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Introduction 

Optical microscopes, from simple lens optical systems to advanced fluorescence instruments, 
played a fundamental role in medicine and biology as they permit observation of living systems 
in their native environment with a low level of structural and functional perturbation1. 
The spatial resolution in normal microscopes is diffraction limited to about 200 nm laterally and 
500 nm axially but the size of the features of interest in cell biology (organelles, molecules, 
macromolecules) is much less2. Therefore, the enhancement of the spatial resolution 
represents a very important research issue for the worldwide scientists. The advent of viable 
physical concepts of overcoming the limiting role of diffraction in the last fifteen years set off a 
quest that has led to readily applicable and widely accessible fluorescence microscopes with 
nanoscale spatial resolution3,4.  
On the other hand, all living cells face mechanical forces which are converted into biochemical 
signals and integrated into the cellular responses (mechanotransduction). Therefore, the 
development of new techniques for exerting mechanical stresses on cells and observe their 
responses is crucial to clarify the molecule-and cell-level structures that may participate in 
mechanotransduction5.  Forces can be exerted on a cell by a variety of experimental 
techniques. If the force is in the right range of magnitude it is capable of eliciting a biological 
response from the cell. For instance, in the case of fluid shear, the critical level of stress for a 
variety of biological responses has been observed to be of about 1 Pa. Integrated over the 
entire apical surface of a vascular endothelial cell (about 1,000 µm2), this produces a total force 
of 1 nN. Other experiments with forces applied via tethered beads also exhibit a threshold 
value of about 1 nN. If the total applied force is balanced solely by the forces in focal adhesions 
that occupy only 1% of the basal surface area, then the stress on the focal adhesions amplifies 
100-fold to 100 Pa. On the contrary, a stress of 1 Pa on a focal adhesion, which might activate a 
local biological response of the cell, requires applying a force of about 10 pN only. The level of 
force needed to produce significant conformational change in the force-transmitting proteins 
can also be estimated. The force that causes the bond between two proteins to rupture 
establishes an upper bound. Several studies have measured the fibronectin/integrin bond 
strength6, producing estimates in the range of 30–100 pN. Forces as low as 3–5 pN have also 
been shown to be sufficient to unfold certain subdomains in fibronectin7. If external force is 
capable of producing a significant change in intracellular biochemical reaction rates, then the 
effect of force on protein conformation must exceed that associated with thermal fluctuations. 
Given that thermal energy, kT, is ~4 pN·nm, and considering conformational changes with a 
characteristic length scale of 1–10 nm, the corresponding force levels would fall in the range 
0.4–4 pN5. This happens to coincide with the magnitude of force that can be produced by a 



single myosin molecule8, consistent with the theory that active cellular contraction can induce 
cell signalling. Therefore, all this would suggest that the critical values of force exerted on a 
single molecule fall within the pN range.  
Interestingly to notice, this is also the range of forces exerted on the particle in an optical trap 
by the radiation pressure of light. This relatively young technique9 provides the non-mechanical 
manipulation of the biological particles such as virus, living cells and subcellular organelles. 
Optical Tweezers are now being used in the investigation of an increasing number of 
biochemical and biophysical processes, from the mechanical properties of biological polymers 
to the multitude of molecular machines that drive the internal dynamics of the cell10. 
It enable to control the spatial organization of samples: to perform sorting and/or to induce 
specific interactions between sample particles, at arbitrary location and time11. 
An optical trap can be also calibrated to perform force spectroscopy measurements. The optical 
tweezers system in this configuration is sometime called Photonic Force Microscope (PFM)12. 
The acronym PFM for photon force microscopy has been introduced in analogy with the Atomic 
Force Microscope. The probe, cantilever tip for the AFM, is replaced by the trapped bead in 
PFM. From the point of view of force measurement, the main difference between the AFM and 
PFM is the stiffness of the probe. The stiffness for an optically trapped probe is usually much 
lower (1-2 order of magnitudes) than the mechanical cantilever probe of the AFM. This makes 
the PFM complementary to AFM for force measurements in cell biology.  
Optical tweezers microscopy is compatible with many fluorescence imaging techniques. 
Therefore it is possible to apply localized mechanical and chemical stimuli on cells while 
following changes in cell shape and organization13.The combination of chemical and mechanical 
stimulation is useful and relevant in cell biology, since  cells  test the extracellular matrix rigidity 
during their differentiation14 and they take up a polarized organization  in culture dish which 
influences their structure and function (in fact tissue-specific architecture and cell–cell 
communication are lost on the 2D  arrangement of the culture dish15). Many laboratories are 
now studying different types of 3D scaffolds  to grow cell cultures in a three dimensional tissue-
like fashion16.  
In this context, a better understanding of the mechanisms by which cells compute mechanical 
transductions during differentiation in tissue development is necessary, i.e. how contact 
inhibition regulates cell proliferation and how mechanical tensions regulate single cell and 
global  tissue shape17. 
Since the late 19th century, Julius Wolff proposed the idea that bone is deposited and modelled 
in response to mechanical stress. Intrinsic mechanical properties of the cell microenvironment 
influence cell function both in vitro and  in vivo, therefore Wolff’s Law may be extended to the 
development of any kind of tissue throughout the body14. In the tensegrity model of Ingberg, 
the cellular organization is explained as a scaffold of tensed and compressed cables. The 
cytoskeleton, which defines the cell compartmentalization, and structure changes in the 
equilibrium of such cables influence the cell behavior18. It is known, for instance, that cells 
expand where extra-cellular matrix (ECM) is stiffer. To test the stiffness of the external 
environment, a cell performs contraction on its binding sites19, which are clustered at special 
protruding structures20. 
The high sensitivity of PFM has permitted to measure forces in the piconewton range, which is 
relevant in cell biology: mechanical properties of cell membranes, DNA molecule, and 



