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ABSTRACT The dynamical behavior of dissectats obtained in
laser microdissection of biological tissues on polymer mem-
branes can be semiquantitatively described by taking into ac-
count only the influences of gravity and friction. An important
role is played by the initial velocity vg which is related to the
momentum transfer onto the dissectats during laser ablation.
From the analysis of data we suggest possibilities to increase the
yield of dissectats collected in laser microdissection.

PACS 42.62.Be; 52.38.Mf; 79.20.Ds; 52.50.Jm; 87.80.-y

1 Introduction

Laser microdissection is a well-known technique
for rapid preparation of small specimens from organic tissues
for subsequent investigations in different areas of molecular
biology and medicine. In this technique an optical microscope
is used together with a laser beam for inspection of large-
area samples and subsequent dissection of small specimens,
so-called dissectats, which contain cells of particular interest
for further investigations. The dissectats are collected in small
vessels for histological investigations, cell surgery, gene an-
alysis, etc. [1-7]. The samples typically employed consist of
amicrotome cut of the biological tissue placed on a supporting
polymer foil. With the laser fluences typically used in mi-
crodissection instruments, dissection is mainly based on local
laser-induced ablation. While the ablation of organic poly-
mers at the laser wavelengths (A > 200 nm) under consider-
ation is based on mainly photothermal mechanisms, thermo-
mechanical processes related to the expansion/evaporation of
water play an important or even decisive role in laser ablation
of biological tissues [8].

The application of lasers for the isolation of particular
cells from composite tissues, but also for single-cell excita-
tion, modification or decomposition, has many advantages.
Laser techniques allow a high degree of versatility; they are
fast and permit very high spatial and temporal resolution.
Thus, short intense laser pulses permit very localized process-
ing of heat-sensitive biological cells and tissues with minor
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damage of the surrounding material. For biological and medi-
cal applications it is also essential that laser beams are almost
massless tools which are absolutely sterile. Finally, laser tech-
nology is completely compatible with present-day electronic-
and computer-control techniques. In laser microdissection
one of the main disadvantages is the relatively low yield of dis-
sectats achieved with this technique. Here, a significant per-
centage of specimens gets lost after dissection. This may have
various origins, depending on the particular setup employed
in the investigations. The main reasons, however, are related
to the undefined initial conditions after microdissection which
strongly influence the hydrodynamic motion of the dissectats
to the collecting vessel. In addition to the well-known hydro-
dynamic instabilities, density changes and convection within
the ambient atmosphere may result in motions of the dissec-
tats along complex trajectories that considerably deviate from
a straight line directed from the sample to the collecting ves-
sel. In experimental arrangements where the dissectat moves
in a direction opposite to gravity, the dissectat may even re-
verse the motion and condense on the sample. Of minor im-
portance with respect to the overall yield are cases where the
dissectat gets stuck within the remaining hole of the sample.

In this paper we investigate the laser-microdissection pro-
cess and the dynamics of the motion of dissectats by means
of an ultra-fast camera. The experimental results are ana-
lyzed on the basis of model calculations. As a result of these
investigations we suggest various improvements of the laser-
microdissection process which significantly enhance the yield
of dissectats achieved in this technique.

