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Abstract

The optical micromanipulation systems UV(ultraviolet)}-Laser Microbeam and Optical Tweezers Trap, alrcady proven to be
powerful tools for ‘nen-contact’ micro-manipulation of gametes, cells and organelles, have now made their way into the
nanocosmos of genes and melecules. Force measurements of DNA trunscription have been performed and selective DNA
molecule micromanipulation gives insight into single molecule behaviour. Retrievement of selected single cells without contamina-
tion is an import prerequisite for further processing with modern methods of molecular biology. Laser micro-dissection allows to
precisely climinate any unwanted material or to isolate pieces of chromosomes or single cells of interest with high accuracy and
efficiency. This enables the cell or chromosome specific molecular analysis of genes and genetic defects underlying discase, such
as cancer or infection. This review article gives an overvicw of current topics of laser microbeam application in biological or
medical research and advanced molecular diagnosis. © 1997 Elsevier Science B.V. '
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1, Introduction focal point, Since almost all biclogical specimens are
transparent for the applied laser wavelength, it is possi-
Lasers coupled into a microscope and focused to a ble to work within the depth of a cell without opening

it. For a long time, the fascinating technique of laser
micromanipulation has been the exclusive playground
of physicists and laser experts. Huge setups with large
lasers using high voltage power supplies, external water
cooling and complicated coupling optics required cxten-
sive maintenance, Meanwhile, the development of
smaller and less expensive lasers allows to manufaciure
compacl, sturdy and easy to handle devices with no
need for maintenance. Thus, the technique of optical
micromanipulation now becomes amenable for non-
- physicists and an increasing number of diflcrent appli-
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spol size of less than one micrometer in diameter
increasingly gain significance for ‘non-contact’ oplical
micro-manipulation in biological research and medical
application. With the help of high photon densities and
strong optical gradient forces microscopically small ob-
jects can be captured and positioned as well as micro-
surgically processed with extremely high precision. The
effeclive energy densilics only arise at the small laser
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2. Optical trapping with visible laser light

A huge advantage of ‘non-contact’ laser microbeam
application s the possibility, to manipulate specimen in
a closed, entirely sterile envirenment without danger of
evaporation, contamination or infection.

The mechanism of optical trapping utilizes the high
photon density gradient of a strongly focused, continu-
ous laser microbeam to catch, hold and move micro-
scopically small particles. The force of the optical trap
is depending on the shape and diffraction index of the
trapped particle {1 -4]. For example, motile sperm can
be captured and dragged arcund [1,4]. Cell sorting is
possible and ¢ven single bacteria can sclectively be
prepared out of a bulk of different species for subse-
quent cloning and DNA analysis [3].

Ashkin und Dziedzic [6] first used an Argon laser
with 514 nm wavclength for oplical trapping. When
applied to living objects, they soon realized, that this
wavelength was strongly absorbed and thus, detrimen-
tul to the specimen. Using un Nd:YAG laser with 1064
nm allowed trapping of bacteria, yeast cells and proto-
zoa for a longer peried without visible damage [7].
Meanwhile, some studies using laser traps working with
different wavelengths revealed damaging effects also in
the near infrared. Amongst those are impaired chromo-
some separation, cessation of sperm motility or strongly
reduced cloning efliciency. These detrimental clfects
seem to be due to two photon absorption at 76( nm
with resulting UVA like perturbations or water absorp-
tion with resulting heat formation at 1064 nm, respec-
tively [8—10]. Recently, an optical tweezcrs trap was
introduced using a visible, high power diode laser sys-
tem working at 680 nm [l1]. The Vis-Optical Trap
works within the so called ‘therapeutic window’, which
15 located between 600-1200 nm, where only weak
absorplion of biomolecules cccurs. Since water absorp-
tion starts from 800 nm and increases towards the
infrared [12], trapping with the visible wavelength of
680 nm seems less harmful for living cells and organism
as compared to optical tweezers working with wave-
lengths below 600 nm or in the near infrared, Interest-
ingly, trapping with visible light is not protected by the
Ashkin patent [13] of optical tweezers, which covers
trapping systems in the infrared only, starting from 800
nm.