filamentous proteins have been quantified21. Force measurements represent an additional 
information in the multidimensional dataset which can be obtained using an optical microscope 
and, moreover, a new point of view in biology studies: it can be applied to understand how 
physical forces within the cell interact to form a stable architecture22, how cells resist physical 
stresses, and how changes in the cytoskeleton initiate biochemical reactions. 
In addition, PFM can help in explaining the mechanical rules that cause molecules to assemble. 
An interesting example is the study of the shell of a virus, which consists of several subunits of 
proteins, to understand how it can self assemble starting from an apparent chaotic sequence of 
collisions23. Another useful technique implemented in optical microscopy is the localized laser-
based Dynamic Light Scattering (DLS). DLS has been used to monitor changes in Brownian 
motion of Virus Like Particles (VLPs) in solution24, giving information related to particle size and 
diffusion properties23,25. Viruses represent a simple or primitive self replicating organism, since 
viruses have genes and evolve by natural selection. Consequently they are exploited as the 
simplest biological model to study essential characteristic of living organisms26 and the 
understanding of their self assembling represents a challenging task for biophysicists. 
Moreover, altered mechanical characteristics of tissues or single cell compartment may either 
correlate with or play an important role in the onset of pathology27. For example, changes in 
the compliance of blood vessels are associated with atherosclerosis, and changes of the 
mechanical properties of malignant cells28 can be characterized by change of Brownian motion 
fluctuation in an optical trap29.  
The use of PFM and DLS to probe cells for quantitative biophysical parameters can represent an 
alternative descriptive marker for the onset and evolution of pathology.  
Furthermore, optical tweezers open the field of single molecule manipulation and its 
biophysical characterization. With the appropriate chemistry a bead can be attached to a single 
molecule as a handle  allowing the application of forces on the single molecule30. In conclusion, 
optical tweezers microscopy can be used for a wide range of experiments, from single molecule 
to cell level and help to understand their organization up to the tissue level. 
 
Optical trapping principle and setups 
 
The first demonstration that light radiation pressure induces forces on microparticles 
suspended in fluid was given by Arthur Ashkin in the early 70s9. He observed microparticles 
confined to the laser optical axis and pushed in the direction of propagation. Using two counter 
propagating laser beams the first three-dimensional trapping of a particle was demonstrated. 
Later, in 1986, Ashkin and his colleagues demonstrated the single beam gradient force optical 
trap using a single laser beam tightly focused by a high numerical aperture (NA) objective31,32, 
which is at the base of most of the optical trapping setups of our days. Interestingly to note, the 
optical tweezers technique reported in this paper was thought as a proof of concept for atom 
trapping33, extensively investigated in that period at Bell laboratories and demonstrated in the 
same year.  
Light carries both linear and angular momentum and can thus exert forces and torques on 
matter. Optical tweezers exploit this fundamental property to trap objects in a potential well 
formed by light. Optical traps involve the balance of two types of optical forces: scattering 



forces, which push objects along the direction of propagation of the light and gradient forces, 
which pull objects along the spatial gradient of light intensity32. 
When gradient optical forces exceed those from scattering, an object is attracted to the point 
of highest intensity formed by focused light and can be stably trapped at this position in all 
three dimensions. Actually, since more particles are usually interacting in the laser beam, a 
third force is present: the binding force, which represents the self-consistent interaction 
between the multiple particles and the incident wave32.  
The trapping force, F, is proportional to the power of the laser, W, and the refractive index of 
the fluid, nm: 
              
   (1)

 

where c, is the velocity of light and Q, is a dimensionless coefficient expressing the efficiency of 
the trap and depending on a series of factors as the material and the shape of the particle32.  
In order to get a feeling of the level of the forces induced by the laser radiation pressure, let us 
consider the following simplified example: given a spherical  particle (bead) of diameter d= 
1µm,  which totally reflects the incident laser beam of power W= 1mW, we want to estimate 
the force, Fp, exerted on the particle and the acceleration, a, of the particle34.  Considering the 
linear momentum of a photon, p, the number, N, of photons/second carried in the laser beam 
and the variation of the momentum by total reflection, the force, Fp, is:  
 
