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ABSTrACT                        Procedures and methodologies used in cell biophysics have been improved tre-
mendously with the revolutionary advances witnessed in the micro- and nanotechnology in the 
last two decades. With the advent of microfluidics it became possible to reduce laboratory-sized 
equipment to the scale of a microscope slide allowing massive parallelization of measurements 
with extremely low sample volume at the cellular level. Optical micromanipulation has been 
used to measure forces or distances or to alter the behavior of biological systems from the level 
of DNA to organelles or entire organisms. Among the main advantages is its non-invasiveness, 
giving researchers an invisible micro-hand to “touch” or “feel” the system under study, its freely 
and very often quickly adjustable experimental parameters such as wavelength, optical power 
or intensity distribution. Atomic force microscopy (AFM) opened avenues for in vitro biological 
applications concerning with single molecule imaging, cellular mechanics or morphology. As it 
can operate in liquid environment and at human body temperature, it became the most reliable 
and accurate nanoforce-tool in the research of cell biophysics. In this paper we review how the 
above three techniques help increase our knowledge in biophysics at the cellular level.
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Microfluidics

Introduction

Microfluidics is an emerging technology that deals with the 
manipulation of liquids on the microscale. Such techniques 
may contribute to the advance of various scientific fields, such 
as chemistry, materials science, physics and biology. From 
the vast spectrum of applications, in this review we focus on 
the use of fluid microtechnologies in the biological research. 
The last two decades saw an impressing development of 
microfluidics with more and more research labs embracing 
this technique. This is due to several key advantages that 
are associated with small size: low sample volume needed, 
possibility cellular scale measurements, possibility of mas-
sive parallelization and automation. Furthermore microscale 
fluidic phenomena are widespread in nature. Miniature capil-
laries play an important role in blood circulation of higher 
organisms or in the water transport in plants. Small cavities 
between soil particles are habitats for countless microbes. 
Biofilms formed by bacteria often constitute a complex flu-

idic network (Stoodley et al. 1994) which assures the proper 
nutrition supply over the whole structure. Microfluidics not 
only makes it possible to reproduce such natural structures in 
an engineered manner in a laboratory experiment, but also to 
use the special characteristics of microscale hydrodynamics 
(e.g., the lack of turbulence, and the significance of diffusion) 
for experiments that could not be done on macroscale.

Furthermore commercial equipment and methods ap-
peared lately incorporating microfluidic elements (digital 
PCR, single cell analytic techniques, etc.).

Basics of microfluidics

Microfluidic structures consist of channels and chambers with 
some characteristic dimensions in the range of 500 µm-100 
nm (Fig. 1). The basic equation describing the hydrodynamics 
of (incompressible) fluid flow is the Navier-Stokes equation 
(Acheson 1990) (Eq. 1).

  
Here ρ is the mass density of the fluid, v is the velocity vec-
tor of a fluid element, p is the local pressure, µ is the fluid 
viscosity and f represents external forces. The left side of eq. 
1 describes inertial forces (due to unsteady and convective 
acceleration represented by the two terms in the parenthe-

Eq. 1
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sis). The right side includes the forces emerging from the 
divergence of stress (due to the pressure gradient and viscous 
effects) besides the external forces. By solving this equation 
one obtains the local velocity vector of the fluid by which 
the flow can be fully described. For example, solving the 
Navier-Stokes equation for a flow in a pipe, with non-stick 
boundary condition (the fluid is stationary at the wall) results 
a parabolic flow profile across the width of the pipe (Fig. 2). 
The flow profile must be taken into account in some biologi-
cal experiments. For example some cells are very sensitive 
to shear stress. Exposed to large flow velocity gradients such 
cells may be greatly affected by the mechanical stress arising 
due to the flow.

The Hagen-Poiseuille equation (Kirby 2010) expresses 
the relation between the pressure drop and the pipe diameter 
(among some other parameters) for a tubular flow (Eq. 2).

    
Here L is the length of the pipe, Q is the volumetric flow 
rate and r is the pipe radius. There is a very strong, quadratic 
dependence of the pressure drop (necessary to drive the flow) 
and the pipe radius. Therefore, significantly higher pressure 
is needed to push the liquid through small holes than larger 
openings, even if the total cross section areas are the same. 
One can experience this when pressing liquid through a sy-
ringe filter, for example. Furthermore, the Hagen-Poiseuille 
equation suggest that extremely large pressures may be 
needed to drive liquid through tiny microchannels, which in 
some cases may be inadequate in biological experiments.

Some degree of characterization of the fluid flow in these 

devices can be achieved by using the dimensionless Reynolds 
number (Re) (Batchelor 2000) (Eq. 3).

     
Here ρ is the mass density of the fluid, v is the characteristic 
flow velocity and L is the characteristic dimension (e.g., the 
channel width). At large Re turbulence appears while at low 
Re the flow is laminar. In the latter case one can imagine the 
liquid moving in parallel sheets of constant velocity, with no 
flow between the sheets. The numbers assigned to the transi-
tion between turbulent and laminar flow depend on the exact 
scenario, but for a pipe turbulence is present for Re>4000 and 
pure laminar flow is present for Re<2100 (Holman 2001).  
In case of microfluidics (with aqueous fluids) the Reynolds 
number is extremely low (usually Re<0.1) and the flow in this 
case is laminar. The Reynolds number describes the relation 
between viscous and inertial forces. At small Re viscous 
forces dominate and inertial effects are negligible. Therefore, 
after a change takes place in the flow defining parameter (e.g., 
driving pressure) the flow changes instantaneously. This can 
be seen if we rewrite the Navier-Stokes equation for the low 
Re case. In case of a Stokes flow (Kirby 2010), i.e. when 
Re<<1 and no external forces are present some terms in Eq. 
1 may be omitted and we have a simpler formula (Eq. 4):

  

The Stokes flow described by Eq. 4 has some remarkable 
characteristics. There is no explicit time dependence (except 
through time dependent boundary conditions), i.e. the flow 
doesn’t change if the boundary conditions don’t change. 
The changes in response to altering boundary conditions 
are instantaneous. Connected to time independence is time 
reversibility: if a particular flow satisfies Eq. 4 than the reverse 
flow is also a solution. Finally linearity of Eq. 4 means that 
the flow changes proportionally to the driving forces. 

Figure 1. A microfluidic chip consisting of channels and chambers 
etched into a silicon substrate.

Figure 2. Flow in a channel. (a) The solution of the Navier-Stokes 
equation yields a parabolic velocity profile in a tubular channel. (b) 
The flow velocity profile measured in a 120 μm wide and 120 μm deep 
microchannel using particle imaging velocimetry. A parabolic fit is 
given to the measurement points.

Eq. 2

Eq. 3

Eq. 4
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These physical characteristics are important in the biologi-
cal applications of microfluidics. Due to the laminar flow and 
the lack of turbulence mixing of fluid may take place only 
through diffusion (Fig. 3).

So far we omitted the effect of external forces on the 
fluid flow. Gravity leads to the presence of hydrostatic pres-
sure, which is typically negligible due to the small vertical 
dimensions of microfluidic devices. However, by connecting 
external fluid reservoirs that are elevated compared to the 
level of the microfluidic chip, fluid flow in the device can be 
driven by hydrostatic pressure.

