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Work in the group of physical systems biology
and non-equilibrium soft-matter is concerned
with the study of developmental biology using
physical techniques. In this, we are develop-
ing novel imaging techniques for in-vivo imag-
ing in turbid environments, as well as studying
the influence of mechanical stresses on devel-
opmental processes. In the last year, we have
made considerable progress in the develop-
ment of imaging tools for turbid samples as
well as the implication of mechanical forces
in growth control in the wing imaginal disc of
Drosophila.

In the imaging project, we are using wave-
front shaping and the optical memory effect
to create a scannable focus behind a turbid
screen. Raster-scanning this focus we have
then implemented into a form of fluorescence
microscopy based on the use of scattered
light rather than ballistic light. The long term
goal of this project is to use this method in tur-
bid situations, such as in an egg or fly pupa,
where developmental processes happen hid-
den from view.

On the problem of the influence of mechan-
ical forces on growth confrol, we have ex-
tended our modeling and experimental ap-
proach. In order to check for the possibility
of mechanical stress dependent growth rates,
we have simulated the fissue topology in a
cellular model. This would be necessary to

create a growth control via mechanical feed-
back. From these simulations, we determine
the neighbour distributions of the cells, as well
as of the cells, which are dividing. These are
then compared to experimental data, where
the fissue topology is obtained from a fluo-
rescently marked protein in the cell bound-
aries. While simulations without a mechanical
growth stimulation contradict the data, those
including mechanical feedback give excel-
lent agreement.

15.1 Imaging through turbid media

Turbid media abound in nature. This is a ma-
jor limitation in biological investigations, since
direct access to the system of interest is ren-
dered unavailable. Thus much effort has been
put info increasing the depth resolution of
current microscopes, with the most notable
examples of confocal microscopy and two-
photon fluorescence microscopy (1). How-
ever, in the case of turbid samples, even these
techniques are no longer able to produce
useful images, since they rely on filtering the
ballistic light from a multiply scattered back-
ground. In our investigations, we use the op-
posite approach and control the scattered
light in such a way as to produce a scannable
focus. This forms the basis of a fluorescence
microscope. When coherent light is multiply
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Figure 15.1: A speckle pattern (a) after illumination
with coherent light onto a turbid layer. After wave-
front shaping (b), the interference pattern changes
to produce a narrow focus of the intensity. Note the
different intensity scales on the figures. Wave-front
shaping has increased the intensity of the focus more
than onehundredfold.

scattered, interference on the random paths
through the sample, leads to a random
speckle pattern of high and low intensities. An
example of this is shown in Fig. 15.1a, where
the intensity behind a multiple scattering layer
is shown. This pattern corresponds to a finger-
print of the sample as it corresponds to the
distribution of photon-paths inside the sample.
Adjusting the phase of the illuminating light
in a spatially varying manner, it is possible to
induce constructive interference at only one
point, thus creating a focus behind a turbid
sample. Several ways have been employed
to achieve this, e.g. time-reversal (2), optical
phase conjugation (3) and wave-front shap-
ing (4). In Fig. 15.1b, such a focus is shown ob-
tained using wave-front shaping.

The fact that such a focus can be formed has
great implications for the possibility of imaging
behind such turbid structures. If this focus can
be scanned, a fluorescence based scanning
microscopy can be envisaged, where the fo-
cus is scanned across a fluorescent structure.
However, it would seem that this is impossible
due to the delicate nature of the interference
from path length differences in the random
medium. A franslation of the incoming light of
more than a wave-length would for instance
destroy the interferometric focus. For turbid
samples it has however been shown that a
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Figure 15.2: An interferometric focus behind a turbid
layer is formed and then scanned over an angular
range of a few degrees. This shows that it is pos-
sible to construct a scanning microscope based on
interferometric focusing for samples where fluores-
cent structures are hidden behind turbid layers.

tilting of the wave-front leads to correlations
behind the samples, which survive for small
enough angles of filt (5). The critical angle
is determined by the inverse thickness of the
layer and scanning over a few degrees is pos-
sible. This is shown in Fig. 15.2, where we show
the position of the focus formed through a tur-
bid layer at several stages of tilt.

