Another pitfall is that during 
endocytosis, nanoparticles are typically encapsulated together 
as multiples (the diameter of the endosome is on the order of ~ 
500 nm) and are therefore unavailable for individual 
manipulation unless efforts are made to release them from the 
endosomes.54, 55 

 
Fig 3: Endocytosis of 60 nm gold nanoparticles (yellow and marked by a white 

arrow) by H727 neuroendocrine cancer cells. The lysosomes (marked with Cell 

light lysosome-RFP; red) are the end destination of the endocytotic pathway and 

over time it is seen that the fraction of co-localization of the gold nanoparticles 

with the lysosomes increases.   

 
 Micropipette injection of particles is an invasive strategy for 
internalization. Here, the handles are injected into the 
cytoplasm or nucleus by penetrating the cell wall and 
membranes with a glass pipette typically with a diameter of 0.2 
– 0.5 µm.56 An example of this is shown in Figure 4 where a 
micropipette was used to perforate a H727 neuroendocrine 
cancer cell and deliver 125 nm gold nanoparticles into the 
cytoplasm. Another invasive internalization methodology is to 
optically inject gold nanoparticles into cells by tightly focussing 
a laser and burning a hole in the cell membrane 
(photoporation).57 Electrophoretic shock has also been used as a 
delivery strategy, but that causes the cells to become severely 
stressed by the applied voltage.58 The advantage of these more 
invasive approaches is that the handles can be mono-
dispersedly internalized into the cell and in principle at any 
location inside the cell. These ‘membrane rupturing 
approaches’, however, have the drawback that they depend on 
the recovery of the cell membrane after penetration which 
might not always be possible. Alternative methodologies for 
internalizing nanoparticles in cells are reviewed in Refs. 58, 59 

Figure 4: Diffusion of 125 nm gold nanoparticles that are micropipetted into a 
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neuroendocrine cancer cell. a) Image of a cell with the extra-cellular space 

fluorescently marked with Alexa Flour 488 hydrazide. Traces of diffusing gold 

nanoparticles are overlaid on the image. The traces are obtained from confocal 

scans (reflection mode). b) The mean squared displacements (MSD) of the 

micropipette injected gold nanoparticles, same colour code as in a). The lower 

full line has a slope of α=0.75, the upper a slope of α=1.5. 

 
It is important that the handle is firmly and specifically attached to 
the molecule of interest in a one-to-one ratio. One of the main 
pitfalls of single molecule investigations, in particular in vivo, is that 
the handle, or visualization marker, may not be specifically attached 
to the molecule of interest or may be attached to multiple of those 
molecules. Ideally, handle attachment should be specific, strong and 
not affect the physiological state of the cell. Two successfully 
used schemes to specifically conjugate single molecules in the 
living cell are via receptor-ligand or antibody-antigen binding. 
The most commonly used conjugation is the biotin-streptavidin 
bond, whose strength is nearly the same as that of a covalent 
bond. Another, but weaker, antibody-antigen-based conjugation 
is the antidigoxigenin-digoxigenin bond. Other useful schemes 
include reactive cysteine residues and histidines. Many particles 
are commercially available with these functionalizations.  
 Though specific interactions between the biomolecule and 
the handle are important, reducing unspecific binding is also 
most crucial. Unspecific interactions between the handle and 
molecules in the media can easily introduce noise and artefacts. 
Proteins like bovine serum albumin and α-casein can 
significantly reduce unspecific interactions; however in the 
crowded cytoplasm inside the cell it is nearly impossible to 
prevent unspecific binding completely and clever control 
measurements must be done instead.   

Heating 

When performing optical tweezers measurements part of the 
focused laser light might be absorbed by the living cell or by 
the handle. Absorbed light is dissipated as heat into the 
surrounding tissue thus leading to a local temperature elevation. 
The absorption of infrared light by biological tissue or by silica 
and polystyrene handles is relatively minor and in aqueous 
environments typically leads to temperature elevations of 10C 
or less.60 This value is consistent with a heating of ~1.15 
C°/100 mW found in a cell confined by a 1064 nm trapping 
laser.61    
 The size range of which metallic nanoparticles can be stably 
trapped48 makes them particularly favourable as force 
transducing handles inside the crowded cytoplasm. 
Furthermore, the size range is compatible with internalization 
through the endocytotic pathway. However, due to the 
plasmonic properties of metallic nanoparticles, they have 
significant absorption, also in the infrared, and can cause a 
substantial heating, depending on particle size,62 shape,63 and 
composition.64 The temperature elevation at the surface of 
metallic nanoparticles can easily reach hundreds of degrees 
Celsius, however, if the particle is chosen small enough (e.g., 
with a diameter of 40 nm) and is irradiated at typical laser 
powers at the sample (~100 mW) the temperature elevation is 
too small to be detectable in a sensitive assay based upon the 
phase-dependent partitioning of fluorophores in a lipid 