2 Experimental setup

The setup employed in the experiments is schemat-
ically shown in Fig. 1. The main components are a Leica AS
LMD laser-microdissection system and a high-speed camera
(SpeedCam Visario, Weinberger Inc., Germany). The Leica
AS LMD system consists of a Leica DM LA microscope
and a Nj laser (A = 337.1-nm UV-A radiation, pulse length
7y < 4 ns, repetition rate v, = 15-60 pps). In this system, the
laser beam is incident onto the sample from above, i.e. its di-
rection of propagation, k, is almost parallel to the vector of
gravity, g. This is schematically shown in Fig. 2a. Besides
samples where the polymer foil with the biological tissue was
mounted on a transparent glass support (samples of type 1),
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FIGURE 1 Schematic picture of the experimental setup. The Leica laser-
microdissection system AS LMD consists of a Leica DM LA microscope and
a N laser. The dynamics of the laser-microdissection process was followed
by means of a high-speed camera (SpeedCam Visario)
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scope or on a monitor (Fig. 1). After selection of a particular
area of interest on the large-area tissue sample, a closed trajec-
tory around this specimen (full curve in Fig. 2b) is chosen by
using the standard Leica software. Subsequently, laser cutting
along this trajectory is started. Here, the laser beam moves
with respect to the fixed substrate. In the so-called Leica ‘stan-
dard mode’ the laser-light intensity is kept constant during the
whole cutting process. In the ‘combined mode’, the overall
intensity is changed by slightly increasing the aperture just
before complete dissection of the specimen. After complete
dissection, the dissectat falls down and is collected in a vessel
below the sample.

The high-speed camera (SpeedCam Visario) contains
a CMOS sensor. It permits a recording frequency of 1000 pic-
tures per second with a resolution of 1536 x 1024 pixels. This
camera was adjusted in such a way that the sample could be
observed from below under a glancing angle. By this means, it
was possible to observe both the dissection process itself and
the motion of the dissectat towards the vessel.

3 Experimental results

Figure 3 shows a typical picture taken with the
high-speed camera and a sample of type 1. For illustration,
this picture shows both specimens before complete microdis-
section and a dissectat on its way to the collecting vessel.
From this picture it becomes evident that specimens cut out
from large-area samples peel off from the glass support before
complete dissection. This effect is related to the momentum
transfer during laser cutting and to thermomechanical strains
which build up within the polymer foil during the dissection
process.

The high-speed camera together with its software permits
one to automatically detect the coordinates of the moving
dissectat as a function of elapsed time. Thus, from a series
of pictures of this type, the temporal behavior of the trajec-
tory of the dissectat within xz planes can be determined with

b
FIGURE 2

a Schematic of the irradiation geometry and orientation of a
sample of type 1. g is the vector of gravity. With samples of type 2 the poly-
mer foil is mounted in a frame without a glass support. b Example of a
biological tissue on a polymer membrane. The full curve circumscribes the
area of interest for laser microdissection. The white area is a hole in the
sample from a previously dissected specimen. The tissue was stained with
hematoxylin eosin. The length of the picture diagonal is 396 pm

we used samples where the polymer foil was mounted within
a frame without a glass support (type 2). For samples of types
1 and 2 the polymer foils consisted of polyethylene naph-
thalene (PEN) and polyethylene terephthalate (PET, same as
Mylar), respectively. After mounting on the microscope table,
the sample can be inspected either via the ocular of the micro-

20 ms 1 mm

FIGURE 3 The picture taken with the high-speed camera shows both dis-
sectats before complete microdissection (sample of type 1) and a single
dissectat (diameter d = 600 wm) on its way to the collecting vessel. Note that
dissectats peel off from the glass support before complete dissection (upper
part). The flight time of the dissectat shown in the lower part was 20 ms
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high precision. Figures 4a and 5a show z = z(f) diagrams ob-
tained in this way for disc-shaped dissectats with diameters of
d =2r = 600 wm and 50 wm, respectively. A behavior simi-
lar to that shown in Figs. 4 and 5 was observed for dissectats
with diameters of 150 um and 100 um. Here, the radius of
the laser spot on the sample surface was w = 7.5 um for the
600-pum dissectats and w = 1.5 pm for all the other dissectats.
In all experiments, the z direction was parallel to the vector
of gravity, i.e. z || g. The diagrams reveal a number of inter-
esting features: first, there is no systematic difference in the
dynamic behavior of dissectats obtained in the Leica ‘standard
mode’ and the ‘combined mode’. Second, for short times #, the
dynamics of dissectats changes significantly for subsequent
microdissection experiments, even in cases where all of the
experimental parameters were kept constant. Third, the vel-
ocity of dissectats v = 7(f) = dz/dt for times t — 0 increases
with decreasing diameter d.