      (2) 
 
where P is the momentum of the laser beam, and c the velocity of light. 
This force is very small, but since also the particle is small (its mass, m ~10-12 grams), the 
acceleration, a= 1000 g (where g is the gravitational acceleration) is very big. Even if we 
consider losses in the reflection, and a force of only Fp= 1 pN, the acceleration of the particle a= 
100 g is still big. 
A detailed investigation of the trapping mechanism and forces can be approached considering 
the size ,d, of the trapped particle with respect to the wavelength, λ, of the trapping laser.  
There are three cases:  
1. d>> λ  2. d<< λ  3. d~ λ 
The ray optics approach can be applied for the first case, assuming the laser beam is described 
by rays which refract and reflect at the interface particle-fluid and considering the changes of 
the linear momentum associated to these laser rays34. 
If d<< λ  (case 2), the particle in the laser focus can be thought as a dipole in the 
electromagnetic field and the radiation forces can be derived considering the Rayleigh 
scattering regime35. 
When the size of the particle is about the laser wavelength (case 3), the above mentioned 
approaches with their approximations can not be applied and a rigorous theory of the 
electromagnetic field governed by Maxwell's equations should be considered. The force of the 
electromagnetic field (e-m filed) when impinging on the particle can be computed either via a 
direct application of the Lorenz force and bound/free current/charges within the volume of 
changes or via the Maxwell stress tensor. The second approach has the advantage of 
computation efficiency since the e-m fields need to be evaluated only on a surface enclosing 
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the object, while the first method requires the evaluation of the fields within the whole volume. 
However, the disadvantage of the second method is that the polarizability of the object within 
its volume is not computed36. Different techniques to compute the forces in these regime are 
reported37-42. 
From the point of view of the optical setup, a single trap optical tweezers system is a relatively 
simple optical architecture to adapt to an optical microscope. The trapping laser beam is 
collimated and expanded to slightly overfill the pupil aperture of the microscope objective. The 
laser beam is coupled to the optical axis of the microscope through an appropriate dichroic 
mirror43. A high NA objective (NA>1) is required to obtain a high gradient of the intensity in the 
focal plane. Oil immersion objectives with NA as high as 1.4 and even higher for TIRF objectives 
can be used but the drawback consists in the presence of important spherical aberrations. 
Therefore water immersion objectives having NA up to 1.2 are preferred. To change the 
position of the trapped object, two mirrors can be used to deflect the laser beam. However this 
implies a reduced efficiency of the trap when the trapping position is moved from the objective 
focus. An alternative is to move the sample cell and keep the particle fixed in the focal point. 
This allows to change the relative position of the particle to the surrounding environment with 
no change in the optical path of the beam and, hence, keeping the optical properties of the trap 
unaffected. Scanning the beam in the sample is more cumbersome: the mirrors and the pupil 
aperture of the objective need to be optically conjugated by a telescope. Such system has the 
drawback that the trap position can be only controlled in the x, y directions. To move the trap 
in the z direction the stage should be moved. Another approach is to change the distance 
between the lenses of the beam expander: the collimation of the beam at the entrance of the 
microscope objective is varied and, consequently a change in the equilibrium between the 
scattering and the gradient force produces a shift of the relative position of the trapped object 
respect to the objective focus44.  
To increase the number of trapping spots in the sample more than one laser can be used. 
Alternatively, a single beam can be split by a polarizing beam splitter cube and slightly shift the 
second beam respect to the first45. Such kind of solution allows a maximum of two traps for 
each laser beam. Many laboratories in the last decade have been improving their optical setups 
to obtain multitrapping in the sample and increase the manipulation capabilities. Two kinds of 
approaches have been practically used. One is based on acousto-optical devices46, which are 
able to fast steer the laser beam on different positions which time share the light power, so 
that trapped objects don’t feel the scanning of the laser. Another lies on diffractive optical 
elements that reshape the Gaussian beam of the laser in an arbitrarily shaped intensity profile 
to obtain the desired trapping configuration on the sample47. The first approach permits to 
change the number and position of spots at high speed, but trapping spots are created only in 
planar arrangement. The second method requires higher computational skills, but allows to 
obtain a three dimensional array of trapping spots, or more complex shapes of trapping spots48: 
e.g., Bessel beams are “non-diffracting” and they propagate without much spreading trough 
obstacle49, Laguerre-Gauss beams can transfer their angular orbital momentum on trapped 
particles or they can trap low refractive index probes as bubbles50, anisotropic beam shapes 
create a potential which influence molecular dipole diffusion and distribution and they could 
influence cell growth51. Recently this technique based on diffractive optical elements has been 



