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Introduction

In the life sciences, particularly in cell biology, a technique 
is needed to manipulate structures inside closed objects—for 
example inside living cells—without opening them, since oth-
erwise their viability would be impaired.

Laser microbeams and optical tweezers are the tools of 
choice. The scientific merit of the micromanipulation of biologi-
cal cells is the combination of this moderately difficult physical 
task with sometimes sophisticated biochemical techniques. It is a 
truly interdisciplinary approach, based on physical principles. In 
the present review, an attempt is made to convey the required bio-
logical knowledge to readers with a rather physical background.

High photon densities have turned out to be valuable tools 
in this sense. Occasionally, such a focused laser is simply used 
to generate multiphoton effects for imaging purposes (Balu 
et al 2015). Most applications, however, are related to some 
kind of micromanipulation. This is technically realized by 
focusing lasers with a high quality microscope objective up to 

the diffraction limit (a fraction of a micrometre, depending on 
the wavelength). The fact that photons carry energy as well as 
momentum is thereby used.

Infrared wavelengths do not interact much with biological 
tissue (they are not absorbed). Only the momentum transfer 
(Ashkin 1970) upon refraction can be used in single-beam opti-
cal tweezers (Ashkin et al 1987), in order to handle microme-
tre-sized objects. In contrast, ultraviolet wavelengths are readily 
absorbed and can thus be used to cut, drill holes or weld (fuse) 
(Schütze and Clement-Sengewald 1994) micrometre-sized 
objects (optical scissors, optical scalpels, laser microbeams) 
(Berns 1974, 2007, Greulich et al 1998, Schütze et al 1998, 
Greulich 1999, Sheetz 1998). The first combination of micro-
beams and optical tweezers has been presented (Seeger et al 
1991). Hole drilling is useful when a small amount of a sub-
stance is to be injected into cells. Welding is useful for fusing 
cells which are in contact and under complete visual control in 
order to combine their genetic outfit. The cells may thereby be 
brought into contact with the help of optical tweezers. Cutting 
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is used, for example, to microdissect chromosomes and isolate 
specific regions of them. The latter technique is par ticularly 
important in the search for genes which are responsible for cer-
tain diseases. Interestingly, the development of optical tweezers, 
first presented by Arthur Ashkin and Steven Chu, was originally 
driven forward by their application in biology.

Most biological cells (including, for example, red blood cells) 
are almost transparent to selected optical and particularly near 
infrared light. Thus, one can focus it into the interior of living 
cells. There, plasma is generated which may be used to manipu-
late the material. The high temperature of the plasma only pre-
vails for nanoseconds and thus only induces damage where the 
laser microbeam directly hits the object, without damaging the 
surrounding tissue. This fact contributes to the sub-micrometre 
precision of laser micromanipulation. Since nanosecond laser 
pulses are used, very high temporal precision is also given. 
Altogether this review is organized in the following sections:

 1 The interaction of light with biological tissue
 2 Light pressure and gradient forces
 3 Laser microbeams and optical tweezers
 4 Cells, DNA and genomes
 5 Single motor proteins
 6 DNA, a true molecular individual
 7 Raman trapping spectroscopy
 8 Laser-microablation of and in cells
 9 Microablation: access to individual cells in whole tissue
 10 Cancer research and genetic engineering
 11 From laser-induced cell fusion to antibodies and immu-

nology
 12 Blood circulation in the body: the elasticity of red blood 

cells
 13 Reproduction medicines: in vitro fertilization
 14 Simulating heart infarction
 15 DNA repair and ageing research

1. The interaction of light with biological tissue

In every day life, light is perceived to be a gentle physical 
entity. Thus, it may appear as a surprise that transporting 
objects with light or working deep in the interior of closed 
objects is lab routine in the world of biological microscopy. 
There, light is used as a quasi-mechanical working tool.

Light does not only transmit heat (energy) but also exerts 
force and pressure.

When combined with a microscope, the light of a com-
parably small (a few hundred milliwatt (mW)) desktop laser 
can be focused to such high intensities that it will produce 
temper atures such as those that prevail in the interior of the 
sun and can generate plasma (laser microbeams). Objects 
which would be difficult to penetrate with a mechanical tool 
(optical tweezers) can be moved, even behind a wall.

1.1. The number of light quanta contained in a pulse of a 
given energy

For a number of applications it is useful to have a relation-
ship between the energy of a light quantum and macroscopic 

energies. It is particularly useful to recall what an enormously 
large number of photons are involved. In the equation for the 
energy E carried by a photon:

E h c* 1= ( )/ (1.1)

The product in the bracket is:

= − − −( ) ( )h c* 6.6 * 10 27 g cm s * 3 * 10 cm s2 1 10 1

h c* 19.8 * 10 g cm s17 3 2= − − 
For a quantum of green light (500 nm) the energy can be  
calculated as

= − − −/ E 19. 8 * 10 g cm s 500 * 10 cm17 3 2 7

= − −E 3.96 * 10 g cm s12 2 2

Since

10 g cm s 1 Nm 1 J7 2 1 = =−

the energy of a green light quantum is

= −E 3.96 * 10 J19

The reciprocal of this gives the number of green quanta 
required to add up to 1 J:

2. 5 * 10 green light quanta per Joule18

1.2. Interaction of continuous (cw) lasers with biological 
material

Continuous lasers often provide higher average powers (mea-
sured for example as the energy generated over several sec-
onds) than pulsed lasers. There is, however, nothing like a 
peak power. In other words: the average power is identical to 
the maximum power. The intensities generated by cw lasers 
are usually not sufficient to generate multiphoton effects. 
Therefore, in contrast to focus pulsed lasers, it is the working 
wavelength of the cw lasers which is important.

1.3. Damage of different cw wavelengths to biological  
objects

The major hazard to biological material manipulated by lasers 
is damage caused by absorption and heating. In some cases 
such an effect is definitely wanted, for example in experiments 
where the chromosomes in living cells are severed (see below) 
and subsequently the effects of this damage on cell behaviour 
are observed. In contrast, in optical trapping experiments one 
would like to make use solely of the forces generated by the 
scattering of light. In this case, absorption is an unwanted side 
effect and should be minimized.

In order to describe the absorption of light by tissue, the 
Lambert–Beer Law can be used

ε= −( ) ( )I x I x* exp * conc *o (1.2)

When light penetrates a tissue it is attenuated. In the depth 
x  =  1/ε ∗ conc, the argument of the exponential function in 
equation  (1.2) is  −1. Since exp(−1)  =  1/e or 1/2.71, one 
obtains
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I x I eop( ) /= (1.3)

Unfortunately, in tissue this cannot be used to calculate a 
molar extinction coefficient e since the concentration conc 
of absorbing molecules is usually not known. Therefore, the 
product ε  ∗  conc has to be treated as one single mathematical 
value. This is called the penetration depth, and it is the thick-
ness of the tissue layer after which the original light intensity 
has decreased to 36.9%.

In tissue, absorption and therefore the penetration depth is 
dependent on wavelength, since a tissue is a mixture of a wide 
variety of molecules. The following rule of thumb is valid in 
a first approximation:

 (i) At ultraviolet wavelengths the major absorbers are DNA 
(around 260 nm) and proteins (280–305 nm). UV absorp-
tion is similar for many types of tissue.

 (ii) At visible wavelengths numerous absorbers (flavins, 
chlorophyll, haemoglobin, NAD(H)) may absorb. Here 
absorption is highly tissue- specific and is, for example, 
responsible for the colour of tissues.

 (iii) At infrared wavelengths, the absorption of biological 
material is governed by the absorption of water. This is 
around 1000 nm and increases to high values for wave-
lengths approaching 3000 nm.

The quantitative variations with wavelength are dramatic. 
Table 1 gives the values for the tissues and laser wavelengths 
typical for laser surgery and microtools

1.4. Thermal effects in continuous laser beams

Several counteracting processes govern the heating caused by 
the absorption of laser light:

 (i) Only the absorbed energy can be converted into heat.
 (ii) Often, part of the energy is used up for bond cleavage and 

other photochemical processes
 (iii) During absorption the generated heat flows into the environ-

ment at roughly the speed of sound of the given material

When a cw laser is used, the equilibrium between heating 
and the flow of heat will govern the process.

The amount of absorbed energy can be calculated when the 
penetration depth at a given laser wavelength is known. The 
order of magnitude of energy used for the photochemical pro-
cesses can at least be estimated. The problem is to calculate 
the heat flow.

Several formulas exist for quantifying thermal effects. 
They have been developed for the processing of non-living 
solid-state materials, which absorb practically all the incident 
laser light and transform almost all of the absorbed energy 
into heat. The temperature increase T induced in a solid-state 
material by a continuous laser can be calculated as

= −( ) /( )T R W r K1 3.14 * * (1.4)

where R is the reflectivity of the material, W is the laser power, 
r is the beam radius and K is the thermal conductivity.

For example, in fully absorbing aluminium, a 1 kW laser 
with a radius of 0.1 cm will cause a temperature increase of

T 10 W 3.14 * 0.1 cm * 2.4 W cm * degree
1330

or 1.33 W .

3 1 1

1

=
= °
°

− −

−

/( )

Somewhat more difficult is the calculation of the temperature 
rise in transparent biological material since it is difficult to 
estimate how much of the light is absorbed. This problem can 
be solved experimentally.

1.5. Interaction of NdYAG optical tweezers (1064 nm) with 
cells

Liu et al (1995) have measured this data for a model liposome 
10 µm in diameter and for the ovary cells from a Chinese 
hamster (CHO cells).

For such a measurement, a fluorescent dye with a temper-
ature-dependent emission spectrum (‘Laurdan’, 6-dodecanoyl- 
2-dimethyl-amino-anaphthalene) is suitable. It can be embed-
ded in artificial membranes (phospholipid bilayers) or in 
natural cell membranes. Between 28° C and 38° C the fluo-
rescence emission maximum shifts from less than 450 nm to 
more than 480 nm.

The liposome or the cells were held by different powers 
of NdYAG optical tweezers, focused to a micrometre. The 
powers were measured in the object plane. The temperature in 
the membranes was measured on the basis of the fluorescence 
spectra. The result was

1.45 0.15 C per 100 mW for the liposome
1.15 0.25 C per 100 mW for the whole CHO cell
± °
± °

Altogether, holding living cells for several tenths of a second 
does not severely damage them (König et al 1995).

1.6. Heat shocks of pulsed laser microbeam: too fast to  
damage proteins

At first glance it appears strange that extreme physical condi-
tions can be used in biology and medicine. What happens to 
biological tissue when it is locally heated by 100 000° C or 
more? At sites where the laser hits directly, physical plasma 
will be generated, chemical bonds will break, and no molecules 
will survive. But all this happens in a spot focused to below 0.5 
µm, so what happens in the environment of this spot?

Extreme heat is diluted to almost room temperature within 
a few tens of nanoseconds. What does such a short, though 
extreme, heat shock mean for biological tissue?

Experimental data is rare since it is difficult to measure such 
short processes. Some information is available, partially from 
protein folding studies, partially directly from protein unfold-
ing experiments. For example, pentapeptides can fold within 
nanoseconds (Tobias et al 1995). The small protein ‘Barstar’ 
refolds with submillisecond speed after a heat shock from 2° 
C to 10° C (Nölting et al 1995). Also, the reaction of the pro-
tein apomyoglobin can be studied at such a short time scale by 
Raman spectroscopy. A peak in the Raman spectrum of apo-
myoglobin called the ‘amide-I-band’ gives information on the 
structural state of the protein’s backbone. When apomyoglobin 
is heated by 60° C with the help of a pulse from a YAG pumped 
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dye laser (3 mJ, wavelength 1.9 mm, focused to 200 µm diam-
eter) it is slightly denatured but folds reversibly back into its 
native form with a relaxation time of 40 ns. Since the process 
is totally reversible, one can assume that the denaturation is 
slower than the refolding. The duration of the heat shock itself, 
however, is shorter. As a result, one has some confidence that 
the heat wave is faster than the denaturation process.

An even more detailed study exists for the 21 amino acid long 
model peptide (Williams et al 1996, Gilmanshin et al 1997) Suc-
A5-(AAARA)3 A-NH2, which tends to form an alpha helix that 
is denatured by heat. A laser-induced temperature jump from 18° 
C to 46° C causes unfolding with a time constant of 160  ±  60 ns. 
The refolding has a time constant of 16 ns. There is no overall 
denaturation of the peptide at 46° C. With the assumption that 
the unfolding step doubles every 10 centigrade while the folding 
step remains unaffected (the latter is unreasonable but leaves us 
on the safe side), even close to 100° C there is no overall dena-
turation by laser pulses with a duration of a few 10 ns.

In total it can be concluded that the high temperature phase 
is too short to thermally cause significant secondary damage. 
There may, however, be some photo damage caused by scat-
tered light.

2. Light pressure and gradient forces

In order to use light as a quasi-mechanical working tool, the 
thoroughly balanced interplay between light pressure and gra-
dient forces is exploited. This acts like mechanical tweezers; 
therefore, these ‘optical single beam gradient traps’ are often 
termed ‘optical tweezers’.

2.1. Light pressure

The force F exerted by light in its simplest form is

F W c/= (2.1)

where c is the vacuum speed of light and W is the power.
In order to allow for experimental details, an empirical 

quality factor Q has to be introduced into equation  (2.1), 
which then becomes

= /F Q W c* (2.2)

By dividing through the area this becomes

P Q I c*= / (2.3)

where P  =  F/area  =  light pressure, I  =  W/area  =  intensity.
There are several detailed studies available where the value 

of Q is determined for different experimental situations (for 
example Wright et al (1994)).

2.2. Gradient forces, axial and transversal effects

With light pressure one can balance microscopic objects 
against gravity, just as a ping-pong ball can be balanced on a 
fountain of water. Such interplay of forces is not exactly what 
is needed to fix microscopic objects in three dimensions. An 
additional effect improves the situation: a laser beam with a 
higher intensity at the optical axis than in the periphery (for 
example with a Gaussian beam profile) drives a sphere with 
suitable properties (see below) towards the optical axis. In 
addition, when a highly focused laser light is used, conditions 
can be found under which such a sphere is pulled into focus 
even against the action of light pressure. In some sense this 
process is comparable with a boat sailing against the wind.

These forces are called gradient forces, and are, for exam-
ple, dependent on the refractive indices of the object and of the 
medium. Additionally, they are dependent on the beam quality 
of the focused light; they are usually determined empirically.

Gradient forces can act along the optical axis, i.e. in or 
against the direction of light propagation, as well as perpend-
icularly to it. Both forces can cooperate to pull an object 
against light pressure and into focus. For 1 µm silica micro-
beads, the axial value for Q in equations (2.2) and (2.3) is of 
the order of 0.05 (or 5%), and the transversal value is approxi-
mately 15% of the value for pure light pressure. For selected 
experimental conditions see table 2.

As a rule of thumb, the gradient forces of an optimally 
focused laser pull an object into focus with a force corre-
sponding to a few per cent of that calculated by equation (2.1). 
Lateral light forces can amount to up to 40%.

2.3. Why are particles driven towards the optical axis?

Almost any type of particle can be optically trapped, for 
example, gold particles (Hansen et  al 2005). In contrast to 
metallic objects, most biological objects are partially trans-
parent for light and have an index of refraction which is 
larger than the buffer solution in which they are suspended. 
In most cases they have a curved surface, and for simplicity 
one can assume a spherical surface. Thus they resemble lenses 
in which light is refracted, i.e. upon entering the sphere the 
path of light changes its direction towards the surface normal. 
Upon changing direction, a ray of light transfers its momen-
tum to the environment. Figure 1 (modified from Ashkin and 

Table 1. The penetration depth of biological tissue for the working 
wavelength of different lasers.

Wavelength (nm) and laser Penetration depth (mm)

193 (ArF excimer laser) 1
308 (XeCl excimer laser) 50
337 (nitrogen) 60
550 (visible laser) a

1064 (NdYAG) 1000
2120 (HoYAG) 420
2940 (Er:YAG) 1
10600 (CO2) 12

a The penetration depth at visible wavelengths (400–800 nm) highly depends 
on the specific properties of the material. The values in the infrared range are 
simply the inverse absorption coefficients of water. In the ultraviolet range, 
the data of Welch et al (1991) has been used (see also Furzikov (1987)).
Note: This may serve as a first guide to judge which type of laser is suitable 
for a given task. For example, ultraviolet lasers are highly absorbed and 
are therefore the light sources of choice for ablation studies. In turn, 
NdYAG lasers are ideally suited for optical trapping. Visible lasers may 
serve both purposes, but low efficiency in ablation studies or significant 
damaging absorption in trapping studies prevents the optimization of their 
performance.
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Dziedzic (1989)) illustrates this and shows how the different 
forces add up to a resulting force directed towards the optical 
axis. Note one important detail: so far no assumption has been 
made that the light is focused; the effect works equally well 
with focused and with completely parallel light.

2.4. Why are particles pulled against the light pressure 
force?

The previous considerations do not explain why a particle 
can be pulled into focus even against the direction of light 
propagation. Light pressure tends to push the particle away. 
The magnitude of light pressure depends on the intensity of 
the laser beam; in contrast, the gradient force depends on the 
change of the electric field in 3D space. For simplicity, we 
assume here that the electric field E only has a gradient along 
the z-axis, i.e. along the direction of light propagation. Then

F P E z* d dgradient
2= / (2.4)

where P is the polarizability of the object to be trapped. Since 
light pressure can be made large, one has to take care that 
dE2/dz is also large. This can virtually never be achieved with 

unfocused light and is most efficient when the trapping laser is 
focused with the highest possible numerical aperture—ideally 
the numerical aperture (NA)  =  1.3 or 1.4. (See also figure 2).

Again, ray optics gives a surprisingly simple explanation of 
this counterintuitive process:

2.5. Quantitative influence of objective illumination and of 
refractive index

Not only should focusing be performed with a high NA objec-
tive, the objective should also be optimally illuminated by the 
trapping laser. One might think that the best trapping effect is 
achieved when the laser is just filling the aperture of the objec-
tive on the side of the light sources (i.e. on the opposite side 
of the object). This aperture is often called the exit pupil. Such 
an illumination is a good approximation but not totally cor-
rect. When the beam of the trapping laser is expanded to infin-
ity, the pupil is illuminated homogeneously and this causes 
the highest trapping effect. When the beam is expanded to fit 
the diameter of the pupil almost exactly, the trapping effect is 
87% of the optimum, but much less total laser power will be 

Table 2. Percentage (100 ∗ Q) for different experiments and theoretical predictions (in brackets).

Type of force Axial Axial Transversal Transversal Transversal

Numerical aperture 1.25–1.3 0.8 1.3 1.3 0.8
Polarization Parallel Perpendicular Perpendicular
1 µm silica 0.4%–0.6% 15% (16%) 13% (15%)
5 µm polystyrene 7% 21% (36%) 19% (29%)
10 µm polystyrene 2.8%–8.4% 1.3%–1.4% 37% (36%) 29% (29%)
20 µm polystyrene 10% 41% (36%) 32% (29%) 28% (13%)

Remark: low values—far from cover glass; high values—close to cover glass.
In brackets: the theoretical values predicted by electromagnetic theory for the 1 µm sphere and by ray optics for the larger ones (Wright et al 1994).

Figure 1. Stabilizing a dielectric sphere on the optical axis: light is refracted, for example, by a cell with a higher refractive index than the 
solvent. The change in direction causes momentum transfer from light onto the cell. In the ray with the label ‘a’ the light gains momentum 
directed away from the centre of the beam (the optical axis). Since the total momentum of the system has to be conserved, the cell gains 
momentum towards the beam centre. In contrast ray ‘b’ causes a momentum which drives the cell out of the beam. If the laser beam were 
homogeneous, all the transversal forces would finally cancel each other and only light pressure would be observed. Since the light intensity 
in beam ‘b’ is smaller than in beam ‘a’, a total momentum directed to the centre of the laser beam results (reproduced with permission from 
Ashkin and Dziedzic 1989; copyright 1989 Wiley VCH).

