
Force-controlled spatial manipulation of viable mammalian cells and micro-
organisms by means of FluidFM technology
Pablo Dörig, Philipp Stiefel, Pascal Behr, Edin Sarajlic, Daniel Bijl, Michael Gabi, János Vörös, Julia A.
Vorholt, and Tomaso Zambelli 
 
Citation: Applied Physics Letters 97, 023701 (2010); doi: 10.1063/1.3462979 
View online: http://dx.doi.org/10.1063/1.3462979 
View Table of Contents: http://scitation.aip.org/content/aip/journal/apl/97/2?ver=pdfcov 
Published by the AIP Publishing 
 
Articles you may be interested in 
A Mach-Zender digital holographic microscope with sub-micrometer resolution for imaging and tracking of
marine micro-organisms 
Rev. Sci. Instrum. 85, 123113 (2014); 10.1063/1.4904449 
 
Mixing enhancement by biologically inspired convection in a micro-chamber using alternating current
galvanotactic control of the Tetrahymena pyriformis 
Appl. Phys. Lett. 103, 103703 (2013); 10.1063/1.4820584 
 
Controlled manipulation and actuation of micro-objects with magnetotactic bacteria 
Appl. Phys. Lett. 89, 233904 (2006); 10.1063/1.2402221 
 
In situ imaging of micro-organisms in intense magnetic fields 
Rev. Sci. Instrum. 76, 103706 (2005); 10.1063/1.2103427 
 
Two-dimensional tracking of a motile micro-organism allowing high-resolution observation with various
imaging techniques 
Rev. Sci. Instrum. 76, 034301 (2005); 10.1063/1.1857632 
 
 

 Reuse of AIP Publishing content is subject to the terms at: https://publishing.aip.org/authors/rights-and-permissions. Download to IP:  130.60.47.22 On: Thu, 19 May

2016 14:40:11

http://scitation.aip.org/content/aip/journal/apl?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/218287943/x01/AIP-PT/APL_ArticleDL_042716/APR_1640x440BannerAd11-15.jpg/434f71374e315a556e61414141774c75?x
http://scitation.aip.org/search?value1=Pablo+D�rig&option1=author
http://scitation.aip.org/search?value1=Philipp+Stiefel&option1=author
http://scitation.aip.org/search?value1=Pascal+Behr&option1=author
http://scitation.aip.org/search?value1=Edin+Sarajlic&option1=author
http://scitation.aip.org/search?value1=Daniel+Bijl&option1=author
http://scitation.aip.org/search?value1=Michael+Gabi&option1=author
http://scitation.aip.org/search?value1=J�nos+V�r�s&option1=author
http://scitation.aip.org/search?value1=Julia+A.+Vorholt&option1=author
http://scitation.aip.org/search?value1=Julia+A.+Vorholt&option1=author
http://scitation.aip.org/search?value1=Tomaso+Zambelli&option1=author
http://scitation.aip.org/content/aip/journal/apl?ver=pdfcov
http://dx.doi.org/10.1063/1.3462979
http://scitation.aip.org/content/aip/journal/apl/97/2?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov
http://scitation.aip.org/content/aip/journal/rsi/85/12/10.1063/1.4904449?ver=pdfcov
http://scitation.aip.org/content/aip/journal/rsi/85/12/10.1063/1.4904449?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/103/10/10.1063/1.4820584?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/103/10/10.1063/1.4820584?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/89/23/10.1063/1.2402221?ver=pdfcov
http://scitation.aip.org/content/aip/journal/rsi/76/10/10.1063/1.2103427?ver=pdfcov
http://scitation.aip.org/content/aip/journal/rsi/76/3/10.1063/1.1857632?ver=pdfcov
http://scitation.aip.org/content/aip/journal/rsi/76/3/10.1063/1.1857632?ver=pdfcov


Force-controlled spatial manipulation of viable mammalian cells
and micro-organisms by means of FluidFM technology

Pablo Dörig,1 Philipp Stiefel,2 Pascal Behr,1,3 Edin Sarajlic,3,4 Daniel Bijl,3,4 Michael Gabi,1,3