transferred to microfabricated solid supports, i.e., presenting high NA Fresnel lenses built on 
the coverslip, to trap particle without even the need of a microscope objective52.  
Once the optical tweezers are built, they can be calibrated, as discussed in the next section, to 
obtain the stiffness of the optical trap and perform force measurements. To calibrate the 
optical tweezers system it is necessary to measure with high accuracy the displacement of the 
trapped probe from the equilibrium position in the trap. One method is to use video tracking. 
Optically resolved probes can be tracked by simple brightfield imaging applying centroid 
algorithms, while subresolved probes can be tracked if they emit fluorescent light53. In such 
kind of setup no additional hardware is required and particle position measurements can be 
obtained with accuracy of the order of 10 nm and a bandwidth of few kilohertz. Video tracking 
is a simple method to calibrate the stiffness of a single- or multi-trap configuration. 
Furthermore when the detection path of the system is modified to project a video hologram 
(and not an image)  to the CCD, tracking of the probe reach nanometer resolution  and its 
refractive index can be measured with high accuracy54.  
Another popular method to track the probe position is based on light interferometry 
measurements55. This configuration measures the interference between the light scattered by 
the trapped object and the unscattered light passing through the focus. The interference 
pattern is collected at the back focal plane of the condenser and projected to a position 
sensitive detector56. This detector can be either a position sensitive detector (PSD) which is able 
to track arbitrary shape objects in the x, y direction, or a  quadrant photodiode (QPD) which is 
able to track a symmetric probe in three directions (x,y,z). In this kind of measurements, both 
types of detectors permit to combine sub-nanometer resolution with a temporal bandwidth of 
hundreds KHz. Another important issue in the setup is the noise. PFM is sensible to any kind of 
environmental noise: thermal, acoustic, convective. Therefore the sensitivity of the system can 
be improved by closing off the setup into an acoustic chamber, which also reduce convective 
noise, and by controlling the environmental temperature. Furthermore, feedback control on 
the output intensity of the laser or feedback control in the stage position to reduce mechanical 
drift of the sample permit to reach sub nanometer displacement resolution and femtonewton 
force resolution57,58. 
  
Optical trap calibration 
 
Optical manipulation setup started to be used as force transducers in after 1989, when Block12, 
made the first calibrated measurement of the compliance of bacterial flagella, using the 
tweezers to force bacteria to rotate (they were tethered to a microscope cover-glass by their 
flagellum). 
To calibrate the optical force of the system it is necessary to take into account all external 
forces acting on the trapped probe. Starting from Ornstein and Uhlenbeck59 equation to 
describe the trajectory of an object:  

  (3) 

where m is the inertial mass of the particle, while the Stokes friction  and the random 

Brownian force represent the surrounding medium influence on the object trajectory. The 

Brownian forces acting on the trapped probe can be modeled as: , where D is the 



diffusion coefficient,  is the friction coefficient, and h(t) is an independent white Gaussian 

random processes.  
In an optical trap, the electric field of the laser radiation produce forces on charged particles, 
consequently the motion of the induced dipole, arising from the electronic polarizability of the 
trapped particle, it is also affected by the potential well of the laser radiation. From the 
distribution histogram of the particle position in the trapping volume it can be shown that the 
potential is harmonic: when the potential is harmonic, such distribution should be Gaussian7. 
This permits to model the optical forces as a spring: Fopt = -kx, where k is the optical stiffness 
and x it is the probe displacement from the equilibrium position34. Thus equation (4) becomes: 

   (4) 

In this equation, the inertial term can be neglected since low Reynolds number conditions 
apply. 
Once the equation of motion of a trapped object is modeled, the optical stiffness of the system 
can be obtained by measuring the probe displacements in the trap. Different methods have 
been implemented to calibrate the optical tweezers and they are based on some a priori 
information.  The tolerance on such parameters produce the accuracy of the calibration 
method applied. 
The drag force method can be applied by video or laser interferometric tracking. The drag 
coefficient, including surface proximity corrections, should be known a priori. In this method a 
force is generated on the trapped probe by a fluid flow, and the trapped bead response is 
measured as the distance between the new equilibrium position and the trap center. Although 
the lateral displacement of the object due to the drag force is relatively easy to measure by 
video tracking, axial displacements represent a more difficult task. To measure the probe 
position in the z direction by video tracking, the bead image can be calibrated60 by its 
fluorescence intensity, if acquired in a confocal setup, or by the diameter of the airy disk 
pattern in a widefield microscope53. 
Other methods rely on the Brownian motion detection of the trapped probe and simple video 
tracking doesn’t have the required spatial and temporal resolution. Therefore interferometric 
measurements are applied56. 
In the equipartition method the kinetic energy of the trapped object is assumed equal to the 
thermal energy: 

  

