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Abstract Nanomanipulation and nanoextraction on a
scale close to and beyond the resolution limit of light
microscopy is needed for many modern applications in
biological research. For the manipulation of biological
specimens a combined microscope allowing for ultravi-
olet (UV) microbeam laser manipulation together with
manipulation by an atomic force microscope (AFM)
was used. In a one-step procedure, human metaphase
chromosomes were dissected optically by the UV-laser
ablation and mechanically by AFM manipulation. With
both methods, sub-400-nm cuts could be achieved rou-
tinely. Thus, the AFM is an indispensable tool for in situ
quality control of nanomanipulation. However, already
on this scale the dilation of the topographic AFM image
due to the tip geometry can become significant. There-
fore the AFM images were restored using a tip geometry
obtained by a blind tip-reconstruction algorithm. Cross-
sectional analysis of the restored image reveals a
380-nm-wide UV-laser cut and AFM cuts between
70 nm and 280 nm.

Keywords Image processing - Ultraviolet lasers -
Scanning force microscopy * Microdissection

Introduction

Nanotechnology offers the prospect of analyzing,
handling and manipulating biological objects on the
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nanometer scale. For instance, elastic properties of
single DNA molecules can be investigated by means of
laser methods: optical microdissection with an utraviolet
(UV) laser microbeam can be used to disrupt the mol-
ecule (Endlich et al. 1994). Alternatively, an optical trap
can be used to control a microsphere where a DNA
molecule is attached (Perkins et al. 1994). Mechanical
manipulation using an atomic force microscope (AFM)
provides complementary information. Controlled
nanodissection of DNA by an AFM is possible with
high spatial resolution (Henderson 1992; Guthold et al.
1999), as well as the mechanical manipulation of the
DNA molecule for the investigation of elastic properties
(Krautbaur et al. 2000). These examples illustrate the
potential of the fundamentally different approaches for
manipulation on the smallest scales: optical methods
employing different types of lasers and mechanical
methods based on the AFM.

An important application of manipulation and
extraction in biological applications is the recovery of
DNA by chromosomal dissection for cytogenetic studies,
like chromosome-specific molecular analysis of genes,
studies of chromosomal evolution or the investigation of
genetic defects. Already in the 1960s, optical manipula-
tion of chromosomes was shown with a pulsed argon
laser microbeam (Berns et al. 1969). Later, collection of
the chromosomal DNA by UV-laser catapulting for
further amplification by a degenerate oligonucleotide
polymerase chain reaction (PCR) was demonstrated
(Schermelleh et al. 1999). Today, manipulation by a
UV-laser microbeam is a well-established technique in
biomedical research (e.g. Schiitze et al. 1997; Thalham-
mer et al. 1997a; Clement Sengewald et al. 2000; Greulich
et al. 2000). The underlying process of UV-laser manip-
ulation is a locally restricted ablative photodecomposi-
tion without heating (Srinivasan 1986). For an overview,
see Greulich (1999) and Bauerle (2000).

Other laser-surgery methods for biomedical research
were developed employing IR or near-IR lasers. Emmert
Buck and co-workers (1996) reported on successful IR
laser manipulation in experiments where the sample was
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covered with a thermoplastic film that was locally mol-
ten by laser irradiation. After cooling and recrystalliza-
tion, the specimen in the targeted area adhered to the
film and was removed for further processing. With this
method, cell fragments with a size of about 10 um can be
extracted (Godstein et al. 1999). So far, this method
provides significantly less spatial resolution than UV-
laser microdissection. Another promising approach to
optical manipulation of biological material is the mul-
tiphoton-induced ablation by 800-nm femtosecond laser
pulses (Ko&nig et al. 2001). Complete sub-200-nm cuts
can be achieved in fixed air-dried human metaphase
chromosomes with this method. Unlike UV-laser abla-
tion, this technique requires several passes with the
cutting laser. Up to now the femtosecond laser technique
does not provide a direct harvest method and is signifi-
cantly more cost intensive. Thus, for sub-micron laser
microdissection and sample collection in cost-sensitive
applications, UV-laser manipulation seems appropriate.

Complementary to laser methods, the AFM offers
high-resolution imaging and precise mechanical manip-
ulation capabilities. The applications of the AFM in
chromosome research range from the investigation of
the structure and organization of the chromatin to ma-
nipulation and material extraction for genetic analysis.
Topographic AFM imaging of chromosomes with a
resolution beyond the diffraction limit of light micros-
copy was reported by various authors (De Grooth and
Putman 1992; Rasch et al. 1993; McMaster et al. 1994;
Tamayo et al. 1999; Thalhammer et al. 2001). Moreover,
manipulation by mechanical scratching of genetic ma-
terial with the AFM tip has been demonstrated (Allen
et al. 1993; Jondle et al. 1995). After AFM dissection,
chromosomal material adheres to the AFM tip (Stark
et al. 1998). This DNA can be recovered from the tip
and amplified with PCR techniques (Thalhammer et al.
1997a; Xu and Ikai 1998).