bilayer,62 that is, it is probably below a couple of degrees 
Celsius.  
 In conclusion, the temperature increase around optically 
trapped polystyrene beads, silica beads, or small metallic 
nanoparticles is probably so low that it would not interfere with 
physiological processes. Though, it should be noted that most 
temperature determining assays were carried out in an aqueous 
environment with larger heat conductivity than inside the 
cytoplasm; the temperature elevation inside a cell is expected to 
be larger than in an aqueous sample. 

Physiological damage 

Since Arthur Ashkin reported the survival of optically trapped 
microorganisms,2 it has been a general consensus in the field 
that upon correct choice of laser wavelength and power, the 
physiological damage induced by optical traps is minor. Later 
studies have elaborated on this conjecture: One important effect 
of the infrared laser beam is that it produces free radicals and 
singlet oxygen, which has a high reactivity. Membranes and 
nucleic acids are sensitive to oxygen radicals that can cause 
oxidative stress and membrane rupture amongst others. 
Neuman et al.,65 addressed the role of oxygen in photodamage 
in optical trapping of E. coli using laser wavelengths from  790 
nm to 1064 nm. They measured the rotation rate of the flagella 
of a trapped E. coli under both aerobic and anaerobic 
conditions65 and found that the photoinduced damage varied 
with laser wavelength and that it was significantly higher under 
aerobic than anaerobic conditions. An effect of photoinduced 
radicals was also observed in a single molecule assay tethering 
DNA between two microspheres under both aerobic and 
anaerobic conditions.66 Generation of reactive oxygen species 
has been assessed for mammalian cell lines as well, where 
exposure to pulsed lasers was shown to be more likely to 
trigger the formation of reactive oxygen species than exposure 
to CW lasers.67  
 Trapping of microorganisms such as E. coli and Listeria has 
been shown to comprise the ability of the microorganism to 
maintain a proton gradient across the cell membrane.68 The 
physiological damage was dependent on laser power and 
trapping time, hence, of the integrated power deposited in the 
organism. However, if trapping powers and exposure times 
were kept low, no physiological damage was observed.68   
 In conclusion, optical tweezers based on near infrared lasers 
do impose some degree of physiological damage and probably 
trigger stressful photochemical reactions.53, 65, 69, 70 Therefore, 
for in vivo measurements, it is advisable to keep laser exposure 
time and power to a minimum. 
 

Optical trapping inside the living cell 

Objects that are large enough and with high enough optical 
contrast (mismatch in index of refraction) to the cytoplasm can 
be trapped inside the living cell. The trapped objects can be 
moved around in 3D and, thanks to the development of in vivo 
calibration techniques, the forces acting on the trapped objects 
can be measured. The biological processes in the cytoplasm are 
highly complex and many are regulated by mechanical forces, 
e.g., molecular motor and membrane protein motility, cell 
differentiation and cellular motility, as visualized in Figure 5.  
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Figure 5. Illustration of the cellular machinery. Molecular motors such as kinesin 

and dynein carries cargo along microtubules (blue filaments), whereas the 

molecular motors in the myosin family move along actin (red filaments). The 

complex polymer network in the cytoplasm facilitates cellular transport and is 

also responsible for maintaining cell shape, organelle organization and for cell 

motility. The membrane contains a large variety of proteins responsible for signal 

transduction, cell adhesion and recognition, and transport of molecules and 

nutrients across the membrane. During endocytosis the membrane makes an 

invagination through which the object is engulfed. Anything with a large enough 

optical contrast to the cytoplasm can be optically trapped.     

 The local environment inside a cell may influence or 
temporarily modulate the function of biomolecule dynamics. 
Also, in contrast to most in vitro studies, a single motor cannot 
be isolated in vivo and many motors probably naturally work in 
a collective fashion in the living cell. In the subsequent sections 
we present the progress made using optical tweezers in vivo. 
 