Rep. Prog. Phys. 80 (2017) 026601



Review

6

required. Only when the exit pupil is under-illuminated will 
the trapping strength rapidly decrease.

A second important quantity is the influence of the ratio 
n/n1 (the effective index of refraction) on the gradient force. 
For a polystyrene sphere (n  =  1.6) in water (n1  =  1.33) this 
value is 1.2.

Good performance of the laser trap can be achieved 
approximately over the range n/n1  =  1.1–1.6, in which most 
biological samples in physiological solutions are found. Here 
it has to be mentioned that laser beams can have other cross 
sections  than the Gaussian beam profile assumed here, for 
example, ring-like or doughnut cross sections. At high refrac-
tive index ratios, other such cross sections are more suitable; 
for details see Ashkin (1992).

Several general conclusions can be drawn:

 (i) The axial trapping force depends on the distance of the 
microsphere from the coverglass.

 (ii) In the ray optics regime (5 mm and above) the axial force 
is relatively insensitive to the sphere radius, but changes 
dramatically when the diameter approaches the wave-
length.

 (iii) The transversal force depends slightly on the polarization 
of the laser.

 (iv) The transversal forces depend significantly on the sphere 
size.

 (v) Theoretical predictions are good in the range for which 
they are made; in the transition region (5 mm sphere 
diameter) they are poor.

3. Laser microbeams and optical tweezers

Building a laser microbeam and optical tweezers means com-
bining a commercially available microscope with suitable 
lasers, often via the fluorescence illumination path of the 
microscope.

3.1. Extreme physical effects by strong focusing

The result is a tabletop experiment, which allows us to gener-
ate effects otherwise only possible with lab-sized equipment 
or to perform experiments which are not possible with any 
other tool at all. Examples are:

Figure 2. How the stabilizing forces may work: the laser beam is characterized by rays ‘a’ and ‘b’. Its focus ‘f’ is closer to the light source 
than the centre of the sphere, ‘O’. Since the index of refraction of the sphere is larger than that of the environment, ray ‘a’ is refracted 
towards the surface normal, i.e. the thick arrow emanating from ‘O’. Similarly as in figure 1 this causes a change in momentum. The sphere 
reacts with a force Fa in the opposite direction (only Fa is drawn). The situation for ray ‘b’ is similar. The resulting force F can be found by 
adding Fa and Fb as shown (since the forces behave as vectors). F is directed towards the light source. As long as F is larger than the light 
pressure, the sphere will be pulled back towards the light source. With less pronounced focusing, F will only be small and may never cancel 
the light pressure. Therefore, sharp focusing (with a high numerical aperture) is mandatory (reproduced with permission from Ashkin and 
Dziedzic 1989; copyright 1989 Wiley VCH).
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 (i) Generation of heat as it prevails in the Sun
 (ii) Acceleration of objects without any mechanical contact
 (iii) Working in the interior of closed objects
 (iv) Complete manipulation of microscopic objects with sub-

micrometre and piconewton accuracy

As discussed in section 1 ‘interaction of light’ with bio-
logical matter, the laser microbeam requires strong absorp-
tion of the laser light by biological material. For reviews see 
Kasuya (1989), Berns (1991), Greulich (1992), Weber (1992) 
and Hoyer (1996a).

In contrast, optical tweezers are used for the gentle han-
dling of biological objects. This requires other wavelengths 
and moderate laser powers. A number of different terms are 
used in the literature to describe almost the same device—
lasers using light pressure and gradient forces for the manipu-
lation of microscopic objects:

 (i) Optical trap
 (ii) (Single beam gradient) laser trap
 (iii) Optical tweezers
 (iv) Photonic tweezers
 (v) Laser tweezers

The expressions ‘single beam gradient laser trap’ and 
‘optical tweezers’ are synonymous. Following the origina-
tor of the technique, Arthur Ashkin, the expressions ‘optical 
tweezers’ or ‘optical trap’ will be used in this review. Earlier 
reviews are available from Wright et al (1990), Chu (1991), 
Svoboda et al (1994) and Ashkin (1997), and the three reviews 
are mentioned above in the context of laser microbeams. 
For quick information see the short reviews of Pool (1990), 
Block (1992), Greulich (1992), Kuo et al (1992), Simmons 
et  al (1993), Schütze and Clement-Sengewald (1994) and 
Monajembashi et al (1997). Two video films show the laser 
micromanipulation experiments in motion (Greulich et  al 
1995, Schütze et al 1995).

3.2. Choice of laser

For microbeams, pulsed ultraviolet lasers are particularly suit-
able, and a cost effective one is the nitrogen laser. Continuous 
infrared lasers, for example a NdYAG laser of a few 100 mW 
power, are optimally suited for optical tweezers.

The pulse repetition rates are between 1 and 20 pulses s−1. 
Other lasers for microbeams are excimer lasers or excimer 
pumped dye lasers as well as frequency doubled or tripled 
NdYAG lasers. Probably the most versatile, though expensive, 
microbeam laser is the titanium sapphire laser with sub-pico-
second pulses and a variable wavelength.

For optical tweezers, NdYAG lasers (1064 nm), NdYLF 
lasers (1047/1953 nm) InGaAsP semiconductor lasers 
(1330 nm) and continuous titanium sapphire lasers have also 
been used so far. With respect to the choice of lasers for opti-
cal tweezers, one problem should be realized: the interaction 
of these lasers is highly dependent on the specific wavelength. 
Thus, each new laser type may require new experience regard-
ing possible laser damage to biological cells. Best known are 
the biological effects of the NdYAG laser at 1064 nm.

3.3. Choice of microscope and objective

A fluorescence microscope is recommend, i.e. a microscope 
with two illumination paths. Almost any fluorescence micro-
scope can be used to build a laser microbeam or optical twee-
zers. With standard (upright) fluorescence microscopes there 
are some restrictions in handling the specimens. Therefore, if 
there is free choice an inverted microscope should be used. 
An important detail is that the mirror close to the objective 
should move with the objective during focusing, since the dis-
tance between the mirror and the image side of the objective 
should remain constant. Some microscopes do not satisfy this 
requirement and should therefore be avoided.

As an example, the following microscopes have been used 
or suggested for use in laser microbeams and/or optical twee-
zers, but this list does not mean that other microscopes are not 
suitable.

 (i) Olympus IMT 2 with Plan 100×, NA  =  1.2
 (ii) Zeiss IM 35, Axiovert 135 with Neofluar 100×, NA  =  1.3
 (iii) Leica DMIRB: PL Fluotar 100×, NA  =  1.3
 (iv) Nikon Diaphot 300

Since in microbeams, albeit not in optical tweezers, wave-
lengths and pulse intensities are chosen for strong interaction 
with matter, there will be also unwanted interactions with 
the optical elements, particularly with the objective. Thus 
the objective should be transparent for UV. Glass optics will 
be sufficiently transparent for the nitrogen laser so as not to 
seriously damage the objective, although there will be losses 
in intensity. On the other hand, quartz optics are transparent, 
although a quartz objective with 100-fold magnification will 
cost several thousands of dollars.

3.4. Assembling a microbeam and/or optical tweezers

Before starting to build a laser microbeam or optical twee-
zers, a basic decision is needed. A fixed beam requires a steer-
able X-Y stage (ideally a motor-driven XY object stage with 
at least 0.125 µm resolution) for the microscope. Moving the 
object with this stage generates relative motion. The alterna-
tive is a movable (flying) beam, which uses steerable mirrors 
in the path of the laser beam between the laser and objective. 
Deciding which approach is better depends on the experiments 
to be performed. The fixed beam version is more advisable 
for microbeams alone and often for microbeams combined 
with optical tweezers. For optical tweezers alone, particularly 
when sophisticated force measurements are planned, the fly-
ing beam version has some advantages.

Nevertheless, the construction of a laser microbeam or of 
optical tweezers is conceptually simple. (See figure 3). The 
heart of the apparatus is a fluorescence microscope, i.e. a 
microscope with illumination from the direction of observa-
tion (epifluorescence illumination). The following strategy is 
recommended:

 (i) Use an (inverted) fluorescence microscope
 (ii) Replace standard optics with UV optics (for microbeam 

only)
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 (iii) Add two semitransparent mirrors in the fluorescence 
illumination path

 (iv) Couple, via the mirrors, a pulsed UV laser and a con-
tinuous IR laser, into the fluorescence illumination path 
and focus them via the objective.

3.5. The coupling unit

Two approaches are possible for coupling the laser(s) into 
the optical path. One may use the path for bright field illumi-
nation, then an additional (expensive) high numerical aper-
ture objective (NA  >  1, magnification 63  ×  or magnification 
100×) will be required. The other approach just couples 
the laser to the fluorescence path. A three-path mirror or a 
semipermeable mirror inserted into the optical path allows 
simultaneous microbeam work and fluorescence observation. 
For optical tweezers one may couple the laser(s) directly by 
mirrors or via an optical fiber (occasionally in the literature 
fibers are said to be unsuitable, but this is a prejudice) (Nylk 
et al 2015). The high power laser of a microbeam should be 
coupled directly.

Since the aim is to focus such a laser to the most theor-
etically possible limit, i.e. to the diffraction limit, the aperture 
on the side of the image of the microscope objective (which is 

often called the exit pupil) has to be just fully illuminated by 
the laser. The laser beam (2 µm  ×  2 µm for a nitrogen laser) 
is expanded by a pair of lenses resembling a simple telescope, 
in order to illuminate the lower aperture of the microscope 
objective exactly.

Lenses with a typical focal length of f2  =  150 µm are 
already part of many microscopes. The distance and the focal 
length of the second lens, added externally into the path of the 
laser, can be calculated via

D df f2 1/= (3.1)

By moving the external lens in the direction of the optical axis, 
the focused beam can be located above, in or below the object 
plane of the microscope. Correspondingly, moving this lens 
perpendicularly, the focused beam can be moved in the object 
plane. The beam expansion has an additional advantage: until 
the laser enters the microscope objective, its power density 
is moderate, i.e. possible damage to the optical elements is 
partially though not totally excluded.

The expanded laser beam is focused by the objective. When 
the aperture on the image side of the objective is illuminated 
properly, the beam will be diffraction limited.

At the object’s side of the objective, the focused intensity is 
already sufficient to damage it. When a microscope objective 

Figure 3. Monajembashi and Greulich (1995) depicts the details. Upper part: details of the coupling unit—the expander optics prepares 
the beam for optimal focusing and is required in any type of laser microtool. The compensation optics is only required in microscopes 
which already have a lens built into the illumination path. Lower part: coupling via a glass fiber (only for optical tweezers). Adapted with 
permission from Monajembashi and Greulich (1995). Copyright 1995 SPIE.
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is inspected in a stereo microscope of moderate magnifica-
tion after prolonged use in a microbeam, damage can be seen. 
This, however, does not significantly diminish the imaging 
properties of the objective.

In some microscope types there is a certain stretch close 
to the objective where the user can insert additional optical 
elements. Here attenuators (neutral density filter wedges for 
variation of the laser power, polarizers and shutters) can be 
inserted, in case they cannot be immediately mounted in front 
of the laser outside the microscope.

High power coating of the optical elements for optimal 
reflection is advisable since standard low power coatings are 
usually degraded after a few thousand laser pulses (not neces-
sary for tweezers only).

3.6. Details on mounting the parts and adjusting the lasers

This section is written for readers who indeed wish to assem-
ble a laser microbeam or optical tweezers. Readers with a 
more general interest in the subject may skip this part.

For each application and for each type of microscope there 
is a slightly different approach required, but some general 
rules hold:

 (i) It is useful to have a metal ground plate approximately 
0.5 m  ×  1 m

 (ii) Connect the microscope firmly to the front end of the 
plate

 (iii) Remove fluorescence filter sets
 (iv) Replace the mirror with a suitably coated one
 (v) Insert the additional lenses as described in the previous 

section
 (vi) Mount the laser(s) on the rear part

Usually two or three mirrors on x-y moveable holders are 
required to bring the laser beams into the rear entrance, where 
the fluorescence illumination lamp is normally located. Cover 
the entrance with a piece of paper and start the UV laser. The 
paper will act as a screen and wavelength converter, which, 
due to a bluish fluorescence, will make the ultraviolet beam 
visible. For the infrared laser a special paper is needed, which 
may be purchased from many optics companies.

 (i) Adjust the laser(s) to the centre of the rear entrance
 (ii) Remove the paper sheets
 (iii) Look at what is coming out of the objective

You will not see anything!
It is clear that the adjustment is still too coarse. Remove the 

objective and put the sheet of paper on the microscope stage, 
then one will probably find the beam. Adjust it by changing 
the positions of the mirrors between the laser(s) and micro-
scope to the centre. Insert an objective of small magnification 
and repeat the adjustment. Finally, insert the high magnifica-
tion objective and make the fine adjustment. Now there is a 
beam in the centre of the XY stage, but it is not yet in the cor-
rect z-position. This can be adjusted by shifting the free lens 
of the expander telescope along the z-axis (along the direction 
of beam propagation).

3.7. Flying spot and multiple beam optical tweezers

Building optical tweezers is easier than building microbeams, 
since at the wavelengths of tweezers optical elements are 
highly transparent. Thus, some of the precautions against high 
power damage to optical elements are not required for opti-
cal tweezers. Due to this simplicity, the flying spot version 
can be realized more easily than with a microbeam. There are 
four ways to realize a moveable spot. In all of them an optical 
element in the path of the laser is moved, thus changing the 
direction of the beam. Often, the elements of galvanometers 
are useful. The steering can be performed by a computer and 
thus complex trajectories can be circumscribed by the spot.

Often, elongated microscopic objects such as filamentous 
structures have to be held or fixed at two distant positions. In 
studies on cell membranes, even three contact points are required 
(see, for example, the studies on red blood cell membranes). For 
these purposes, double or multiple beam tweezers (Visscher et al 
1993) have been developed. Such double or multibeam tweezers 
are in principle realized by adding an additional switchable mir-
ror to the flying spot tweezers, switching the beam from one 
position to the other. The two (or more) beams undergo a sort of 
time-sharing of the single laser available as a light source.

3.8. Combination of laser microbeam and optical tweezers

For complete micromanipulation by light, the combination of 
a microbeam with optical tweezers is required; the objects can 
then be held or transported with the tweezers and microma-
nipulated with the microbeam. Such combinations have been 
used or reviewed for example by Greulich et al (1989), Berns 
et  al (1991), Misawa et  al (1991) and Weber et  al (1992). 
Figure 4 shows one of these combinations.

In order to give an idea of the size of the lasers, figure 5 shows 
the two lasers in comparison with a well-known size standard.

4. Cells, DNA and genomes

The purpose of these sections is to give non-biologists a short 
glimpse into the biology underlying the experiments described 
in the subsequent sections.

4.1. Prokaryotic cells, cells without a nucleus: bacteria

Many bacteria live with a few thousand genes (approximately 
1900 for the bacterium Haemophilus influenzae). Bacteria, 
as cells with comparably small genomes, need no nucleus, 
as they have their genetic material just within the envelope 
of their cell membrane. These simple cells without a special 
nucleus are called the ‘prokaryotes’.

4.2. Cell membranes

Membranes are layers of long molecules with one hydrophilic 
(water soluble) and one hydrophobic end (water insoluble 
but soluble in oil or fat). Phospholipids are examples. If there 
are droplets of oil or fat in water, such molecules will bind 
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to them with their hydrophobic end and to the water with the 
hydrophilic end, i.e. they solubilize the oil droplet in aqueous 
environ ments. This is the working principle of soap and wash-
ing powders. If such molecules are left alone in water they can 
do two different things.

Either they arrange themselves in a way in which their 
hydrophobic ends are directed into the interior of the then 
hydrophobic core of a sphere and the hydrophilic ends expose 
the surface to water; these structures are called micelles. Or 

they arrange themselves as pairwise films (a molecular double 
layer) with the hydrophobic ends inside the film. Such films 
can form hollow spheres, filled with solvent. These bubbles 
are called vesicles. Cells, in some sense, are vesicles filled 
with a large number of different molecules and molecular 
assemblies. Cell membranes a few tens of nanometre thick 
will be the targets of laser microbeams (for the microinjection 
of materials into cells and for cell fusion) and of optical twee-
zers (in order to measure their elasticity).

Figure 4. One of these combinations: a schematic representation of the combination of a laser microbeam with optical tweezers. In this 
system, the fluorescence illumination lamp is still present and the two lasers are added via a semitransparent mirror (reproduced with 
permission from Greulich et al 1989; copyright 1989 SPIE).

Figure 5. The two lasers in comparison with a well-known standard size. The nitrogen laser used for the laser microbeam (rear part) and 
the NdYAG laser for the optical trap (white arrow) mounted on the ground plate of the microtool apparatus. On the right (not shown), the 
microscope is mounted (reproduced with permission from Greulich et al 1989; copyright 1989 SPIE).
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4.3. Some basics on DNA and the organization  
of the genomes

Because of the high importance of the DNA molecule in living 
cells the following section describes some basics on its orga-
nization. Readers who are familiar with terms such as nucleic 
acid base pairs, genes, genomes, chromatin and chromosome 
may skip this chapter.

The DNA molecule is a negatively charged polymer mol-
ecule (polyanion) with four different nucleic acid bases as 
building blocks. Its general structure resembles a twisted lad-
der made of desoxyrebose and phosphate (double helix). The 
steps of the ladder are nucleic acid bases which usually pair up 
in a clearly defined way.

The nucleic acid base A (adenine) pairs (hybridizes) with T 
(thymin), and the nucleic acid base G (guanine) pairs with C 
(cytosine). Each of such pairs represents one step of the ladder. 
The distance between the two steps is approximately 0.3 nm. 
The width of the molecule is about 2 nm. The base pairing can 
also be different from the one described above—particularly 
when DNA damage occurs. Such mistakes (mutations) are 
important bases for ageing and disease. The naturally occur-
ring pairing just described can also be exploited exper imentally 
if a fluorescently labelled short DNA stretch is mixed with a 
long DNA molecule containing the complementary sequence. 
Such a fluorescent in situ hybridization (FISH) probe can be 
used to visualize a certain gene within a long DNA molecule.

4.4. Packaging metre-long DNA into a micrometre-sized cell 
nucleus

The human genome has about three billion base pairs corre-
sponding to a 1 m long DNA molecule. In the first half of the 
cell cycle (the time between two cell divisions, approximately 
1 or a few days, depending on the cell type) immediately after 
cell division, a cell contains two DNA molecule sets, one from 
the father and one from the mother.

In the second half of the cell cycle, after the doubling of the 
DNA the cell contains four DNA molecules. This 4 m DNA 
molecule needs to be packed into the nucleus of a human cell 
approximately 5–10 µm in linear dimension.