Where kBT is the thermal energy, and k the optical stiffness. 
In such equation the temperature T is the a priori parameter. In addition, a separate calibration 
of the detector transduction from volts to nanometers has to be performed separately. 
In the power spectrum method such calibration of the detector is not required and Boltzmann 
statistics is directly applied to the power spectrum of the position fluctuations of the probe, 
measured in volts by the PSD or QPD. In such method the fit with a Lorentzian function is 
applied to the power spectrum (measured in Volt2/Hz) to obtain the optical stiffness and 
sensitivity of the detector (in Volt/nm). The temperature and the viscosity of the surrounding 
medium have to be known a priori. 
The power spectrum method is the most applied because it permits a fast calibration of the 
system: PSDs and QPDs permit to measure position fluctuation with a temporal bandwidth of 



hundreds of KHz and therefore few seconds of recordings are enough to obtain sufficient data 
points. This means that optical tweezers can be calibrated easily at the environmental condition 
in the sample. 
In fact it is well known that optical properties of the sample affect optical characteristic of the 
setup, as its Point Spread Function (PSF), and therefore its trapping efficiency. 
The drawback of the method is that it relies on two parameters that have to be known a priori 
and therefore they decrease the accuracy. 
Interferometric recordings give the possibility to resolve Brownian motion and to observe 
hydrodynamic effect on medium viscosity59. Therefore they were taken into account in data 
analysis to obtain a better estimate of the optical stiffness of the system. Also mathematical 
modeling of optical system may improve the performances: low pass filtering effect of the 
detector61, shape of the trapping potential at the focus spot, condenser NA influence on the 
instrument sensitivity were modeled62,63 and the local shift variance sensitivity of the QPD were  
measured64. Such studies represented an important contribution to obtain system calibration 
and achieve high sensitivity65. 
Therefore, the accuracy limit in the calibration of the system is due to the a priori parameters 
that need to be included in the data analysis. This has been overcome by a new calibration 
strategy where two methods are combined to obtain experimental parameters of the probe 
without the need of a priori information. The method relies on power spectral measurements 
of thermal motion of the probe during a sinusoidal motion of a translation stage. This method 
allows the extrapolation of the parameters, that are used as a priori information in the 
procedures described above, with accuracy within 3% 57, and it has been applied to resolve 
surface forces which can be an important issue at biological interfaces as membranes. 
Furthermore the method has been used to calibrate the detector sensitivity for particles 
tracking inside the cell66,67, which can represent a first step to the challenging field of 
intracellular  force measurements.  

Optical Tweezers versus Fluorescence Microscopy 

Lukosz’s principle68 states that resolution can be increased at expense of the field of view. 
Fluorescence microscopy gives the possibility to observe only the compartment marked in the 
sample and therefore provides a better contrast respect to the overall specimen. Further 
technological improvements in optical microscopy reduce even more the field of view, e. g., in 
the confocal architecture, which confers higher spatial resolution in the two-dimensional field 
of view and allows access to the third dimension of the sample. Many confocal architectures 
have been implemented69: in the one photon confocal microscope, the field of view is 
decreased in the detection path, while in two-photon microscope such confinement is obtained 
in the excitation process. Both types of confocal microscopes give the possibility to observe a 
small volume (the detection volume is in the order of femtoliters) and supply the possibility to 
observe single fluorescent molecules70. Many efforts have been spent to reduce the spatial 
dimensions of the Point Spread Function of the confocal systems to overcome the diffraction 
limit and develop the nano-scope3,71 for the application of  molecular imaging to  living systems. 
The relatively limited spatial resolution of optical microscopy is counter balanced by the multi 
dimensionality of the data acquired: e.g., time lapse imaging of a 3D volume allows exploiting a 