Microrheology 

 
The first step towards measurements inside the living cell is to 
internalize and specifically attach the handle to the molecule of 
interest. As detailed above, there are several ways to do this. If the 
handles are micropipetted into the cell, some of these will diffuse 
randomly inside the cell and others will be picked up by molecular 
motors. An example of this is shown in Figure 4, where Fig. 4a) 
shows an image of H727 neuroendocrine cancer cells. Gold 
nanoparticles were microinjected into the cell and the traces of the 
injected particles tracked. Some of the particles hardly moved (red 
traces), others performed subdiffusive motion (yellow and light blue 
traces) while others moved in a linear fashion (blue traces).  
Dynamics within the cytoplasm can be described by different classes 
of diffusion. These are characterized by the scaling behaviour of the 
mean squared displacement, MSD(τ) = ⟨[r(t + τ) − r(t)]2	⟩, r(t) being 
the position of the particle at time t and τ being the time lag. 

MSD=2Dt
α
, where D is the diffusion constant and α is the scaling 

exponent. The scaling exponent, α, yields information on whether 
the motion is subdiffusive (α < 1), normal diffusion (α = 1), or 
superdiffusive (α > 1). In the experiment depicted in Fig. 4, the red 
traces have α ~ 0, thus exhibiting confined diffusion, the yellow and 
light blue traces have α ~ 0.75, hence, are subdiffusive, as often 
observed for passive tracers inside living cells,42, 51, 71, 72 in 
accordance with the behavior of semiflexible polymer networks.73 
The blue traces are the result of superdiffusion (α ~ 1.5) in 
accordance with observations of 1-2 µm polystyrene beads in a study 
of human SV80 cells74 and micro-injected quantum dots in HeLa 
cells.75 If the goal is to study molecular motors inside a living cell, 
then the super-diffusive particles are the tracers most likely to be 
bound to active molecular motors. 
 Optical tweezers have successfully been used to expand 
microrheology measurements in living cells. The timescales 

probed with optical tweezers are on the order of (10-6 – 10-3 
s),42, 51, 71 a regime that is unavailable to standard video based 
rheology measurements ( > 0.01 s), 42, 51 thus making optical 
tweezers able to access regimes where interesting dynamics, 
e.g., weak ergodicity breaking occurs.52 
 Also the impact of the cytoskeletal subcomponents on 
cellular microrhelogy has been explored. It was found that 
passive tracers, lipid granules inside S. pombe, performed 
subdiffusional motion at all times during the cell cycle, albeit 
with a significantly larger scaling exponent during mitosis (α ~ 
0.84) than during interphase (α ~ 0.81).71 This was attributed to 
the fact that the network of microtubules are denser, thus 
making the cytoplasm more elastic during mitosis.71 Similar 
lipid granules were also shown to diffuse more freely upon 
disruption of cellular actin.51  
 The contribution of intermediate filaments to the 
viscoelasticity of the cytoplasm has recently been assessed 
using mouse embryonic fibroblasts.76 Here the influence of 
vimentin, one of the most common intermediate filaments, was 
studied using both optical tweezers and video-based particle 
tracking. The motion of endogenous granules was found to 
decrease in the presence of vimentin intermediate filaments 
suggesting that the vimentin network helps localizing 
cytoplasmic organelles by stiffening the local environment.  
 As described above, also the viscoelastic modulus G(f) can 
be extracted from passive and active in vivo optical tweezers 
calibration. This was done using optically trapped granules 
inside an S. pombe cell and showed that the elastic response of 
the viscoelastic modulus Re[G], also denoted G´, increased 
with an exponent of α = 0.75 as a function of frequency,42 
consistent with earlier data.51 In the narrow frequency window 
between 5 and 75 Hz G´ for S. pombe was found to range from 
G’ ~ 4 to 30 Pa.42, 51 In mouse embryonic fibroblasts with an 
intact vimentin network, the elastic response of the viscoelastic 
modulus was found to be G´ ~ 10 Pa at 1 Hz with a diffusion 
exponent of α = 0.25 in the frequency range from 1 to 100 Hz.76 
This viscoelastic modulus is significantly larger than the value 
obtained in S. pombe at 1 Hz (G´ ~ 1 Pa),42, 51 however when 
assessed by the diffusion exponent the cytoplasm of the mouse 
embryonic fibroblasts is also significantly more elastic (α = 
0.25)76 than the cytoplasm of S. pombe (α ~ 0.75).42, 51 Further, 
when comparing G´ from wild-type mouse embryonic 
fibroblasts at 1 Hz (G´ ~ 10 Pa) to G´ from vimentin deficient 
mouse embryonic fibroblasts cells at the same frequency (G´ ~ 
5 Pa) it is clear that the presence of vimentin intermediate 
filaments stiffens the cytoplasm.76 
 