Given that the interferometric focus can be
scanned, we have then constructed a pro-
totype setup, with which to demonstrate its
microscope capabiliies. We have used 200
nm diameter fluorescent beads, which have
been added onto a coversslip, which had
a ZnO coating on the opposite side. Due
to the highly scattering nature of ZnO, even
a thin layer completely hides the fluorescent
beads. In fact the scattering layer was such
that its thickness corresponded to more than
10 mean free paths of the light. Using wave-
front shaping, we have then created a fo-
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cus in the plane of the fluorescent beads and
scanned it over a field of view of 20x20 ym?
(see Fig. 15.3 for a schematic of the setup).
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Figure 15.3: Schematic setup for the construction
of a turbid microscope. A highly scattering layer of
Zn0 masks a collection of green fluorescent beads
200 nm in size. The thickness of the layer is more
than 10 mean free paths, such that no ballistic light
passes the sample. With this geometry, first an in-
terferometric focus is formed via wave-front shap-
ing in the plane of the fluorescent beads. This focus
is then scanned using the optical memory effect and
the emitted fluorescent light is collected by a photo-
multiplier. The scanning dependence of the intensity
in the photomultiplier then corresponds to the mi-
croscopic image of the hidden structure.
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Figure 15.4: Microscopic image of three fluorescent
beads behind a turbid layer more than 10 mean free
paths thick. This image is obtained using the setup
described in Fig. 15.3 and shows the feasibility of a
scattering based microscope.
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The fluorescence emitted by the beads when
illuminated by the focus was collected with a
photomultiplier. The dependence of this in-
tensity in the photomultiplier on the scanning
angle directly gives an scanning microscope
picture of the fluorescent beads behind the
turbid layer. The result of this is shown in
Fig. 15.4, where a collection of three isolated
beads isimaged. A cross-section of thisimage
across a single bead, shown in Fig. 15.5, di-
rectly shows the resolution of the microscope
(6). The half-width at half-maximum of the
curve is at 300 nm, corresponding to the reso-
lution. This is smaller than the wave-length of
the illuminating laser used, which was 488 nm
and thus can compete with high quality ob-
jectives.

Given the long term goal of applying these
methods in the study of the development of
Drosophila, we have also studied the inherent
time scales in the fluctuations of the scattering
medium of interest. Here, we are mainly inter-
ested in the stage of metamorphosis, where
the changes to the organs occur creating
them from the larval pre-cursors. This is impor-
tant because the interferometric focusing re-
lies on the stability of the turbid medium while
the focus is formed (and scanned). A deter-
mination of the time scale of the fluctuations
in the Drosophila pupa thus sets the speed
needed for the imaging method. Determin-
ing the auto-correlation of a speckle behind
a pupa, we found that the pattern is stable
on a time scale around 10 seconds (7). This is
in the range of what future developments can
achieve. In fact, we have already shown that
a poor focus is already possible with the cur-
rent setup in a real biological specimen (7).
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Figure 15.5: A cross-section through one of the
beads in Fig. 15.4 , indicating the resolution of the
microscope. With a half-width at half-maximum of
300 nm, distances well below the wave-length can
be resolved, competing with high quality objectives
in the absence of a turbid layer.
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15.2 The influence of mechanical stress
on growth in the wing imaginal
disc of Drosophila

The regulation of growth, and finally size in or-
gans represents an interesting problem in de-
velopmental biology. One of the main sub-
jects of study for this purpose is the wing imag-
inal disc of Drosophila. While much is known
about the genetic players and growth factors,
some fundamental puzzles remain. One con-
cerns the fact that while the growth factors
form spatial gradients, cell proliferation does
not. We and others have recently proposed a
model based on mechanical feedback that
can explain this as well as the control of final
size (1; 2; 3). In order to test this, we have pre-
viously studied the distribution of mechanical
stresses in the tissue using photoelasticity (4).
As a second step, we have now studied the
possibility of feedback and a regulatory role
of mechanical forces.

