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Micro-biologic Applications  
of Real-Time Interactive  
3D Optical Manipulation    

Jesper Glückstad, Ivan Perch-Nielsen  
and Peter John Rodrigo

(a-c) Real-time interactive 3D manipula-
tion of micron-sized silica and polysty-
rene particles. (d-f) Growth inhibition 
with viable yeast cells Saccharomyces 
cerevisiae surrounding Hanseniaspora 
uvarum cells.

O ver the past 15 years, lasers have 
proven to be efficient and versatile 

tools for manipulating objects ranging 
in size from a few tens of nanometers to 
several hundreds of micrometers. Until 
just a few years ago, virtually all opti-
cal manipulation was done by trapping 
particles inside a single, strongly fo-
cused continuous wave laser beam and 
subsequently moving them to a desired 
position by translating the laser focus—a 
technique now commonly called “optical 
tweezers.” 

In the beginning of the 21st century, 
researchers realized that much more 
versatile manipulation of molecules and 
particles was possible by using specially 
tailored three-dimensional crystal-like 
structures of light. Such sculpted light 
patterns have unprecedented potential 
for maneuvering mesoscopic objects; 
they have already been used successfully 
to organize small particles, including 
microbial cells, into desired patterns and 
to sort samples of particles according to 
their size. 

Three-dimensional light structures 
can be created by modulating the spatial 
phase and polarization properties of the 
laser light. Scientists at Risø National 
Laboratory developed a particularly 
promising technique called the General-
ized Phase Contrast (GPC) method.1 
Based on the combination of program-
mable spatial light modulator devices 
and an advanced graphical user-interface, 
the GPC method enables real-time, 
interactive and arbitrary control over the 
dynamics and geometry of synthesized 
light patterns. 

biophysical interactions that regulate 
microbial cell growth, including their  
underlying physiological mechanisms, 
cell mechanics in motile cells, the 
response of motile dictyostelium cells 
and the measurement of biochemical 
components that are part of the chemo-
taxis pathway. 
[ Jesper Glückstad (jesper.gluckstad@risoe.dk), Ivan 
Perch-Nielsen and Peter John Rodrigo are from the 
Optics and Plasma Research Department, Risø Na-
tional Laboratory, DK-4000, in Roskilde, Denmark. ]
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In recent experi-
ments, GPC-driven 
micro-manipulation has 
been shown to provide 
a unique technology 
platform for fully user-
guided assembly of a 
plurality of particles in a 
plane, control of particle 
stacking along the beam 
axis, manipulation of 
multiple hollow beads 
and the organization of living cells into 
three-dimensional colloidal structures.2,3 

This work illustrates that GPC-driven 
micro-manipulation can be used not only 
for the improved synthesis of functional 
microstructures but also for the non-con-
tact and parallel actuation that is crucial 
for developing sophisticated opto- and 
micro-fluidic-based lab-on-a-chip sys-
tems.4

Using GPC-based optical ma-
nipulation, the groups at Risø National 
Laboratory and the Royal Veterinary and 
Agricultural University in Denmark were 
the first to discover that confinement 
could determine growth in a microbial 
ecosystem comprising two yeast species. 
That is, we provided evidence that con-
finement stress imposed by viable cells of 
one yeast species, Saccharomyces cerevisiae, 
on another yeast species, Hanseniaspora 
uvarum, inhibits growth of the latter.5 

The mechanisms underlying this bio-
physical interaction are not yet known. 
Nor is it clear whether this phenomenon 
occurs in microbial ecosystems compris-
ing bacteria and molds. In our future 
research, we plan to characterize the 
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The transport of microscopic objects 
plays an important role in several 

biophysical processes that are crucial for 
cell functioning. By becoming able to 
effect controlled transport of intracellular 
objects, researchers can not only under-
stand these fundamental processes better 
but also manipulate the functionality of 
living cells. 

We have shown that line optical 
tweezers, with an asymmetric intensity 
distribution along the major axis of the 

gradient end of the elliptical focus such 
that the tip of the growing edge was 
closer to the lower gradient force. Since 
the neuronal growth is believed to involve 
transport of actins in the direction of the 
growth cone,3 the observed enhancement 
in growth can be attributed to diffusion 
of actins. 

Compared to a growth rate of  
1  1 m/h observed for unexposed 
neurons, the lamellipodia extension rate 
in a neuron subjected to line tweezers 
was estimated to be 32  6 m/h. The 
asymmetric transverse gradient force 
could also be used for induction of new 
growth cones from the neuronal cell body 
(see figure). The optically induced growth 
cones showed branching similar to that 
observed in the natural process of growth. 

However, the growth rate of these 
induced cones was lower (15  3 m/h) 
than that achieved for natural growth 
cones. This approach could be used to 
change the orientation of a growth cone 
to bring it into close proximity with a 
cone of another neuron. The ability to 
exert such control on neuronal growth 
cones may prove useful for establishing a 
connection between two neurons. 
[ Samarendra Kumar Mohanty, Mrinalini Sharma  
and Pradeep Kumar Gupta (pkgupta@cat.ernet.in) 
are at the Biomedical Applications Section, Center 
for Advanced Technology, Indore, India. Mitradas 
Panicker is at the National Centre for Biological 
Sciences, Tata Institute of Fundamental Research, 
Bangalore, India. ]

References

1. S.K. Mohanty and P.K. Gupta. Appl. Phys. B 81, 159-62 
(2005).

2. S.K. Mohanty et al. Opt. Lett., 30, 2596-8 (2005).

3. A. Ehrlicher et al. Proc. Natl. Acad. Sci. USA. 99, 16024–8 
(2002).

elliptical trap beam, can be used for 
efficient and controlled transport of mi-
croscopic objects in a plane transverse to 
the direction of beam propagation.1 The 
asymmetry in the intensity distribution of 
the trap beam about its center results in 
a potential well that is asymmetric about 
the center of the beam. 