Membrane protein dynamics 

The plasma membrane of a cell consists of a phospholipid 
bilayer that is compartmentalized into many small domains. 
Embedded into the membrane is a large variety of proteins 
having essential roles for proper cell function, for instance for 
communication between the exterior and interior of the cell, 
transportation across the membrane of ions, nutrients and 
enzymes, and cell adhesion and recognition.  
 One of the early applications of optical tweezers in vivo was 
to characterize diffusion of proteins in the membrane of 
eukaryotic cells.77, 78 Handles composed of 210 nm latex beads 
or 40 nm colloidal gold particles were in one study attached to a 
membrane protein and dragged laterally through the plasma 
membrane of normal rat kidney fibroblastic cells.78 The force 
required to drag the protein ranged from 0.05 pN to 0.8 pN, the 
large range probably signifying the viscoelastic heterogeneity 
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of the plasma membrane which is also known to be 
compartmentalized. In a later study, a method was developed 
by which the diffusion of the protein in its native location 
(without dragging it large distances through the membrane) was 
studied by optical tweezers.79 In this study GPI-anchored 
proteins appeared to localize at a lipid raft for extended periods 
of time.79 
 Optical tweezers were also used to study the diffusion of 
proteins in the membrane of prokaryotes. Gram-negative 
bacteria have several membrane layers in contrast to that of 
most mammalian cells. In addition to the inner bilayer Gram-
negative bacteria also have both an outer membrane consisting 
of a lipopolysaccharide coat and a peptidoglycan layer 
separating the plasma membrane from the outer membrane. 
Using optical tweezers, the local diffusion of a single 
transmembrane protein, the λ-receptor, in the outer membrane 
of an E. coli was probed by measuring its Brownian motion.80 It 
was found that the λ-receptor had a low diffusion constant 
compared to diffusion in the eukaryotic membranes. Also, the 
dynamics of the λ-receptor was found to be energy dependent81 
and to correlate with the dynamic reassembly of the 
peptidoglycan layer.82 These findings indicated that the λ-
receptor is attached to the peptidoglycan layer and that its 
diffusion is closely linked to the metabolism of the cell, hence, 
it is not a pure thermal diffusion. These results suggests that 
membrane diffusion studied in vitro will be different from in 

vivo studies as the active component linked to cell metabolism 
is lacking in vitro.  

Molecular motors 

Large molecules, filaments or organelles in the living cell are 
transported, translocated or rotated actively by motor proteins. 
These motor proteins use ATP to generate force as they 
perform their biased motions.  
 Two classes of motors that transport cargo along 
microtubules have been identified: the kinesin family that 
translocates towards the microtubules plus-end and cytoplasmic 
dynein translocating towards the minus-end. In vivo 
investigations have shown that molecular motors perform 
saltatory motion in the cellular viscoelastic environment83, 84 
and that the stall force, i.e., the minimum force needed to stall a 
motor pulling on its cargo, for kinesin family is 5-7 pN43 and 
for dynein is 1-8 pN.22, 43, 44  
 The consensus is that in vivo several motors are typically 
involved in cargo transport85 and, in particular, that cargo is 
transported along microtubules by complements of kinesin and 
dynein motors86. Furthermore, in a study using endogenously 
occurring lipid granules as handles in an A549 human cancer 
cell, the forces exerted by individual motors are found to be 
additive.49 Thus, the stall force of in vivo active transport allows 
the identification of the individual motors in the complement. 
 From a study of phagocytosed latex beads in mouse 
macrophage cells, the cargo motility along microtubules was 
found to be the result of a collective motion of a few kinesin 
molecules moving towards the plus-end, and many dynein 
moving towards the minus-end.44 It was also shown that 
coupled motors at high loads often synchronize their steps to 
move in the characteristic 8 nm steps along microtubules.44 
Furthermore, in an assay with kinesin-1 and dynein-driven lipid 
droplets in Drosophila embryos, it was found that if the cargo 
transported in one direction was stalled and detached, it was 
more prone to be transported in the same direction when 
resumed.87 