3. Force measurements on single molecule level

Force measurements of motor molecule action or
evaluation of clasticity and rigidity iu conformational
changes of biomolecules is one of the most exciling
applications of optical tweezers. Beads attached to mi-
crotubules serve as handles and are held in the laser
trap. If a motor molecule acts on the microtubule, the

bead will be dragged oui of the trap center. The
translocation of the bead from the trap center together
with the applied laser power gives a mcasure of the
dragging force. Another approach arc cscape force
measurements within living specimen. This way the
motion forces of dynein, kinesin and myosin molecules
have been determined to be in the range between 1 and
3 pN/binding site [14-19].

With optical tweezers Kurachi et al. (1995) measured
the rigidity of microtubules, by trapping attached
polystyrene beads [20]. Felgner ¢t al. could bend micre-
tubules, fixed to axonema, by just grabbing the free
floating ends of the microtubules with tweezers [21].

Single DNA molecules, visualized with video fluorcs-
cence microscopy and equipped with 1-micrometer
beads as handles were held in the tweezers trap and
stretched to full extension in a flow. Their relaxation
was measured, when the flow stopped [22,23]. A doublc
beam trap with two counter propagating laser beams,
coupled through opposing objectives (dual-beam laser
trap), was used to study the elastic response of individ-
val double-stranded and single-stranded DNA
molecules after over-stretching [24]. A highly coopera-
tive transition into a stable, about 70°% longer DNA
configuration was measured. It is supposed that the
conformaticnal changes following over-stretching may
play a significant role in DNA recombinalion,

In a4 recently published article the force involved in
the process of DNA transcription was determined [25).
One polymerase molecule, usually walking along the
DNA to transcribe its information into RNA, was fixed
to the coverslip. This way, the polymerase molecule
tcars on the DNA molecule during transcription. It was
shown that an average foree of 14 pN is required to
reversibly stall the polymerase molecules. This is sub-
stantially larger as compared to the above mentioned
force of motor molecule action.

4. UV-laser microbeam for assisted embryo hatching

The high photon density arising at the laser focus
point of an extremely focused, pulsed UV-laser enables
to physically ablatc almost all material. Thus for exam-
ple, cutting of molecules, cytoplasmic filaments, flagella
or even sperm tail is possible with high precision,
Cytoplasmic movement or motile organism can re-
versibly be stopped. Tiny holes can be poked into cell
membranes or even into rigid cell walls without dis-
turbing cell viability, Poking holes into the contacting
membrane area of two adjacent cells can induce cell
fusion [1 4].

We have studied optical micromanipulation of
gameles and embryos with ‘non-contact’ laser mi-
crobeams (Fig. 1 (a) and (b)) as un alternate approach
to the more commeon in vitro fertilization procedures

~—
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Fig. 1. (a) The UV-laser is focused through a high numeric ohjective. Due to the extremely high energy density at the focal point, the UV-laser
microbeam can cut minute holes with high precision into the zona pellucida of an oocyte (video animation). (b) The optical forces arising al the
laser focus of oprical tweezers allow cutching of highly motile sperm and enable sperm insertion into the perivitelline spice of an cocyle without
uny mechanical perturbations (video animation). (ch Human embryo after non-contact laser zona dnlling for assisted hatching. The embryo will
hatch through the laser drilled hole (diameter of the hole is about 13 gm)

Fig 2. Scanning lorce microscope image of a laser dissected Muntjac metaphase chromoesome. Cutting size is about 700 nm, the thickness of the
slices is around 1300 and 700 nm. respectively.

using mechanical microtools [26-30]. A laser drilled No detrimental effects but higher fertilization rates and
hole into the zona pellucida, for example, enables the increased hatching, have been found, when zona
embryo 1o hatch, and thus to implant [4] (Fig. | (c)). drilling was performed with a 337 nm nitrogen laser
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[30 32]. Mcanwhile, several women have borne
healthy babics due to mitrogen laser assisted cmbryo
hatching [33].