János Vörös,1 Julia A. Vorholt,2 and Tomaso Zambelli1,a�

1Laboratory of Biosensors and Bioelectronics, Institute for Biomedical Engineering, ETH Zurich,
8092 Zurich, Switzerland
2Institute of Microbiology, ETH Zurich, 8093 Zurich, Switzerland
3Cytosurge LLC, Löwenstrasse 42, 8001 Zurich, Switzerland
4SmartTip BV, 7500 AH Enschede, The Netherlands

�Received 3 March 2010; accepted 15 April 2010; published online 12 July 2010�

The FluidFM technology uses microchanneled atomic force microscope cantilevers that are fixed to
a drilled atomic force microscope cantilevers probeholder. A continuous fluidic circuit is thereby
achieved extending from an external liquid reservoir, through the probeholder and the hollow
cantilever to the tip aperture. In this way, both overpressure and an underpressure can be applied to
the liquid reservoir and hence to the built-in fluidic circuit. We describe in this letter how standard
atomic force microscopy in combination with regulated pressure differences inside the
microchanneled cantilevers can be used to displace living organisms with micrometric precision in
a nondestructive way. The protocol is applicable to both eukaryotic and prokaryotic cells �e.g.,
mammalian cells, yeasts, and bacteria� in physiological buffer. By means of this procedure, cells can
also be transferred from one glass slide to another one or onto an agar medium. © 2010 American
Institute of Physics. �doi:10.1063/1.3462979�

The ability to obtain information at the single-cell level
is becoming of central importance for numerous biological
questions and represents a major challenge.1 Innovative tech-
nologies are required to address individual cells, whereby to
“address” has to be conceived in broad manner ranging from
displacement to injection up to downstream analysis.

In the present work we will focus on the controlled spa-
tial displacement of single cells. Already 20 years ago,
Ashkin et al. pioneered the development of the optical twee-
zers as a mean to manipulate biological objects.2–7 Exploit-
ing the trapping forces due to the radiation pressure through
intense and collimated lasers8,9 viruses, bacteria as well as
cellular organelles could be displaced in a controlled way.
However, optical tweezers might damage cells,10–12 and are
not appropriate for detaching adherent, spread cells from sur-
faces. The latter also holds for glass micropipettes,13–15 the
oldest instrument to manipulate single organisms.

Atomic force microscope �AFM� �Ref. 16� can provide
the required force feedback in the piconewton range for
gentle and accurate manipulation compared to the micronew-
ton range17 of glass micropipettes. With respect to the ma-
nipulation of organisms, it is already widely employed for a
bright spectrum of adhesion experiments.18–23 So far AFM
has not been used for displacement experiments because or-
ganisms are readily attached to the underside of the AFM
cantilever preventing their release onto another position of
the substrate. The development of the FluidFM technology24

combining the precise AFM force feedback with nanofluidics
via an incorporated microchannel directly in the cantilever
opens novel strategies for the spatial manipulation of bio-
logical objects. The microchannel inside the cantilever ends
with a submicron aperture at the apex of the pyramidal tip
while the other end leads to a reservoir. By fixing the chip
against the hollow probeholder, a continuous fluidic path is

obtained connecting the tip aperture with the reservoir which
in turn can be connected to a pressure controller. Due to the
closed fluidic path, the technique can also be used in a com-
pletely liquid environment as required in biology.

In this study, we demonstrate an unprecedented way of
spatially manipulating individual cells. We take advantage of
the unique features of the FluidFM technology: On the one
hand the AFM force feedback control for a safe and quick
approach onto the biological object of interest, and on the
other hand the possibility to apply controlled pressure differ-
ences to “grasp” the cells �Figs. 1�a� and 1�b��, whereby
different types of tip apertures can be used. The object is
lifted up and moved to a chosen predefined position where
the force feedback control is activated again to reengage the
surface and a short overpressure pulse is administered to re-
lease the object �Figs. 1�c� and 1�d��.

We used a custom built AFM platform inspired by a
work of the Gaub’s group.25 All the noncustom components
�laser, photodetector, z-piezo, and stepper-motor� were pur-

a�Electronic mail: zambelli@biomed.ee.ethz.ch.