Construction of microfluidic devices

Several microfabrication methods are used for creating 
microfluidic chips. Some of these techniques were derived 
and adapted from the microelectronics industry. Therefore, 

photolithography and various etching methods are used to 
create microstructures in silicon and silicon dioxide sub-
strates. These techniques and materials are routinely used in 
the production of computer chips; therefore, the methodol-
ogy is well matured. These techniques however require an 
infrastructure that is not readily available for most research 
labs. Therefore, simpler and more economical fabrication 
processes were worked out that are now adapted widely. 
Soft lithography is a relatively simple and cost effective way 
to produce simpler microfluidic structures (Qin et al. 2010). 
This method is based on the creation of a master mold by 
photolithography and reproducing it by replica molding us-
ing polydimethylsiloxane (PDMS) (Fig. 4). First a layer of 
UV sensitive resin (photoresist) is spread on a substrate by 
spin coating. Through a lithographic mask (usually a printed 
transparency film or glass with a patterned chromium layer) 
the photoresist by UV light. The UV induces chemical reac-
tions in the photoresist. This results the selective removal 
of the resin from the substrate during the development step. 
The remaining photoresist structure is used as a master mold 
for the subsequent replication process. For this liquid PDMS 
(typically prepared by mixing curing agent to a polymer 
base) is poured over the master mold. PDMS is cured by 
heat treatment (typically between 20-120 °C). This results 
the polymerization of PDMS which becomes a rubber-like 
flexible substance. This can be peeled off the master mold. 
The PDMS piece at this point contains the structure of the 
channels and chambers of the microfluidic design as open 
indentations. Access holes for small tubings can be punched 
in the PDMS piece for fluid inlets/outlets. The PDMS piece 
then may be closed off by placing it to a substrate (usually a 
microscope slide). Tight binding to the substrate is often done 
by oxygen plasma treatment.

 By using small tubings the microfluidic chip may be 
connected to sources of samples, buffers or other liquids of 
need. The flow of these is typically driven by syringe pumps 

Figure 3. Flowing dye solutions in a microfluidic device. After merging 
the flowing solutions create a laminar structure. Smearing due to dif-
fusive mixing can be observed at the boundaries of the layers.

Figure 4. Step-by-step microfluidic chip fabrication by soft lithography.
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or various pressure sources (hydrostatic pressure in the sim-
plest case). Various check valves and switching valves may 
be used in connection to the tubings to control the flow of 
liquids into the microfluidic chip.

PDMS is a material that is suitable for biological ex-
periments. It is gas permeable therefore sufficient oxygen 
or carbon monoxide may be supplied to the cells inside the 
microfluidic chip by controlling the atmosphere around the 
device. PDMS is biocompatible and chemically resistant. It is 
optically clear and transparent for UV, visible and near infra-
red light making it suitable for various microscopy imaging 
techniques. Its relatively low background fluorescence makes 
it suitable for fluorescence microscopy in most cases. 

An interesting new direction of development is the use 
of paper as structural material (Martinez et al. 2007; Li et 
al. 2012). In paper microfluidics channels are outlined by 
using hydrophobic materials (e.g., wax). Liquid drops are 
placed on the suitable spots on the paper and capillary action 
transfers the fluid along the defined channels. Chemicals for 
color based reactions may be embedded in the paper at certain 
locations of the chip to be used for detection purposes.

Applications of microfluidics in biology

There are countless examples of how microfluidics may be 

used in biological research. Below is a narrow and rather 
personal selection of some topics that represent the diverse 
possibilities of this emerging technology.

Microfluidic techniques make possible the precise control 
of liquid flow and composition in microscopic volumes and 
dimensions. Numerous biological applications use this ability 
to accurately control the environment of biological objects 
such as cells and tissue cultures, and measure their response 
to different environmental effects.

Several ways have been worked out to create chemical 
concentration gradients on the microscale and study the 
gradient dependent chemotactic response of single cells 
or populations. Flow based devices create the gradient by 
merging two fluid inlets (with different concentrations of the 
chemical of interest) into a single flow channel. Mixing of 
the liquids takes place by diffusion and a chemical gradient 
form in the width of the flow channel (Mao 2003), similarly to 
that shown on Figure 3. Bacteria flow into the channel along 
with the merging liquids and chemotax along the gradient 
while carried by the liquid flow. At the merging point of the 
inlets the concentration profile in this device is more step-like 
instead of a linear gradient, which only forms further down 
along the channel. To get around this problem a different chip 
structure was introduced (Englert 2010). The inlets are split to 
narrow channels and merged in a way that in each elementary 

Figure 5. A microfluidic gradient generator chip based on Englert et al. (2010). In the gradient generator part diffusive mixing equilibrates 
the concentration distribution in split and merged narrow channels. A linear concentration gradient forms in the observation channel where 
bacteria are flown in a narrow stream. The distribution of the bacteria further down in the channel reflects their chemotactic response.
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channel diffusive mixing generates a well-defined concentra-
tion (Fig. 5). When these elementary channels are unified in 
a larger flow channel a linear concentration profile forms in 
the width of the channel. Bacteria are flown in this channel in 
a narrow stream. While flowing along they exhibit a chemot-
actic behavior in response to the gradient. The distribution 
of cells across the width of the channel therefore reflects this 
chemotactic response. Due to the fluid flow (and the typical 
uneven flow profile in the channel) various complications 
emerge that make these devices less suitable for sensitive and 
accurate chemotaxis studies. Therefore, flow-free microfluidic 
chips were developed where gradients form in stationary 
fluid and the chemotactic effects may be studied in a greater 
accuracy (Diao 2006).

Microstructures provide a way to physically confine cells 
and study how this spatial confinement affects the cells. It has 
been shown for example that bacteria may get through slits 
with subcellular dimensions (Männik et al. 2009). Bacterial 
cells flatten out considerably during this process, but they are 
able to maintain cell division (Männik et al. 2012).

Confined space around a cell may lead to auto-induction 
due to cell signaling. Quorum sensing is used by bacteria 
to trigger and synchronize common actions. By interacting 
through small signaling molecules bacteria may alter their 
gene expression pattern in a cell density dependent manner. 
In an experiment by Boedicker and co-workers (2009) single 
Pseudomonas aeruginosa cells were confined in microscopic 
droplets created by microfluidic methods. The signaling 
molecules released by the individual cells remained trapped 
in the droplet around them. In some of the droplets the signal 
concentration reached a threshold and the gene expression 
pattern of the cell changed accordingly, just like in quorum 
sensing. 

The appearance of active elements such as valves and 
pumps integrated on a microfluidic chip extended tremen-
dously the complexity of microfluidic applications. Pneu-
matically activated valves are the most widespread of the 
integrated active elements (Fig. 6). Developed by Unger and 
co-workers (2000), these valves use pressure (or vacuum) 
to deflect a PDMS membrane to close off and open a fluidic 
channel. These elements make it possible to integrate and 
automate various tasks and processes on a single microfluidic 
platform. For example a chip has been developed to isolate 
and lyse single bacterial cells and perform PCR all on the 
same chip (Marcy et al. 2007). The device has been used to 
identify various unculturable oral bacteria.