In this narrow space, two molecules which work on the 
DNA have to be made accessible, for example polymerases, 
which reduplicate the DNA or which translate the informa-
tion into the RNA that acts as a messenger molecule. The 
latter is converted into protein, the working molecules. This 
happens in ribosomes—subcellular organelles that are organ-
ized in nucleoli. The polymerases mentioned above have to 
work against considerable forces, which can be measured on 
a single molecule base with the help of optical tweezers (see 
the section on molecular motors). The DNA is packed like 
a pearl necklace, where the pearls are aggregates of histone 
proteins called nucleosomes. Each nucleosome packs around 
200 base pairs. The necklace-like structure is called chroma-
tin. It is further packed into the ‘high order structure’, as if 
a necklace was wrapped around a 20 nm thick cylinder. In a 
further step of compaction, the high order structure is folded 
again and results in a chromosome which is visible under 
a microscope. The human DNA is organized into 23 pairs 

of chromosomes. The longest one #1 is approximately 10 
µm long. The shortest is chromosome #22. In addition to 
the 22 aforementioned chromosome pairs, females usually 
have an X-chromosome pair, and males have an X- and a 
Y-chromosome pair. These chromosomes can be microdis-
sected into slices with a laser microbeam. Each of these 
slices may contain, among many others, a gene responsible 
for a certain disease. For example, the gene for Huntington 
disease is at the tip of chromosome #4, the gene for cystic 
fibroses is on the long arm of chromosome #7, the bleeding 
disease is on the X-chromosome with the consequence that 
females can compensate for the corre sponding gene defect 
via her second X-chromosome, whereas a male cannot. 
Thus, the bleeding disease is primarily a male disease. Laser 
microdissection can contribute to the molecular elucidation 
of such genetic diseases.

The complex packing and unpacking process works in 
a surprisingly exact way, but a few errors are still possible. 
Further errors occur when the DNA is already damaged by 
radiation or by a toxin.

4.5. Genes and genome

As mentioned above, the information contained in the DNA 
is further converted via RNA at the ribosomes into proteins, 
which do the work in the cell. Here, three base pairs are 
the information unit for one building block of a protein (an 
amino acid), and a stretch of a thousand base pairs can thus 
provide information for 330 amino acids, i.e. for a small pro-
tein. This is then a gene. The human cell consists of approxi-
mately 20 000 genes, and the whole set of these genes is the 
genome.

Disease or aging can have roughly two sources of errors: 
errors in the information of a gene, for example by muta-
tion, or by errors in the number of protein molecules per gene 
(defects of gene expression).

Only a small percentage of the whole DNA is coding for 
genes. The meaning of the overwhelming rest is not yet really 
understood, and even a matter of controversy.

Surprisingly, the number of genes in an organism is not 
strongly correlated with its evolutionary height. The fruit fly 
Drosophila has about 18 000 genes, only slightly less than the 
mouse and man with about 20 000 genes.

4.6. Eukaryotic cells: cells with a nucleus

In contrast to prokaryotes, the ‘eukaryotes’ separate their 
genetic material from the rest of the cell material by envelop-
ing it in a second inner membrane: the nuclear membrane. 
The material outside the nucleus is the ‘cytoplasm’. The 
nucleus is, grossly speaking, the site of DNA maintenance 
and duplication, and of reading the information contained in 
the DNA.

The cytoplasm comprises the major part of the cell outside 
the nucleus, except in plant cells, where the essentially empty 
vacuoles are larger. The cytoplasm, for example, is the site 
where subcellular organelles such as mitochondria and chlo-
roplasts (see below) are located. There, genetic information, 
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after some intermediate steps, is translated into proteins. 
Eukaryotes may be unicellular or multicellular.

Some of these unicellular eukaryotes will be the subject of 
laser microbeam studies.

The human body, for example, consists of 1014 cells. 
Cultures of isolated cells from multicellular organisms (cell 
lines) or single cells directly isolated from the organism are 
attractive targets for studies using laser micro tools.

4.7. The nucleus of eukaryotic cells

For most of the time of a cell cycle, the DNA is decondensed in 
order to make it accessible to the transcription, replication and 
repair enzymes of a cell. This state of the cell cycle is called 
the interphase. Very crudely, the DNA is distributed equally 
over the cell nucleus. If one is looking onto this ‘interphase 
chromatin’ somewhat more precisely, one can recognize the 
structure. One interesting question for almost a century was 
whether the metaphase chromosomes were totally intermin-
gled in the interphase nucleus or whether they still occupied 
specific domains. This question has been partly solved by 
laser microbeam experiments in favour of specific domains; 
the corresponding experiments will be discussed below.

4.8. The cytoskeleton and structure stabilizing intracellular 
strands

Many cells have quite a rigid shape. They are stabilized by 
a meshwork of filamentous structures that can be made vis-
ible by fluorescently labelled antibodies. Three major types of 
structures are found:

 (i) actin microfilaments
 (ii) microtubules
 (iii) intermediate filaments

In many cases these filaments are not only passive struc-
tural elements, but in combination with the motor proteins 
kinesin, dynein or myosin they serve as elements for intracel-
lular transport.

4.9. Subcellular structures: mitochondria and chloroplasts

All organelles have their own envelope. Mitochondria and 
chloroplasts are interesting since they can be investigated 
particularly well by laser microtechniques. The mitochondria 
are those organelles where respiration in a cell takes place. 
Essentially they are the cell’s power stations. They have a 
diameter of a few micrometres, and the number of mitochon-
dria in a cell may vary vastly. Their surface is highly invagi-
nated, i.e. there is a tendency to maximize the mitochondrial 
surface, and these invaginations are called the ‘cristae’. Quite 
often it is difficult to see them in a living cell and they have 
to be visualized by a mitochondria-specific fluorescent dye.

Plant cells have chloroplasts in addition to mitochondria. 
These are the organelles where photosynthesis takes place. 
Since they contain green chlorophyll, they are well visible 
in most plant cells. The envelope of chloroplasts is quite 
complex, and because of this, for the time being, it is of no 

relevance for microbeam or optical tweezer studies, so it will 
not be discussed.

There are other objects inside a cell that have the func-
tion of an organelle or just look like organelles. Among 
them are the vesicles which transport a plethora of materials, 
starch agglomerates and particles that are used by the cell for 
sensing—sensing gravity, for example. All these structures 
are amenable to micromanipulation by light. Here, the spe-
cific property of lasers being able to work in the depths of an 
unopened cell is exploited. Their function will be discussed in 
the context of the experiments performed on them.

4.10. Cell types for work with laser microbeams and optical 
tweezers

There is nothing like a ‘typical cell’; in other words, cell shapes 
and cellular components vary grossly. Bacteria often have a 
cylindrical shape and have linear dimensions of the order of a 
µm. Protozoan cells have no defined shape—they change their 
appearance according to the environmental requirements.

The cell types quite often used in laser microtechniques are 
several types of blood cells. Red blood cells (erythrocytes) are 
the transporters of oxygen in the blood and have a diameter 
of approximately 6 mm. In birds, the erythrocytes have a cell 
nucleus and DNA throughout their life. In mammals, includ-
ing man, red blood cells lose their nucleus during maturation 
after they have synthesized all the protein molecules they need 
during their lifetime. This takes 60–120 d.

Other cells often used are fibroblasts, which are the major 
components of skin and other cells of skin-like tissues. They 
were particularly used in older laser microbeam studies, 
because they are flat and can thus be especially well treated 
in their interior.

As a particular group of cells, the nerve cells (neurons) 
have to be mentioned. Those neurons that are located in the 
central nerve system do not regenerate after birth. They have 
long spines—the dendrites and particularly the axons—
which in the extreme (the axons of the squid nerve cells) 
can have a length of tens of centimetres. Laser studies will 
help to study transport processes as well as the networking 
of such cells.

Many other cells, particularly prokaryotic cells and some 
plant cells, have also been studied with laser microbeams and 
optical tweezers. Since only a single working group has used 
them often, they will be described in the context of the respec-
tive experiment.

5. Single motor proteins

In addition to the very large amount of information on the 
DNA of cells, a further hallmark of life is the self-generated 
motion of cells and the motion that goes on inside them. 
Intracellular motion is needed to transport subcellular mat-
erial to the site where it is needed to maintain cellular func-
tion. The tracks along which the transport is accomplished are 
the microtubules, which are elongated polymers of the pro-
tein tubulin with a diameter of approximately 20 nm. When 
microtubules are cut with a laser microbeam they fall apart 
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(disassemble) in tubulin (Kurachi et al 1999). The transporter 
molecules are the motor proteins kinesin or dynein. Similarly, 
the molecule pair actin and myosin are responsible for gener-
ating muscular movement.

5.1. Optical tweezers and single motor protein mechanics

The motor proteins kinesin, dynein and myosin consist of an 
elongated neck and one or two globular heads (for structural 
details see, for example, Münnich et al (2014)). The latter are 
temporarily bound to partner molecules. Kinesin and dynein 
are bound to microtubules, myosin is bound to actin. Upon 
adenosin-tri-phosphate (ATP) consumption they undergo 
conformational transitions. They thereby change the angle 
between the neck and the head, thus moving the partner mole-
cule. After such a stroke, the head is released from the partner, 
swings back to its original position and binds to a new site on 
the partner molecule. The process is then ready for repetition.

In principle, most of the questions regarding this process 
can be answered by bulk experiments. For example, the force 
generated by a muscle filament can be measured macroscopi-
cally. The number of myosin molecules involved in this process 
can be determined, and from both results the force per myosin 
molecule can be calculated (Molloy et al 1995a, 1995b). But 
here comes the first problem: the duty ratio, i.e. the fraction of 
molecules which are involved in force generation at any given 
instant, can only be estimated. Depending on the model used, 
it can range from 5 per cent up to 90 per cent. Therefore it is 
essential to measure these chemomechanical processes on a 
single molecule basis, for example with optical tweezers.

5.2. Kinesin: the motor protein running on microtubles

The first experiments on kinesin–microtubule interaction were 
reported in Block et  al (1990). The techniques for preparing 
kinesin-coated microbeads and microtubules on microscope 
slides are now fully developed. They have been used to make 
their motion visible by light microscopy and for the demonstra-
tion of high resolution in video- enhanced contrast microscopies.

In a typical experiment, kinesin-coated microbeads are 
located on a glass surface covered with microtubules. Through 
suitable reaction conditions during the loading of 0.2 µm sil-
ica microspheres, beads with either a large number of kinesin 
molecules or with only one molecule on their surface can be 
prepared.

After establishing contact with the optical tweezers 
between the kinesin-coated beads and the microtubules, part 
of the beads start to move along the microtubules much as 
a train moves along rails. Beads coated with a high kinesin 
density travel on average 1.4 µm. Beads with single kinesin 
molecules detach quickly.

Kuo et al (1993) overcame the problem of early detach-
ment. The investigation of 18 individual kinesin molecules 
resulted in a force of 1.9  ±  0.4 pN. Subsequent experiments 
by Svoboda et al (1994) gave a significantly different result. 
Using optical trapping interferometry for calibration, they 
found a maximum force of 5–6 pN. Finally, Kojima et  al 
(1997), after widely varying the physicochemical parameters, 

found a limiting value of 8–9 pN. Obviously, the large varia-
tion results from the different method used for kinesin prep-
aration. Nevertheless, it is useful to know at least the rough 
value of the forces in this fundamental process of motion.

Similarly, as with the force revealed by kinesin during a 
stroke, the step width is also under discussion. Svoboda et al 
(1993) found a considerable statistical fluctuation of this value 
and Coppin et al (1996) showed that steps as short as 5 nm are 
possible. Nevertheless, the majority of step widths appear to 
be 8 nm—a value confirmed by the structure of the kinesin 
molecule, which has a 7 nm elongated part with a head which 
may cause the motion. Schnitzer et al (1997) showed, using 
optical tweezers, that a single kinesin molecule uses one sin-
gle ATP molecule per 8 nm step.

The kinetics of force generation by individual kinesin mol-
ecules has been measured by a combination of optical twee-
zers and a UV laser microbeam (Higuchi et al 1997). These 
experiments used the fact that kinesin needs ATP. The latter 
was present in an inactive form, as a caged compound. Only 
after a short UV laser pulse is ATP liberated from its cage and 
becomes available for the kinesin. This is the start signal for 
the kinesin molecule to travel along the microtubule in 8 nm 
steps. The stroke frequency is dependent on the amount of ATP 
released: at an ATP concentration of 18 mmol l−1 it took, on 
average, 79 ms to recover and be prepared for the next stroke. At 
90 mmol l−1 the repetition frequency was faster—every 45 ms 
and at 450 mmol l−1 the time from stroke to stroke was 31 ms.

A detailed study using modified kinesins by Inoue et  al 
(1997) showed that kinesin variants with a short flexible neck 
work as well as native kinesin with a long neck (similar step 
width, similar speed). In contrast kinesins without a flexible 
neck show only poor performance.

5.3. Myosin and actin: single heads can do the work

Myosin is the best-studied motor molecule, and much infor-
mation has been obtained from experiments on whole muscle 
fibres. Also, a single molecule technique using a microneedle 
is available. Two types of fragment can be prepared from 
myosin: a subfragment S1 with one head and heavy mero-
myosin (HMM) with two heads. Optical tweezers have been 
employed to compare both.

In a typical optical tweezer experiment, an actin filament 
is coupled by its two ends to microbeads, which are then held 
by a pair of optical tweezers. Myosin molecules are bound to 
a fixed support and try to shift the actin molecule. The force 
on the actin and its displacement during a stroke is sensed by 
a double beam optical trap. Since at high load the latter can 
be expected to be smaller than at a load close to zero, an elec-
tronic feedback mechanism is used to keep the load approxi-
mately constant, i.e. to get results at isometric conditions.

As mentioned already in the remarks on kinesin, Ishijima 
et  al (1996) realized that the force development during a 
stroke is variable with a maximum of 5.9 pN and an aver-
age value of 2.1. pN. This may also partly explain the minor 
force variations in the other experiments. The differences in 
measured stroke widths may be due to different loads during 
force generation. Another possibility is that in the experiments 
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reporting the large displacements, a selection for large values 
took place due to better detectability.

5.4. Differences between skeletal and smooth muscle

So far, quite an important question on muscle function has 
not yet been addressed: the difference between skeletal and 
smooth muscle (as in the heart, for example). Smooth mus-
cles are slow; in vitro myosin propels actin molecules with 
only 10% of the speed observed in skeletal muscle. However, 
smooth muscles produce 300%–400% more force per myosin 
molecule or, more precisely, they produce the same force per 
cross sectional area as skeletal muscles, but a much smaller 
number (1/6) of myosin molecules. How can this be explained 
at the level of single myosin molecules?

Experiments using microneedles have already given some 
insights into the underlying mechanism. Optical tweezers 
(here not with the typical NdYAG laser at 1064 nm but with 
a NdYLF TFR laser at 1047 nm) were used to give quite a 
detailed answer (Guilford et al 1997). The experimental strat-
egy was similar to that used in the experiments described 
above. The result of these studies was that single myosin mol-
ecules from the skeletal muscle as well as from the smooth 
muscle displaced their partner molecule actin by 11 nm and 
exerted a 1.5–3.5 piconewton force per stroke. This suggests 
that an increased duty cycle (a higher stroke frequency), and 
not an increased force per stroke, is responsible for the differ-
ences between the two muscle types.

5.5. Titin conveys elasticity to muscle

Actin acts as a sort of rail for myosin and the relative motion 
between actin and myosin generates the muscle force. 
However, actin has to be elastically connected to the rigid 
parts of the muscle, the Z-membranes. The connecting mol-
ecule is titin or connexin. The end of a single titin mole-
cule can be fixed to the surface of a microscope slide or to 
a microbead, which is then held by a micropipette. Its other 
side is naturally bound to myosin, which in turn is coupled 
to a microbead. Calibrated optical tweezers can manipulate 
the whole system.

At forces below 10 pN, molecules can easily be revers-
ibly stretched by 200 nm. This is interpreted as the revers-
ible expansion of the PEVK domain (a particularly flexible 
domain in the titin molecule) by a factor of 1.8. At higher 
forces, a second structural transition indicates the stretching 
of the immunoglobulin domains. This process is reversible, 
but with a considerable temporal delay (hysteresis). Different 
working groups have reported on the different forces required 
for this process: 20–40 pN by Miklos et al (1997) and 100 
pN by Tshkovrebova et al (1997). A similar study using the 
calibrated tip of an atomic force microscope measured an even 
higher value: 150–300 pN (Rief et  al 1997). Also, through 
optical trapping experiments, the breaking force for the bond 
between actin and the skeletal muscle has been measured 
to range from 1.4 to 44 pN with an average value of 18 pN 
(Miyata et al 1996).

In spite of the uncertainties mentioned above, it has 
become clear from these experiments that titin is designed 
to protect the muscle from overstretching. The slight over-
stretching of a muscle will have no consequences since it is 
buffered by the reversible flexibility of the PEVK domains. 
Eventually, when the overstretching greatly exceeds a few 
100 pN per titin molecule, things become irreversible and 
the muscle is hurt.

5.6. Laser microbeams for preparing the smallest functional 
unit of a muscle

While the study of single muscle motor proteins reveals fas-
cinating details (Finer et al 1994), the smallest physiologi-
cally functional unit is larger (Veigel et al 1994). The nitrogen 
laser microbeam (30–140 mJ, 3 ns pulse duration, up to 20 
pulses s−1) has allowed this minimal unit (3.5 mm  ×  28 mm), 
fragments of myofibrillar bundles (2.5 mm in diameter) and 
selected areas of myopathic fibres to be isolated. The func-
tional integrity of the myofibrillar bundle was checked by 
the sudden release of caged calcium from nitrophen 7 which 
caused contraction from a length of 3–2.3 mm. From thicker 
muscle fibres (70 mm in diameter), it was possible to remove 
these with a laser microbeam, leaving the fibre in a physi-
ologically intact state still.

Thus, with a laser microbeam one can gain access to the 
physiology, while optical tweezers investigate muscle func-
tion at the level of a single molecule. A perspective for the 
future is to bridge the gap and to learn how single molecules 
orchestrate their function to make muscles work. This would 
be an ideal field for the combined use of laser microbeams and 
optical tweezers.

6. DNA, a true molecular individual

This section  goes somewhat beyond the micromanipulation 
of cells, but as an intrinsic and indispensible part of cells, 
the DNA molecule is interesting in view of applying optical 
micromanipulation. More than any other molecule, DNA is 
a true molecular individual. In order to assign an individual 
short DNA molecule to each human being on Earth, short 
pieces of 17 base pairs are sufficient. Of them 417, i.e. more 
than 17 billion variants can be synthesized. As has been men-
tioned in the section on cells and genomes, even the gene for a 
medium-sized protein has a length of approximately 330 base 
pairs. In order to synthesize one single copy of each possible 
DNA molecule, more than the mass of the Universe would be 
needed.

6.1. Handling single DNA molecules with optical tweezers

The DNA in a human cell is a metre long (see section 4 on 
cells and genome), i.e. it has a macroscopic dimension. This 
allows it to be handled with optical tweezers. For that purpose, 
a DNA molecule is coupled to a micrometre-sized polysty-
rene or glass bead via a standard chemical reaction, for which 
coupling kits are commercially available. By moving the bead 
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in an aqueous solution (buffer), the DNA molecule can be 
slightly stretched and can be moved along arbitrary trajecto-
ries. With the two experiments described in the following, the 
ultimate limit of sensitivity is approached.

6.2. Enzymes working on DNA

Enzyme reactions with DNA or RNA molecules are central 
to molecular biology. The following enzyme types are par-
ticularly important:

 (i) Exonucleases (digesting DNA or RNA from the end)
 (ii) (Restriction-) endonuclease (cutting DNA or RNA in 

specific sequences, a few base pairs long)
 (iii) DNA and RNA polymerases (synthesizing DNA or RNA 

from nucleic acid bases)
 (iv) Ligases (connecting DNA or RNA molecules)
 (v) Phosphoylases and methylases (enzymes attaching a 

phosphate or methyl group to sidechains of DNA, and 
thus modifying the read-out of information)

When molecular biologists use them for the modification 
of DNA, they need information on the reaction mechanisms 
of these enzymes. Some of their bulk properties are known. 
A moderate degree of microheterogeneity can be detected by 
macroscopic experiments, for example when an enzyme con-
sists of two or three isoforms with differing kinetic constants. 
Such isoforms can, however, only be detected when they are 
present at least with an abundance of a few per cent. On the 
basis of a single molecule, a much larger heterogeneity prob-
ably prevails.