5. Cutting chromosomes and DNA filaments

Disscction of metaphase chromosomes is the most
forward approach for the isolation of DNA se-
quences from specilic chromosome regions [34]. With
the high energy density of the focused laser beam,
chromosomes on a metaphase or prometaphasc
spread or even within living cells can precisely be
cut [35-37]. To evaluate the size of the laser in-
duced cuts we generated a scanning force micro-
scopc (SFM) image of a laser microdissected
Muntjac metaphase chromosome (Fig. 2). Several
siudies have demonstrated the excellent capability of
SFM to monitor biological malcrial like metaphase
chromosomes [38- 40], chromatin fibers and plasmids
[41,42]. Two double cuts have been sct with the
UV-laser microbeam. No loose debris of biomaterial
could be found in the SFM image. The laser cut
pierces through the chromosome until it reaches the
underlying glass substrate. Analysis of the cross scc-
tion profile reveals a cut size of around 700 nm at
a cutting angle of around 25 degrees with respect to
the glass surface. The distances within the cuts of
the iwo pairs measure 1300 and 700 am, corre-
sponding to aboul 13 x 10° and 7 x 10° bp, respec-
tively [43]. The loss of beam quality due to lens
imperfections together with the mechanism of pho-
ton absorption and/or heat transfer during ablation
of the biomaterial may be responsible for the fact,
that the theoretically diffraction limited spot size of
around 200 nm cannot be reached.

When the cantilever of the atomic force micro-
scope was used 1o scrape through a chromosome, an
even smaller chromosomal fraction could be isolated.
We could demonstrate, that even such a small
amount of chromosemal material was amenable for
further PCR processing and DNA sequencing. Laser
microdissection and subsequent micro-cloning of the
dissected fragments seem to be a helpful tool lor
rapid and convenient isolation of specific chromoso-
mal regions.

Recently, Endlich et al. [44] have demonstrated
laser cutling of isolated DNA filaments under micro-
scopical view. To visualize the molccules, they were
stained with the fluorcscence dye DAPIL. If combined
with optical tweezers, the so called laser microbcam
trap might be suitable to selectively prepare a small
piece out of a defined DNA region. Activation of
‘caged’ molecules with a few UV-luser pulscs seems
to be an interesting approach to study the kinetics
and mechanism of DNA function [45.46].

6. UV-laser microdissection for single cell preparation

The human genome consists of about 100000 differ-
entl genes packed into 46 chromosomes. In a healthy,
single cell around 10-20000 gencs work together in a
well defined manner. However, if there is a defect in
one or scveral genes or in the symphoenic performance
with molecules that are involved in translating the
genetic information into the cellular products, serious
diseases may rcsult [2]. Therefore, scientists for a long
time have been convinced, that the origin of discase is
on the single cell level. Molecular biologists and pathol-
ogists are now looking for mutated genes that may be
responsible for the disorders. They try to prepare and
multiply the DNA sequences of interest (o learn more
about the reason lor the genetic alleration. One of the
most powerful molccular biological techniques devel-
oped during the last decadc is the polymerase chain
reaction (PCR), which allows the million fold amplifi-
cation of specific DNA sequences. But, this highly
sensitive technique requires absolutely, clean sample
preparation.

Generally, a tumorous tissue consists of tumor cells
intermingled with normal, non-tumorous cclis. This
tissue heterogeneity provides one of the major obstacles
to the molecular diagnosis of disease. Therefore, nu-
merous cfforts were made to specifically prepare small
tissue sections consisting solely of tumor cells. In 1993
B&hm et al. demonstrated the selective procurement ol
tumor cells by microdissection of membranc mounted
native tissue (MOMeNT) [47,48] using a small scalpel.
This method provides good correlation with standard
histology but allows only straight cuts. Using fine glass
pipettes sample areas with sizes of around | mm® were
mechanically resected from frecze-dried tissue [49,50]
In 1995 Kubc et al. demonstrated a laser based mi-
crodissection of an entire rcnal tube, which was an
extension of work by Meicr-Ruge et al., 1976 [51.52].
Recently, laser melting of interesting cell areas onto a
thermoplastic film using an infrared laser beam was
reported 53], With the ‘laser capture microdissection’
(LCM)-technique the prepared regions had a diamcter
between 60 and 200 pm.