fourth dimension.  Moreover, the wavelength, λ, enables multi labeling and discrimination of 
different entities in the sample. Spectral properties of fluorochromes such as the lifetime of the 
excited state, give information on the environmental condition of the molecule72. Changes in 
the intracellular environment, related to the cell metabolism, can influence the structure of the 
fluorescent molecules and their optical properties73. Therefore, cells physiology can be studied 
at molecular level. This is the so called lifetime dimension. Furthermore, the Second Harmonic 
Generation, occurring when an intense laser beam passes through a polarizable material with 
non-centrosymmetric molecular organization, gives another possible dimension for optical 
microscopy measurements74.  
The photonic force microscope, add one more controlled or measurable75 variable to optical 
microscopy: the force. Therefore optical tweezers represent a further resolution improvement 
for the optical microscope: force measurements permit to follow polymerization steps of single 
filaments, where the added monomer raises the length of the polymer of some nanometers76, 
or Brownian motion analysis can be applied to resolve 3D structures with 10 nm resolution77. 
Laser tweezers is highly compatible with optical microscopy techniques because it exploit the 
same optical path43,  however, it induce photodamage, which arise from the exposure of the 
trapped sample to high intensity of light78. To overcome this problem it is possible to decrease 
the intensity reaching the sample, if a better trapping efficiency of the system is reached.  For 
example by adaptive optics methods it is possible to recover non ideal behavior of the objective 
lens to obtain unblurred focus spots and better spatial confinement of photons79.  
Such method to improve the trapping efficiency is similar to deconvolution processing of 
microscopy images to improve the experimental spatial resolution of microscopes80,81. In such 
technique it is necessary to characterize the optical system by its Optical Point Spread Function2 
(OPSF). In this respect, theoretical modeling can characterize the image formation process of 
the microscope, but only experimental measurements of the PSF can quantify the limitations of 
the real system82. Indeed, experimental OPSF presents shape asymmetry due to spherical 
aberrations introduced by optical elements, while theoretical OPSF is symmetric and account 
only for the resolution limits of an ideal imaging system83. The disadvantage of experimental 
OPSF is that could be corrupted by noise, otherwise deconvolution with the theoretical OPSF 
offer only a qualitative enhancement of the image, because the introduced artifacts cannot be 
quantified.   
In photonic force microscopy the Brownian motion of the trapped probe follow the shape of 
the potential well created by the focused laser which represents the Force Point Spread 
Function (FPSF) of the optical tweezers (Figure 1). If the trapped probe is tracked for enough 
time it is possible to measure the trapping volume with nanometer resolution and therefore 
define the spherical aberration of the system with the same accuracy84,85. It has been already 
proved that spherical aberrations produce enlargement of the  OPSF86,87; and that recovering of 
such spherical aberrations by adaptive optics produce a smaller trapping volume, which 
represent less Brownian noise in force spectroscopy measurements and better trapping 
efficiency79. Techniques as photo-activated localization microscopy (PALM) and stochastic 
optical reconstruction microscopy (STORM) apply a fit between the PSF of the system and the 
point like features of the image to obtain the centre of mass of the labeled molecule at 20nm 
resolution71.  



In this context trapping efficiency is used as a quantitative parameter to estimate the optical 
spherical aberrations recovering by hardware deconvolution, the adaptive optics method88. This 
recovering could be also quantified by experimental fluorescent point spread function 
acquisition, which then it can be used in a software deconvolution algorithm89. 
Therefore correlation of force and fluorescence intensity data could improve the calculation of 
an experimental OPSF; while combination of hardware and software deconvolution can be 
applied to recover both type of errors in an optical system: degradation due to the process of 
image formation usually denoted as blurring, and degradation introduced by recording process 
usually denoted as noise89.  
In turn this can be exploited to obtain a higher single molecule localization accuracy of a STORM 
microscope90. 
Another way to decrease phototoxicity is the use of a laser source in the wavelengths window 
for which the absorption of the biological matter is low. The typical wavelength used for 
biological applications is in the infrared range for which it has been  shown by means of viability 
tests both on bacteria and eukaryotic cells, that the damage versus  exposure time is 
reduced78,91. Since the best wavelength range for trapping is the same used in two photon 
excitation, some groups started to use femto-second pulsed laser source to obtain trapping, 
ablation and fluorescence excitation by using only one beam92,93. 
In conclusion, by optical tweezers technique, it is possible to trap particles starting from single 
molecule, to living cells and confine them in a sub-diffraction limited volume which can be 
observed with an extended area detector94. Therefore, in principle, it is possible by optical 
tweezers to reduce the field of view of the system with no need of a pinhole in front of the 
detector, or an infrared femto-second pulsed laser to confine the excitation in a 3D volume. For 
example, such possibility can be exploited in fluorescence techniques as fluorescence 
correlation spectroscopy95, or for single-molecule studies: Bustamante was the first scientist 
who used such technique to manipulate single molecule of DNA96. After his seminal paper many 
works followed on single molecule biophysical characterization21 and application of single 
molecule manipulation in combination with fluorescence techniques97,98.  
 
Optical Tweezers in Biology  
 
Cells need to organize their internal space and interact with their environment. 
The network filaments, i.e., the cytoskeleton, represent connections to distribute tensile forces 
through the cytoplasm to nucleus as a signaling pathway99. Transmembrane receptor, as 
integrins, function as mechanoreceptors and provide a preferred path to transfer mechanical 
forces across cell surface100. During motion, cells organize integrins distribution in clusters at 
special complexes called focal adhesions20. Forces transmitted to the cytoskeleton from these 
sites produce a stress in associated cytoskeleton molecules which can be converted in gene 
expression, protein recruitment at local sites and dynamic cytoskeleton architecture 
modulation101,102. Thus cell shape and stability is the effect of a mechanical force balance 
between cytoskeleton traction forces and extracellular substrate local rigidity19,99. 
Regulation of assembly processes modulate dynamically the mechanical properties of the 
cytoskeleton network, locally and globally to balance compression and tension force, to extend 