Microfluidic chips may be used as engineered habitats 
for bacterial populations. Then the effect of the structure 
of the environment on the behavior and development of the 
population(s) may be studied in a well-controlled manner.

Keymer et al. (2006) used a linear array of microcham-
bers connected with narrow channels to study the bacterial 
colonization of this “patchy” habitat and the development of 
the population structure. In the device a metapopulation (i.e. 
a system of interacting subpopulations), was formed and the 
bacteria showed a dynamically changing pattern of spatial 
distribution. With a similar device it has been shown that the 
patchy structure of the habitat realized by an array of coupled 
microchambers supports the long term survival of cooperator 
phenotypes when competing with cheater mutant cells (Hol 
et al. 2013).

The spatial structure of the habitat may deeply influence 
the evolution of the bacterial population. Zhang and co-
workers (2011) used a microchip with a hexagonal array of 
chambers in which bacteria were able to move and reproduce. 
The antibiotics ciprofloxacin was delivered in at a certain 

Figure 6. Pneumatically activated PDMS valve. (a) Top view of the open valve. (b) Cross sectional view of the open valve (cut through a microfluidic 
chip). The control channel is not pressurized, the flow channel is unobstructed. (c) Top view of the closed valve. The contact area of the PDMS 
membrane and the flow channel top is visible. (d) Cross sectional view of the open valve (cut through a microfluidic chip). The control channel 
is pressurized. The PDMS membrane is deflected and obstructing the flow channel. The flow channels in the images are 150 μm wide.
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location, at the edge of the hexagonal chamber array. Bacteria 
exhibited an uneven spatial distribution in the device, and 
starting at certain locations in the device resistant bacteria 
emerged and proliferated throughout the structure. Antibiotic 
resistance emerged as fast as in 10 hours and from a popula-
tion as small as 100 cells.

Microfluidic devices are suitable for tissue culturing too. 
Devices of different complexity have been constructed to 
study mono-cultures or co-cultures. For example Kim and 
co-workers (2006) used the uneven flow profile of the me-
dium flow to study the effect of shear stress on embryonic 
stem cells. They have demonstrated a greater proliferation for 
cells grown under higher shear stress. Alternatively varying 
the flow channel geometry can also be used to exert different 
amount of shear stress on cells cultured in the device (Lu et 
al. 2004).

In the so-called organ-on-a-chip applications microfluid-
ics is used to mimic certain environmental aspects of various 
tissues in certain organs. PDMS devices may be used for 
example to simulate the mechanical stress on lung tissue 
during breathing (Huh et al. 2010). Cells were cultured on 
a PDMS membrane and a pneumatic method was used to 
periodically stretch and relax the membrane. This cyclic me-
chanical strain amplified the toxic and inflammatory effect of 
nanoparticles. Besides lung tissue, several other tissue types 
were successfully cultured in microfluidic devices (Huh et 
al. 2012). These works pave the way towards more complex 
microfluidic systems that may in the future replace animal 
testing for drug screening.

In summary we can say that microfluidic technologies 
can greatly contribute to experimental research in various 
fields of biology and also have the potential for biomedi-
cal applications. The new methods and techniques ensure 
the proliferation of the routine use microfluidic devices for 
scientific applications.

optical micromanipulation

Introduction

Manipulating single biological objects on the nanometer and 
micrometer scale has always been important in biological and 
medical research. Manipulation includes translocation, defor-
mation, changing the behavior or even damaging the objects 
under study. In this section we introduce a range of techniques 
that utilizes light for such manipulative tasks. Using light for 
such manipulative tasks has the advantage of avoiding the 
introduction of “hard” equipment, such as a needle or micro 
capillary to the sample volume. Besides, its wavelength and 
power can be practically arbitrarily chosen to the actual task, 
keeping in mind the ranges of these parameters where damage 

can be made on the biological sample (“opticution”, Ashkin 
and Dziedzic 1989). In many occasions special, sometimes 
freely and dynamically adjustable light distributions provide 
extra benefit. In this section we introduce optical manipula-
tion methods through a few examples with samples ranging 
from the level of DNA to the whole cell.

One of the most spectacular examples of light-matter 
interaction – with relevance to optical manipulation – was 
explained by Johannes Kepler, the astronomer of the 17th 
century. He hypothesized that the reason why the tails of 
comets always point away from the Sun is because some sort 
of rays originated from the Sun remove part of the comet’s 
material and push it outward. The phenomenon was explained 
theoretically in the 19th century by James Maxwell. The 
invention of the laser had a great impact on the field, giving 
rise to much larger effects and more controlled experiments 
that could be observed before. It was in 1970 when Arthur 
Ashkin published his groundbreaking experiment performed 
on microspheres dissolved in water that were illuminated by 
weakly focused laser beam. He observed that the spheres are 
propelled forward to the direction of light propagation while 
attracted to the center of the beam (Ashkin 1970). In 1986 
he constructed the first single beam optical trap, the version 
which is still used in many applications consisting a large 
numerical aperture (NA) objective focusing tightly a single 
laser beam (Ashkin et al. 1986).

Optical traps have several versions today, among which 
the following three arrangements are used most often (Fig. 7). 
The first is a single beam trap that consists of a parallel laser 
beam that is focused into a small focal spot by a high numeri-
cal aperture (Ashkin et al. 1986). The counter-propagating 
trap consists of two laser beams travelling the opposite direc-
tions and focused to a common focal spot by two microscope 
objectives (Ashkin 1970). In this case the objectives do not 
have to be of high NA. The third arrangement consist of two 
single mode optical fibers into which laser beams are focused 
at one end, and when these beams emerge on the other ends, 
which are facing each other at a short distance, the slightly 

Figure 7. Schematic representations of three basic optical traps. (a) 
Single beam optical trap: one, high NA objective focuses the trapping 
laser beam. (b) Counter-propagating trap: two, low NA objectives focus 
the beam into one common focal position. (c) Counter-propagating 
fiber trap: beams emerging from two, oppositely facing single mode 
fibers act as a trap.
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diverging beams perform the trapping. Axially the balance 
of the radial pressure acts as a trap, perpendicularly to this 
direction the gradient of the optical field stabilizes the object 
(Constable et al. 1993; Gluck et al. 2001).

The origin of the optical force

In order to understand the origin of the force that keeps 
microparticles in the optical trap we have to remember that 
every photon that makes up the beam of the trapping laser 
carries the energy of

where h is the Planck constant, c is the speed of light and λ 
is the wavelength of the radiation. Also, every photon carries 
a momentum of

In cases of light-matter interaction, that can be, e.g., absorp-
tion, refraction, reflection, the momentum of the photon 
changes. The momentum change is the consequence of a 
force that the matter is exerting on the photon. At the same 
time, the photon also exerts force on the matter with the same 
magnitude but with opposite direction.