Figure 6 shows the velocity of dissectats at a late stage of
descent as a function of their diameter. Though the longest
time intervals, ™, investigated in the present experiments
were finite, this velocity should be close to the terminal vel-
ocity veo. The figure reveals that the velocities v, obtained
for samples of type 1 systematically exceed those obtained
for samples of type 2. This may be related to the observa-
tion that dissectats obtained from samples of type 1 show both
a higher initial velocity vy and a stronger rotation during the
motion.
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FIGURE 4 Dynamic behavior of dissectats of diameter d = 600 pm dis-
sected from samples of type 1. a The experimental data were obtained with
either the Leica standard mode (x) or the combined mode (A). b Curves
calculated from (1)
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FIGURE 5 Same as in Fig. 4 but for dissectats of diameter d = 50 pm
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FIGURE 6 Terminal velocity v, as a function of the diameter of dissec-
tats. The symbols B and e refer to experimental values obtained for samples
of type 1 (polymer over glass) and type 2, respectively. The full curves were
calculated from (4). The dashed curves were obtained by taking into account
only Stokes friction (6 = 0). In the analysis we used for the data m the drag
coefficients y = 32nr/3 and § = 1.18r2 04> while for the data @ y = 16nr and
8= l.l8nr2Qg /2 have been employed

The following analysis reveals that most of these obser-
vations can be explained on the basis of simple model cal-
culations which take into account the very different initial
conditions related to the laser-microdissection process.

4 Dynamics of dissectats

In the simplest approximation the dynamics of dis-
sectats of mass m can be described by the differential equation
mZ(t) + yz(t) + 82> = mg. Here, the second and third terms
describe Stokes and Newtonian friction forces, respectively.
The description of the total hydrodynamic drag by the sum of
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viscous and inertial drag forces is a good approximation over
a wide range of Reynolds numbers. For circular discs mov-
ing in directions v | 71, the drag coefficient y can be described
by y & 16nr. Here, i is the surface normal onto the dis-
sectat. For motions v_L# the approximation y = 32nr/3 can
be employed [9]. 7 is the dynamic viscosity, which is given
by n=vo, =1.8x 10~*g/cms. For air at normal condi-
tions the kinematic viscosity is v = 0.15 cm? /s and the density
0, = 1.23x 1073 g/cm?. The drag coefficient § can be de-
scribed, approximately, by § ~ 1.187r%0, /2 ifv=v, || 7 [10].
The solution of the equation of motion is

m 4mgé
z=gln cosh % 1+y—ft
Y
vot s 4mgd
20 ginn| - 18T
Y | 4mgs m 4 2
28 y2
(H

This solution satisfies the initial conditions z(0) = 0 and
2(0) = vg. With low velocities we can ignore Newtonian fric-
tion and use the approximation § &~ 0. We then obtain

z(t)%% <vo—%) {1—exp<—%t)}+%t. 2

An important quantity in these solutions is the initial velocity
of dissectats after dissection, vg. This velocity is closely re-
lated to the laser-ablation process. Let us consider normal in-
cidence of the laser beam which, for the Leica system and the
diameters of dissectats under consideration, is a very good ap-
proximation. For samples of type 2, the laser-induced plasma
propagates towards the incident laser beam, i.e. in a direction
opposite to k. This causes a recoil pressure onto the dissec-
tat in the k direction || g. The momentum transfer related to
this pressure can be approximated by mvy ~ mv,, where m,
and v, are the mass and the velocity of ablated species, re-
spectively. For samples of type 1, the situation is somewhat
more complicated. Here, free expansion of the plasma is sup-
pressed by the glass support. Thus, a considerable number
of ablated species is trapped between the polymer foil and
the glass. As a consequence, besides the recoil pressure re-
lated to the ablation process, we have to consider also the
thermal pressure that is related to the dissipation of the ki-
netic energy of plasma species. The contribution of this ad-
ditional pressure to the velocity vg may tentatively explain
the somewhat higher initial velocities of dissectats observed
for samples of type 1. It can be estimated from mvg = tm,v?
with 0 < ¢ < 1. Here, ¢ is a very complex quantity. It de-
pends on the sticking coefficients of species on the glass
support and the polymer membrane, the thermal conductivi-
ties of materials and, importantly, on the progression of the
dissection process. As already mentioned in connection with
Fig. 3, the dissectats peel off from the support before com-
plete microdissection. Thus, during dissection, an increasing