However, within these dissected huge tissue areas,
therc is a high risk of contamination due te ‘nen-tu-
morous’  material.  We used the ROBOT-MI-
CROBEAM system to eliminate all ‘unwanted’ cells
from a selected tissue area with high precision or te
microdissect one single cell oul of a histological tissue
slice  without contamination. The ROBOT-MI-
CROBEAM (P.A.LM. Wolfratshausen, Germany)
consists ol a small, sturdy nitrogen laser of high beam
quality, which is coupled through the luorescence illu-
mination path of the microscope. A motorized, com-
puter controlled microscope stage and
micromanipulator is attached to this Microbeam (Fig.



K.-F. Becker et al. / Genetie Anclvsis: Biomolecular Engincering 14 (1997) 1-8

MICROSCOFPE

ROBOT- MARIPULATOR

ROBOT - Stace
ADAPTER

A

MonNITOR

COMPUTER

ATTENUATOR
INTERFACE

)

Fig. 3. PALM®™ ROBOT-MICROBLEAM, a schematic drawing.

3). Laser micromanipulation with nancmeter precision
requircs minute object positioning with extremely high
resolution. The axis of ROBOTStage und ROBOTMa-
nipulator can travcl with a speed of a few hundred
nanometers up to several millimeters per second. Their
hybrid stepping motors allow (o travel distances up to
10 cm with a minimum step size of 20 nm. An inte-
grated frame grabber enables simultaneously 1o observe
the microscope image on the screen overlaid with a
graphical user’s interface to show the control functions
of stage and manipulator. Also mandatory for precise
laser micromanipulation is the coincidence of the lascr
focus with the optical focus of the microscope. There-
fore, an important feature of the ROBOT-MI-
CROBEAM is the possibility to individually move the
laser focus pesition to correct lor chromatic aberrations
due to light absorbing material within the laser path.

The cells or cellular material that would interfere
with PCR-amplification, are brought into the line of
laser fire by conveniently moving the microscope stage
via the computer mouse. One or a few UV-laser pulses
are sufficient to destroy any biological material. The
high photon density within the laser focus causes the
material to b¢ photolysed. This is a so called ‘cold
ablation’ without any heating effect.

Il combined with the above described MOMeNT-
technique, retrievement of a large, previously laser
cleaned, homogeneous tissue area, can be performed
with high accuracy. The track of the UV-laser mi-
crobeam is preselected frecly on the video screen. Thus,

the laser dissects the membrane with the attached tissuc
along the edge of the intcresting area, allowing to
cxactly respond to the irregular featurcs of the histolog-
ical section (Fig. 4 (a),(b) and {c)). The laser dissccted
membrane—tissue stack may be retrieved using a con-
ventional discardable, sterile syringe needle. Another
possibility is to use the laser pressurc force to catapult
the probe into a collecting tube or onto un adhesive foil
without any physical contact {(Fig. 4 (d). This proce-
dure could even be partly automated by several com-
puter controlled steps.

The combined MICROBEAM-MOMeNT technique
utilizes the force of high photon density, i.c. the abla-
tive effect s due to photolysis and not to a heating
effect [54]. This is different to the above mentioned
LCM method, that melts the cells at about 90°C onto
the thermoplastic film. Since the diameter of the melt-
ing laser beam is about 30 gm and has a round, circular
shape, it seems to be difficult to selectively prepare
irregular shaped tumor areas or to isolate one single cell
only.

The ROBOT-MICROBEAM reveals a laser focus of
less than 1 um in diameter. This allows not only the
preparation of one single cell or one cell nucleus out of
a heterogeneous tissuc slice, but even enables the isola-
tion of a nucleus freed cytoplasm.