The generation of the trapping forces is illustrated on 
Figure 8 with the single beam arrangement: the laser beam 
is focused by a large numerical aperture (NA) objective on a 
transparent sphere (refractive index: n

1
) that is suspended in 

water (refractive index n
2
 < n

1
). The direction of the extremal 

beams (beam “a” and beam “b”, shown on the figure) makes 
a large angle to the optical axis and the beams carry the mo-
menta of p

a
 and p

b
. Upon refraction on the sphere the beam 

directions change therefore new momenta p’
a
 and p’

b
 will dif-

fer from the original ones. The change of momentum means 
that the bead exerts force on the light, and in return light exerts 

forces F
a
 and F

b
 on the sphere with the net force F. Figure 8 

(a-c) illustrate what happens when the sphere is moved out 
of the focal position sideways, downward and upward, re-
spectively. The net forces in each three cases are such that it 
moves the sphere back towards the focus, i.e. the equilibrium 
position; hence, the bead is trapped. On Figure 8 (d) another 
important effect, the scattering force is illustrated: in this case 
the two beams are scattered into every directions, therefore 
the original momenta are lost, and the net force is pushing 
the bead out of the focus. For successful optical trapping the 
trapping forces must overcome the scattering forces.

Determination of the trapping force

The trapping force can be calculated in different ways for 
different particle diameters. For spheres much larger than 
the wavelength of the trapping laser (>5 µm), the conditions 
for Mie scattering are satisfied, and the trapping force can be 
calculated with ray optics. For spheres much smaller than the 
wavelength of the laser (<100 nm), Raleigh scattering takes 
place and the trapping force can be calculated by treating the 
particle as a point dipole. Most often the size of the trapped 
objects is in between, making force calculations quite com-
plicated. The scattering force is proportional to the trapping 
laser intensity, while the trapping force is proportional to its 
gradient. Therefore the force that pulls the trapped objects 
back to their equilibrium position is often called gradient 
force. The trapping forces can reach even a few hundreds 
of piconewtons (pN). Table 1 illustrates some typical forces 
found in chemistry and biology.

As we saw, if we move a trapped object out of the focus, 
i.e. the equilibrium position, force acts on it. This force for 
short displacements is proportional to the displacement itself 
(Hooke’s law), just like in case of a spring: F

r
 = -k ∆x, where 

F
r
 is the restoring force, ∆x is the displacement and k is the 

factor that determines the strength of the trap: the trap stiff-
ness. Due to this intimate relation between displacement and 

Figure 8. Origin of optical forces acting on a microbead. The figures show the deviations of the extreme rays of the focused beam in cases of 
(a) lateral displacement, (b) displacement below the optical axis, (c) displacement above the optical axis of the microbead and (d) the scatter-
ing of the trapping light on the bead.
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trapping force, the trapping force measurements are very 
often position measurements. In order to get an exact value of 
the force, the trap stiffness has to be also determined. Several 
stiffness determination methods exist in the literature, each 
requires the position determination of a test bead. The power 
spectrum method relies on the Fourier transform of the posi-
tion fluctuation of the trapped bead. This method provides 
high precision, it is reliable and it can diagnose misalignments 
in the optical system but requires measurement with high 
bandwidth. With the method of equipartition the variance of 
the fluctuation of the trapped bead is calculated and used to 
determine trap stiffness with the following formula: 

where k
B
 is the Boltzmann constant, T is the temperature 

and < x2 > is the variance of the bead displacement. The 
trap stiffness can be determined directly by measuring the 
displacement of a trapped bead in response to viscous forces 
produced by the surrounding medium. The movement of the 
medium can be generated by moving the sample stage along 
one dimension in a triangle wave or with a sinusoidal pattern. 
In this case the displacement is the result of the viscous drag 
acting on the bead by the medium. The stiffness is calculated 
from the phase delay between the bead and stage positions.

Optical traps can operate in vacuum, in atmospheric pres-
sure gas or in liquid resulting in several important results in a 
very wide range of topics. In vacuum, cooling of a microbead 
to a temperature of 1.5 mK towards the quantum mechanical 
ground state in its center-of-mass motion enables research-
ers to study several quantum effects, such as gravitational 
states, non-Newtonian gravity forces at small scales or even 
to measure the impact of a single air molecule (Li et al. 2011). 
Viscosity measurements were carried out by following the 
time course of shape oscillations of a liquid particle made by 
the coalescence of two particles held by optical tweezers in 
atmospheric pressure (Power and Ried 2014). Droplet coales-
cence is also of interest in processes that use dense aerosol 
sprays such as inhalers for drug delivery in conditions such as 
asthma or hay fever (Mistry et al. 2012). Examples for traps 
working in liquid will be presented later.

As it was mentioned earlier, the trapping is achieved via 
focusing a laser beam into the object to be trapped. If this 
object is a cell, the high intensity in the focus can easily dam-
age it. The careful choice of the trapping laser wavelength can 
help avoid this problem. A near infrared light source is used 
most often since in the visible range (400 nm < λ < 700 nm) 
some cell organelles, such as chloroplasts may absorb, and 
in the mid infrared (2000 nm < λ) water absorption increases 
significantly. Trapping laser illumination reduces the cloning 
efficiency for instance for Chinese Hamster Ovary (CHO) 
cells in a very wavelength-selective way with the optimum 
being at 850 nm and 980 nm (Liang et al. 1996).

Applications of optical trap

Biological macromolecules

Optical trap has been being successfully used for more than 
two decades to study biological macromolecules from several 
aspects, such as mechanical properties, function or spectral 
characteristics. The molecules included but are not limited to 
myosin (Shepherd et al. 1990), kinesin (Svoboda et al. 1993), 
DNA (Perkins et al. 1994), RNA (Liphardt et al. 2001); even 
the viral package of dsDNA could be characterized with opti-
cal trapping methods (Smith et al. 2001). Due to the nanomet-
ric dimensions however, their trapping can only be facilitated 
indirectly, by using at least a few hundreds of nanometer-sized 
structures as handles. The high degree of optimization of such 
optical systems enables the measurement of displacements 
down to the sub-nanometer (<10-9 m) or forces down to the 
femtonewton (10-12 m) regime. For instance, displacement 
of such small level was measured in the case of RNA poly-
merase (RNAP) which moves progressively along a template 
DNA and creates a complementary RNA on the way. In the 
work of Abbondanzieri and co-workers (2005) the stepwise 
motion of RNAP, as proposed earlier, was measured with an 
ultra-stable optical trapping system holding two functional-
ized beads (Fig. 9). During the experiments two beads were 
trapped in the system: the first was coated with DNA strands 
and was trapped strongly while the second bead was coated 
with the RNAP and it was trapped weakly. In the second trap 
the displacement of the bead from the trap center was set such 
that the restoring force was constant over a 50 nm region. This 
way the RNAP functioned under a constant load, and during 
its operation it “pulled” the DNA and consequently the bead 
in the weak trap closer to the one held by the strong trap. This 
step-by-step displacement was registered in the motion of the 
bead in the weak trap. The method provided 3.7±0.6 Å step 
size, which is consistent with the crystallographic spacing 
between neighboring base pairs in B-DNA (3.4±0.5 Å). In 
summary, the researchers could directly determine that the 

Table 1. A few typical forces found in chemistry and biology.

