Dissertation zur Erlangung des Doktorgrades

an der Fakultét fiir Mathematik und Physik
der Albert-Ludwigs-Universitdt Freiburg im Breisgau

vorgelegt von

Jan Huisken
aus Gottingen (Nds.)
2004



Dekan: Prof. Dr. R. Schneider
Betreuer: Prof. Dr. M. Weidemiiller
Korreferent:  Prof. Dr. H. Helm

Disputation: 30. August 2004



Multi-view microscopy
and multi-beam manipulation
for high-resolution optical imaging

Jan Huisken




Acknowledgements

The research work presented in this thesis has been carried out in the Light Mi-
croscopy Group of the European Molecular Biology Laboratory (EMBL) in Hei-
delberg, Germany.

I am grateful to Ernst Stelzer for giving me the chance to work in his group and
for giving me insights into modern microscopy. Jim Swoger greatly contributed
to the project’s success. Thanks for everything.

I enjoyed the extraordinary interactive atmosphere in the institute and acknowl-
edge Filippo Del Bene, Damian Brunner, Jan Ellenberg, Oliver Hantschel, Fer-
enc Jankovics, Thorsten Klee, Urban Liebel, Martina Rembold, Hanne Vermark,
Jochen Wittbrodt for providing samples and fruitful discussions. Thanks to Se-
bastian Enders, James Jonkman, Klaus Greger, and the other former and present
members of the Light Microscopy Group. It has been a pleasure to work with
you.

This work would have been impossible without the technical support of Alfons
Riedinger, Georg Ritter, Leo Burger, Wolfgang Dilling, and the other members of
the electronical and mechanical workshops.

Thanks to Prof. Weidemiiller for acting as the external supervisor of my thesis. I
appreciate his friendly and straightforward character.

It has been an honor and an extremely inspiring experience to have been part of
the International PhD Program at EMBL.

This work was financially supported by the BMBF (German Ministry of Educa-
tion and Research) and the EMBL.

Thanks to Elke, Frieder, and Veronika. 9



Publications

Some of the results presented in this work have been previously published:

Articles

J. Huisken, J. Swoger, E Del Bene, J. Wittbrodt, E. H. K. Stelzer. Optical sectioning
deep inside live embryos by Selective Plane Illumination Microscopy. Science,
305, 1007 (2004).

J. Huisken, J. Swoger, E. H. K. Stelzer. Three-dimensional optical manipulation
using four collimated intersecting laser beams. submitted (2004).

J. Swoger, J. Huisken, E. H. K. Stelzer. Multiple imaging axis microscopy improves
resolution for thick sample applications. Opt. Lett., 28, 1654 (2003).

J. Huisken, E. H. K. Stelzer. Optical levitation of absorbing particles in a nomi-
nally Gaussian laser beam. Opt. Lett., 27, 1223 (2002).

Conference proceedings

J. Huisken, J. Swoger, E. H. K. Stelzer. Active particle manipulation with four laser
beams, in: D.V. Nicolau, J. Enderlein, R. C. Leif, D. L. Farkas (eds.) Imaging, Ma-
nipulation, and Analysis of Biomolecules, Cells, and Tissues II. Proc. SPIE 5322
(2004).

Books

A.Rohrbach, J. Huisken, E.-L. Florin, E. H. K. Stelzer. Photonic Force Microscopy,
in: R. Rajagopalan (ed.): Optical trapping and manipulation of particles and
polymers, Cambridge Univ. Press (in press).

A. Rohrbach, J. Huisken, E. H. K. Stelzer. Optical trapping of small particles, in:
P Torok, EJ. Kao (eds.): Optical Imaging and Microscopy, Springer: 357-386
(2003).

Conference Abstracts

J. Huisken, J. Swoger, K. Greger, E. H. K. Stelzer. Selective plane illumination mi-
croscopy (SPIM) for “Biology’s new dimension”, 4th European Life Scientist Or-
ganisation Meeting 2004, Nice.

J. Huisken, J. Swoger, E. H. K. Stelzer. Isotropic resolution and optical manipula-
tion in multiview microscopy, Focus on Microscopy 2004, Philadelphia.



vi

E.H.K. Stelzer, J. Swoger, J. Huisken. High and isotropic resolution with large
samples in the selective plane illumination microscope (SPIM), Focus on Mi-
croscopy 2004, Philadelphia.

J. Huisken, J. Swoger, E. H. K. Stelzer. Active particle manipulation with four laser
beams, SPIE Photonics West 2004, San Jose.

J. Swoger, J. Huisken, E. H. K. Stelzer. Multiple imaging axis microscopy (MIAM),
SPIE Photonics West 2004, San Jose.

E.H.K. Stelzer, J. Swoger, J. Huisken. High-resolution observation of large sam-
ples in a widefield theta microscope, SPIE Photonics West 2004, San Jose.