Reaction details resulting from the individuality of DNA 
sequences or from different enzyme molecules have not so far 
been studied in more detail.

6.3. Cutting of an individual DNA molecule by the restriction 
endonucleases Apa1

The first single molecule restriction reaction, which was 
observed in the light microscope, is that of the restric-
tion endonuclease Apa 1 (Endlich et al 1995, Hoyer et al 
1996b). It has a six-base restriction site (GGGCC[C]) and 
should thus statistically cut every 46  =  4096 bases. In the 
given experiment, a 48 kb long DNA of lambda phage, was 
used. It has only one restriction site for Apa 1 on its 15 mm 
long DNA molecule. The DNA molecule is coupled to a 
polystyrene microbead, which acts as handle for holding 
the molecule with the optical tweezers. Using this handle, 
the single DNA molecule can be transported from a distant 
site to the site of reaction in the visual field of the micro-
scope. There, it can be held fixed anywhere in the reaction 
droplet, i.e. one has complete spatial control of this single 
DNA molecule. Therefore, the temporal starting point of 
the restriction reaction has to be controlled. In other words, 
in addition to the above-mentioned spatial control, tempo-
ral control is required.

For this purpose the Mg2+-ions, essential for the restriction 
of endonuclease activity, are complex. The caged compound 

of Mg2+ with DM-nitrophen can be opened by UV-light 
(360 nm), the ions are liberated, the enzyme is activated and 
the reaction starts. In figure 6, the restriction can be observed 
15.76 s after the start of the reaction. The longer part of the 
DNA molecule drifts towards the positive pole of a moderate 
electric field. The shorter part collapses onto the microbead 
because of the free Mg2+-ions being present after UV pho-
tolysis of the caged compound. Free Mg ions are known to 
induce the compaction of DNA.

6.4. Endonuclease action: smooth running, hopping or 
search and cut

A similar experimental approach as in figure 6 has been used 
to decide a long-standing question on the mechanism of endo-
nuclease: does an enzyme molecule bind to the DNA mol-
ecule, cut and fall off or does it remain on the DNA molecule, 
searching for a second recognition side and cut again? Or 
does it even ‘hop’ along the DNA molecule? Figure 7, taken 
from Schäfer et al (1999,2001), shows that several sides of the 
DNA molecule are cut sequentially, i.e. the enzyme molecule 
remains on the DNA molecule and slides along it. The indi-
vidual DNA molecule is thereby held, slowly moved by the 
optical tweezers and stretched by the slight liquid flow.

Occasionally, there are long breaks until the process con-
tinues. This is interpreted as being due to the enzyme mol-
ecules falling off with the cut molecule part and having to 
search again.

The answer to this question is considered important and has 
been fiercely discussed, since endonuclease is also a model 
for other enzymes that work on DNA and whose fidelity is 
relevant for ageing and disease (see, for example, section 15 
for DNA repair).

6.5. Transcription against a force

The experiments Yin et  al (1995) and Abbondanzieri et  al 
(2005) described in the following are so far probably the most 
sophisticated experiments performed on single molecules 
using optical tweezers. They investigate which force a sin-
gle molecule of the enzyme RNA polymerase exerts when it 
reads DNA and how efficiently it does this. In Steven Block’s 
experiment (Abbondanzieri et al 2005), the Angstroem reso-
lution for the optical tweezers was achieved. For the experi-
ment, RNA polymerase from Escherichia coli was used. For 
this enzyme, an in vitro transcription assay had been devel-
oped earlier for other purposes. Such a molecule can be fixed 
to the cover glass surface of a flow cell for a microscope. 
When DNA and all the essential components for in vitro tran-
scription are present, the RNA polymerase will catch a DNA 
molecule, pull it through its active site and synthesize RNA 
with a sequence complementary to the sequence of the piece 
of DNA which has just been read. When the DNA signals a 
stop codon, the transcription is finished and the RNA falls 
off the polymerase. When a polystyrene microbead (0.52 µm 
diameter) is coupled to one end of the DNA, which serves 
as a template, the bead will be pulled with the DNA towards 
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the fixed RNA polymerase molecule. So far it is not clear 
what will happen when the microbead approaches the RNA 
polymerase molecule. This has not been experimentally 
tested. The strategy was different: the microbead at the end 
of the DNA molecule can be held at the centre of the beam 
of the calibrated optical tweezers. The transcribing RNA 
polymerase tries to pull the DNA out of the tweezers, but 
with an increasing distance from the centre of them the force 
increases. How far the bead can be displaced by the transcrip-
tion process depends on the stiffness of the trap, and the latter 
depends on the laser power. With a stiffness of 0.03 pN per 
nm, a displacement of 33 nm corresponds to 1 pN. The result 
of such an experiment is that E. coli RNA polymerase can 
pull with up to 14 pN. This result is a surprise; for typical 
motor proteins a maximum force of 6 pN or less was found. 
Obviously, it is a comparably tough task to transcribe through 
the DNA, and therefore the polymerase must work harder 
than the proteins driving a muscle with a total force produc-
tion in the kilopond range.

Not only is the absolute value of the force exerted by E. 
coli RNA polymerase unpredictable, the efficiency with 
which it converts chemical into mechanical power is too. The 
mechanical energy produced during the insertion of each sin-
gle nucleotide into the nascent RNA can be calculated as force 
multiplied by distance. The latter is 0.34 nm, which is the final 

distance between nucleotides in the polymerized RNA. On 
the other hand, the chemical energy, which is released by one 
reaction step, is known from bulk experiments. The result is 
that for E. coli RNA polymerase under optimal physicochemi-
cal conditions, the chemomechanical energy conversion rate 
goes up to 22%.

This compares well with the corresponding rates for the 
motor proteins kinesin and myosin (both up to 60%).

What is particularly interesting is the fact that DNA does 
not run smoothly through the active site of such enzymes, but 
that there may be a type of friction between the DNA and 
enzyme. The enzymes of the transcription machinery are the 
most powerful molecular motors known so far.

6.6. Laser microdissections of chromosomes

In order to have full access to the molecular individuality 
of the DNA, one needs a technique which can isolate single 
DNA molecules from single cells. Here, the fact that the 
individual DNA molecules, which carry the genetic infor-
mation of the cell, are packed with ‘histone proteins’ (see 
section  4 on ‘cells, DNA and genomes’) and are visible 
under the microscope after standard preparation procedures 
is important for medical diagnostics (paternity tests) or for 
forensics.

Figure 6. After 15.76 s the restriction by Apa1 is visible. One part of the molecule is pulled away and leaves the focus plane; therefore it 
becomes defocused, while the rest is still bound to the bead and remains in the trap. Scale bar 30 mm (reproduced with permission from 
Endlich et al 1995, Hoyer et al 1996b; copyright 1995 Exp. Tech. Phys. and 1996 Elsevier, respectively).
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Using the laser microbeam, slices of such chromosomes—
i.e. small chromosome regions (shown in figure 8)—can be 
prepared under visual control and subsequently isolated 
micromechanically or even by optical tweezers.

In figure 9, the laser cutting of an individual chromosome 
in suspension and the isolation via optical tweezers (Seeger 
et al 1991) is described. Once the chromosome slice is pre-
pared, the histone proteins with which the single DNA mol-
ecule is complexed, can be digested with the help of suitable 
enzymes (proteases). If as an intermediate step polystyrene or 
glasbead is coupled to the chromosome slice, the single DNA 
molecule is liberated enzymatically and can be handled with 
optical tweezers, as already described above.

An alternative application of laser microbeams is the repa-
ration of FISH (fluorescence in situ hybridization) probes 
(Shim et  al 2007) of the isolated chromosomal region, i.e. 
short (a few hundred base pair long fractions of the DNA in 
the chromosome slice). If these DNA segments are labelled 
by a fluorescent dye they can be used to find out the position 
of the DNA corresponding to it in other cells. The fact that 
the nucleic acid base G paired with C and A paired with T 
(see section on ‘cells, DNA and genome’) is used is important. 
This allows us to localize genes in other cells from different 
people in order to diagnose certain genetic diseases, for exam-
ple Chorea Huntington at the tip of human chromosome #4 
or cystic fibrosis in the middle of the long arm of chromosome 
#7 (Eckelt et al 1989, Schermelleh et al 1999).

Laser beams have also been used in plant genetics, for 
example, to prepare the DNA from single chromosomes from 
rice (Liu et al 2004) and farm animals (Kubickova et al 2002).

If the histone proteins are not digested away the DNA 
remains complexed with them as chromatine. Here, optical 
tweezers are often used to investigate its mechanical proper-
ties and its stability against torsion and tension (Lavelle et al 
2010).

7. Raman trapping spectroscopy

A variant of this is spatially fixing cells for spectroscopic 
investigation. Raman spectroscopy allows us to analyze and 
to identify cells without labelling them, i.e. without interfer-
ing with their viability. However, due to low sensitivity, the 
method needs comparably long recording times during which 
a single cell under investigation needs to be spatially fixed. 
Thus, Raman spectroscopy in combination with optical twee-
zers—i.e. Raman trapping—has been introduced (Snook et al 
2009, Huang et al 2010, Chan 2013); occasionally, dual beam 
trapping is used (Jess et al 2006).

Today, there are basically two setups which combine opti-
cal trapping and Raman spectroscopy, and which are essen-
tially different in their optical trapping mechanism.

 (i) Particles can be trapped in a stretcher, where two diver-
gent counter-propagating beams form optical tweezers 

Figure 7. The cutting restriction of an individual DNA molecule held by optical tweezers using the restriction endonuclease Sma1; 
the expected cutting sites are depicted at the bottom of the figure. The cuts occur sequentially without any inversion, indicating that the 
endonuclease molecule remains attached to the DNA molecule during the whole process (reproduced with permission from Schäfer et al 
1999, 2001; copyright 1999 Wiley VCH).
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(Ashkin 1970, Jess et al 2006). This kind of trap does not 
require high grade optics and passes only a little energy 
into the trapped particle (Dochow et al 2011).

 (ii) A single beam optical trap provides a force strong enough 
to hold and move small particles, like viruses (Lambert 
et al 2006), bacteria and organelles without destroying the 
trapped specimen (Ashkin et al 1987, Ashkin et al 1990, 
Schütze and Clement-Sengewald 1994, Xie et al 2003).

The latter setup is realized in the BioRam® system 
(CellTool, Bernried, Germany). This system uses a confocal 
Raman trapping microscope, in which the Raman excitation 
laser simultaneously provides trapping features that arrest the 
specimen during Raman spectra acquisition (Xie et al 2003). 
Due to its enclosed, inverse setup, biological samples can be 
measured under physiological conditions.

7.1. Identifying problematic hospital organisms:  
Pseudomonas versus Staphylococcus

Three strains of each Pseudomonas and Staphylococcus, 
which have previously been fixed with ethanol, can be 

measured with BioRam® in solution. Evaluation of the 
Raman spectra with principal component analysis (PCA)—a 
standard method for reducing dimensionality in multivari-
ate datasets—showed that the single strains could be sepa-
rated from each other. Such a distinction is required in the 
hospital for the efficient disinfection of surfaces, and even 
occasionally for the efficient choice of therapy. The PC-1 
versus PC-3 plot in figure 10 shows that the Raman spectra 
of the three Pseudomonas strains cluster at the same region 
slightly differ from each other. In turn, the Staphylococcus 
strains cluster in a clearly separate area with some over-
lapping of two of the strains (Neugebauer et  al 2012). 
Further analysis of only the spectral data of Pseudomonas 
or Staphylococcus can clarify the differences between the 
single strains.

It is also possible to measure live bacteria taken from the 
cultures of airborne germs and to discriminate living bacte-
rial strains such as Staphylococcus aureus and Staphylococcus 
epidermidis. The latter are strongly distinct in the height of 
their carotenoid peaks at 1120 cm−1 and 1525 cm−1 (Gangnus 
et al 2014).

Figure 8. An electron microscopic image (reproduced with permission from Ponelies et al 1989; copyright 1989 Springer) which reveals 
the accuracy of laser microdissection.
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A more chemometric approach using Raman spectr oscopy 
can be accomplished comparing the Raman spectra of dif-
ferent entities. The Raman spectra of living erythrocytes and 
thrombocytes, for example, differ significantly due to the pres-
ence of the highly active Raman oxygen-transporting (heme) 
group in erythrocytes.

In figure 11, the background-corrected, smoothed and nor-
malized Raman spectra of erythrocytes and thrombocytes are 
shown. There are in total 11 peak positions depicting the dif-
ference between the two samples. In particular, peaks 6, 7, 9 
and 10 are specific signals originating from the heme-group 
(Wood et al 2002).

7.2. Quality control of blood conserves

Furthermore, Raman spectroscopy can also be used to observe 
the ageing process of blood products such as thrombocyte or 
erythrocyte concentrates (Gangnus et al 2014) (figure 12).

Analyzing thrombocyte platelet concentrates from three 
different donors up to 21 d after preparation of the blood 
conserve shows that beginning at day 8, the platelets start 
to differ in the wavenumber range of 1296–1333 cm−1. 
Differences shown in this range are well known to be asso-
ciated with apoptotic cell death (Verrier et al 2004, Talari 
et al 2014). This result is in accordance with the life cycle 
of platelets in vivo and their therapeutic use within 7 d at 
most.

Analyzing red blood cells within a period of 36 d after 
donation yields comparable results; however, the beginnings 
of cell decay are different depending on the donor, e.g. at day 
28, day 32 and day 36, respectively. Thus, Raman trapping 
is a valuable tool for monitoring the quality of blood prod-
ucts in an easy, quick and non-destructive way contributing to 
improvements in blood transfusion quality.

Figure 9. The microdissection of a chromosome in suspension after cutting the tip of the chromosome; optical tweezers are used to 
transport it to a selected site on the microscope slide. There it is stored for later biochemical treatment, as described in the text (reproduced 
with permission from Seeger et al 1991; copyright 1991 Wiley VCH).

Figure 10. The principal component analysis score plot (PC-1 
versus PC-3) of Pseudomonas  and Staphylococcus 
strains, respectively (reproduced with permission from Neugebauer 
et al 2012, Gangnus et al 2014; copyright 2012 Walter de Gruyte 
and 2014 BioPhotonik, respectively).
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8. Laser-microablation of and in cells

The applications of laser microbeams are often related to 
microablation, i.e. the highly localized removal of material 
from a micrometre-sized region.

8.1. Laser microbeam studies on unicellular organisms, cells 
and subcellular structures

Laser microirradiation studies on single cells and their comp-
onents are performed for several reasons. Irradiation at low 
intensities gives information on photobiological processes 
such as the UV-, visible- or IR-induced photo damage of light 
on cells. Such studies are, for example, required to give infor-
mation on the safety of laser microirradiation and medical laser 
surgery. The second type of study investigates the function of 
subcellular structures such as mitochondria, nucleoli (Berns 
et al 1969), the cell nucleus and the individual chromosomes 
inside it. Such structures are irradiated and the change in func-
tion of the whole cell is observed. Intracellular signalling can 
be studied by irradiating subcellular components which affect 

metabolism, for example, oscillations of glycolysis and their 
differences in individual yeast cells have been studied with the 
laser microbeam (Gustavsson et al 2012). Altogether, the fol-
lowing cells and subcellular structures have been investigated 
by laser microirradiation

 (i) Isolated cells of multicellular organisms
 (ii) Unicellular organisms
 (iii) Subcellular organelles
 (iv) Elements of the cell division machinery (mitotic spindle)

8.2. Cell communication: negative and positive chemotaxis 
induced by laser ablation

Single cells in suspension communicate with neighbours, 
though not in the same intimate way as adjacent cells in an 
organism or a tissue. In studies of such communication, laser 
microbeams have played a significant role. For example, the uni-
cellular organism Euglena communicates with its environ ment 
via chemical signals. When in a group of Euglena cells one indi-
vidual is photo-damaged by a laser pulse, the other cells move 
away from the dead cell (Bessis et al 1965, Nichols et al 1982). 

Figure 11. Raman spectra and standard deviations of erythrocytes  and thrombocytes . Peak differences are marked and mainly relate to 
the oxygen-transporting (heme) group (reproduced with permission from Gangnus et al 2014; copyright 2014 BioPhotonik).

Figure 12. Upper part: the score plot (PC-3 versus PC-1) of Raman spectra from thrombocyte measurements. Thrombocytes between day 1 
and day 8 show different scores than thrombocytes between days 10 and 21. Lower part: the score plot (PC-1 versus PC-2) of erythrocytes 
and their corresponding ages are shown. A correlation between the PC-1 scores and the erythrocyte age can be seen. Ageing differs 
between the donors. In the upper right corner, a light microscopic picture is shown. Circles depict the site of the laser spot (reproduced with 
permission from Talari et al 2014; copyright 2014 Taylor & Francis).
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This process is called negative chemotaxis. In contrast, when 
human blood cells are destroyed by a laser pulse, other cells, 
particularly macrophages are attracted and incorporate the dead 
cell by phagocytosis within seconds. This is positive chemo-
taxis. Such experiments can also be performed with mechanical 
microtools, but then a series of blind trials has to be performed 
in order to exclude the possibility that the chemotaxis is induced 
by the dying cell and not by perturbation through the microtool.

8.3. Affecting cell motility: severing of flagella, cilia and 
pseudo podia in unicellular organisms

Flagella are structures at the surface of unicellular eukaryotic 
organisms resembling tails; cilia look rather like hairs. They 
have motors at their base and perform a sort of beating motion. 
Pseudopodia are a sort of foot-like structure that can form and 
disappear, for example in amoeba, and any type of severing 
will affect motility. Therefore, a class of laser microbeam 
experiments has dealt with such structures (Berns 1974). As 
in the previous section, only a short overview on the classical 
experiments will be given and only a few selected experiments 
will be reported in more detail.

In the studies on amoeba it was shown that by irradiation of 
the frontal zone of pseudopodia the movement of the amoeba is 
affected. The Euglena studies showed that it is mandatory to irra-
diate the stigma in order to see a reduction in flagellar motility.

8.4. Ablation of melanophores in fish

The step from the laser micromanipulation of whole cells 
or cell surfaces to work in the interior was facilitated by 
the fact that cells contain subcellular structures which are 
either highly pigmented and thus specifically absorb suit-
able laser wavelengths or accumulate externally added dyes. 
For example, the cells of some fish contain granules (mela-
nophores) filled with the dark brown pigment melanin and 
lend themselves to intracellular micromanipulation. The fish 
Pterophyllum Scalare can distribute these melanophores 
either statistically over specific cells in its skin or concentrate 
them, thereby changing its colour. Concentration and redis-
tribution is a highly dynamic process with time constants of 
tens of seconds. Irradiation with light shifts the equilibrium 
towards concentration. Classical microbeams would not be 
able to transmit sufficient energy in a sufficiently short time 
to study the dynamics. Thus, Egner et al (1970) used a ruby 
laser microbeam (694.3 nm, red) to affect the dynamics. They 
were able to show that the cell centre is the organizing centre 
of the dynamics and thus of the change in colour of the fish. In 
a related experiment using a frequency-doubled NdYAG laser, 
Rodionov et al (1987) investigated the fine structure of this 
concentration change and found that it is obviously directed 
by the ring-shaped fragments of the melanophores.

8.5. Ablation of mitochondria, the power generating  
organelles

Mitochondria, the power stations of cells, have ample influ-
ence on function. Microbeam studies on mitochondria are quite 
often at the borderline between photobiology and true ablation 

studies. Also, since mitochondria are sufficiently large, focusing 
to a diameter of a few µm is sufficient to induce lesions. Here 
we have a further example of gradually crossing the borderline 
from classical to laser microbeams. Work on the ablation of 
mitochondria by light started before lasers were available and 
classical light has only gradually been replaced by laser light.