Type of force Example Rupture force

Breaking a covalent 
bond

C-C ~ 1600 pN

Breaking a non-
covalent bond

Biotin-streptavidin ~ 160 pN

Breaking weak bond H-bond ~ 4 pN
Stretching dsDNA to 50% extension 0.1 pN
Developed by a 
molecular motor

Kinesin walking on micro-
tubule

5 pN
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RNA polymerase takes single-base-pair steps.
Mechanical characteristics of DNA itself can also be de-

duced from measurements made by optical traps. Oroszi et 
al. (2006) used a single beam optical trap to measure directly 
the torsional modulus of a double-stranded DNA molecule, 
that links the twist of the molecule and the applied torque to 
achieve this twist. In their experiment they took advantage 
of the fact that when the trapping laser beam is polarized, a 
micrometer-sized trapped disk orient itself along the polariza-
tion direction and an orientational trap is formed. Thus, if the 
polarization direction is rotated, the disk follows its rotation. 
The researchers bound one end of a dsDNA to the bottom 
of the microfluidic channel in which the experiment was 
performed, the other end to a flat disk trapped by a polarized 
beam and stretched the DNA to the 0.5 and 0.75 of its total 
length. This way, when the disk was rotated by the polarized 
trap, the DNA strand was twisted. The researchers have found 
torsional modulus value of 420±43 pN nm2 that is in good 
agreement with other, indirect torsional measurements. The 
presented method can also be used in general to calculate the 
torsional stiffness of any polymer.

Cell manipulation

When using optical traps on the cellular level, one very excit-
ing field is the micro-manipulation inside cells: the targets 
this time are the cell organelles. As long as their refractive 
index is larger than that of the surrounding medium, these 
structures can be trapped directly unlike the macromolecules 
in the previous section. A nice example for the application 
of trapped cell organelles comes from Bertseva et al. (2012). 
They determined the viscoelastic moduli of the interior of two 
types of cells (non-cancerous human urothelial cells (HCV29) 
and cancerous T24 human epithelial cell lines) by monitoring 

the fluctuation of trapped lipid granules inside the cells. The 
viscoelastic modulus G’(ω) describes the elasticity of the 
medium and the modulus G’’(ω) describes its viscosity, both 
in a frequency-dependent manner. In the spatial confinement 
of the optical trap the granules can move only in a limited 
distance, described by the mean square displacement (MSD). 
The time evolution of this quantity can be fitted by an equa-
tion containing the trap stiffness k and the coefficient α that is 
in intimate connection to the viscoelastic moduli of the cell 
interior. Outside of the cell (in water) α = 1, but inside it is 
around 0.75. The researchers concluded that in terms of both 
G’(ω) and G’’(ω) the difference between the cell lines is in-
significant within the experimental error, which suggests that 
the cytoskeleton polymer networks have similar structure.

Further expanding the range of targets, whole cells can be 
trapped or manipulated optically. In a recent review of Zhang 
and Liu (2008) a series of examples are shown to transport, 
sort, dissect or guide cells with light. Positioning of cells is 
important when spatial stability is required for instance, for 
localized spectroscopic measurements (e.g., Raman, fluo-
rescence). Optical traps can also relocate single cells in the 
medium without physical contact, which is highly desirable 
for working in sterile conditions. Sorting of cells by optical 
means cannot compete with FACS machines in terms of 
throughput, but when only a small number of cell is available 
in a few microliter solution, such systems can come handy. 
When optical trap is used to assemble cells, phenomena, 
like bacterial infection can be studied: Akselrod et al. (2006) 
formed a group of P. aeruginosa bacteria around Swiss 3T3 
fibroblast for controlled colonization. Transient permeabiliza-
tion of cell membranes by short laser pulses allows cellular 
fusion or molecular injection (opto-injection). In the work of 
Rao and co-workers (2009) Raman spectroscopy was used 
to monitor changes in the oxygenation state of human red 

Figure 9. Measurement of the step-size of the RNAP on a DNA molecule. The experimental scheme (a) shows the stronger (left) and weaker 
(right) optical traps and the arrangement of the molecules. (b) Typical record for single molecules of RNAP transcribing under 18 pN load. 
Data is filtered with 50 ms (pink) and 750 ms (black) median filters. (c) The power spectrum of the processed record on (b) showing a peak at 
the dominant fundamental step size, 3.7 ± 0.6 Å. Reprinted by permission from Abbondanzieri et al. (2005). Copyright: Macmillan Publishers 
Ltd. (2005).
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blood cells while they were stretched with optical tweezers 
(Fig. 10). This physical stress simulated the deformation that 
cells experience as they pass through microcapillaries. The 
molecular consequences of the deformation were detected 
on the amplitude change of specific protein Raman bands. 
One of the most consistent changes was observed on the 
1625 cm-1 band, which has already been associated with the 
polyporphyrin side chain. The observed reduction of the 
band in the stretched state, which was observed previously 
between oxy and deoxy RBCs, is caused by the dissociation 
of oxygen, when the planar porphyrin structure deforms out 
of plane. The researchers therefore concluded that cells with 
a significant oxygen concentration were pushed to a deoxy 
state due to mechanical deformation.

The combination of fluorescent confocal microscopy 
and optical tweezers provide a unique combination for non-
invasive manipulation and observation in studying individual 
cell-cell interactions. Tam and co-workers (2010) combined a 
spinning disk confocal microscope with an optical tweezers to 
trap the pathogen Aspergillus fumigatus and to move it to the 
proximity of mouse leukaemic monocyte macrophages (RAW 
264.7) and studied the precise time course of phagocytosis. 
Positioning the fungal particle close to the macrophage and 
observing the events with time-lapse imaging revealed that the 
entire process while the A. fumigatus is fully enveloped within 
the RAW cell, took about 3.5 minutes. With 3D volumetric 
rendering provided by the confocal setup it was possible to 
confirm that the uptake of A. fumigatus was complete. The 
crucial role of the optical trap in this case was to position 
the pathogen to an exact distance and position relative to the 
macrophage.

Apart from helping the study or observation of cells, 
their growth can also be manipulated optically. Neuronal 
cell growth involves the progress of filopodia along various 
directions. However, controlled growth direction would be 

a major advancement in the research of the regeneration of 
damaged neurons. Carnegie et al. (2008) used linear optical 
traps to induce filopodia growth into pre-defined directions. 
The leading edge of the cell was illuminated by the linear 
beam, and within minutes, growth cones were observed to 
change direction from their initial trajectory to line up with 
the beam. They explained the phenomena with purely optical 
reasons. In their model each filopodium is made up of 20-30 
actin filaments that are characterized by the sum of the polar-
izability of each G actin monomer. This allows the calculation 
of the torque acting on each filopodium when illuminated by 
the linear-shaped beam. Calculations showed that there are 
always stable positions for the filopodium in the line trap 
characterized by zero torque. In these positions the main axis 
of the line trap is almost parallel to that of the filopodium. 
This means that the line trap is acting on the filopodia with a 
few pN·nm torque that aligns them along its main axis until 
an equilibrium position is reached. And since filopodia align-
ment can be a precursor to direct growth, the direction of the 
trap could determine the growth direction.