Thus, particles at the steep end of the 
potential well are pulled toward the po-
tential minima, accelerate, and are ejected 
in the direction toward the lower stiff-
ness. Since the gradient force is large and 
symmetric in the other two orthogonal 

directions, the particles 
are constrained to move 
along the major axis of 
the line tweezers. 

We controlled the 
depth and the asymmetry 
of the potential well by 
a control on trap beam 
power and by a change 
in the angle of incidence 
of the laser beam with re-
spect to the optic axis of 
the microscope objective. 
To change the direction 
of transport, we rotated 
the cylindrical lens to fix 
the direction of the major 

axis of the elliptical focus at the desired 
angle in the transverse plane. 

Irradiation of a neuron with this 
asymmetric intensity profile line tweezers 
could be used to increase the growth rate 
of the existing cones or even generate new 
ones.2 To accelerate the growth rate of the 
existing cones, we brought the cell body 
of the neuron near the high intensity 
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Optical induction of new neuronal 
growth cone. A neuronal cell subjected 
to asymmetric intensity profile line 
tweezers (trap beam power 120 mW) 
in the direction marked by arrow (a). 
Induction of new growth cone (circled) 
after exposure time of 20 min (b), 25 min 
(c) and 45 min (d). Natural branching of 
induced growth cone can be observed 
in panel d.
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Raman Spectroscopy on 
Floating Cells    
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and Dmitri V. Petrov

(a) Experimental setup for optical tweezers 
Raman spectroscopy: The 785-nm laser ex-
cites the Raman spectra and the 1064-nm 
laser generates a number of trapping points 
by means of a spatial light modulator. (b) 
Raman image of the protein content within 
a floating Jurkat cancer cell (1005 cm-1 
band imaged).  (c) Time evolution of differ-
ent components of a single S. cerevisiae 
cell (RNA, lipids, proteins). 

R esearch into the biochemical 
changes that take place inside single 

living cells has huge potential in many 
fields of science and industry. However, 
the current techniques used in molecu-
lar and cell biology are not applicable 
to single cells and are unable to moni-
tor changes in situ. Non-biochemical 
methods such as fluorescence or confocal 
microscopy require the use of fluoro-
phores and dyes, enabling visualization of 
only a small number of organelles at any 
one time.

Raman spectroscopy can be used to 
identify different biochemical constitu-
ents, such as nucleic acids, proteins and 
lipids, and has the advantage of be-
ing able to acquire all this information 
simultaneously. The natural environment 
of many cells, including blood cells, is 
in suspension. By using optical tweezers, 
researchers can constrain a floating cell in 
order to measure its Raman spectrum.1 
This technique—called optical tweezers 
Raman spectroscopy (OTRS)—is non-
destructive, non-invasive (and therefore 
sterile), and requires little or no sample 
preparation. Some successful biologi-
cal applications of OTRS include the 
detection of glutamate in a single nerve 
terminal2 and the study of the effect of 
alcohol solution on single human red 
blood cells.3  

Our group succeeded in keeping a 
single yeast cell alive in the trap for up to 
three hours while studying its living pro-
cesses, one of which was a hyperosmotic 
stress response.4 We are now using this 
time-resolved information to investigate 
the cell cycle of a single yeast cell.

In many cases, determining where cer-
tain biochemical changes take place inside 

interactions and cell signalling and may 
have biomedical applications in areas 
such as drug delivery systems. 
[ Caitriona M. Creely, Gajendra P. Singh, Giovanni 
Volpe and Dmitri V. Petrov (Dmitri.Petrov@icfo.es) 
are with the ICFO-Institut de Ciències Fotòniques, in 
Barcelona, Spain. Dmitri V. Petrov is also with ICREA- 
Institució Catalana de Recerca i Estudis Avançats in 
Barcelona. Their work was supported by ESF/PESC 
(Eurocores on Sons), the Spanish Ministry of Science 
and Technology and the Generalitat de Catalunya. ]
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a cell may be just as desirable as learning 
when these changes occur. Raman im-
ages show the distribution of chemicals 
within a cell. Biomedical researchers who 
are familiar with imaging techniques can 
interpret these images more 
easily than spectra alone. In 
addition, such images contain 
more information than those 
obtained using conventional 
microscopy. 

In a single beam trap, a 
cell continues to move and 
rotate to a certain degree 
due to Brownian motion and organelle 
motility. During the acquisition time, 
scientists measure time-averaged Raman 
signals, but Raman imaging cannot be 
performed. To facilitate imaging, we 
propose using multiple trapping beams 
around the periphery of the cell in order 
to immobilize it. This allows asymmetric 
cells to be immobilized and distributes 
the optical trapping power more evenly 
throughout the volume, thereby limiting 
photo damage. 

Holographic optical tweezers, which 
are produced by a spatial light modulator, 
are used to generate such multiple tweez-
ing sites and to scan a floating cell back 
and forth across the focus of a stationary 
Raman excitation beam. In this way, an 
image of the entire cell is built up. We 
demonstrated the first example of a Ra-
man image of a cancer cell in suspension, 
with movement completely controlled by 
holographic tweezers.5   

This new technique will make it pos-
sible to acquire previously inaccessible 
time- and space-resolved information 
about cells in suspension. It will allow 
researchers to learn more about cell-cell 
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