The majority of the experiments have been performed on 
cardiomyocytes, i.e. on the cells of the heart muscle. The 
rationale here is to find out what role the mitochondria in 
these cells play in the organized beating, which finally leads 
to the life-supporting beats of a whole heart. Almost all of 
the studies investigate the influence of light of different qual-
ity and intensity on the beating frequency of rat myocardial 
(heart muscle) cells. By microirradiation, such changes of the 
beating rate can be induced. In one of such studies only a 
few mitochondria in a living cell were irradiated, but electron 
microscopic studies revealed that all mitochondria in that cell 
underwent a cooperative structural change. The interpreta-
tion of these results was that all mitochondria in this cell are 
interconnected. Obviously, a concerted action can release the 
calcium stored by mitochondria, which may subsequently 
be used to generate intracellular calcium waves and finally 
organize the cooperative beating, not only of a single cell, 
but of all the cardiomyocytes of a heart (see also section 14 
on heart).

These ablation studies were preceded by photochemical 
and photobiological experiments using an argon ion laser 
(Rounds et  al 1968). Subsequently, Salet et  al (1970) and 
Salet (1972) reported a 500-fold concentration of Janus 
Green in mitochondria and quantified, by comparison with 
similar effects in a model solution of stained albumin, the 
thermal effects induced by a ruby laser (694.3 nm). With a 
pulsed (Q-switched) and frequency-doubled NdYAG laser 
(532 nm, 108 W cm−2, pulse duration 30 ns) a somewhat sur-
prising result was seen (Salet 1972). When the cells were 
stained with the mitochondria-specific dye Janus Green, the 
mitochondria coagulated and the beating contraction of the 
cells ceased. In contrast, irradiation of the unstained cells 
accelerated the beating frequency. Results similar to the lat-
ter have been obtained with a classical UV non-laser micro-
beam. More direct argon ion laser irradiation (488 nm and 
514.5 nm) allows a definite number of mitochondria in the 
cell to be knocked out. At these wavelengths, the naturally 
occurring cytochrome absorbs and performs the task that was 
undertaken in the previous experiments by the Janus Green. 
Many cells survive the knocking out of at least 10 mitochon-
dria, corresponding to 30%–50% of all sarcosomes. In order 
to get more detailed information on the mechanism, Kitzes 
et al (1977) recorded the electrical action potential of rat car-
diomyocytes after irradiation with a pulsed argon ion laser 
microbeam (50 µs duration). Basically, small groups of cells 
were allowed to beat synchronously, selective cells were 
irradiated and the membrane potential was measured. Such 
potentials are significantly different when the synchrony is 
disrupted, in which case a special time course of the fibril-
lation potential (spontaneous irregular activity) is measured. 
The laser experiments revealed that only a special subclass 
of cells—the pacemakers—were affected. Normal cardio-
myocytes recovered quickly after the end of irradiation.
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Finally, an in vitro study on isolated mitochondria, address-
ing the site of the damage, showed that after laser irradiation, 
they suffer a precisely determined change in the structure of the 
cristae—the invaginations in the surface of their membrane.

8.6. The mitotic spindle: the basis for cell division

As mentioned in the basic section of cell biology, an essen-
tial hallmark of life is the exact duplication of a living cell. 
The distribution of the two sets of chromosomes, which 
result from DNA replication during the cell cycle, is thereby 
organized by a complex machinery of cell organelles. The 
considerable force which is exerted during the distribution 
of the chromosome on the two daughter cells has been mea-
sured by optical tweezers (Ferraro-Gideon et al 2013). Laser 
microablation is used to sever single organelles and to study 
their relevance for the cell division process. Such studies 
have shown that the connections between the kinetochore 
(the side where the cell division machinery attaches to a 
chromosome) and the spindle pole (its counterpart in the cell 
division machinery) is not required for correct chromosome 
segregation (Sikirzhytski et al 2014). It was also shown that 
actin and myosin affect the length of the spindle (Sheykhani 
et al 2013) and how sex chromosomes segregate from each 
other in crane-fly sperm cells (LaFountain et al 2012, Forer 
et al 2013).

8.7. Nucleoli, the side where information is translated into 
working molecules

Usually, RNA is transcribed into pre-messenger RNA that is 
spliced into messenger RNA and finally translated into protein. 
Another type of RNA, ribosomal RNA, instead of coding for a 
protein, acts as the structural element of the ribosomes—those 
organelles where translation from the messenger RNA into 
proteins occurs. Obviously, in order to avoid confusing the two 
types of RNA, nature has decided to synthesize the ribosomal 
RNA in a distinct structure (the nucleolus) within the nucleus. 
It can be well detected due to its high optical density. Therefore, 
nucleoli became quite early targets in laser microbeam studies. 
For example, nucleoli in the interphase or in the early prophase 
of PTK2 rat kangaroo cells were irradiated by an argon ion laser 
microbeam, and the daughter cells developed smaller structures 
called micronuclei. Nucleic acids were absent in these struc-
tures. The basic message of these studies was that in addition 
to the regular nucleolar organizer regions (NORs) there must 
exist subsidiary NORs which try to organize new nucleoli after 
disruption of the regular ones (Hu et al 1989).

8.8. Actomyosin fibrils and cytoplasmic strands

Actomyosin fibrils and cytoplasmic strands route subcellular 
particles through the cell. They are responsible for intracellu-
lar traffic. Again, the laser microbeam turns out to be a valu-
able tool in studies on intracellular motility. For example, the 
microdissection of actomyosin fibrils in the cytoplasma reveals 
that the fibrils still can contract. Severing of the cytoplasmic 
strands in plant cells (Hahne et al 1984) causes the cessation 

of all motion in the cell, not only along the severed strands. 
However, after a few minutes, intracellular motion is restored.

In the protoplasts of rapeseed, such strands totally disinte-
grate when a few of them are intracellularly cut by the laser 
microbeam. (See figure 13).

A related study in the alga ‘Pyrocystis Noctiluca’ gives an 
impression of the stabilization of cell structure (Leitz et  al 
1994). This cell type has intracellular strands providing a 
type of skeleton for the cell (figure 14(a)). When one strand 
is cut (figure 14(b)), the cell changes its shape slightly, but 
continues to reveal all signs of life; for example, intracellular 
motions are not significantly severed. Figures 14(c) and (d) 
indicate that the gap in the cut stand increases as a result of 
changes in the morphology of the whole cell.

Things change significantly when two or more strands are 
cut: then the cell loses function. Obviously, the number of 
strands in the skeleton of this cell has been optimized during 
evolution so that slight damage survives, but not catastrophic 
events damaging a larger number of strands. This helps the 
cell to optimize the demand for cell-stabilizing materials.

8.9. Laser ablation of interphase chromatin in the nucleus

Chromosomes in their compact form exist only during mitosis. 
During interphase the chromosomes are highly decondensed 
and not directly visible in the light microscope. This decon-
densed form of the genetic material is ‘chromatin’. A problem 
that has been discussed in literature for more than a century is 
whether the chromatin of the different chromosomes is totally 
intermingled or whether domains exist in which the decon-
densed chromosomes still exist as complete entities. The latter 
model on the internal structure of the interphase nucleus was 
already suggested a century ago (Rabl 1885). Laser microbeam 
studies have given an important answer to this question on the 
architecture of the mammalian cell nucleus (Cremer et al 1982).

When the chromatin is intermingled in the mother cell dur-
ing laser microbeam irradiation, the chromatin of many chro-
mosomes is disrupted. During mitosis it will be distributed over 
many chromosomes. When the different chromosomes decon-
dense at the transition from late mitosis to the G1 phase, i.e. dur-
ing cell division, it is improbable that all chromatin elements that 
were close to each other in the mother cell will find each other 
again in the daughter cell. Therefore, in such cases the radioactiv-
ity will be distributed over the whole nucleus. In contrast, when 
microirradiated chromatin stems from one single chromosome, 
radioactivity is concentrated on this chromosome during mitosis 
and after decondensation will reappear as one single spot.

The laser microbeam experiments showed that the latter is 
the case and confirmed the Rabl chromosome territory model. 
These experiments, performed between 1979 and 1982, have 
clearly helped to decide a long scientific discussion. Additional 
information came from these experiments: homologous chro-
mosomes are not generally located pairwise in mammalian 
cells, but in specific tissues, and some chromosomes, such as 
chromosome #1, tend to occur in a defined spatial arrangement.

Today, with chromosome specific DNA painting probes 
available, it is no problem to prove the results of Cremer et al 
(1982). Nevertheless, it was laser microbeam work which 
gave the first answers more than three decades ago.
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9. Microablation: access to individual cells in a 
whole tissue

A frequent problem in cell biology arises from the fact that a 
typical tissue does not consist of a single sort of cell, but is a 
mixture of several cell types (Tømmerås et al 2002).

9.1. Applications in plant cell biology

As an example of laser microbeams in plant biology, the DNA 
of spores selected from whole smears has been isolated by 
the polymerase chain reaction (PCR), a technique that allows 
a selected stretch of DNA in a whole cell to be amplified, 
(Sokolova et al 2004).

Figure 13. The microdissection of cytoplasmic strands in rapeseed protoplasts; (a) before laser cutting, (b) after cutting a few strands. 
The whole architecture of the cell is affected by cutting approximately 10–15 strands (reproduced with permission from Hahne et al 1984; 
copyright 1984 Elsevier).

Figure 14. Cutting intracellular strands in Pyrocystis Noctiluca. When only one or two strands are cut, the cell retains its shape. With more 
cuts, the cell rounds off (reproduced with permission from Leitz et al 1994: copyright 1994 Wiley VCH). (For details see text.)
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Microablation is also valuable in microfluidic systems, 
where a large number of individual cells can be treated within 
a short time (Quinto-Su et  al 2008, Chandsawangbhuwana 
et  al 2012, Banaeiyan et  al 2013, Yu et al 2009) including 
their reorientation (Gu et al 2011a) or microsurgery in selected 
cells within a tissue, for example, in the whole retina (Gu et al 
2011b). One application on the border of cell biology is the 
generation of microgas bubbles in a liquid. If this liquid con-
tains biological cells, they may migrate towards the bubble 
(mechanotransduction). The expression of genes responsible 
for that process can then be studied with a high throughput 
on single cell bases (Compton et al 2014). Alternatively, cells 
may die and undergo necrosis, and the molecules released by 
this process may be used to learn about cell death (Compton 
et al 2013). Similarly, as bubbles are generated, shockwaves 
can be induced and their effect on cell signalling can be stud-
ied. As a response to the sudden shear forces, cells release cal-
cium, the major signalling ion of any cell (see also section 14 
on the heart) (Gomez-Godinez et al 2015).

9.2. Plant root development: clonal or positional  
determination of cell fate?

In most animals, organs and extremities are present at birth; no 
new parts or organs develop. This is different in plants, where 
major parts can regenerate or develop anew. This outgrowth of 
new parts originates from a special tissue, called ‘meristem’, 
which is located at the base of shoots or roots. Before outgrowth, 
obviously all of the cells of the meristem look identical or at 
least similar. Plant developmental biologists would like to know 
if the differentiation of single cells during the outgrowth of a 
root hair or of a shoot is already programmed in each cell of the 
meristem (clonal fate) or if it is just determined by position. As 
a model, the root meristem of the plantlet Arabidopsis thaliana 
was used. For this tissue, in contrast to the shoot meristem, it was 
previously assumed that cell fate was determined genetically.

In a differentiated root of Arabidopsis, cells of a different size 
are located close to each other. When, for example, a large cell 
is deleted by laser ablation, the gap has to be replaced. One can 
observe this process. Sometimes, the large cell is replaced by 
daughter cells from the neighbourhood, and two outcomes are 
possible:

 (i) The gap will be filled by two small cells since the mother 
cells are programmed to have small cells as the daughter 
(clonal fate).

 (ii) One of the daughters of the small cell will have a large 
volume since it grows into a position where a large cell 
was previously located (positional fate).

The outcome of the laser experiment was that the daughter 
of the small cell became large, i.e. it did not confirm the previ-
ous belief that in an Arabidopsis root meristem the cells are 
genetically programmed. The experiment rather showed that 
the cells differentiate according to positional cues.

9.3. From a cell lump to a whole organism

In the development of a whole organism, including man, the 
first few cell divisions result in a cell lump, the blastomer. 

Surprisingly, each individual cell is not needed to develop 
the final organism. This can be studied by the targeted dis-
ruption of the individual cell in the blastomer using the laser 
microbeam (Scheidl et al 2002, Qiao et al 2013, Wang et al 
2013). Study on human cells is not possible for ethical rea-
sons, but studies with a model organism may also give valu-
able information.

9.4. Microbeams in developmental biology

Surprisingly, such simple experiments will be possible with 
the most complex objects in biology: with whole organisms. 
As mentioned previously, developmental biologists want 
to find out how a fertilized egg finally becomes a complete 
organism. How does a single, almost featureless cell start to 
divide, first into a lump of identically looking cells and finally 
end up being an insect, a fish or a human being? For such stud-
ies some particular model organisms have been chosen: the 
fruit fly Drosophila, since its genetics is well known, or the 
roundworm Caenorhabditis elegans, because the complete 
organism consists only of approximately 1000 cells, and the 
function of the individual cells is so well known that they have 
their own names. In the field of plant developmental biology, 
the plantlet ‘Arabidopsis’ is one of the model organisms.

The experimental strategy of laser ablation is as follows: 
by deliberately destroying or severing part of a system you 
may find out its function—or its malfunction.

Lasers are not really mandatory as long as spatial accu-
racies of a few micrometres are sufficient. This is the rea-
son why microablation by light has been used since 1912 
(Tschachotin, 1912). The thermal light of a classical micro-
beam (Strahlenstich) can be focused into a spot several 
micrometres in diameter. In those times, the nature of the 
light source and the comparably large diameter limited the 
power density, but it was sufficient to induce some interesting 
photobiological effects. The progress from classical to laser 
microbeams occurred gradually. It has not yet strictly been 
completed, since very useful studies are still performed with 
classical UV microbeams even today (see for example Illagan 
et al (1997)).

The first laser available to the scientific community was the 
ruby laser with its red working wavelength. It provided very 
low average power, but its peak power and small focus diam-
eter immediately opened up a new range of power densities as 
compared to classical light sources. When the green argon ion 
laser became available in the late sixties, higher average pow-
ers were possible. It took, however, more than another decade 
until the full range of interactions could be used.

Let us follow for a while the historical path of ablation 
studies in developmental biology in order to recall the gradual 
improvement of the microablation technique. The following 
report starts with some selected experiments from those early 
times of laser microtechniques, and ends with the full poten-
tial of effects to be generated at the end of the 20th century.

The first developmental biologists using laser microabla-
tion were satisfied with very simple and almost obvious con-
clusions. For example, in one experiment glands were removed 
from the larvae of the gall midge by a laser microbeam and it 
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was found that the larvae did not develop further into adult 
midges. The message is obviously that this gland is important 
for survival even at an early stage of development. Technically, 
this experiment is certainly at the borderline between the clas-
sical microbeam and laser microbeam and would probably 
also have been possible with classical light. Other experi-
ments required higher spatial accuracy and thus laser light. 
Many of these experiments have been reviewed extensively in 
the books and reviews of Michael Berns and his group (Berns 
et al 1972, 1974, 1981, 1991, Bereiter-Hahn 1972a, 1972b)

9.5. The fruit fly ‘Drosophila’: from the embryos to the  
organism

The fruit fly Drosophila is probably the best studied organism 
in developmental biology for two basic reasons:

 (i) The generation time is short, i.e. one can perform a large 
number of developmental experiments within a reason-
able time.

 (ii) A large number of mutants is known. For example, when 
a fruit fly mutant with a defective gene (genotype) shows 
changes in appearance (phenotype), it is reasonable to 
assume that the gene plays a role in the development of 
the corresponding organ or region of the adult insect.

The fertilized eggs of Drosophila first develop into larvae 
and via further stages into the complete insects.

In the late 1970s, a frequently used strategy in Drosophila 
research was the extinction of preselected cells or cell 
groups in the egg or other early developmental stages (blas-
toderm). The damaged eggs were allowed to develop into 
larvae (‘first instar larvae’), and the phenotypical changes 
caused by damaging the egg were quantified. The results 
of such experiments were then presented as a ‘fate map’. 
Often the damage was induced by micromechanical cautery, 
pricking or irradiation with a classical UV microbeam. The 
disadvantage of these techniques was their poor spatial reso-
lution that caused high early mortality. With the UV laser 
microbeam (257 nm, 20 µm in diameter, 0.7 µJ) it became 
possible to damage very well defined sites in Drosophila 
eggs. Among a number of different experiments which gave 
many fate map positions, one experiment investigated the 
positions in an egg, which were most critical for develop-
ment (Lohs-Schardin et  al 1979). The egg was irradiated 
in 12 positions, each described as a percentage of the total 
egg length: 100% would mean the anterior position, i.e. the 
future head; correspondingly, 0% is the posterior position. 
After irradiation, the percentage of functionally damaged 
larvae was determined.

Regions in the posterior part close to the middle of the 
egg are obviously more important for overall development 
than those at 15% or 60% egg length. A more general con-
clusion of this work, in contradiction with earlier work with 
more coarse instruments, was that no more than 40% of the 
length of the egg was important for developing a specific 
phenotype.

A similar laser microbeam experiment did use fluores-
cently labelled gene probes to unravel the genetic details 

of Drosophila development. This experiment contrib-
uted to the Nobel prize for medicine in 1995 for Christine 
Nüsslein-Volhard.

Halfon et al (1997) used a different strategy: not to dam-
age a cell in an embryo, but to alter its gene expression. 
This strategy is based on the knowledge that slightly over-
heating a cell will cause the expression of specific genes: 
the heat shock genes. So far, heat shock has only been 
applied to either single cells or whole tissues or organisms. 
Using a laser microbeam to heat up individual cells selec-
tively in a Drosophila embryo only caused heat shock gene 
expression in selected cells. Since such genes are expressed 
for a prolonged duration, the fate of the heat-shocked cells 
can be followed during the complete development of the 
embryo.

9.6. The nerve system of Caenorhabditis elegans

The nerve system of the roundworm C. elegans consists of 
a very limited number of cells. In spite of this simplicity, it 
performs tasks which also take place in the nerve system of 
higher organisms. Therefore, this nerve system provides a 
unique opportunity to learn how nerves are interconnected 
into neuronal networks and how such a network is used to 
perform a function. The deletion of individual neurons with 
a laser microbeam and a test of the neuronal response yields 
surprisingly detailed information.

The posterior nerve system is the part of the nerve sys-
tem close to the tail. It consists of only 40 neurons, which 
are interconnected with each other by some 200 connections 
(synapses). One-hundred and fifty of them are located in the 
pre-anal ‘ganglion’, and 12 of the 14 neuron classes are col-
lectively required for the catching and transport of bacteria. 
The class M3 neurons (which are basically motor neurons) in 
cooperation with sensory neurons (named I5) catch and sense 
the bacteria; other neuron cell classes (named ASH, FLP, 
OLQ feel touch (Hall et al 1991).

A further class of neurons is the chemosensory neurons 
(named ADF, ASG, AS1 ASE, ASK). The neuron ASE is 
responsible for sensing (chemotaxis to) cyclic-adenosine-
monophosphate (cAMP, biotin, and the ions Cl− and Na+). 
After damaging this neuron by laser ablation, the cell types 
ADF, ASG and AS1 cooperatively take over, but with reduced 
efficiency. This shows how the damaged part of a nervous sys-
tem or a brain can be replaced without physically replacing 
the cells. Such knowledge may be useful for understanding 
how organic damage in Alzheimer disease may be alleviated 
by alternative networking.