Optical traps using complex microstructures

Optical tweezers can further facilitate biological research by 
using complex 3D structures made specifically for a special 
task. We already saw how simple microbeads can facilitate 
the use of optical trap on biological macromolecules. Trapped 
complex 3D microstructures can be used as microtools to 
probe biological objects without being bound to them (Phil-
lips et al. 2012a), or similarly to beads, can bind them and 
enable indirect manipulation schemes with 6 degrees of 
freedom. Two-photon polymerization is a technique that is 
capable to produce such micrometer-scaled structures with 
nanometer precision (Kawata et al. 2001) that can be trapped 
and manipulated by optical means (Phillips et al. 2012b; 
DiLeonardo et al. 2012). Palima and co-workers created a 
microtool that is essentially a movable light guide that can 
be maneuvered to any position within the sample volume 
(Fig. 11a) (Palima et al. 2012). Most importantly, light can 
be coupled into the light guide at one end, and after being 
redirected by 90 degrees and emitted at the other end it illu-
minates any targeted object. Targeted fluorescence excitation 
localized to individual 3 µm diameter fluorescent beads was 
demonstrated with the tool in a microscope (Fig. 11b). The 
excitation was achieved along a direction perpendicular to 
the optical axis; illumination from this direction is not pos-
sible with a conventional fluorescence microscope. The tool 
is also capable of collecting emitted light from any direction 
perpendicular to the optical axis and directing it towards the 
observer. Such a maneuverable light source/probe together 
with fluorescent labeling of individual cells enables such 
special cell studies that require localized excitation from 
off-axis directions.

Figure 10. Raman spectroscopy on optically stretched red blood cells. 
(a) Optical microscopic images of a relaxed (upper) and a stretched 
(lower) red blood cell in the optical trap. (b) Raman spectra of a re-
laxed (upper) and stretched (lower) red blood cell. The shaded spectral 
ranges changed consistently between the relaxed and the stretched 
state from sample to sample. Reprinted by permission from Rao et al. 
(2009). Copyright: Elsevier (2009).
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Atomic Force Microscopy

Theoretical background

The advent of optical microscopes has opened a window into 
the micro-world, besides imaging, by facilitating and conduct-
ing the direct “touching” and “manipulation” of micro-scale 
objects. The extension of this field, beyond the optical limit, 
towards nano and pico scales supported the development of 
several micromanipulation techniques. Combination of high 
resolution imaging and nano-force testing gave birth to the 
one of the most versatile and powerful tools in micromanipu-
lation: the Atomic Force Microscope (AFM). As a member 
of the Scanning Probe Microscope (SPM) super family, it 
was invented in the early eighties by Gerd Binning and his 
co-workers (Binnig et al. 1986). At that time Binnig and 
Heinrich Rohrer, was awarded with Nobel Prize “for their 
design of the scanning tunneling microscope”, which was 
the precursor of the AFM.

The technology incorporated by the AFM, opened large 
avenues for in vitro biological applications concerning fields 
from single molecule imaging to cellular mechanics and mor-
phology. As it can operate in liquid environment and at human 
body temperature, it became the most reliable and accurate 
nanoforce-tool in the research of cell biophysics.

Key features of the Atomic Force Microscope

Briefly, the AFM detects inter-atomic forces, which explains 
the term ‘atomic’. To achieve this, a very sharp needle is 
brought into contact with the sample to be investigated. At 
the theoretical edge, a single atom of the tip interacts with a 
single atom of the sample. As Figure 12 depicts, at the heart of 

every AFM resides this sharp tip, which is situated at the end 
of a soft and a relatively long cantilever. The force resolution 
of the system, defined by the cantilever’s spring constant and 
the thermal noise, is in the range of few piconewtons. Beyond 
this range, special cantilevers and stable environmental con-
trol are needed which mostly excludes the investigation of 
biological objects.

Depending on the requirements of the field in which 
they are applied, the cantilever and the tip are usually made 
of a large variety of materials: silicon, tungsten, platinum/
iridium, silicon nitride, carbon or gold, just to name a few. 
Tip shape and cantilever stiffness can be chosen accordingly 
to experimental setup; from ultra-sharp to micron sized col-
loidal probes, from extra soft to high rigidity and conductivity 
cantilevers. The palette is quite large with almost unlimited 
possibilities if we take into account that tip decoration with 
functional molecules enlarges the variety, resulting highly 
accurate and versatile nano-probes.

Figure 11. Optically maneuvered mobile light guide. The scanning electron micrograph (a) shows the four spherical parts through which the 
tools can be trapped and the curved light guide part (radius of curvature: 5.8 μm) that redirects the fluorescence excitation (top view). (b) The 
tool was trapped by the “handles” and its tip was directed towards the fluorescent microbeads. The green excitation light was coupled in at 
the top and it emerged from the tip illuminating the selected bead; only that bead was observed emitting light.

Figure 12. Schematic representation of key components and basic 
operation of the Atomic Force Microscope.
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Deflection of the cantilever upon tip-sample interaction 
has to be detected and recorded accurately. Several methods 
were tested during the early stages of AFM development, 
nowadays the most common is one of the optical methods, 
due to its simplicity, versatility and low cost. Basically, a 
narrow infrared laser beam is reflected from the backside of 
the tip-holding cantilever, and its pointing position is detected 
by a photodiode. Upon splitting the photodetector into four 
segments, deflections and torsional motions of the cantilever 
can be differentiated (Fig. 12). 

Shorter cantilevers offer larger angular displacement of 
the laser beam; however the sensitivity is limited by random 
thermal noise (Meyer and Amer 1988). Vertically sub-nano-
meter resolution can be easily achieved, while horizontally 
the tip-sample convolution is needed to be taken into consid-
eration at final analysis.

High resolution imaging

Recording topography requires accurate three-dimensional 
positioning. Accordingly, the scanning mechanism provides 
free displacements for all three dimensions of space. High 
accuracy and reproducibility has led to wide spreading of 
piezoelectric transducers. As the tip moves along the surface 
of the sample, interacting forces acting on the probe are 
recorded line by line, point by point. Acquisition of one im-
age, depending on resolution and scanning rate applied, is 
at the order of few minutes. Video rate AFM is available on 
the market (Picco et al. 2007; Ando et al. 2008), but due to 
its special sample preparation and limited scan size it is less 
used in life sciences. On the other hand, combination with 
other techniques provides considerable improvements of 
simultaneous investigations (Deckert-Gaudig and Deckert 
2011; Kellermayer 2011). 

Basically two different imaging modes can be distin-
guished: “Contact” and “Alternate Contact” (AC) mode 
(found as tapping-mode in some cases). During raster scan, 
in “Contact mode”, the deflection of the cantilever is kept 
constant by a feedback loop. In “AC mode”, the cantilever 
oscillates at or near its resonant frequency and the feedback 
loop minimizes the amplitude deviations. As three-dimen-
sional topography is recorded during scans, no subsequent 
data processing is required to reconstruct three dimensional 
images.