For this purpose, we have studied the topol-
ogy of the tissue’s cell shapes, which can be
compared with experiments (5). Instead of
describing the tissue as a fully elastic medium,
our current model uses the vertices of a cel-
lular network to describe the tissue. The me-
chanical properties of the tissue are then
quantified by the energetics of the adhesion,
surface ftension and target area of the cells,
which means that the positions of the vertices
are obtained by minimizing an energy func-
tion first described by (6) and given by
E(Ri)) = XaKa(Aa-— Ag)2+

By Aigli gt

Solo L. (15.3)
Here, the index o runs over the different cells,
whereas i, j describe the segments between
different vertices. Moreover, K, describes the
area elasticity of a cell, with a preferred area
AY, A; ; describes a line tension of an individ-
ual segment of length {; ; and T, is @ measure
of the cell’'s contractility, leading to a min-
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Figure 15.6: Different topological effects on a two dimensional epithelial tissue that affect the distribution
of neighbour numbers. When a cell divides, the number of neighbours in the immediate surrounding of the
division changes (A). This change also depends on the direction of the cell division boundary. Moreover,
according to the energy function (Eq. 15.3), rearrangements of nearest neighbours are possible (T1-events,
B). Finally, (C), a dependence of the division rate on the neighbour number and therefore mechanical stress

will lead to an enhancement of 6 and 7-fold neighbours.

imisation of the cell’s circumference L. This
will describe the possible rearrangements de-
picted in Fig. 15.6B. In the simulations, all cells
were treated as identical and the relative pa-
rameter values used were (6): T/KA° = 0.12
and A/K(A%)3/2 =0.04.

To incorporate mechanical feedback of the
growth model info the topology, we have
added a growth rate dependence on the
number of neighbours (see Fig. 15.6C). Sub-

Figure 15.7: Cell shapes of a tissue both from sim-
ulation (left) and experiment (right). In the ex-
periments, a protein present in cell membranes
was fluorescently marked and imaged using confo-
cal microscopy. From a general perspective, the
two topologies look similar, which is quantitatively
tested in Fig. 15.8, where the neighbour number dis-
tribution is determined.

sequently letting cells grow, divide and re-
arrange according to the Hamiltonian then
yields a tissue topology which is compared 1o
the one found experimentally in Fig. 15.7. The
two patterns look similar, but to quantify this,
we have determined the neighbour statistics,
both for all cells and for dividing (mitotic) cells
only. This is shown in Fig. 15.8, where excellent
agreement between the model and the ex-
periments can be seen (7).

When neglecting the possibility of rearrange-
ments (5), both of these distributions cannot
be reproduced. Not taking into account
the mechanical feedback in determining the
growth rates (6) does not reproduce the data
for mitotic cells. This shows that mechanical
stresses can play an important role in deter-
mining the tissue topology (7). Taking this to-
gether with the data on the presence of me-
chanical stresses (4) and the growth model
(1). indicates that there is a strong role for
mechanical forces in the development of the
wing imaginal disc.

For future investigations, it would be ideal to
have the energy terms motivated experimen-
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Figure 15.8: Neighbour distributions for all cells in the tissue as well as for dividing (mitotic) cells. In both
cases, the simulated and experimentally determined distributions agree perfectly. When neglecting the possi-
bility of rearrangements, the results do not agree with the experiments in both cases. Not taking into account
the influence of mechanical feedback fails to reproduce the mitotic cells.

tally, which we intend to using direct mechan-
ical stimulation of the wing disc while study-
ing the cells. In addition, the model can also
be compared directly to studies of a growing
foam, since the adhesion and surface ener-
gies are known theoretically in that case.
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