Usually, long-distance optics are needed in optical
microscopes that are integrated in micromanipulation
set-ups to allow for access to the specimen. Thus, the
resolution:

d = 1.223./ (NAgbj + NAcona) (1)

of a typical inverted light microscope used in manipu-
lation experiments is limited to about d~350 nm
(green-light illumination, A~500 nm; NA/;=1.20;
NAonga =0.55). This illustrates that for the analysis of
sub-micron laser manipulation and nanometer AFM
manipulation a conventional light microscope is not
sufficient. In contrast, the resolution of the AFM is
limited by the diameter of the scanning tip, which is
usually within the range from 5 to 50 nm. Combined
instruments unite the resolution of the AFM with the
ease of use of the light microscope (Putman et al. 1993;
Hillner et al. 1995; Thalhammer et al. 1997b).
However, imaging with an AFM also requires quality
control. During AFM imaging the AFM tip can deterio-
rate owing to hard impacts of the tip on the sample or to

pick-up of debris from the sample. Usually, the operator
visually assesses the quality of the AFM tip from the im-
age data. As this process highly depends on the experience
of the human operator, a less subjective criterion for the
quality of the AFM image is desirable. For routine use in
biomedical applications, time-consuming tip character-
ization procedures using standard samples or electron
microscopy are too slow. For standard laboratory use,
only in situ characterization of the AFM tip is appropri-
ate. This can be achieved by estimation of the tip geometry
from tip self-imaging on the sample (van Loenen et al.
1990; Markiewicz and Goh 1995; Fritzsche et al. 1996).
The blind tip-reconstruction method (Dongmo et al.
1996; Villarrubia 1997) allows us to assess the tip geom-
etry directly from the image morphology.

In the following, we report on the optical as well as
mechanical nanodissection of human metaphase chro-
mosomes in an integrated nanomanipulator without the
need to transfer the sample between different instru-
ments. A commercial force-feedback joystick provides a
simple but intuitive user interface for manipulation. For
quality control of AFM imaging we show that AFM tip
characterization is necessary in order to obtain reliable
distance measurements.

Materials and methods

Nanomanipulation platform

For dissection as well as for imaging, an integrated nanomanipu-
lation platform was developed that combines optical manipulation
with mechanical manipulation. In this instrument, a scanning
probe microscope and a UV laser were integrated to an inverted
microscope (Axiovert 100, Carl Zeiss, Go6ttingen, Germany) as
shown in Fig. la. The epi-illumination path of the light microscope
was equipped with quartz glass optics for efficient UV light trans-
mission. For the laser microdissection experiments a 100x
Glyc Ultrafluar (Carl Zeiss) objective with numerical aper-
ture NA,,;=1.20 was employed. A long-distance condenser with
NAona=0.55(0.55 H, Carl Zeiss) was used for simultaneous AFM
and light microscopic measurements. Light microscopic data were
recorded with a CCD camera (Photometrics CoolSNAP, Roper
Scientific, Trenton, NJ, USA).

The UV-laser microbeam (PALM Microlaser Technologies,
Bernried, Germany) for photo-manipulation was coupled into the
epi-illumination path. This pulsed nitrogen UV laser (A=337.1 nm)
was specified with a pulse width of less than 4 ns (full width at half
maximum height) and a pulse energy of 300 pJ with an adjustable
pulse repetition rate between 0 and 60 Hz. The laser energy could
be attenuated continuously without beam displacement. The
commercial laser interface (PALM) allowed for coarse laser focus
adjustment, independent of the microscope focus.