9.7. Other nerve systems and brains

Nerves grow by a grow-cone at the front (resembling the delta 
of a river). Often the single branches of the cone connect them-
selves to other nerves, thus forming a neural network. The 
single branches can be guided (axional path finding) by laser 
microtechniques. For example, by spinning a bi-refringent 
microsphere with polarized optical tweezers (Arita et al 2011, 
Wu et al 2011), a flow of liquid and shear forces at the tip of a 
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growing nerve-cone can be induced. This influences the direc-
tion of growth of the axon and thus affects networking.

Since such axons are ‘fragile’, the injection of foreign 
material is performed with a femtosecond laser microbeam, 
which provides the optomechanical effects of a nanosecond 
laser but generates much less damaging heat (Antkowiak 
et al 2013).

A final type of experiment may be just in the early stage of 
its applications: laser microbeams may complement magnetic 
resonance studies on mapping brains. With magnetic reso-
nance studies, areas of activity can be visualized and related 
to a certain task the brain is performing. So far it is not defi-
nitely clear how much the results from magnetic resonance 
mapping can be generalized, i.e. how much the activity upon 
a certain task is individually determined. Laser microbeam 
studies have already been performed in which small groups 
of cells deep in the brain of house fly larvae were severed. 
These studies questioned the influence of such cell groups on 
optomotor flight stabilization. They may be easily repeated 
with the other areas of fly brains, which have previously been 
identified by magnetic resonance imaging as important for 
performing a given task.

10. Cancer research and genetic engineering

Laser microtools have found widespread applications in bio-
medical research. The basic techniques are laser cutting and 
laser microperforation (Schütze et al 1997a,1997b).

10.1. Tissue microdissection in cancer research: background

The development of many cancers, and probably of other 
diseases, can be regarded as an evolutionary process. The 
cells of a healthy tissue evolve into cancer cells by mutation, 
either due to spontaneous reading errors or through the influ-
ence of chemicals or radiation. In most cases the changes are 
large enough to be recognized and attacked by the immune 
system. Only very occasionally are the changes too small not 
to be recognized by the body’s defence and severe enough 
to remove growth constraints, which usually guarantees that 
the cell remains within the social network of the tissue. When  
the cell starts to grow autonomously, this is the first step of the 
development of cancer.

Cancer tissue consists of cells with a wide variety of 
genetic outfits. As a consequence, a large number of cells 
may still be sensitive to therapy, but a small fraction may be 
refractive. This has been suggested to be the reason for an 
often-observed time course in cancer therapies: the first stage 
of therapy appears to be successful, the tumour regresses, but 
at some stage the tumour recurs and cannot be treated further. 
When such a time course is compared with cases where no 
therapy was applied, it often turns out that the total patient 
survival time is not very different. The untreatable cells have 
replaced those cells which were destroyed by the therapy. In 
order to find out which cells are the untreatable ones and what 
property makes them untreatable, individual cells have to be 
isolated from the cancer tissue. Cancer-specific antibodies can 

investigate their surface; for example, in Hogdkin disease, only 
a small number of cells are really cancer cells, and only they 
can be stained with a cancer-specific antibody called CD 30. 
In this tumour, it may be useful to isolate individual cells and 
to investigate whether certain genes are expressed incorrectly 
or whether they are mutated. Also, in virus-dependent cancers 
one may try to find out which cells are infected, i.e. in which 
cell specific genes of the virus are expressed. The molecular 
biological technique is the polymerase chain reaction.

A second reason for attempts of single cell analysis is the 
fact that in many hospitals a large amount of tissue sections of 
past cancer cases are available which may be used for retro-
spective studies. Since this valuable archival material should 
not be destroyed as a whole, single cell analysis gives the 
wanted information with minimal damage to the tissue.

10.2. Laser microbeams for the isolation of individual cells 
from cancer tissue

A particularly important example is cancer tissue: in the early 
stages of cancer only a small fraction of all cells are cancer-
ous (Aubele et al 1998, Nishidate et al 2004). Understanding 
their behaviour and their sensitivity to drugs helps with the 
development of therapies for early cancer. Laser microbeams 
can be used to cut such cells out of the whole tissue and to 
isolate them either micromechanically or with the help of 
optical tweezers. Due to the submicrometre accuracy of the 
microbeam this combination of optical and micromechanical 
tools is much more precise than micromechanical approaches 
alone.

The isolation of the single cell is often accomplished by 
mechanical microtools. However, with this technique cells 
may be damaged during the preparation procedure, and it is 
difficult to isolate single cells. Thus, adjacent cells with a dif-
ferent genetic constitution may blur the results.

The potential of laser microsurgery for the isolation of sin-
gle cells or groups of cells was recognized early, and compara-
bly sophisticated equipment has been developed (Meier-Ruge 
et al 1976). A nitrogen laser focused to the diffraction limit 
was combined with a helium–neon laser of low power. The 
latter can be used to mark a region of the cells in freeze-dried 
tissue slices by circumscribing the region to be microdissected 
at a later stage of the experiment. The data was stored elec-
tronically and subsequently the nitrogen laser performed the 
cutting work automatically.

An interesting technical variant is laser capture microdis-
section (LCM, Emmert-Buck et al 1996). The tissue is cov-
ered with a thermoplastic film, and by shining the laser onto 
the wanted tissue region, the film is softened. The film can 
now be torn off and the wanted tissue region is isolated. In 
contrast, in a further variant where the light pressure of the 
cutting laser is used to ‘blow’ the wanted cell out of the tis-
sue (laser pressure catapulting) (Schütze et al 1997a, 1997b, 
Schermelleh et al 1999) single cell isolation is possible.

Only a few complete experiments in cancer research have 
been performed. For example, a special strain of rats, Eker 
rats (Kubo et al 1995), frequently suffers from a hereditary 
form of renal cell carcinoma. This cancer develops through 
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multiple stages from early pre-neoplastic lesions, where the 
renal tubules are morphologically altered, to the final can-
cer. Obviously a specific gene on the rat’s chromosome #10, 
tsc2, is involved in the aetiology of this cancer. In order to 
investigate this, phenotypically altered renal tubules, as the 
earliest visible lesions, were microdissected out of freeze-
dried, 10 mm thick tissue sections, with a focused dye laser 
(Kubo et al 1995). The tubules were immediately placed in 
microvessels (Eppendorf tubes). With PCR and a suitable pair 
of primers it was tested whether the tsc2 gene was present in 
two versions (as expected for healthy cells) or whether one 
version had been lost, i.e. the tubules were tested for loss of 
heterozygosis (LOH). In fact, in approximately 20% of the 
tubules, LOH was detected at this very early stage of the can-
cer, indicating that the LOH of tsc2 may be one of a number of 
causative changes in the aetiology of this cancer.

In a second type of experiment, the tissue sections of early 
gastric tumours were investigated by single cell PCR with 
respect to modifications in the cadherin E gene which codes 
for a cell adhesion protein (Becker et al 1996, Schütze et al 
1997a, 1997b). The tissue sections of past cases were used in 
this retrospective study. It was possible to show that, on the one 
hand, the laser treatment did not cause mutations in the cad-
herin gene. On the other hand, a point mutation was detected 
in a significant number of tumour cells, which appears to be 
correlated with the progress of early gastric cancer.

In further experiments, it was shown that an interferon 
stimulated gene overexpressed in human prostate cancer can 
be studied after laser microdissection and valuable informa-
tion derived for the possible treatment of this cancer by inter-
feron (Satake et al 2010).

10.3. Microperforation of cell walls and cell membranes

There are many reasons why a biologist would want to inject 
foreign material into cells or subcellular structures. Many sub-
stances can just be added to the culture medium and the cell 
will take them up spontaneously after a certain while. Often, 
however, an experiment may require the uptake of foreign 
material at a definite time, and also with a definite dose. In 
this case, direct microinjection is the method of choice. One 
example would be the injection of fluorescently labelled mol-
ecules at a given time and to study the temporal course of their 
distribution over the cell or their degradation with time. A sec-
ond example is the introduction of ‘caged compounds’ (see 
section  ‘single DNA molecules’). After the cage compound 
has been injected into the cell, the ions are liberated by a short 
laser pulse and start, for example, a calcium wave for intra-
cellular signalling or a cascade of intracellular motions. The 
injected material may also be a DNA molecule and this can be 
used to transfer genes into a target cell (see below).

Laser microperforation is straightforward. The laser micro-
beam is directed onto the cell wall or cell membrane and with 
a short single pulse of high intensity it is perforated. The 
whole size depends on the laser intensity and may range from 
virtually invisible to the destruction of the complete cell. The 
small holes in the membrane will reseal spontaneously after 

some time. This resealing time depends on the temperature 
and is typically a few tenths of a second at 37 °C, a few sec-
onds at room temperature and a few days close to the freez-
ing point of water. Thus one has two parameters which allow 
the microinjection of a vast variation of molecule types and a 
vast variation of molecule numbers. A third parameter is the 
osmotic pressure difference, which can be modified by adding 
substances such as ‘mannitol’ to the solvent. In order to find 
out the optimal conditions, it is necessary to perform some test 
experiments with any new cell type to be microinjected, but 
once the conditions are found, large numbers of cells (up to 
one per second) can be treated.

Since the laser microbeam works in a contact-free way, it 
is no problem to perforate the cells in suspension. This is a 
distinct advantage as compared to microinjection with a glass 
capillary, which would rather push suspension cells away 
instead of perforating them, and thus in most cases requires 
adherently growing cells.

As an example of the possible accuracy of laser microper-
foration: Figure 15 shows a human red blood cell with a pat-
tern written on the surface of its membrane.

For good practical work, the focus of the microbeam is 
adjusted exactly into the object plane. It is also helpful, though 
not mandatory, for the laser to be focused close to the diffrac-
tion limit. To prick holes in the cell surface it is only necessary 
to bring the cell surface into the focal plane, i.e. to obtain a 
sharp image of it. With a single pulse, the hole is punched into 
the cell surface and material can slip into the cytoplasma. The 
whole size is dependent on the laser power.

10.4. Laser-assisted gene transfer into animal cells

The first experiments on laser-facilitated gene transfer were 
performed with animal and human cells (Tsukakoshi et  al 
1984, Kurata et al 1986, Tao et al 1987).

In the following section, a biological experiment is 
described in considerable detail for readers with a strong bio-
logical background. Readers with a more physical background 
may skip this section and go to section 10.5, or may use it for 
getting a basic idea of the biology behind laser microinjection.

Plasmid DNA containing the gene for the enzyme ‘gpt’ 
(pSV 2 gpt, ecogpt) was injected by a laser microbeam (the 
third harmonic of a NdYAG laser) into normal rat kidney cells 
(NRK). Gpt converts xanthine into xantine-monophosphate 
and is thought to confer resistance against the action of sub-
stances inhibiting metabolism. After irradiation, the cultures 
were selected for 100 h on a medium containing antimetabo-
lites. Survivors were only found when, before selection, the 
cells had received laser pulses in the presence of plasmid 
DNA. When, under continuous observation in the micro-
scope, one half of the cells in the field of view was treated 
with the laser while the other half remained untreated, growth 
was only observed in the treated half. Transfection efficien-
cies up to 0.6% have been found for this system (Tsukakoshi 
et al 1984, Kurata et al 1986). In a similar experiment, resist-
ance to the aminoglycoside antibiotic G 418 was transferred 
to a human fibrosarcoma (cancer) cell line by injection of the 
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‘neo’ gene. The fibrosarcoma cell is deficient in the gene for 
hypoxanthine phospho-ribosyltransferase (HPRT) and should 
not grow in a medium containing G 418. When 1000 of these 
cells were perforated by the laser microbeam in the pres-
ence of 12 mg ml−1 of a plasmid carrying the neo gene, three 
resistant colonies were detected (i.e. the transformation effi-
ciency is 0.3%). In the control experiments no colonies were 
found. Also, Southern blot analysis and microcell hybridiza-
tion indicated that the gene had indeed been incorporated. 
The transformation efficiencies in both types of experiments, 
0.3%–0.6% appear to be poor but clearly exceed the transfor-
mation efficiencies of chemical methods. In addition, the laser 
technique has the advantage of microscopic control. In plant 
cell experiments it will turn out that even higher transforma-
tion efficiencies can be obtained.

10.5. Direct microinjection of genes into plant cells: the laser 
microbeam is often without an alternative

While for animal cells the direct transfer of genetic mat erial 
by a glass capillary is a technique competitive with laser 
microinjection, it often has no alternative with plant cells 
(Weber et al 1988a, 1989a, 1988b). For example, when one 
tries to microinject material into the cells of rapeseed, the 
capillaries are either too thick and damage the cell or they 
are sufficiently fine but too fragile and thus cannot penetrate 
the rigid plant cell wall. Although walls may be removed 
enzymatically, only in a few cases can those protoplasts be 
regenerated in plants.

Laser holes in the cell membranes of rapeseed (Weber 
et  al 1989b, 1990a), and in an additional experiment, of 
tobacco (Weber et  al 1990b) were recorded on video. A 

fluorescent dye was taken up through laser holes into plas-
molyzed cells for less than 5 s. Within 5 s after irradiation 
they had closed. However, the lowered membrane fluidity 
at temperatures below 11° C prevented the self-healing of 
the laser holes. After irradiation, 80% of single cells were 
viable. One day later, 40% of the cells were alive and con-
tinued to grow, and 24 h after laser treatment the gene was 
expressed.

10.6. Genetic modification of selected cells within a whole 
tissue

In the developing embryos of rapeseed, the expression of GUS 
(a gene which when it is expressed stains a cell dark blue) and 
its time course is followed. When GUS DNA was injected into 
some selected cells of the embryo, only the laser-treated ones 
assumed a blue colour, indicating the successful expression of 
GUS (shown in figure 16).

More difficult, but with a wider field of application, is the 
injection of foreign genes into individual cells in suspension. 
Single rapeseed cells were plasmolyzed to 80% of their vol-
ume in the presence of DNA, conveying resistance to the anti-
biotic hygromycin (pRT 102 hph). After the laser perforation 
of their cell wall, approximately 106 molecules were incorpo-
rated into each cell at a DNA concentration of 1 µg µl-1. In 
1 h it was possible to irradiate 1000 cells. Approximately 20% 
of the cells became resistant to the hygromycin and retained 
their resistance over many cell generations in the absence of 
selection.

Similar experiments with tobacco cells showed that from 
a total of 472 irradiated cells, two fertile plants were regen-
erated which had the entire hph gene incorporated into their 

Figure 15. A human red blood cell with a pattern written on the surface of its membrane. A pattern written on the surface of a human red 
blood cell (reproduced with permission from Greulich 1999, p 217; copyright 1999 Springer).
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genome, i.e. the transformation efficiency for stable incorpo-
ration is 0.5%.

Stable incorporation of the hph gene was also observed in 
tobacco. The DNA of leaves from the plant was isolated and 
separated according to size by electrophoresis. A labelled hph 
DNA probe successfully hybridizes against the DNA of the 
tobacco leaf, indicating that the gene is still in the plant of the 
second daughter generation. In the control plants, no hybridi-
zation is detected.

10.7. Injection of DNA into isolated chloroplasts and into the 
chloroplasts inside a plant cell

Chloroplasts (5–10 mm in diameter) are the organelles of 
plant cells where photosynthesis occurs. They are particularly 
attractive targets for introducing DNA with the help of a laser 
microbeam. The chloroplasts of higher plants have their own 
DNA in the form of circular molecules. Typically, several 
DNA copies are present in one chloroplast. Similarly, as the 
genomic DNA in the nucleus, the chloroplast DNA codes for 
proteins. Interestingly, the enzyme machinery used for protein 
synthesis resembles that of prokaryotic bacteria.

In the first experiment, the membrane of isolated chloro-
plasts was opened with single laser shots. Compared to irradi-
ating cell walls, the laser pulse energy had to be attenuated in 
order to prevent the bursting of the chloroplasts. Furthermore, 
the integrity of the entire chloroplast was critically depend-
ent on the exact focusing of the laser. To score a hit of the 
membrane, a visible effect was recorded (Weber et al 1990b) 
(shown in figure 17).

For the injection of foreign genes into the chloroplast, it 
was essential for a hole to be sealed in the membrane approx-
imately 1 s after laser treatment. The small diameter of the 
focus (less than 1 µm) and its small depth of field allowed 
the laser to be aimed at the membrane of the chloroplasts 
inside the cells. To transfer the DNA into the chloroplasts it 
was microinjected into the cytoplasm of the protoplasts, i.e. 
the rapeseed cells whose cell wall was digested enzymatically. 
Then, the laser was aimed at individual chloroplasts inside the 
cytoplasm; in this way, fluorescently labelled DNA was intro-
duced into the chloroplasts.

One of the marker genes for chloroplasts is the gene psbA. 
In the presence of triacines, which are usually lethal, cells con-
taining this gene are capable of performing photosynthesis. One 
thousand protoplasts were loaded with plasmid DNA carrying 
psbA. Within 30 min, all visible chloroplasts received one laser 
pulse. Two weeks later a selection was started on atrazine, and 
resistant, green colonies grew from the laser-treated cells indi-
cating the transient expression of the resistance marker psbA. 
The colonies were picked and then followed through two more 
rounds of selection. Finally, 16 resistant colonies remained 
from the 1000 cells that had initially been irradiated. However, 
in this case, no resistant plants could be regenerated.

11. From laser-induced cell fusion to antibodies and 
immunology

The fusion of cells combines the genomes of both and may 
occur spontaneously or by external manipulation. Best known 
is the fusion of sperm and egg cells in sexual reproduction (see 

Figure 16. The expression of GUS in those cells of a rapeseed embryo which were treated with the laser microbeam. On the right: a totally 
untreated embryo (reproduced with permission from Greulich 1999, p 220; copyright 1999 Springer).
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section 11.1). The fusion process with the widest technical use 
combines antibody-producing, but short-lived B-cells of the 
immune system with long- living blood-cancer-(myeloma) 
cells in order to obtain a long-living (monoclonal) antibody-
producing cell. Fusion of the neighbouring cells can occur 
either in organisms or in cell suspension.

In the following discussion on laser experiments, individ-
ual cells in suspension are fused by the help of a few short 
laser pulses. Occasionally, cell fusion is induced in a whole 
organism by a laser microbeam (Schierenberg 1984).

11.1. How to avoid sex: cell fusion in suspension

As discussed in section 10 on cancer and genetic engineer-
ing, genetic modification of a cell or an organism can be per-
formed by introducing a defined gene into a target cell, for 
example, by laser microinjection. Such a gene transfer modi-
fies the target in one or a few specific traits; for example, it can 
make a plant resistant to a specific disease. A more general 
way is the fusion of different cell types with each other, thus 
combining their two genomes in a similar way, as it happens 
during sexual reproduction.

The spontaneous fusion of somatic (non-germline) cells is 
observed with muscle cells in order to form myofibrils. Other 
spontaneous cell fusion in an organism is unwanted since it 
may cause cancer. On the other hand, the in vitro fusion of 
cells has now become an important tool in basic research and 
in biotechnology, since fusion allows variability to be gener-
ated at a speed which is often considerably faster than sexual 
reproduction, for example in classical breeding. Unlike gene 
transfer, fusion allows the modification of cellular properties 
in cases where a relevant gene is not known, i.e. one works on 
a phenomenological basis.

Several techniques for the induction of cell fusion in vitro 
are available:

 (i) Chemically induced cell fusion
 (ii) Virus-induced cell fusion
 (iii) Fusion by electric microsecond field pulses
 (iv) Fusion by mechanically pricking adjacent cells

Chemical- and virus-induced fusion are essentially mass 
fusion techniques. Large amounts of two cell types are mixed 

in suspension, the fusing agent is added and spontaneous 
fusion under these physicochemical conditions is exploited. 
There will be fusion between cells of equal type (which in 
most cases are unwanted) and fusion between the cells of 
different types. Usually, a selection system guarantees that 
only the fusion products of a different cell type will survive. 
Often, resistance against antibiotics is used as a marker for 
selection.