Non-invasive, sub-nanometer resolution imaging in liquid 
at human body temperature, puts the AFM at the leading front 
of biophysical investigations of biomaterials. It is suitable for 
applications at large scale range, from living cells (Bálint et 
al. 2007a) through membranes (Végh et al. 2011a) down to 
single molecules (Gad et al. 1997; Rief et al. 1997), cover-
ing over four orders of magnitude. Molecular imaging made 
a large advancement in 2013, when de Oteyza and his col-
leagues captured covalent bonds before and after a complex 
reaction (de Oteyza et al. 2013).

Force Spectroscopy

Besides non-invasive and high resolution imaging, the AFM 
provides invaluable data as a nanomechanical tester, even 
simultaneously in many cases. Starting from single molecule 
spectroscopy, through membrane dynamics up to cellular 
level studies, it represents a powerful technology for in vitro 
micromanipulation experiments. Among its many interesting 
features, such as friction measurement (Coles et al. 2008), 
microlithography (Davis et al. 2003) etc., acquisition of 
force-distance curves, is outstanding. As an accurate nano-
mechanical tester, offers wide range of possibilities in living 
cell biophysics (Bálint et al. 2007a; Carl and Schillers 2008; 
Franz and Puech 2008). 

Force curves can be achieved simply by lowering (trace) 
the probe onto the sample, until a pre-defined bending of 
the cantilever is reached, and pulling back (retrace) to initial 
position. The basic force curve holds the force acting on the 
cantilever vs. its vertically travelled distance (Fig. 13). Based 
on these curves, many useful parameters can be calculated, 
but their holistic enumeration points beyond the limits of 
this study. Only those most relevant to cell biophysics are 
discussed hereby. 

The most widespread and employed parameter as a 
measure of stiffness is the tensile or elastic modulus. Based 
on Hooke’s theorem, this parameter quantifies the ability of 
a given material to withstand stress. By recording a usual 
force-distance curve, the sample’s tensile or Young’s Modu-
lus (YM) can be calculated (Vinckier and Semenza 1998). 
On the Figure 13, point B marks the probe-sample contact. 
Values recorded between this point and maximum force (point 
C, Fig. 13) are necessary to calculate the tensile modulus. 

Figure 13. Schematic diagram of a force curve. Characteristic steps of a 
force-distance curve: lowering the tip to the sample (A), direct contact 
point with the sample (B), reaching the maximal vertical deflection of 
the cantilever (C), maximal downward cantilever deflection (D). Red 
is assigned to lowering, while blue line represents the pulling back 
of the cantilever.
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As a reference, the cantilever’s own deflection needs to be 
eliminated, simply by subtracting a force curve recorded on 
hard surface, e.g., Petri dish. The obtained force-indentation 
curve between contact point and maximal force point, gives 
the sample’s elastic modulus. 

Another important parameter is the maximal adhesion 
force, denoted with ∆F on Figure 13. Regardless of its 
origin, real time probe–sample adhesion can be monitored 
with high accuracy (Benoit and Selhuber-Unkel 2011). As 
biochemical and biophysical signaling of living cells relies 
on protein-protein interactions, protein functionalized probe 
– cell surface adhesion is an in vitro technique to test receptor-
binding forces with AFM. It consists of applying a constant 
and controlled force to a receptor-ligand bond. As a result, 
dissociation lifetime can be calculated (Yuan et al. 2000; 
Wojcikiewicz et al. 2006; Robert et al. 2008).

In reality, none of the materials behave purely as Hooke’s 
law predicts. Both viscous-like and elastic characteristic are 
present upon mechanical strain. The manner how a material 
relieves stress under constant strain is described by stress 
relaxation. AFM is a good candidate to detect relaxation of 
various materials, e.g., living cells. Furthermore, taking a 
force-distance curve in each defined point of an imaging area, 
elastic (or adhesive) maps can be reconstructed. Recording 
simultaneously the topography and elastic properties are 
absolute advantage of the AFM.

Applications of AFM

From single molecule topography to membrane 
protein mapping

Studies of membrane proteins based on cryo-electron mi-
croscopy and X-ray crystallography resulted important data 
about their structure and molecular architecture. However, 
heterogeneity, solubilization problems and size of protein 
complexes might induce difficulties in their structural inves-
tigation (Lacapere et al. 2007). AFM may provide valuable 
information about membrane proteins at single molecule 
level, near physiological conditions (Muller 2008). For a 
detailed review on single molecule force spectroscopy see 
the review of Kedrov and co-workers (2007).

There are many human disease associated with protein 
aggregation and accumulation, among which the number of 
those related to amyloid or amyloid-like aggregates’ deposi-
tion is over forty (Chiti and Dobson 2006). Three dimensional 
nanometer-scale images of ex-vivo amyloid fibrils and pre-
fibrillar aggregates taken with AFMs play an important role 
in their morphological characterization (Chamberlain et al. 
2000). 

One of the most abundant connective tissue protein 
in mammals is collagen, hence its proper formation and 
function is crucial. High-resolution in vitro topographs of 
self-assembled collagen fibrils might help to understand and 
describe formation of those in vivo. Recording sequential 
time-lapse tapping-mode AFM images on collagen fibrils, 
Cisneros and his coworkers observed lateral and longitudinal 
fusion of single fibrils (Cisneros et al. 2006). Moreover, they 
have proved that the AFM can cope with or even substitute 
the electron microscope, due to its high resolution, the ability 
to record the dynamics of functional biomolecules and the 
great potential of various biotechnological and biomedical 
applications.

Nevertheless, there are studies which do not follow the 
conventional AFM methods (e.g., imaging, force spectros-
copy, micromanipulation). One such is the direct measure-
ment of protein motion upon the conformational change of 
the incorporated retinal protein. Simply by adsorbing oriented 
purple membrane fragments onto the tip-side surface of an 
AFM cantilever and recording its deflection when illumi-
nated, the motion of single molecules can be estimated (Bálint 
et al. 2007b).

Receptor-ligand interactions

Entire organisms are controlled and regulated by a large 
variety of interactions between biomolecules. The process 
when a biomolecule attracts another in its close proximity 
and then binds to it is called bio-recognition (Bizzarri and 
Cannistraro 2010). By these specific recognition mechanisms, 
biomolecules can build reversible or irreversible complexes, 
which are able to perform countless number of functions (e.g., 
during cell adhesion, cell movement, cell shape development, 
environment recognition, in the genome replication and tran-
scription, signaling, immune-responses). The binding strength 
between these molecule pairs fall in the range of nanonewton-
scale forces. For the direct measurement of these tiny force 
values, one of the most effective tools is the AFM. Chemi-
cally attaching the receptor protein to a supporting surface 
and the ligand to the end of a tip, results a direct nanoforce 
receptor-ligand binding tester. By analyzing the magnitude of 
the binding forces depending on the withdrawal speed, which 
is a recognized method in the literature, the characteristic pa-
rameters of the interaction can be determined. The first direct 
measurements of receptor-ligand unbinding forces by AFM 
date back to mid-nineties. Florin and his coworkers were 
pioneers of this field, when they quantified the binding force 
between avidin and biotin, desthiobiotin and iminobiotin us-
ing atomic force spectroscopy (Florin et al. 1994; Moy et al. 
1994). Ever since, the Single Molecule Force Spectroscopy 
became widespread and has evolved into a cutting edge tech-
nology in the frontline of the bio (molecular) physics.
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Cellular biomechanics

From the dynamic pushing and pulling during tissue develop-
ment, cells in their native environment are subjected to con-
stant processing of mechanical signals, implying continuous 
control on morphology and adhesion. Cellular morphology 
is strongly related to survival and reproduction ability too; 
therefore, any alteration might be fatal (Iyer et al. 2009). Con-
sequently, cell motility is determined by connections between 
cytoskeleton and intercellular junctions as well as by inter-
acting molecules with the extracellular matrix. Multicellular 
organisms rely on proper adhesion between individual cells 
and interconnecting tissue. Binding to a surface or to another 
cell may be crucial even for unicellular organisms (Ubbink 
and Schar-Zammaretti 2005; Zhang et al. 2011).