cell protrusions such as lamellipodia and filopodia, or to propel intracellular vesicles or 
pathogens through the cytoplasm103. 
For cells moving through tissues, the resistive force is coming from the surrounding 
extracellular matrix. For cells in vitro, the major force against extension arises from tension in 
the plasma membrane which modulates the shape of extruding processes104,105.  
In force spectroscopy measurements, the membrane elasticity has been quantified by tether 
extraction of membrane-embedded beads106 and piconewton tensions have been applied to 
the phospholipids bi-layer to stimulate receptor membrane trafficking107,108. 
An important factor in membrane resistance is the number of membrane–cytoskeleton 
adhesion components. It has been shown that the force needed to extract a membrane tether 
can be modified by alterations of the cytoskeleton107,109. It was also demonstrated that 
mechanical stimuli, which induce membrane tension changes, can regulate membrane traffic 
through exocytosis and endocytosis108. These results are in agreement with observations of 
normal behavior of the cell, for example: during endocytosis, clathrins displace the membrane-
associated cytoskeleton to decrease membrane tension and to cause membrane engulfment105. 
In the case of membrane protrusion, the displacement of the normal cytoskeletal components 
is required to create a gap for the insertion of new monomers at the filament tips110. 
Apparent membrane tension,  which is in the order of tens of pN, have been measured from 
the force exerted on membrane tethers106.  An analysis of the tether-formation processes is 
important because it allows calculating the bending rigidity of membranes, the apparent 
surface tension, and therefore to obtain a theoretical model of the force produced or the 
energy dissipated during motion. Furthermore optical tweezers can also be used to track 
membrane proteins with no need of fluorescent marker at unraveled resolution111. For example 
receptor tracking permitted to distinguish differences in membrane fluidity in living and dead 
cells112.  
The membrane deform passively in response to cytoskeleton reorganization. 
Since actin filaments are rather fragile, mechanical properties of a single actin fiber is difficult to 
measure. Microtubules are much stiffer, and force generation by this polymer has been 
measured by observing how a single microtubule buckles when polymerizing against a wall. This 
permitted to follow polymerization steps of single filaments and demonstrated that a 
microtubule growing at the ‘plus end’ develops a force of a few piconewtons and that 
polymerization velocity decreases exponentially as a function of the load force45. In addition, 
microtubules are long filamentous proteins structures that alternate between periods of 
elongation and shortening in a process termed dynamic instability76. The average time a 
microtubule spends in an elongation phase, known as the catastrophe time, is regulated from 
the biochemical machinery of the cell and a comparison of catastrophe times for microtubules 
growing freely or in front of an obstacle leads to conclusion that force reduces the catastrophe 
time by limiting the rate of tubulin addition. 
Although actin filament is less stiff then microtubules, it represents an essential component in 
cellular motility: it provides protrusive forces to extend cell protrusions such as lamellipodia 
and filopodia, or to propel intracellular vesicle or pathogens through the cytoplasm113. The 
forces generated by elongation of a few parallel-growing actin filaments against a rigid barrier, 
mimicking the geometry of filopodial protrusion, has been measured114,115, and it was shown 
that growth of approximately eight actin parallel-growing filaments can be stalled by relatively 



small applied load forces on the order of 1 piconewton. These results suggest that force 
generation by small actin bundles is limited and therefore living cells must use actin-associated 
factors to generate substantial force to overcome membrane resistance116 and to produce 
stable protrusions at the leading edge of the cell during locomotion117. 
Another important role that the cytoskeleton plays in cell physiology is the intracellular 
transport of various cargos. In intracellular transport two aspects have to be analyzed: one is 
how cargos use the network and the second is how the cell changes the structure of the 
networks to assist cargo motion.  Pathogens have been used as simplified model systems to 
study eukaryotic cell motility. In vitro monitoring of their movement in cell extracts converted a 
complex cell biology problem into a biochemically affordable problem, and opened the way to 
design a minimal motility medium to study the biochemical mechanism of actin dynamics 
control118. 
One of the most important recent discoveries about the actin propulsion is the proof that the 
actin tail is attached to the surface of the pathogens119. Noireaux120 used an optical trap to 
measure the force required to separate the bacterial cell from the actin tail, which turned out 
to be greater than 10 piconewton. Finally, Cameron121 used electron microscopy to observe 
that actin filaments of the branching network are transiently attached to the surface of the 
bead. This leads to more widely accepted model: the elastic tethered ratchet model122, in which 
attached fibers are in tension and resist the forward motion of the bacterium/bead, while 
dissociated fibers are in compression, and generate the force of propulsion.  
Recently atomic force microscopy (AFM) measurements have succeeded in stalling actin 
network growth and revealed that two or more stable growth velocities can exist at a single 
load value. These results demonstrate that a single Force-Velocity relationship does not 
describe completely the behavior of the system which depends on loading history and not only 
on the instantaneous load123. Another experiment reports the effort to stop motion of Listeria 
with an optical trap114,124. It has been shown that the trap could temporarily stop its motion, 
and then the bacterium escapes due to an increase in the force supplied by the tail, like in an 
autocatalytic model125. Autocatalytic model is also sustained by measurements with fluorescent 
actin, where it has been shown that the fluorescence intensity in actin tail, increases during the 
stationary period of the bacteria motion, suggesting that the actin density is building up to 
overcome the opposing forces126. 
Optical tweezers can be also utilized to measure and analyze the force operated by cells127 in 
exploratory motion and therefore to understand how cell operate mechanic transduction. With 
optical microscopy, it is possible to follow the motion of the cell, but force measurements 
permit to quantify how many molecular motors are involved in a movement and therefore to 
quantify how much the molecular machinery of the cell is recruited in such action. This means 
that thanks to force measurement, it is possible to distinguish random motion from well 
organized shift of the cell (Figure 2)128. 
It has been observed that filopodia, which explore the environment by rapidly moving in all 
directions, modulate their activity changing the duration of the collision with a bead, in 
response to different stiffness of the load. This could represent sensing of the obstacle force 
and is in agreement with measurements on single microtubule catastrophic time modulation76. 
Lamellipodia, which follow the pathway analyzed by filopodia, showed a more complex 
behavior in response to the obstacle: sometimes, they entirely retracted, other times they 