Electrofusion is either a mass fusion technique (as it is used 
in most cases) or a technique for individual cells. In the lat-
ter case, however, complicated electric field geometries are 
required. Finally, mechanical fusion uses microtools to press 
or to prick cells and thereby to induce their fusion. Both tech-
niques for the fusion of individual cells are tedious. Here the 
laser may be the tool of choice.

When the laser microbeam is slightly defocused, it will no 
longer burn holes into the membranes of mammalian cells or 
cut subcellular structures. When two cells are in contact with 
each other, they may be fused by a short series of laser pulses. 
Thus it is possible to fuse a pair of cells under total micro-
scopic control. One can even select a specific region of the 
cell membrane where fusion should be induced. The contact 
between cells involved in the fusion process may be estab-
lished either by adhesive forces, due to high cell density on a 
microscope slide, or by specific coupling via a bridging mol-
ecule system such as avidin/biotin.

11.2. Fusion of plant-protoplasts

The perspective for fusing plant cells is that of accelerating 
plant breeding. Classical plant breeding is dependent on gen-
eration times, which may be a year or more. Also, while it 
is possible to breed quite different plants with each other, in 
some cases a barrier of unknown origin prevents the combina-
tion of two specific traits.

Also, it is not possible to fuse whole plant cells to each 
other. Protoplasts first have to be generated by the digestion of 
the hard cell wall with an enzyme cocktail. In this sense plant 
cell fusion is different from laser-induced gene transfer, since 
the latter also works with whole cells. Nevertheless, while 
protoplasts are more fragile than cells, viable fusion products 
can be obtained with reasonable yield.

Figure 17. The generation of laser holes on the surface of isolated chloroplasts inside an unopened cell (reproduced with permission from 
Weber et al 1990b; copyright 1990 Taylor & Francis).
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Figure 18 shows how the protoplasts of the oilseed 
Brassica napus L. are fused. First, they were brought onto 
the microscope slide at high density, and since the protoplasts 
have a slight tendency to aggregate anyway, many pairs or 
even groups of three protoplasts could be found. The pair to be 
fused was brought into the focus of the laser microbeam. The 
laser was focused at the approximate location of the contact 
area of the membranes of the cells, then a series of laser pulses 
was released. After perturbing the protoplast membranes, both 
protoplasts typically fused their membranes forming a single 
cell after 10–20 s. During the release of the laser pulses, it is 
often necessary to change the focal plane slightly in order to 
perturb the membrane properly.

After fusion of the first two protoplasts had been com-
pleted, a third protoplast was fused to the product of the first 
experiment. In principle, this process can be repeated further, 
thus obtaining large multi-nucleated protoplasts.

Initiation of membrane fusion as well as its progress is 
typically recorded on videotape. The analysis of individual 
video frames reveals the details of the fusion mechanism. 
Protoplasts in close proximity before laser treatment show 
normal membrane features (figure 18(a)). If the membrane 
of only one cell is perturbed with the laser, it fuses with the 
membrane of the adjacent cell. However, fusion of the cyto-
plasm does not occur. Instead, a bulge of the membrane of 

the presumably intact cell protrudes into the cytoplasm of the 
opened cell (figure 18(b)). Eventually, the plasmalemma of 
the intact cell ruptures to complete the fusion process (figure 
18(c)). However, it is also possible to complete the fusion by 
puncturing the remaining plasma membrane with additional 
laser pulses. The yield of surviving hybrids can be checked 
by observation of cytoplasmic streaming. This continues in 
more than 50% of the fusion products for at least 1 h after 
membrane fusion.

11.3. Laser-induced fusion of B-cells with myeloma cells

As already indicated above, the aim of hybridoma technol-
ogy is to produce a long-living antibody-producing cell by 
the fusion of a short-living B-lymphocyte with a long-living 
blood cancer (myeloma) cell. Figure 19 (Wiegand et al 1987) 
shows schematically how high specifity can be achieved:

The two cells to be fused have been coupled by a spe-
cific process. An antigen (keyhole limpet protein, KLH) has 
been coupled to streptavidin. This construction can bind spe-
cifically to the B-cells specific to KLH. As a consequence, 
KLH-specific B-cells, but no other B-cells, carry streptavidin 
at their surface. The trick now is to label the myeloma cells 
with biotin, which is possible just by mixing. Due to the high 
affinity between biotin and streptavidin, the biotin-labelled 

Figure 18. The laser-induced fusion of oilseed protoplasts. In the first step (top), two adjacent protoplasts in the centre of the figure were 
fused. In the second step (bottom), the large protoplast to the left of them was fused to the hybrid of the first step. In total, a hybrid of three 
cells was generated (reproduced with permission from Wiegand et al 1987, Wiegand-Steubing et al 1991; copyright 1987 Company of 
Biologists and 1991 Wiley VCH, respectively, Clement-Sengewald et al 1993).
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myeloma cells now bind preferentially to the avidin-labelled, 
KLH specific B-cells. In other words, the cells with the wanted 
specifity are now implicitly marked and they are in the correct 
spatial situation for laser-induced fusion.

The fusion is induced by a series of laser pulses similar to 
that described above for the plant protoplasts. In contrast to 
the latter, the fusion, i.e. the rounding of the fusion product, is 
completed after 10 min.

The specifity can be shown directly by using a fluorescently 
labelled antigen: by doing this, a single cell can be made vis-
ible among millions of B-lymphocytes with other specifities, 
brought into contact with a myeloma cell and fused with laser 
pulses (shown in figure 20).

11.4. Increasing the yield by combining laser microbeam and 
optical tweezers

A very elegant way of increasing the yield of laser-induced sus-
pension fusion is to combine a laser microbeam and optical twee-
zers. Then one is totally independent of any natural or chemically 
induced contact. Any pair of cells visible under the microscope 
can be brought into contact, similar to that shown for the attack 
of natural killer (NK) cells on blood cancer cells. Once they are 
in contact, fusion can be induced. In an experiment reported by 
Wiegand-Steubing et  al (1991), a nitrogen-pumped dye laser 
(wavelength 366 nm) was used to induce the fusion process.

11.5. Optical-tweezer-based immunosensors and the  
detectors of virus-cell adhesion

Laser microbeams and optical tweezers are not only used in anti-
body production but also in antibody detection. For example, 
when antibodies and antigens are bound to the surface of micro-
spheres, the force between the spheres can be measured. With 
good assumptions on the density of the antigen and the antibody 
densities on the spheres, the force between the single molecules 
can be estimated. Since there is a relationship between the force 
and binding constant, such an experiment also gives informa-
tion about the antigen–antibody binding constant. Based on such 
mechanisms, an optical-tweezer-based immunosensor has been 
constructed (Helmerson et al 1997). An example of considerable 
practical importance is the study of virus cell adhesion, and par-
ticularly of the effect of inhibitors from it, which might be used 

as protection against viral infection. In this case, a microsphere is 
coated with virus particles and its adhesion to the cells is studied 
by a double optical tweezer system, which is called OPTCOL, 
since it allows the optically controlled collisions of biological 
objects to be studied (Mammen et al 1996).

11.6. Optical tweezers reveal details of the attack of the  
immune system on cancer

In the following experiment (Seeger et al 1991) describes how 
with the help of optical tweezers, the attack of a cell from 
the human immune system on a cancer cell can be observed 
from the very first seconds after contact has been estab-
lished. Immune cells such as cytotoxic T lymphocytes (CTL) 
and natural killer (NK) cells circulate through the body and 
check whether other cells show, for example, signs of cancer. 
Usually, the cells present peptides bound to a molecule class 
called MHC 1. If such a peptide is unfamiliar to the CTL it 
attacks the presenting cell. If for some reason the presenting 
cell has no MHC 1 molecule at all, it cannot present the pep-
tide that might indicate that something is wrong. In this case, 
the NK cell takes over the task of immune surveillance and 
thus helps in the avoidance of a catastrophic outcome for the 
whole organism. In order to understand the process of rec-
ognition and attack, in vitro experiments would be helpful, 
where contact is established artificially and the process can be 
observed. Particularly interesting is the contact between the 
cytolytic effector cells, such as the cytotoxic T lymphocytes 
(CTLs), or the natural killer cells (NKs) with target cells. The 
CTL-target contact is highly specific and governed by com-
plex supramolecular associations between the T-cell receptor 
and the CD 8 surface molecules on the effector cell and major 
histocompatibility class I surface molecules complexed with 
peptides on the target cell. With NK cells similar mechanisms 
have been suggested. In order to test such working hypoth-
eses, it is helpful to have other techniques for establishing 
contact between the NK cell and its target cell.

The standard approach is to mix the two types of cells, 
centrifuge them at low speed and observe what happens after 
the cells have been re-suspended and prepared for microscopy 
or for other experiments. This approach is blind for the first 
minutes after contact between the two reaction partners and 
therefore cannot study the most important phase of the attack. 

Figure 19. The fusion of two cells coupled by an antigen avidin biotin bridge. A schematic representation of the bridge (reproduced with 
permission from Wiegand et al 1987; copyright 1987 Company of Biologists).
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Alternatively, contact can be established by use of microme-
chanical tools, but this may damage the NK cells and thus 
blur the outcome of the experiment. Here the optical trap can 
establish contact in an easy and gentle way. With optical twee-
zers, the NK cell can be moved towards its target cell and the 
natural contact between both cells can even be increased. This 
may help to trigger the activity of the target cell. During such 
a type of experiments the yield of successful attacks of NK 
cells on erythroleukemia cells was higher than expected from 
the literature values. An obvious explanation for this is that 
the NK attack on the target cells has already started when the 
affinity of recognizing molecules per se is not high enough 
to trigger activation. In this case, supporting the contact by 
the optical tweezers may support activation even in those 
cases where specific contact has not yet been fully estab-
lished. Figure 21 shows that the NK cell (small dark cell) in 
fact attacks the target cell, which changes its morphology by 
membrane blebbing.

A detailed inspection of membrane blebbing shows that for 
the first 40–50 s after contact between the NK and cancer cell 
no change in morphology is observed. Biochemical activation 
processes that take some time before the cancer cell really is 
attacked can explain this observation. The further process, inter-
estingly, is not continuous but oscillates; at present this oscil-
lation is unexplained. A possible interpretation would be that 
the attacked cell reacts by repairing any damage and that the 

attacking cell increases its attempts to kill the cancer cell. If this 
interpretation turns out to be realistic, it would have significant 
consequences for the understanding of the immune surveillance 
of cancers and might give interesting hints for developing cancer 
therapies.

12. Blood circulation in the body: the elasticity of 
red blood cells

The biomedical applications reported so far are still basic 
research. The techniques to be discussed in the following sec-
tion are on their way to having diagnostic applications. They 
deal with the elasticity of red blood cells for the diagnosis of 
blood circulation problems.

12.1. Optical tweezers can be used as wall-free microvessels 
to study red blood cell elasticity

Red blood cells (erythrocytes), the transporters of oxygen 
in the organism, are special with respect to their cellular 
architecture. While typical animal cells have a cytoskeleton 
throughout their cytoplasm, a skeleton of spectrin molecules 
immediately below the membrane stabilizes red blood cells. 
This membrane skeleton stiffens the membrane and deter-
mines its mechanical properties.

Figure 20. The fusion of two myeloma cells. The whole process takes approximately 10 min (reproduced with permission from Wiegand 
et al 1987; copyright 1987 Company of Biologists). (For details see text.)
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Red blood cells may be highly deformed when they are 
squeezed through narrow blood vessels and thus the mechan-
ics of the spectrin-membrane system is a property of vital 
importance, both for the cell and for the organism, which they 
have to supply with oxygen. When red blood cells become too 
stiff, their transport through the finest capillaries of the human 
blood system is impeded and blood supply is blocked.

The study of red blood cell elasticity (a branch of ‘rheol-
ogy’), particularly of the influence of physicochemical param-
eters such as salt concentration, by classical means is difficult 
since the cells have somehow to be held in a suitable posi-
tion mechanically. This may deform them and thus affect their 
elasticity. Optical tweezers can alleviate a number of typical 
problems encountered with such elasticity studies, since com-
paratively gentle gradient forces can fix the red blood cells. In 
a sense, the focus of the optical tweezers serves as a wall-free 
microvessel.

In the following, two types of experiments are reported. 
First, the elasticity of whole cells or whole membranes and 
their adhesion properties are investigated. Second, in order to 
uncover more details, membrane skeletons are isolated from 
red blood cells and investigated separately without membrane 

material. Such a study allows the contribution of the skeleton 
to red blood cell stability to be uncovered directly.

12.2. Measuring the elasticity of red blood cells

Multibeam optical tweezers represent a gentle tool (Bronkhorst 
et al 1995). Red blood cells have a biconvex shape resembling 
a thick flexible disk in which the centres of the two faces are 
slightly pressed towards each other. In single beam tweezers, 
the red blood cells would always orient themselves parallel  
to the direction of the laser beam. Triple beam tweezers  
allow the cell to be oriented perpendicular to the original 
direction. Using three partial laser beams, the membranes of 
the cells can be perturbed into a shape resembling a parachute, 
or in a very crude approximation, into a V-cross section shape 
(Bronkhorst et al 1995). Two beams pull two extreme parts 
of the cell, and a third beam in the middle pushes the centre 
away and thereby deforms the whole cell. After switching 
the lasers off, the cell relaxes into its original structure. The 
relaxation half-time is measured, for example, by evaluating 
videotapes. Approximately 50 cells h−1 can be analyzed by 
this technique.

Figure 21. The attack of an NK cell on a blood cancer cell, induced by establishing contact with the help of optical tweezers (reproduced 
with permission from Seeger et al 1991; copyright 1999 Wiley VCH). (For details see text.)
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The relaxation is quantified as follows: the angle of the 
V-shaped cell, which opens increasingly as the cell relaxes, is 
plotted versus time and fitted by an exponential curve. From 
this, the relaxation time  =  T1/2 can be calculated.

From experiments using the micropipette and the rheo-
scope, it is known that T1/2 depends on the age of the red 
blood cells, and this in turn is related to their density. 
Therefore, for the laser experiments the red blood cells were 
separated into two fractions with high and low densities (old 
and young cells) in a centrifuge, using the commercially 
available separation medium, ‘Ficoll’. The red blood cells in 
the buffer were also compared with those in the blood plasma 
(the liquid comp onent of blood after removing all cellular 
components). The laser results are compared with literature 
values obtained by the two classical methods, however in the 
buffer only.

In spite of a few inconsistencies (with the rheoscope the 
value for all cells is higher than the average for old and young 
cells) the following picture emerges:

 (i) In blood plasma T1/2 is much longer than in the buffer. In 
order to come close to the in vivo situation, blood plasma 
has to be taken as a solvent.

 (ii) Where comparable, all methods give similar values for 
T1/2 within a factor of two.

The overall result of these experiments is that triple beam 
optical tweezers are suitable for measuring the flexibility of 
red blood cells. It is obvious that this technique can be used 
immediately in the clinical diagnostics of red blood cell 
properties.

12.3. Red blood cell adhesion: laser tweezers test two models

Of similar importance as the elasticity of red blood cells is their 
tendency to form aggregates by adhesion, which is the basis for 
clot formation, occasionally with a deadly outcome. Bronkhorst 
et al (1997) first used double beam optical tweezers to induce 
two cell aggregates by pushing them towards each other. In a 
second step, these two cell aggregates were pulled apart and it 
was observed in the microscope that tethers formed. In addi-
tion, it was difficult to pull the two cells apart in a direction 
perpend icular to the surface. Only a tangential motion with a 
speed of the order of µm s−1 allowed them to be separated.

12.4. Studies on the isolated membrane skeleton

Svoboda et  al (1992) have gone a step further and devised 
a protocol for the preparation and observation of isolated 
red blood cell membranes. In order to have full microscopic 
control of the preparation process, as a first step a silica bead 
(0.5 mm diameter) was coupled to a complete red blood cell. 
The cell with the bead is then introduced into a microscope 
flow chamber. By trapping the silica bead, the cell can be held 
in flux streaming with a velocity of up to 100 mm s−1. The 
solvent in the flow can easily be exchanged by exchanging the 
reservoirs supplying it. When the solvent contains a detergent 
(Triton et al 100) the membrane and intracellular structures 
are dissolved and rinsed away and one can observe under the 

microscope how the membrane skeleton remains coupled to 
the silica bead and trapped by the tweezers.

Immediately after extraction, the buffer can be exchanged 
again and parameters such as the diameter or the surface area 
of the membrane skeleton can be recorded. The diameter is 
proportional to conc−1/8. This rule is approximately valid for 
concentrations between 100 mM up to 2 M.

The major result of this study is that free spectrin is sur-
prisingly flexible. The length over which it appears stiff at a 
salt concentration of 150 mM is only 10 nm, i.e. spectrin mol-
ecules shorter than this length appear as stiff rods while longer 
ones are rather comparable to ropes which can, for example, 
form coils.

13. Reproduction medicine: in vitro fertilization

13.1. Laser microtechniques elucidate the mechanism of 
sperm motility

In natural fertilization, the male sperm cells have to find their 
way towards the egg cell and have to migrate over tenths of 
centimetres. In order to understand this process in detail, the 
mechanism underlying the motion has to be understood. One 
question is whether the major source of energy is oxidation or 
glycolysis (the use of sugar). This has been studied by a com-
bination of laser tweezers, fluorescent imaging, and real-time 
automated tracking and trapping (Nascimento et  al 2008a). 
The result is that the glycolytic pathway is shown to be a pri-
mary source of energy for human sperm motility. Particularly 
interesting is the observation that sperm from polygamous 
(multi-partner) primate species swim faster and with greater 
force than sperm from polygynous (single partner) primate 
species (Nascimento et al 2008b). The reason for the differ-
ence is probably the evolutionary advantage of individuals 
with faster and stronger sperm.

Most problems of human infertility are caused organi-
cally and cannot be alleviated. In a considerable percentage 
of cases, however, the problems can be overcome by perform-
ing the mere process of sperm–egg fusion extra corporally in 
a reaction tube (in vitro fertilization, IVF). Often, an almost 
trivial mechanical problem causes infertility: the mammalian 
egg is surrounded by a highly viscous envelope, the zona pel-
lucida that cannot be penetrated by the sperm cells; infertility 
is the consequence. This is by no means related to the health 
of the potential progeny but purely a mechanical problem.

One way to overcome the barrier is to aspire whole sperm 
cells in a glass capillary and to directly microinject them 
by penetrating the zona pellucida micromechanically and 
injecting the sperm cell into the cytoplasm of the egg cell. 
This technique is called ‘intra cytoplasmic sperm injection’ 
(ICSI). Somewhat more gentle is ‘subzonal insemination’ or 
SUZI. Here the zona pellucida, but not the egg cell membrane, 
can be penetrated with the laser microbeam and the sperm is 
injected into the layer between the zona and membrane. The 
last barrier, the egg cell membrane, is penetrated by the cell in 
its natural way, just as a sperm cell does after it has overcome 
the zona by its own means. Experiments using laser microbe-
ams provide basic insights into the processes underlying in 
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vitro fertilization and creating the prospect of becoming a use-
ful tool for IVF. A large number of experimental approaches 
have already been published; some typical examples will be 
reported below.

Occasionally, a second problem can cause infertility: the 
motility of a sperm cell may be too low. Highly motile sperm 
cells are often said to be ‘high quality sperm’ though it is not 
clear how the motility of sperm should affect the health of the 
progeny. In this sense, the term ‘high quality’ must strictly be 
seen as a terminus technicus. The disadvantage of low motil-
ity may be overcome with the help of optical tweezers. Thus, 
it is interesting to get quantitative information on sperm cell 
motility and on the factors that influence it. Optical tweezers 
are well suited for such motility studies.