FIG. 1. �Color online� Scheme of the manipulation procedure in liquid
environment. �a� Force-controlled approach onto the cell; �b� application of
underpressure and lifting up; �c� x-y displacement; �d� force-controlled land-
ing at the new position and release with an overpressure pulse.
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chased from Thorlabs �Germany� and operated by a single
controller unit via LabView based software.26 The AFM
thereby adjusts the position only in the z direction whereas
movement on the x-y plane is achieved with micrometric
screws mounted on the optical microscope stage. A new gen-
eration of hollow AFM cantilevers27–31 were especially de-
signed for displacement experiments having the aperture di-
rectly on the underside of the cantilever close to its end
�blunt cantilevers, Fig. 2�a�, Cytosurge, Switzerland�. The
hollow cantilever with an integrated microchannel and a flu-
idic reservoir, was microfabricated in a wafer-scale process
similar to the one proposed by Deladi et al.27,32 The fabrica-
tion process is based on silicon surface micromachining and
bulk glass micromachining by powder blasting. The process
starts on a silicon substrate coated by a silicon nitride layer.
In this layer a microscale opening that will later serve as an
aperture at the tip of the microchanneled cantilever is defined
by reactive ion etching �RIE�. Next, a sacrificial polysilicon
layer is deposited and patterned to form the layout of the
microchannel. The patterned polysilicon layer was then en-
capsulated by deposition of another silicon nitride layer. Af-
ter the encapsulation, the cantilever beams and a relatively
large inlet on the opposite end of the prospective microchan-
nel were formed by RIE of the top silicon nitride layer. In the
next fabrication step, a glass wafer, in which holes connect-
ing both wafer sides �through holes� are powder-blasted, was
aligned and anodically bonded to the silicon substrate. The
glass wafer thereby also serves as the mechanical support for
the cantilever and the microchannels. It holds the through
holes too that serve as the inlet reservoirs. After the bonding,
the wafer-stack was immersed into a silicon etchant �TMAH�
to completely release the cantilevers and at the same time to
empty the microchannels by removing the sacrificial polysili-
con layer through the inlet holes and the cantilever aperture.
The basic fabrication sequence can be slightly modified in
order to substitute the aperture at the end of the cantilever
with a double tube-like tip, as the one in Fig. 2�b�.26

To prove the validity of our strategy and the versatility
of our system we carried out displacement experiments with
three different kinds of viable cells: mammalian cells �neu-
rons with a typical size of �20 �m�, yeasts �Saccharomyces
cerevisiae, with a typical diameter of �8 �m�, and bacteria
�Escherichia coli with a typical length of �3 �m and a
diameter of �1.5 �m�. Figure 3�a� is a brightfield image of
S. cerevisiae adsorbed on a glass slide in 0.9% NaCl after the
manipulation procedure. As typical for budding yeasts, S.
cerevisiae are often found as couples of mother and daughter
�bud� cells. The hollow cantilever was filled with 0.9% NaCl,
optically positioned over a budding yeast cell and ap-

proached in contact mode taking advantage of the AFM force
feedback. Once the cantilever was in contact with the cell, an
underpressure of �50 mbar was applied in the fluidic chan-
nel by means of a 10 ml syringe. As a consequence, the cell
was sucked against the channel aperture. It was then lifted by
retracting the cantilever with a stepper motor and displaced
in the x-y plane with the micrometric screws of the micro-
scope stage over the optically chosen new position. It was
deposited onto the substrate with an AFM approach in con-
tact mode and finally released by applying a short overpres-
sure pulse with the syringe while retracting the piezo. Serial
manipulations were possible using a single cantilever.

For the displacement of bacteria another tip design
was used consisting of two concentrically cylinders sepa-
rated by �1 �m �Fig. 2�b��. The gap was small enough
so that bacteria remain on the base of the internal cylinder
instead of being aspired into the microchannel �inset of
Fig. 3�b��. Bacterial motility on the substrate was hindered
by a poly�L-lysine� coating of the glass slide, whereas
the cantilever was functionalized with a layer of
poly�L-lysine�-g-poly�ethylene glycol� �PLL-g-PEG�, a
polymer known for its simplicity and effectiveness in resist-
ing the absorption of biomolecules.33 Figure 3�b� shows five
E. coli cells spatially displaced one after the other in order to
be arranged along a virtual line.