number of ablated species can escape from the volume of
interaction.

In any case, vp is within the range 0 < vy S vg®*. The
lower and upper limits are mainly determined by the width
of the remaining bridge before the final laser shot, i.e. be-
fore complete dissection. If the width of this bridge is
very small, the ablated mass m,, and thereby the mo-
mentum transfer to the dissectat, is small. If the width of
this bridge is approximately equal to the size of the laser
spot, the ablated mass, and thereby the momentum trans-
fer onto the dissectat during the final laser shot, is max-
imum. Thus, with setups usually employed in laser microdis-
section, the value of this initial velocity vy changes arbi-
trarily between the limits vy 2 0 and vy**. It depends on
whether the length of the trajectory selected in a particular
experiment contains an integral number of laser spot sizes
2w or not.

5 Numerical calculations

Figures 4b and 5b show the behavior of the func-
tion z = z(¢) calculated from (1). The following parameters
have been employed: the density and the thickness of the
polymer foil were g, = 1.35 g/cm?® and h, = 1.5 um, respec-
tively. For the average density and the thickness of the tis-
sue we used 0 = 0.8 g/cm? and & = 1.8 pum, respectively (for
the estimation of o and A, the loss of water and the incom-
plete coverage of the polymer foils by the particular tissue
samples were taken into account). The mass of dissectats is
m = nr*(ophp + oh). The maximum mass of the ablated ma-
terial is given by m, = mw?(ophy, + oh), where 2w is the width
of the laser spot on the sample surface. Henceforth, we use the
approximation m, ~ nwzgphp. Thus, we have assumed that
with the particular tissue employed, vy is mainly determined
by the momentum transfer caused by the ablation of the poly-
mer membrane only. Typical values of the velocity of ablated
species are v, ~ 2.9 x 10° cm/s [8].

The different curves in Figs. 4b and 5b correspond to dif-
ferent initial velocities vg calculated in steps of vg = ivg™ /n.
The case i = 0 yields, in the initial phase, a parabola, as ex-
pected for the free fall. For i = n, the slope of the curves
for z, ¢+ — 0 is maximum. This slope is steeper for small dis-
sectats. The maximum velocity vg'™ was calculated from
mvy™ = m,v,. With these parameters employed in the cal-
culations, we obtain for dissectats of diameter d = 600 wm
a maximum velocity vg'™ = 64 um/s and a Reynolds num-
ber Re = 2vpr/v & 26. For dissectats of diameter d = 50 um
the corresponding values are vy™* =371 cm/s and Re ~ 12.
The comparison of the curves z = z(f) calculated from
(1) with those calculated from (2) reveals that Newto-
nian drag plays a much more important role in the ini-
tial phase of motion and for velocities vy ~ vy™*. If we
take into account the ablation of the biological tissue in
the same way as that of the polymer foil, the velocity vy
becomes much higher. Qualitatively, however, the overall
shape of the curves and the influence of vy remain the
same.

The time of transition from ‘fast’ motion to ‘slow’ motion
with Z = v, (t — 00) = v, = constis reached much earlier for
small dissectats. It can be estimated from
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Note that the coefficients y and § depend on the size and shape

of dissectats and on their orientation during falling. From (1)
we obtain the terminal velocity
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where C| and C, are constants. The dependence of v, cal-
culated from (4) as a function of the diameter of dissectats
is included in Fig. 6 by the solid curves. The analysis reveals
that Newtonian friction influences the terminal velocity v
mainly for large dissectats. For very small dissectats we can
use the approximation § — 0 and obtain from (2) or (4)

mg (oh +ophp)g
OO:_:C37P p r

14 n
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Here C; is again a constant. For motions of circular dissec-
tats with v || iz, we have C; = 16/1.18, C; = 1.18712/128 and
Cy=m/16.