 The stall forces of kinesin and dynein in vivo were 
investigated using endogenous lipid granules in A549 human 
cancer cells and latex beads in Dictyostelium discoideum as 
optical trapping handles.43  Stall forces, depicted in Fig. 6 a) 
and b) for A549 cells and in Fig. 6 c) and d) for Dictyostelium, 
were shown to be different in the plus-end and minus-end 
directions. Interestingly, the plus-end directed (outward) stall 
force was found to be lower than the in vitro value for kinesin, 
implying that often both kinesins and dyneins attach to the 
cargo and pull in opposite directions in a tug-of-war manner.88-

90 In the minus-end direction (inwards) the stalling forces were 
higher than measured for individual dynein in vitro, implying 
that several dynein (and no kinesins) were acting in collective 
fashion during inwards motion.  Fig. 6 e) shows examples of 
the dislocation of the cargo, the time traces show regions of 
linear movement in both directions interrupted by stalls.
  It has been proposed that even though both dynein and 
kinesin are bound to the cargo, only motors of one polarity are 
active at any instant of time, with the activity being reversible 
by aid of a co-factor.22 A candidate co-factor has been 
identified in a study of kinesin in monkey fibroblast, where 
casein kinase 2 is found to regulate kinesins that are attached to 
their cargo.91 Also, dyneins are found to team up to generate 
large forces.92 

with dynein number.  
  
Fig. 6: In vivo stall force measurements for lipid granules in A549 human cancer 

A549 (A-B) and for endocytosed latex beads in Dictyostelium (C-D). A-B: Stall 

force histograms of outward (A) and inward cargo motility (B) in A549 cells. C-D: 

Stall force histograms of outward (C) and inward cargo motility (D in 

Dictyostelium). The distributions for the two cell types are very similar. Both 

imply significant differences between the stall forces for inward and outward 

motion. E: Examples of cargo traces showing periods of active motion in both 

directions interrupted by stalls. Reproduced with permission from Blehm et al. 
43

.  

 Filapodia dynamics has been shown via optical tweezers to 
be regulated partly by F-actin filament polymerization and 
depolymerisation,93 and partly by mechanical work conducted 
by actin-based myosin molecular motors, inducing a retrograde 
flow.94  Using optically trapped IgG-coated polystyrene beads 
attached to the tip of a filopodium discrete steps during 
filapodia retraction were observed, the step sizes were ~36 nm, 
consistent with myosin being the motor responsible for 
filapodia retraction.94 As forces up to 19 pN were measured, 
most likely several molecular myosin motors work 
cooperatively to retract filapodia.  
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 The status of the field is that the motors most frequently 
studied with optical tweezers are kinesin and dynein. Without 
doubt, this is attributed to the fact that these motors carry 
endogenously occurring lipid granules that are easily optically 
trapped and serve as excellent force-transducing handles. 
However, there are also other endogenously occurring ‘objects’ 
in the cell that can be optically manipulated. One such example 
is the chromosomes that can be trapped to estimate the forces 
exerted by molecular motors onto the mitotic spindle, in this 
manner the stalling force for chromosome movements in 
Mesostoma spermatocytes was estimated to be 2.3 pN and in 
crane-fly spermatocytes to be 6-10 pN.95 
 
  

Outlook 
Until now optical tweezers have predominantly been used in 
vitro, however, as most of the challenges connected to in vivo 
use of this technique24 have now been overcome, exciting novel 
quantitative in vivo single molecule results are now beginning 
to appear5, 86. Though optical tweezers have themselves very 
large potential for single molecule in vivo investigations, 
another advantage is that they can easily be combined with 
other techniques, such as fluorescent imaging,96 which gives an 
even larger potential for revealing connections between, e.g., 
mechanical force and biochemical regulation. Recently, a clever 
methodology was invented where super-resolution STED 
microscopy was combined with optical trapping; this 
equipment was used to reveal protein dynamics on DNA.97 This 
type of super-resolution microscopy combined with state-of-
the-art force measuring optical traps has huge potential for 
uncovering fundamental mechanical-biochemical action-
reaction schemes inside the living cell.  
 So far, all reported in vivo single molecule optical tweezers 
investigations were carried out in 2D cell cultures, on single 
celled microorganisms, or with single cells isolated from multi-
cell organisms or tissue. However, as laser light has the ability 
to penetrate deep into biological tissue, it is likely that optical 
traps could be used to investigate also the mechanics within 
multi-cellular organisms or tissue. Or, as optical tweezers have 
proven able to trap synaptic vesicles,98 maybe the technique can 
even shed light on the fundamental mechanism and mechanics 
governing nerve conduction and development of neuronal 
diseases.  
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