The scanning probe microscope (SPM) was a multifunctional
system that could be operated as an AFM or scanning near-field
optical microscope (Biolyser, Triple-O, Potsdam, Germany). The
specimen was scanned with respect to the AFM tip and the optical
axis in this SPM design (Fig. 1b). To allow for SPM and laser
nanomanipulation as well as for SPM imaging, a separate
nanomanipulation control was implemented (Fig. 1c). The
nanomanipulation system could be switched between imaging and
manipulation mode with this control. The force signal F of the
AFM was fed back into the SPM control unit as well as the
manipulation control unit. The x, y and z positions of the sample
stage were controlled by the original SPM control in imaging mode.
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Fig. 1a—c Experimental setup. a A multifunctional scanning probe
microscope is mounted onto an inverted research microscope. In
addition, a pulsed UV microbeam laser is coupled to the
microscope through the epi-illumination path. The electronic
control unit simultaneously controls laser manipulation and
scanning probe microscopy. A force-feedback joystick serves as a
simple haptic interface to the SPM. b The scanning stage can be
positioned with nanometer resolution in three dimensions with
piezoelectric actuators, allowing for scanning probe microscopy as
well as for laser micromanipulation. ¢ Block diagram of the control
system

In manipulation mode, the user directly controlled the lateral
translation velocity (dx, dy) of the sample stage with a positioning
joystick. For intuitive control of the tip force in mechanical ma-
nipulation experiments, a commercial force feedback joystick
(WingMan Force, Logitech, Fremont, Calif., USA) was imple-
mented as a simple and low-cost haptic interface. With this second
joystick the z-position of the sample stage corresponding to the tip
force on the sample was controlled by the user. In the photo-
ablation mode the lateral position of the scanning stage was steered
with the positioning joystick. The second joystick served for the
fine adjustment of the specimen with respect to the laser focus,
which was achieved by vertical displacement of the piezoelectric
actuators of the scanning stage. A more detailed description of the
nanomanipulator can be found elsewhere (Rubio-Sierra et al.
2003).

Imaging and nanomanipulation procedure

SPM data presented here were obtained in AFM mode. The AFM
was calibrated prior to the experiments. In order to account for the
non-linearity of the open-loop-controlled piezo actuators, a 5%
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error is assumed for topographical data. Topographic images were
obtained in the dynamic intermittent contact mode in the AFM
using stiff silicon cantilevers (Pointprobe NCH, Nanosensors
Dr. Olaf Wolter, Wetzlar, Germany) with a nominal spring
constant k=21-78 N/m and a nominal tip radius of 20 nm. For
imaging, the scan rate was limited to 1 Hz.

To optically dissect the specimen the laser energy was adjusted
to about 1 pJ/pulse and the sample was moved through the focus
by the piezoelectric transducers of the SPM. For mechanical AFM
manipulation the same type of cantilever as used for imaging was
employed. Dissection was achieved by increasing the loading force
of the tip onto the sample while the driving modulation for the
dynamic mode of the cantilever base was maintained. This resulted
in a modulated contact mode manipulation ensuring precise AFM
dissection of the biological material (Stark et al. 1998). Dissection
was performed at an average scan speed of 0.5 pm/s. The calibrated
spring constant k=60+5 N/m of the cantilever was obtained fol-
lowing a standard procedure (Sader et al. 1999).

Human metaphase chromosomes

Heparinized human whole blood (0.4 mL) was cultivated at 37 °C
for 72 h in 10 mL Gibco Chromosome medium 1A (Invitrogen,
Karlsruhe, Germany). Cells were arrested by 30 min colchicine
treatment (100 pL) followed by centrifugation (10 min at
1000 rpm). Chromosomes were prepared by resuspending the pellet
in 10 mL of 0.075 M KCl and incubation at 37 °C for 15 min.
After a further centrifugation (10 min at 1000 rpm) the pellet was
carefully resuspended in a freshly prepared mixture of 3:1 metha-
nol/acetic acid at 4 °C and fixed for 25 min at 4 °C. After three
washing steps in the methanol/acetic acid fixative the chromosomes
were dropped onto 0.17-mm coverslips, rinsed in PBS and
air-dried.

The unbanded chromosomes were classified based on the cri-
teria of length and centromere index, i.e. the ratio of the length of
the short arm to the chromosome lengthx100 (Vogel and Motulsky
1997). Both features are considered the most discriminative geo-
metric features of human metaphase chromosomes (Lerner 1998).
The error of the centromere index was estimated from the differ-
ence between the minimum and maximum acceptable length of the
p-arm.

Image processing

Images were analyzed using the SPIP software package (Image
Metrology, Lyngby, Denmark). First, the raw data were leveled to
remove tilt from the data. In the next step a 3x3 median filter was
applied to suppress noise that otherwise would lead to an under-
estimation of the tip radius in the subsequent procedure. In order
to obtain reliable estimates for the cut widths, an image recon-
struction was performed. The AFM tips were estimated using a
blind tip-reconstruction algorithm (Villarrubia 1997). With this
algorithm a “worst case tip” was calculated, i.e. upper constraints
for the tip geometry were obtained. This information was then used
to restore the AFM image. This procedure did not enhance the
resolution but it provided reliable metrological data on surface
features like hills that otherwise would have been overestimated in
their lateral dimensions and grooves that would have been under-
estimated.