In this approximation the velocity v increases linearly
with the diameter of dissectats (dashed lines). This is in agree-
ment with the measurements for small dissectats. With the
parameter set employed in the present calculations, the influ-
ence of Newtonian friction can be observed only for dissectat
diameters d 2 300 um. The fact that the data obtained for
samples of type 1 systematically exceed those for samples of
type 2 is not fully understood. As already mentioned, it may
be related to the higher initial velocity v and the stronger ro-
tation of these dissectats. This stronger rotation of dissectats
obtained from samples of type 1 was observed even for the
longest times investigated, #,«. This observation is in contrast
to the simple picture that in late stages of descent of dissectats
the stable orientation is v = v, || 7. Apparently, the dynam-
ics of falling dissectats is much more complex. There seem to
exist different distinct types of motion. In fact, such different
types of motion of falling discs and strips have been recently
investigated and mapped in ‘phase diagrams’ [11, 12]. Such
an analysis is certainly beyond the scope of this paper. Instead,
we take into account the strong rotation of dissectats from
samples of type 1 by using smaller drag coefficients y and 6.
Namely, instead of y = 165 r we use y = 32nr/3, which cor-
responds to the smallest possible value for v L7i. As no exact
expressions for the drag force on a rotating object exist, we
multiply § = 1.187r%0,/2 by the average cosine value 2/,
so that § = 1.18r%9,. The upper curves in Fig. 6 have been
calculated in this way.

6 Discussion

The comparison of Fig. 4a, b and Fig. 5a, b shows
that the dynamical behavior of dissectats obtained in laser

microdissection can be semiquantitatively described on the
basis of Newton’s equation by taking into account only the
influences of gravity and friction. The strong differences in
the shape of the curves z = z(¢) obtained in consecutive ex-
periments performed with constant experimental parameters
is related to the different initial conditions which determine
the velocity vg. With velocities vy & 0 the curves start with
a relatively flat slope, while with v A~ vy this slope is quite
steep. Thus, the initial velocity vy strongly determines the sub-
sequent motion of dissectats. From the previous analysis we
find that this influence can be very pronounced over distances
¢ < vpts. Thus, the distances between the samples and the
collecting vessels employed in laser microdissection should
not exceed ¢. Note that ¢, and therefore ¢, depend on the size
of dissectats. This is in agreement with the experimental re-
sults in Figs. 4 and 5. For example, with 600-pum dissectats,
the flight time to the collecting vessel at a distance of 5 mm
changes by a factor of two to five, depending on vy. For small
dissectats this influence is much stronger. With 50-pum dissec-
tats and small velocities vy, the dissectats may laterally drift
away before reaching the collecting vessel. Thus, for increas-
ing the yields of dissectats achieved in laser-microdissection
equipments of the Leica type, it is advantageous to maximize
the initial velocity vy in the z direction. By this means, the
dissectats reach the collecting vessel much faster. External
disturbances on the motion of dissectats become less import-
ant. This can be achieved by controlling the cutting process
along the selected trajectory (see Fig. 2b) in such a way that
the width of the bridge before the last laser shot, i.e. be-
fore complete dissection, becomes approximately equal to the
diameter of the laser spot. By this means, the initial velocity
of dissectats in subsequent experiments will always be around
vp A vy'™*. It is evident that the mass of ablated material, and
thereby vy™, also increases with increasing thickness of the
polymer foil, 4, and with increasing width of the laser spot
size, 2w. Certainly, whether A, and/or 2w can be increased
in an experiment depends on the particular problem under
investigation.
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