moved around it to progress forward or they removed the obstacle by lifting it and giving it 
back (Figure 3). Lamellipodia have a more differentiated structure and are thought to exert a 
force with variable directions in space. Therefore, multi-tweezers measurements have been 
applied129 to understand their overall organization and to measure complex forces exerted 
during growth cone motion.  
This kind of measurements can be used to understand the response of the cells to molecular 
cues or mechanic-chemical stimuli130 localized in the trapping volume, or to understand the 
mechanisms and which molecules are involved in different steps of motor planning. 
Single biological particles, usually used as simple biological models, have been also trapped: 
Tobacco mosaic virus, Escherichia coli bacteria, and manipulation of particles within the 
cytoplasm of cells131. Optical tweezers became also a well-established technique for single-
molecule studies: Bustamante was able to follow the DNA encapsidation  steps of the 
bacteriophage and to measure the force delivered by capsid molecular motors132. Study of 
single molecular motors is one of the most attractive applications of optical tweezers: the 
forces generated by single motor molecules such as kinesin and myosin has been 
quantified133,134 or steps of RNA Polymerase along DNA filaments have been measured135. 
A complementary system to light manipulation tools that is fast evolving is laser dissection136. 
By laser scissors it was possible to cut living biological samples with subcellular resolution: the 
cytoskeleton organization could be disturbed while leaving the cells unaffected in any other 
respect137. Optical tweezers and laser dissection tools were also used to control the location 
and timing of optical uncaging in chemical stimulation experiments138, or for optoporating the 
cell membrane139,140. These opportunities encourage the use of optical tools in probing and 
quantifying biophysical cellular parameters, and open the new field of nanosurgery92,141. 
 
 
 
 
 

 
Figure 1. Optical and Force Point Spread Function. 
Three dimensional rendering of an Optical point spread function of a confocal microscope 
(objective 100X NA 1.4 oil immersion) measured with 64nm diameter latex beads immersed in 
oil. Field of view 0.8 x 1μm. (a). Three dimensional scatter plots of 1μm diameter silica bead, 
trapped with a CW infrared laser (1064 nm wavelength, objective 100X NA 1.4 oil immersion) in 



water. Scatter plots are computed from the x, y, z trace, in nm and pN, low pass filtered at 
20KHz and acquired at 10KHz(b). Three dimensional rendering of a Force point spread function 
representing the volume observed from the trapped object. Field of view 0.8 x 1μm (c). 
 

 
Figure 2. Force measurement and cell motility. 
Vectorial representation of the force exerted by the cell on obstacle (1 μm diameter silica 
bead). Different colors of the vector represent different time at which cell exerts the force on 
the trapped probe. In (a) lamellipodium increase the force exerted on the obstacle and tries to 
avoid it, as suggested from the time evolution of the length and direction of the force.  In (b) 
the random succession of force vector direction in time represents the exploratory motion of a 
filopodium which senses the environment. Bars 2 μm. 

 



 
Figure 3. Cell behavior in front an obstacle. 
In (a), the growth cone senses the load, retracts and grow again toward the obstacle to remove 
it. In (b), the growth cone senses the load, and completely retracts. Red and yellow arrows 
indicate the growing filopodia which retract and bend toward the obstacle. In (c) a bead is 
trapped between two connected growth cones. Lamellipodium of the growth cone on the right 
side is attracted from the load, but then avoid the obstacle. Green arrows indicate how the 
connection between the two growth cone is reinforced when the lamellipodium of the growth 
cone on the right side stops to push the trapped probe and steer toward the connection 
between the two neurites. Bars 2 μm. 
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