Results and discussion

A human metaphase chromosome was selected by light
microscopy for UV-laser microdissection. After laser
ablation and AFM imaging, a neighboring chromosome
was dissected mechanically with the joystick-steered
AFM. In the topographic AFM image (raw image,
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leveled, median filtered, 500x511 pixel®, Fig. 2a) the
different cuts were prominent and could be analyzed.
The structures of interest in the image had lateral
dimensions of approximately 200-400 nm and exhibited
a peak-to-valley difference of about 500 nm. Nominally,
the AFM tip had a characteristic length scale that was
about one magnitude smaller, i.e. a tip radius of 20 nm,
which was comparable to the pixel-to-pixel distance of
24 nm in the image. Thus, the lateral resolution in AFM
imaging was sufficient to provide reliable data for the
measurement of distances in the image.

This was proven by image analysis. A blind tip-
estimation algorithm was used for the estimation of the
tip dimensions from the image data. The tip character-
ization yielded a numerical estimate for the tip as shown
in Fig. 2b. The aspect ratio of this worst-case estimate
for the tip geometry indicated that the duality of the
AFM tip was acceptable for the given resolution. In
Fig. 2a the corresponding certainty map is superim-
posed on the raw image data. Certain topographic raw
data are shown in light gray. Assuming the tip in
Fig. 2b, the true topography could be reconstructed for
these certain pixels. Pixels marked in black correspond
to areas where a reconstruction with the tip (Fig. 2b)
was uncertain, i.e. the reconstructed surface was not
necessarily equal to the true topography. Image data in
the area of the AFM cut as well as a few pixels at the
edges of the laser cut were uncertain (arrows). The
remaining 99.6% of the image were certain.

With this information, an image restoration was
performed. Figure 3a shows the reconstructed image.
Note that the aim of this analysis procedure was to
provide a reliable upper limit for the lateral dimensions
of depressions in the surface, as it is necessary for the
investigation of the quality of laser and AFM nanodis-
section. This differs from the direct analysis of raw data
without further image processing, which only can
provide lower estimates.

Fig. 2 a Reliable data of the raw topographic image (light gray).
Black pixels indicate uncertain data. For better perception of
uncertain pixels they are surrounded by a black/white boundary and
are marked by arrows. b AFM tip as reconstructed by the blind tip-
estimation

The chromosome in Fig. 3a (right) was dissected with
the UV laser adjusted to a pulse energy of 0.7 pJ at the
specimen at a repetition rate of 60 Hz and a scan speed
of 0.3 um/s. From the AFM data it was identified as
chromosome no. 2 (measured length L=9.2 um and
centromere index CI=394+1.0). A cut width of
380+£20 nm (full width at half maximum cut depth)
could be achieved in cut no. UV1. The chromosome was
fully dissected and the cut reaches down to the substrate
with a sidewall angle of 60°. The laser cuts nos. UV1 and
UV2 are separated by 850+45 nm and a 420-nm wide
chromosomal fragment remained in between. Thus, with
the UV-laser beam, sharp and precise cuts could be
obtained, where the entire chromosomal material within
the cut was ablated. The steep sidewalls of the cuts
indicate that very precise cuts can be performed in
chromosomal material, which is necessary to isolate
small regions of interest. The question if the remaining
chromosomal material close to the cut region is geneti-
cally intact after possible UV irradiation cannot directly
be answered by microscopic methods. However, from

(b) uv+

uva uv3

380 nm
nd =)
J c
3
> 3

I 420 nm 0.5 pm
=+ 850 nm l+
170 nm 70 nm
»> <

Fig. 3 a Restored topographic AFM image of manipulated human
metaphase chromosomes. In order to estimate the cut-widths
correctly, an image restoration was performed assuming an AFM
tip as obtained by the blind tip-estimation. The chromosome on the
right was manipulated using the UV-laser microbeam. The
chromosome on the /left was dissected by the AFM (loading forces:
1, 20 uN; 2, 10 pN; 3, 40 uN). b Cross-sectional analysis as
indicated



the height-profile measurement (Fig. 3b) it is clear that
the height of the remaining fragment between both laser
cuts nos. UV1 and UV2 remains unchanged. In com-
parison with earlier results (Thalhammer et al. 1997b),
the minimum cut size for chromosomal nanodissection
by UV-laser manipulation could be reduced significantly
from 650 nm to a size of 380 nm.