Structure and cellular micro- or nanomechanical prop-
erties are strongly interconnected. Their understanding is 
essential to improve treatment of pathologies. Stiffness 
alterations of blood-travelling cells might have pathological 
consequences; however, it is difficult to measure their elastic-
ity, due to their mobile nature. Nevertheless, interesting ways 
for immobilization and measurements were introduced in 
their research (Dulinska et al. 2006).

Erythrocytes (red blood cells, RBC) are common type 
of vertebrate’s blood cells. Their structural and functional 
alteration can manifest in vast range of dysfunctions and 
diseases. AFM is a powerful method to investigate RBC’s 
morphology, physical parameters and biological properties 
under near-physiological conditions (Dulinska et al. 2006). 
Many diseases concerning the heart and the circulatory 
system were linked to insufficient deformability of RBC’s 
(Starzyk et al. 1999). 

Elastic properties of surface adherent cells are mostly de-
termined by cytoskeletal and membrane components (Kumar 
and LeDuc 2009). Cytoskeletal polymer organization and 
membrane fluidity are the most important components, which 
determine cell morphology and elasticity. High resolution 
topographies may not reveal only morphology, but even corti-
cal cytoskeletal organization as it can be seen on Figure 14a. 
Elastic map is reconstructed from 50 by 50 force curves taken 
at the marked area (Fig. 14b). This technique is widely used 
for cell biomechanics investigations, examples e.g., neuronal 
growth cones (Martin et al. 2013), endothelial cells (Végh 
et al. 2011b), tumor cells (Moreno-Flores et al. 2010). The 
effect of drugs on cell stiffness, e.g., targeting cytoskeletal 
remodeling or membrane fluidity, can be studied successfully 
using AFM based elastic maps.

Measuring direct cell-cell interaction

With no concern of completeness, here are some interesting 
and exciting studies where the atomic force microscope was 
involved as a nano-force tool in order to investigate intercel-
lular connection strength.

One of the most common bacterial infections concerns the 
urinary tract, affecting millions of people worldwide (Foxman 
et al. 2007). Uropathogenic strains of Escherichia coli bacte-
ria are among the leaders responsible for urinary tract infec-
tions. The usual management includes long term antibiotics; 
however considerable resistance cannot be neglected (Cetin et 
al. 2009). Proper adhesion of bacteria to uroepithelial cells is 
a crucial step towards infection. Yatao Liu and his co- workers 
(2010) used an interesting and straightforward AFM based 
method to investigate direct bacterial-uroepithelial cell adhe-

Figure 14. Height and elasticity maps on living cells. (a) Height image of confluent human brain endothelial hCMEC/D3 cell line layer. (b) 50 by 
50 points elastic map recorded on the area marked on panel (a).
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sion in presence of red cranberry juice cocktail. Simply im-
mobilizing a bacterium at the end of an AFM tip, they have 
proven that red cranberry juice reduces the adhesion force 
between the bacteria-decorated probe and a confluent layer 
of uroepithelial cells. 

Towards understanding and description of cancer and 
metastasis formation, mechanical investigations have recently 
gained enlarged interest (Suresh 2007). More and more results 
underline the lack of stiffness in cancerous cells compared 
to normal tissue cells where they originate from (Cross et al. 
2007; Li et al. 2008). Metastasizing cells alter their shape 
and adhesion in order to be able to travel along the organ-
ism to form new colonies far from primary tumors. Their 
biomechanical properties undergo certain change in order 
to sustain non-controlled development and survival (Kumar 
and Weaver 2009). While the division rate of these cells is 
higher, their biomechanical properties need to go through 
dramatic adjustments. 

Brain metastases are among the most feared complications 
of cancer because they often cause profound life impairing 
neurological symptoms (Norden et al. 2005). Additionally, 
lung cancer and melanoma have a greater tendency to form 
multiple metastases (Shaffrey et al. 2004). Presence of brain 
metastasis is of very poor prognosis; the median survival time 
can be counted in months, rarely few years. Metastasis forma-
tion in remote organs requires blood or lymphatic transport 
of cancer cells. Since the central nervous system (CNS) lacks 

lymphatic circulation, the blood stream is the single option. 
However, metastatic cells invading the CNS do need to cross 
the blood-brain barrier (BBB). The vascular endothelial 
cells with outstanding characteristics play important role in 
the process of transmigration, as the endothelial lining is the 
first obstacle encountered by extravasating cancer cells. A 
simple model which includes immobilization of a cancer cell 
to a tipless AFM cantilever and a layer of brain endothelial 
cells could provide important information regarding their 
bond formation dynamics (Végh et al. 2012). Fig. 15 shows 
a typical force-distance curve recorded between a tumor and 
an endothelial cell (Fig. 15, panel A), the schematic arrange-
ment of such measurement (Fig. 15, inset B) and an interest-
ing feature of these curves (Fig. 15, inset C). Namely, the 
connection between the two cells is breaking up in discrete 
steps, in some cases even microns away from contact point 
(Fig. 15, point B). This underlines the theory that individual 
membrane tubes are pulled out of cells. These are membrane 
‘tethers’ (marked with yellow on Fig. 15, inset B), that might 
help in the establishment of firm adhesion. Similar process 
was described by Sundd and his coworkers in case of leuko-
cyte rolling at high shear stress (Sundd et al. 2013). 

Investigation of the adhesion between a metastatic cancer 
cell and a confluent layer of brain endothelial cells might 
lead to alternative ways of prevention and treatments. Deeper 
insight into mechanical properties of cancer cells, and their 
interactions during invasion, offers better understanding of 

Figure 15. Hallmark of inter-cellular bonds. (A) Force-distance curve recorded with a tumor cell decorated tipless cantilever on a confluent 
layer of endothelial cells. (B) Schematic representation of the measurement setup: green marks the tumor cell on the cantilever while the 
endothelial cell on the surface is blue. Yellow stripes represent the membrane tubes pulled out of cells. (C) Magnification of the marked zone 
from the panel A retrace curve.
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morphology and nanomechanics related processes. Even 
more, opens the way to new developments in cancer diag-
nostics, therapeutics and drug efficacy.
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