Contamination free single cell microdissection can be
performed out ol freeze dried or paraffin embedded
tissue sections mounted directly on the glass slide. All
cellular material adjacent to the cell of interest is en-
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Fig. 4. (a) MICROBEAM -MOMeNT technique: the tissue section is mounted on & 6 #m thin supporting membrane. (b—g¢) The laser cuts along
a preselected path, exactly corresponding to the various features of the tissue section. {d) For further DNA evaluation the laser dissecied
membrane-tissue stack is catapulied into a collecting vial or onto an adhesive foil using the lnser pressure force (siee of the dissectates = M x 50

Jem,

Fig. 5. (a) ROBOT MICROBEAM technigue: formalin fixed and paraffin embedded, heteropeneous tissue sample, consisting of tumor cells
wntermingled with non-tumosous cells. (b) Single cell isolation: using the extremely high photon density within the focal spot of the UV-luser
microbeam all cells adjacent 1o the cell of interest have entirely been eliminated. {c) A conventional injection needle, mounted to a
micromanipulator, geatly scrapes over the target cell. (d) The cell tightly sticks to the needle und can easily be transferred to o microfuge fer

further PCR based DNA amphification and subsequent DNA analysis.

tirely destroved with laser ablation to vield a material
free gap around the target (Fig. 5 (a) and (b)). To
retrieve the cell from the object slide. a conventional
sterile syringe needle is mounted to the ROBOT-Ma-
nipulator. When the needle gently scrapes over the laser
isolated cell, it will suck and adhere tightly to the

needle (Fig. 5 (c) and (d)) and can then be transferred
into a microfuge tube lor further DNA evaluation.
Laser pressure catapulting for non-contact and quick
single cell preparation as described above is possible as
well, Laser irradiation does not afTect the genetic infor-
mation ol the laser prepared cells, as proven by PCR
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bused amplification and subsequent DNA sequencing
of the gene coding lor the cell adhesion molecule e-cad-
herin 1n a diffusely growing gastric carcinoma [535].

The laser microbeam based, contamination-free
preparation of one single or a few homogenecus cells
out of a heterogencous celi population is an important
step towards highly precise molecular analysis of ge-
netic defects, underlying cancer, infection or disease.
Furthcrmore, the possibility to also usc formalin-fixed
and paraffin-embedded samples Tor single cell based,
genetic analysis opens the way to also examine archival
material of resected tissue samples collected over
decades for routine histopathological diagnosis. A large
number of patients with usual and unusual disease of
known clinical outcome could retrospectively be exam-
incd to gain more information about the melecular
defects.

7. Future perspectives

An interesting application of the UV-laser mi-
crobcam is matcrial injection into a living cell without
destroying cell viability. The precisely locused UV-laser
microbeam can poke minute holes into the membrane
of an adherent growing or free floating cell. The hole
will stay open lor a (raction of a sccond only, before it
is repaired by the cell. This is sufficiently long to allow
genetic material dissolved in the surrounding medium
to be souked. If the hole is poked directly into the
nuclear region, the success rate of DNA transfection as
well as the efficiency of cell modification was increased
by orders of magnitude [560,57]. The selectivity and
increased efficiency of luser based material injection
without chemicals or viral veclors might serve as a first
step towards ‘optical’ gene therapy.

One of the major advantages of ‘non-contact’ laser
micromanipulation for single cell or single molecule
based gene diagnosis is its high precision and selectivity,
as well as the purity ol sample preparation, Combined
with a laser scanning microscope micromanipulation of
nuclear domains as well as chromosome territories
might be possible in an environment close to physiolog-
ical conditions [58]. Further details of DNA altcrations
could be studied in combination with scanning force or
near field microscopy [59,60]. With the FOLANT tech-
nique [61] {focusing of laser radiation in the near field
of a tip), which is a modified version of scanning
tunneling microscopy, “non-contact’ laser microdissec-
tion ol biemolecules with only a lew nanomcters of
culling size is possible.

In conclusion, we believe that ‘non-contact’ laser
micromanipulation will become a mandatory tool in
modern gene and biotechnoelogy.
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