The same manipulation scheme could be applied to ad-
herent, spread mammalian cells as demonstrated in Fig. 4.
The external and internal surfaces of the channeled cantile-
vers were functionalized with PLL-g-PEG, the glass slide
with fibronectin while the channel was filled with phosphate-
buffered saline. Figure 4�a� shows two interconnected neu-
ronal cells by a tubular structure �neurite, light arrow�. After
being sucked against the 6 �m aperture of a blunt cantilever
�dashed circle�, one neuron was detached from the glass slide
�Fig. 4�b��, displaced on the x-y plane �Fig. 4�c��, and rede-
posited onto the substrate �Fig. 4�d��. Curiously, the neurite
remained intact during the manipulation so that the transmit-
ted traction resulted in a partially detachment the other neu-
ron and loosening of one anchor point �dark arrow�. Neurons
were kept attached to the aperture by applying a continuous
underpressure of �300 mbar. From corresponding deflec-
tion vs. distance curves34 it was inferred that a force of
roughly 1.0�0.3 �N had to be overcome to detach neurons
in such conditions which is in the range of nano to
microNewton reported in the literature.35,36

With this procedure, cell displacement is also feasible
from one glass slide to another one or onto an agar medium,
achievement precluded to optical tweezers. Organisms re-

FIG. 2. �Color online� Microchanneled AFM cantilevers. Scanning electron
microscopy images �a� of a blunt cantilever �150 �m long, k�3 N m−1�
and �b� of a double-tube tip cantilever. Both with a cartoon of the transversal
section at the aperture �light: 300 nm thick silicon nitride walls, dark: liquid
filling the 25 �m wide and 1 �m shallow channel�.

FIG. 3. �Color online� Spatial manipulation of single micro-organisms. �a�
Brightfield image of budding S. cerevisiae cells after manipulation to form a
line of six cells �Ref. 26 for the corresponding image before the manipula-
tion�; �b� Brightfield image of a line of five displaced E. coli cells. The inset
is a fluorescent image of a green fluorescent protein expressing bacterial cell
�Methylobacterium extorquens, arrow� aspirated by a double-tube tip.
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main attached at the aperture of the cantilever in air during
the few tens of seconds necessary to remove the original
slide and position a new one under the AFM. As a proof of
principle, we grasped yeast cells in liquid and placed them
onto glass cover slides coated with a 1 �m layer of agar.
After proving the force-assisted spatial displacement of vi-
able cells, we verified that the manipulation does not damage
them by monitoring their reproduction activity.

In conclusion, we have shown that the FluidFM technol-
ogy is suitable to carry out spatial manipulation of individual
viable eukaryotic and prokaryotic cells. Cells are aspirated to
the aperture at the end of the microchanneled cantilever by
applying an underpressure so that they can be released at the
new position simply upon reverse application of an overpres-
sure pulse. The displacement procedure is supported by the
AFM force-feedback ensuring that it can be carried out in a
serial fashion and that the organisms are not damaged during
the manipulation. Applications are to be contemplated in sev-
eral different directions. Individual cells can be placed in
particular regions �e.g., microwells� of a substrate for single-
cell PCR amplification or neurons onto nodal points of elec-
trical circuits for investigations of neuronal networks. Cells
can also be selected from environmental samples and depos-
ited individually for clonal reproduction. Furthermore, cells
can be attached to the end of a cantilever in a simple and
straightforward way for cell-adhesion AFM experiments cir-
cumventing the need for often extremely time-consuming
biochemical functionalization.
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FIG. 4. �Color online� Sequential brightfield images of the spatial manipu-
lation of a NG108 neuroblastoma cell on a glass slide coated with fibronec-
tin. �a� Two neuronal cells interconnected by a neurite �light arrow, while the
dark arrow indicates an anchoring projection�; �b� detachment of one cell
which is aspirated at the cantilever aperture �dashed circle�; �c� x-y cell
displacement; �d� cell redeposition on the glass slide. In �b� and �c� the
optical focus is set on the detached cell. Force-controlled approach and
aspiration took only few seconds each, while the delicate 30 �m lift-up
took 5 min as the stepper motor was operated with steps of 100 nm per
second.
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