13.2. Laser zona drilling (LZD) and handling of sperm cells 
by optical tweezers

By drilling a micrometre-sized hole in the zona pellucida, the 
viscuous barrier can be opened. Sperm cells approaching a 
thus treated egg cell will be chemically attracted and can slip 
through the hole into the interior of the egg, where the nor-
mal processes of fertilization continue. In order to increase 
the chance of finding the channel through the zona, the sperm 
may be caught by the optical tweezers and led to the entrance 
of the channel. Recent laser techniques combine zona drilling 
by laser microbeam with the optical trapping of sperm cells. 
It is a non-contact method in the sense that no micromechani-
cal tools are required. Figure 22 (from Schütze et al (1995) or 
Clement-Sengewald et al (1996), (Schiewe et al 1995)) shows 
the principle.

In a model experiment with a mouse egg and sperm, in vitro 
fertilization without laser support (IVF), laser zona drilling 
(LZD) and subzonal insemination (SUZI) assisted by optical 

tweezers were compared for efficiency (Enginsu et al 1995). 
Two cases were investigated: normal insemination conditions, 
with 2 million sperm cells per ml, and low insemination con-
ditions with about a quarter of that cell density.

Using 50–60 4 mJ pulses (337 nm) of 3 ns duration, a 
straight channel can be driven into the zona pellucida. For this 
operation, the egg cell must not be fixed by a micromanipula-
tor, i.e. it is essentially a suspension procedure. Insemination 
is judged to be successful when the egg cell divides.

At high sperm density, there is not a significant difference 
between conventional IVF and laser zona drilling. However, 
at low sperm density, the effect is significant with a 58% suc-
cess rate of the laser-supported technique as compared to 33% 
for the non-laser technique. The very low success rate (18%) 
of subzonal insemination is not explained.

In conclusion, laser zona drilling appears to improve suc-
cess rates particularly at low sperm densities.

13.3. Measuring the effects of optical tweezers on sperm 
motility

A question of high importance is whether laser treatment 
induces damage to sperm. The major difficulty is to assess 
what constitutes damage. Damage negligible in biophysical 
terms may be dramatic in terms of genetics; on the other hand, 
any technique of in vitro fertilization represents tough treat-
ment for germline cells, and damage based on such a treatment 
can only be assessed on the basis of long-term experience.

What can be assessed experimentally is, for example, the 
influence of laser irradiation on biophysical parameters, for 
example on:

 (i) motility
 (ii) linear velocity

Figure 22. A schematic representation of laser zona drilling and the laser capture of sperm using the microbeam. A hole is drilled into the 
zona pellucida, subsequently, the sperm cell is captured with the optical tweezers and transported to the hole in the zona (from Schütze et al 
(1995) or Clement-Sengewald et al (1996)) (reproduced with permission from Schiewe et al 1995; copyright 1995 OMICS International).
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 (iii) actual distance travelled
 (iv) maximum lateral head displacement
 (v) motility patterns

In addition, membrane permeability can be taken as cri-
terion (see below). For the motility tests, a sperm cell can be 
held by optical tweezers for a given time and one can inves-
tigate the influence of laser treatment on the velocity of the 
sperm, which in turn is a measure for the damage induced by 
laser light.

Obviously, there is no adverse effect on the velocity of the 
sperm after trapping it for approximately 1 min with a 1 W 
NdYAG laser. When the duration of trapping exceeds a few 
minutes, even at much lower laser power (70 mW), damage can 
occur. This was checked with a continuous wave Ti sapphire 
laser providing wavelengths of 760 nm and 800 nm (Koenig et al 
1995). Human sperm cells were stained with a live/dead fluores-
cence assay (Molecular Probes). This assay contains two dyes: 
SYBR 14 (emission wavelength 515 nm, green), which pen-
etrates the membranes of healthy cells, and propidium iodide 
(emission wavelength 636 nm, red), which can only penetrate 
the membranes of dead cells. Both dyes are excitable around 
400 nm. Interestingly, the dyes can be excited with the Ti sap-
phire trapping laser due to two photon effects. After trapping a 
sperm with 760 nm, for approximately 1 min, sperm cells origi-
nally fluorescing in green (live) change to red (dead). This col-
our change does not occur during trapping by 800 nm for up to 
10 min. Since the results are controlled by other life (dead dis-
tinguishing techniques such as observation of flagella rotation, 
assaying cloning efficiency), optical artefacts can be excluded. 
The basic result of this study is that 760 nm causes much higher 
damage than 800 nm. Whether this is due to an unknown absorp-
tion peak around 760 nm, or reflects the already increased 
absorption of biological tissue in the visible range of the optical 
spectrum should be the subject of more detailed studies.

13.4. Laser inactivation of extra pro-nuclei

A regularly fertilized egg cell should contain two (pro) nuclei 
carrying the genomes of the mother and the father. Since in 
vitro fertilization is often preceded by intense hormone treat-
ment, supernumerary male pro-nuclei occur in approximately 
5% of all cases of IVF. All male pro-nuclei but one have to be 
removed in order to regenerate the diploidic, i.e. the coexis-
tence of two genomes, which is the standard for many organ-
isms including mammals.

Laser experiments have been performed (Tadir et al 1991) 
to remove the supernumerary pro-nuclei by laser microirra-
diation or to study the developmental effects of laser zona 
drilling (Schiewe et al 1995).

This technique is probably not of practical importance 
for in vitro fertilization, since one can avoid transferring (re-
implanting) fertilized egg cells with the incorrect number of 
pro-nuclei. However, the technique may be useful in basic 
research where, for example, the effects of hyperploidy (the 
wrong number of genome copies in a cell) in the early stage 
of development may be studied. Since the triploidy of single 
human chromosomes, particularly that of chromosome #21 
(Down Syndrome), represents a massive health problem, 

producing selected grades of ploidies by the laser elimina-
tion of pro-nuclei may eventually have a significant practical 
aspect in studies on human genetics.

13.5. Helping childless couples: do laser microtools improve 
human IVF?

Antinori et al (1996) have reported probably the most comprehen-
sive use of lasers in the treatment of human infertility. Two groups 
of patients were treated by laser zona drilling for whom two to 
four non-laser in vitro fertilization (IVF) attempts had previously 
failed. This group of patients was compared with a group of 98 
patients who had received no laser support. Of the 179 patients 
receiving laser zona drilling, 17 gave birth to healthy babies.

More than 1/3 of the patients who received laser treatment 
became pregnant, but only less than 1/5 of the non-treated 
patients. The women only gave birth after laser treatment of the 
egg cells; adding laser-untreated embryos to the laser-treated 
ones does not improve the chance of pregnancy. Thus, laser 
treatment is obviously the critical step in pregnancy induction.

14. Simulating heart infarction

For the experiments described in this section  (Perner et  al 
2004), the complete hearts of chicken embryos were used. 
Fertilized eggs with growing chicken embryos are com-
mercially available from egg producers, for whom they are 
‘trash’. The hearts themselves are micromechanically isolated 
from the partially bred egg upon microscopic observation.

14.1. Creating wounds by laser microbeam and observation 
of wound healing

In one type of experiment using the laser microbeam, a wound 
is created, i.e. a sort of artificial heart infarction is generated.

The heart consists of two sorts of cells: more than 80% 
of the heart mass consists of ‘cardiomyocytes’ (heart muscle 
cells). In terms of cell number this represents only 30%. In 
turn, fibroblasts (a sort of connective tissue cell) constitute 
the majority of the rest (Nag 1980). In order to understand 
the interplay between both cell types, single cell studies are 
required within the whole heart tissue.

There, interplay has an important role in the complex pro-
cess of wound healing, for example after myocardial infarction.

The heartbeat as a whole is orchestrated by waves of cal-
cium ions that run through the whole heart. Such waves can be 
started by mechanically treating individual cells in the tissue. 
For this purpose, EMFA (erythrocyte (red blood cell) medi-
ated force application) has been developed.

14.2. The EMFA (erythrocyte mediated force application) 
technique

The EMFA technique (Perner et  al 2004) is based on opti-
cal tweezers. Red blood cells (erythrocytes), which are coated 
with ‘polyethyleneimine’ are attached to the surfaces of the 
adherent target cells and are used as very effective ‘force 
transmitting devices’. The specimen is moved in such a way 
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that the erythrocyte is located in the region of the laser focus. 
After starting the optical tweezers, the erythrocyte is pulled 
towards the focus and is pushed onto the cell. The principle of 
EMFA is shown in figure 23.

14.3. Induction of wounds by laser microbeam and the first 
steps of wound healing

Wounds in reconstituted chicken heart tissue are induced 
with a laser microbeam typically 70–100 µm wide and 

approximately 300 µm long. In this way, a wound area with 
adjustable dimensions, which is completely free of cell debris 
is produced within a layer of regularly beating cardiomyo-
cytes (figure 24(A)). Soon after wounding, the myocytes of 
the wound edge are found to contract (beat) again, indicating 
that they are not damaged. Subsequently, the first fibroblasts 
start to migrate into the cell-free region. Two hours later they 
constitute a border around the wound (figure 24(B)), and 
they occupy a large part of it after 7 h (figure 24(C)). The first 
mitotic divisions of fibroblasts within the wounded region 

Figure 23. Principle of EMFA (reproduced with permission from Perner et al 2004; copyright 2004 SPIE).

Figure 24. Filling a wound induced by a laser microbeam within a layer of cultured heart cells. (A) The first mitotic division (marked by 
an arrow) within the wound area is observed 11 h after wounding. (B) A freshly induced crater-like wound with a trace of destroyed glass 
in the centre. (C) Well-spread fibroblasts occupy large parts of the wound 7 h after wounding. (D) Two and a half hours later, the wound 
edge is lined by migrating fibroblasts. (E) Well-spread fibroblasts occupy large parts of the wound 7 h after wound induction. After 18 h, the 
wound area is completely filled with fibroblasts; the cardiomyocytes on the wound edge are still beating.
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are detected much later (figure 24(D)). Between 17 and 18 h 
following wound induction, the wound area was completely 
filled by predominantly migrating fibroblasts (figure 24(E)). 
Interestingly, myocytes could not be observed within the 
wound, meaning that the ‘fibroblast scar’ (Sun et al 2000) is 
not contractile, even though the cardiomyocytes around the 
wound edge are still beating. The observations of the first 
wound healing steps indicate that the reconstituted heart tis-
sue together with the laser microbeam wound represent an 
appropriate approach for investigations into wound healing 
processes.

14.4. Disturbance of calcium waves by optomechanical 
(EMFA) manipulation of cardiomyocytes

By using EMFA, the effect of optomechanical manipulation 
on the calcium waves of a group of regularly beating cardio-
myocytes can be investigated (shown in figure 25). When 
the applied mechanical stress is to such a degree that cellular 
deformation is clearly induced, the calcium signalling of the 
whole cell group is diso rdered. To record disturbances in the 
calcium wave propagation changes of intracellular calcium, 
the concentration is measured by fluorescence. The calcium 
wave in cells around the force’s centre stops and only a slow 
decrease of the accumulated intracellular calcium is detect-
able. The investigation of deranged calcium signalling in 
response to optomechanical stress application can provide 
insights into the process of arrhythmia (among them deadly 
fibrillation of the heart).

Since in a beating heart essentially all cells are affected 
mechanically, each cell is a source of calcium waves. These 
waves mutually stimulate each other and stabilize calcium 
signalling in the whole heart. This explains the enormous sta-
bility of the heartbeat throughout life.

14.5. Perspectives for preventing long-term consequences of 
heart infarction

The induction of artificial heart infarction by a laser micro-
beam can provide insights into healing processes after myo-
cardial injury.

As a perspective, the presented techniques may be used to 
study the influence of drugs on wound healing and coordina-
tion of the heartbeat.

Shortly after wounding with a laser microbeam, the nor-
mally sessile fibroblasts migrate into the wound. The wounded 
area is completely filled with fibroblasts after 18 h. Fibroblasts 
are known to form electrical barriers (scars) (Spach et al 1997, 
Gaudesius et al 2003), which interfere with the incoming cal-
cium waves and disturb the coordinated contraction of the heart. 
Scars may cause abnormal myocardial stiffness associated 
with impaired cardiac function (Weber et al 1989c, 1996). The 
experiment shows that cardiomyocytes at the rim of the lesion 
do not migrate into the wounded region, but continue to con-
tract. A substance that prevents fibroblasts from migrating into 
the wound and promotes the migration of cardiomyocytes is a 
good candidate for a drug against the long-term consequences 
of heart infarction. The existing subpopulation of quiescent 

Figure 25. The perturbation of calcium waves in a group of beating cardiomyocytes by optomechanical manipulation. Fluorescence image 
after loading with the calcium indicator dye Oregon Green BAPTA 1.
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myocytes is a potent source for generating new myocardium 
(heart muscle tissue) in the damaged zone. The approach may 
also be useful in screening for antifibrotic agents that counteract 
abnormal collagen deposition and prevent detrimental cardiac 
remodelling. The laser experiments allow a large number of 
substances to be screened for suitable properties in a simple 
experimental setup.

15. DNA repair and ageing research

15.1. DNA repair prevents premature ageing

One of the major causes of ageing is the deterioration of the 
information contained in the DNA of an organ or organism. 
The ageing of a normal body cell is not that critical, since 
an aged cell simply dies and is replaced by a fresh one. The 
continuous replacement of aged or non-functional cells is a 
routine process in the body. For example, in the colon a sort 
of mother cell (the intestine stem cell) continuously replaces 
old cells and thus keeps the inner layer of the colon ‘young’. 
Even more pronounced is this effect in blood regeneration. 
The permanent replacement of non-functional skin is a well 
observable process. If there was any unrepaired damage in the 
DNA of such stem cells, this would cause permanent dam-
age. Thus, evolution has developed highly efficient and pre-
cise DNA repair machinery. More than 100 different types of 
DNA repair molecules permanently search for DNA damage 
and repair it.

Understanding this repair mechanism is the key to under-
standing diseases such as cancer and ageing.

Usually, it is very difficult to make one molecule type of 
interest visible among the more then 10 000 molecule types in 
a cell. The method of choice is fluorescence labelling the mol-
ecule type of interest with green fluorescent protein (GFP), 
which is a differently coloured variant of it.

In DNA repair research, such constructions allow us to 
directly investigate which repair proteins come first: those 
of the accurate pathway HRR or those of the less accurate 
one NHEJ (see below). The interplay between these two 
DNA repair pathways has consequences for the ageing of an 
organism.

DNA damage is induced by a laser microbeam, then the 
temporal sequence of the attack of given repair proteins on 
the site of the DNA damage is studied. This works equally 
well with DNA that has unraveled during the interphase and 
with DNA packed in chromatin or even whole chromosomes. 
There is no difference on the two DNA molecules when DNA 
damage is induced on one side of the chromosome by a laser 
microbeam. However, the onset of the distribution of chro-
mosomes to the daughter cells during cell division (anaphase) 
is delayed. The type of laser, i.e. its working wavelength, is 
almost uncritical and thus experiments from different labora-
tories worldwide can be simply compared (Kong et al 2009, 
Gomez-Godinez et al 2010).

In some cases, micromanipulation is combined with the 
comet assay, a technique which allows a direct view of DNA 
damage (shown in figure  26). In humans, the sensitivity of 

DNA to UV- induced damage and its subsequent repair is sur-
prisingly stable up to a high age. Using the immune fluores-
cent comet assay, IFCA, a variant of the comet assay (de With 
et al 1994), individual DNA strand breaks are directly visible 
on a single molecule basis.

When a laser microbeam is used to damage DNA in a 
cell nucleus with high temporal and spatial resolution, it can 
be observed directly how repair molecules accumulate (are 
recruited) on the side of the damage. A comparison of the 
recruitment speed allows the temporal order of DNA repair 
events to be established.

As already mentioned, the DNA repair experiments are 
motivated by the impact of such studies on knowledge of the 
ageing process. Each of the 1014 cells in the human body suf-
fers from 10 000 examples of DNA damage per day, which all 
have to be correctly repaired in order to prevent permanent 
mutations of the cells.

15.2. The competition of an accurate and an error-prone DNA 
repair pathway

Without the world’s best and most precise repair machinery—
far better than any technical repair system—man and other 
organisms would not survive more than a few days. As men-
tioned above, what is responsible for this high accuracy is the 
complex interplay of more than 100 DNA repair molecules in 
approximately 10 repair pathways. Most of them repair single-
strand DNA damage. Two of them, nonhomologous end-join-
ing (NHEJ) and the more accurate homologous recombination 
repair (HRR) act on the more severe double-strand breaks. If 
such a repair is not perfectly accurate, the error is maintained 
and inherited by the daughter cells. Thus, errors accumulate 
throughout the life of an organism, which may eventually lead 
to diseases such as cancer, ageing and finally to death. In the 
present state of research on DNA repair, the temporal events 
of the spatial recruitment of the different repair proteins of a 
given pathway to the site of DNA damage are elucidated. The 
causes of this damage are radiation, toxins and errors during 
reduplication of the DNA.

Human cells and the cells of other mammals generally use 
NHEJ. Late in the cell cycle, when there is a second copy of 
the DNA available as a template for homologous recombina-
tion, HRR can additionally be used. Then, both pathways com-
pete and partially cooperate at one and the same DNA damage 
site. This is different in birds, where preferentially the more 
accurate HRR is used. This fact in itself would be interesting 
‘for the record’. There is, however, an aspect that brings this 
difference into the focus of cancer and ageing research: if one 
compares the maximum life span of a bird with that of a mam-
mal of similar size (for example a mouse), birds (for example 
a budgie) live much longer (10 years versus few years). This 
suggests that the use of HRR may lead to slower ageing. The 
evolutionary reason for this advantage may be that birds, as 
descendants of dinosaurs, are much better evolved than mam-
mals, which came into evolution ‘only recently’.

In view of this difference, we would like to know how 
NHEJ and HRR compete. Here, the laser microbeam has 
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turned out to be far superior over competing techniques. By 
focusing the beam into the cell nucleus, a limited spot (linear 
dimensions: approximately a micrometre) of damaged DNA 
is generated with subsecond accuracy.

Subsequently, one can observe which fluorescently 
labelled DNA-repair protein reaches the damaged side first, 
and which other repair proteins (labelled with different col-
ours) follow. By the pairwise comparison of repair proteins, a 
complete sequence of DNA repair events can be established. 
In addition to the high resolution, a further advantage of the 
laser microbeam is the possibility of being able to adjust the 
degree of DNA damage just by varying the beam intensity. 
Thus, experiments with high damage are possible in order 
to obtain clearly visible affects, but by varying the beam 

intensity an extrapolation to low intensities as they naturally 
occur in living cells is possible. Figure 27 shows the result of 
such experiments.

As a result of figure  27 the temporal order is OGG1, 
Ku70/80, XRCC4, NBS1, Rad 51. Ku70/80 and XRCC4 mol-
ecules represent an error-prone repair pathway (NHEJ); NBS1 
is a sort of switch between the two pathways and Rad51 repre-
sents the more accurate HRR.

In order to understand DNA repair in detail, knowledge 
of the early events of DNA repair, particularly the decision 
between the error-free HRR and the more error-prone NHEJ, 
is crucial.

The laser microirradiation technique is the only available 
tool for studying such processes.

16. Conclusion and outlook

Laser microtechniques are uniquely valuable in cell biology 
since they allow us to work with and inside living cells. One 
problem of the past—the requirement for sophisticated lasers—
is now being increasingly alleviated, since simple switch on/
switch off lasers have become available. The techniques have 
now become directly attractive to biologists who wish to solve 
real biological problems beyond simple feasibility.
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