For AFM nanodissection a medium-sized submeta-
centric chromosome was selected (L=6.2 um,
CI=40.5+1.4). With the AFM, different cut depths
could be realized. At a loading force of 10 uN of the tip
onto the sample, a shallow scratch with a cut depth of
20 nm and a cut width of 70 nm could be realized
(Fig. 3, cut no. 2). With an increased loading force of
20 uN, a 50 nm deep and 170 nm wide cut was achieved
(no. 1). At forces of 40 uN the chromosome was fully
dissected (no. 3). However, the uncertain pixels of the
image restoration had to be accounted for in the esti-
mation of the cut width. As determined from the re-
stored image (Fig. 3), the cut width was 280 nm, which
is an upper limit. The lower limit of 240 nm was deter-
mined directly from the raw data (Fig. 2). Biological
material was deposited by the plowing tip next to the
cuts. It can be expected that part of the material is
adhering to the AFM tip after dissection (Thalhammer
et al. 1997a; Stark et al. 1998).

Figure 4 shows a metacentric human metaphase
chromosome (no. 3; L=7.9 um, CI=47.7+1.4) where
three UV-laser cuts were performed using the force-
feedback joystick. The pulse energy was adjusted to
0.5 nJ and the pulse repetition rate to 60 Hz. For dis-
section the chromosome was moved once through the
laser focus at a velocity of about 0.5 pm/s. With cut no.
1 the chromosome was successfully dissected, whereas in
cut no. 2 remnants of the biological material remained.
For cut no. 3 the manipulation resulted in small holes in
the material.

A closer investigation of Fig. 4 illustrates the neces-
sity to examine the quality of AFM images thoroughly
in order to allow for a reliable analysis of lateral di-
mensions of the structures created by nanomanipula-
tion. The topographic AFM (512x512 pixel?) image of
the UV-laser dissected chromosome in Fig. 4a was lev-
eled and subsequently filtered by a 3x3 median filter. A
cross-sectional analysis (Fig. 3c) gives a lower estimate
for the cut width of 330 +20 nm for cut no. 1. However,
the blind tip-estimation reveals a blunt tip, as shown in
Fig. 4e. Thus, a significant deterioration of the AFM
image can be expected. Figure 4b shows the restored
topographic image with increased cut widths. From
these data an estimate for the cut width of 500 £25 nm
is achieved (Fig. 4d), indicating a not perfectly adjusted
UV-laser beam.

This example shows that for quality control of
nanomanipulation of biological specimens, AFM data
obtained with a dull tip like in Fig. 4e has to be rejected.
In practice the AFM tip should be replaced and the
measurement should be repeated. This corresponds to
the procedure of tip quality control, as is already
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500 nm

g5y e

Fig. 4 a Topographic AFM image of a human metaphase chro-
mosome (no. 3) that was microdissected with the UV laser. b The
same image after image restoration. ¢, d Cross-section analysis for
the laser cut in the respective images above. Note that the width of
the depression can significantly be underestimated without image
reconstruction. e Three-dimensional representation of the estimated
AFM tip

successfully implemented for industrial robot AFMs
operating in semiconductor fabrication lines.

Conclusions

Chromosomal dissection with cut widths close to the
diffraction limit of the light microscope could be
achieved by optical manipulation with a UV laser as well
as by mechanical manipulation with the AFM. This
clearly shows that for the diagnostics of UV-laser
microbeam ablation an AFM is an indispensable tool.
However, modern image processing tools like blind tip-
estimation and image restoration are required to obtain
reliable metrological data.

The results show the resolution capability of UV-
laser ablation. With a standard nitrogen laser system a
cut width less than 380 nm is possible in human meta-
phase chromosomes. This is an important requirement
for the generation of genetic probes by microdissection
for high-resolution cytogenetic analysis. Highly resolv-
ing dissection can be achieved with an integrated
microscope that allows for precise mechanical mi-
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cromanipulation by the AFM as well as optical manip-
ulation by UV-laser microbeam ablation. The cuts can
directly be characterized in situ by atomic force mi-
croscopy. Additionally, the scanning tip of the AFM can
easily be used for micromanipulation with sub-wave-
length resolution.

Thus, a semi-automated nanodissection environment
is feasible, where the operator performs the dissection
using a haptic interface. The quality of the dissection tip
can be controlled automatically by blind tip-estimation
routines. A crucial task in an automated environment is
the identification of the chromosomes from scanning
probe data. In order to allow for unequivocal classifi-
cation, SPM analysis of banding or fluorescent labeling
is required. Although the classification can be done
manually for banded chromosomes (Thalhammer et al.
2001), computer-based procedures (Lerner 1998) will
further facilitate chromosomal nanodissection.
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