J. Huisken, J. Swoger, E.H.K. Stelzer. Differential Active Optical Manipulator
(DAOM): particle manipulation with four laser beams, Focus on Microscopy 2003,
Genova.

J. Swoger, J. Huisken, E. H. K. Stelzer. Multiple Imaging Axis Microscopy (MIAM):
improved resolution in optically thick samples, Focus on Microscopy 2003, Gen-
ova.

E.H.K. Stelzer, S. Enders, J. Swoger, J. Huisken. High-resolution observation of
large samples in a widefield theta microscope, Focus on Microscopy 2003, Gen-
ova.

J. Swoger, J. Huisken, E. H. K. Stelzer. Multiple Imaging Axis Microscopy (MIAM),
Focus on Microscopy 2002, Kaohsiung, Taiwan.

J. Huisken, E. H. K. Stelzer. Levitation and Rotation of Absorbing Micron-Sized
Particles, Focus on Microscopy 2001, Amsterdam.

Patents

E.H.K. Stelzer, J. Huisken, S. Lindek, J. Swoger. Mikroskop, PCT/EP03/05991,
pending.

E.H.K. Stelzer, S. Enders, J. Huisken, S. Lindek, J. Swoger. Mikroskop, German
patent DE 10257423, pending.

E.H.K. Stelzer, J. Huisken. Verfahren und Instrument zur Positionierung und
Orientierung kleiner Teilchen in einem Laserstrahl, German patent DE 10028418.



Contents

Introduction

Challenges in optical microscopy,1 ¢ Directions in biological
imaging, 2 e This work, 3.

CHAPTER 1 Multi-lmaging Axis Microscopy

1.1 Motivation . . . ... ... .. e
Fluorescence widefield microscopy, 5 ¢ Point spread function, 7
Confocal Microscopy,9 e Single lens limitations, 11 ¢ Improving
the resolution, 12 e« Confocal theta microscopy, 15.

1.2 Multi-view microscopy . . . . . . v . oot e
Goals of multi-view combination, 18 ¢ Experimental realizations, 19.

1.3 Imageprocessing . ... . ... ... ...,

1.4 The tetrahedral multi-imaging axis microscope . ..........
Design, 26 e« Setup, 27.

1.5 Experimental methodsandresults . . . ... ... ..........

Sample preparation, 31 ¢ Data pre-processing, 32 ¢ Data fusion, 35.

CHAPTER2 The Differential Active Optical Manipulator

2.1 Opticalmanipulation. . ... ......................
Introduction, 39 ¢ Collimated beams, 39 ¢ Optical levitation and
active feedback, 40 e« Optical Tweezers, 41 ¢ Multi-beam
arrangements, 43 ¢ Four beam manipulation, 45.

2.2 Theory . . . . . i e
Forces in collimated laser beams, 47 ¢ Forces in a four beam
manipulator, 51.

23 Setup . . ... e e e

2.4 Experimentalresults . ... ......... ... ... .. .....
Conclusion, 64.

CHAPTER3 Selective Plane lllumination Microscopy

3.1 Challenges ofimaginglargesamples. . . . . .. ... ........
Optical sectioning, 69 ¢ Light sheet thickness, 73 ¢ Imagingin
heterogeneous tissue, 76.

18

21
26

31

37
39

47

56
60

67
69

vii



viii

3.2 The Selective Plane Illumination Microscope . . . . . .. ... ..

Setup, 77 < Data collection for multi-view reconstruction, 77
Image processing outline, 80.

3.3 Example 1: Medaka fishembryo . ..................
3.4 Example 2: Drosophila melanogaster . . ... ...........
3.5 PerformanceoftheSPIM . ......................

Lateral resolution, 90 ¢ Comparison with confocal microscopy, 90
¢ Penetration depth and aberrations with SPIM, 93.

3.6 Conclusion . . . .. ... ... e

CHAPTER4 Summary and Conclusion
Appendix

Bibliography

109



Introduction

Imaging techniques that provide a picture of the object under investigation are
key tools for the sciences: a picture is worth a thousand words. In the wide
range from Angstroms explored by X-ray diffraction to lightyears depicted by
telescopes various imaging techniques have been developed and perfected dur-
ing the centuries. Specifically in biology and medicine, optical microscopy tech-
niques are well established and widespread. They provide a noninvasive and
nondestructive way of imaging processes in live specimens.

The technique of fluorescence microscopy is one of the main applications of
microscopy in biological and medical research. The sample can be fluorescently
labelled with a variety of dyes that specifically bind to organelles, compartments
of the cell or single proteins. Nowadays, the family of green fluorescent proteins
(GFP) with its spectral variants are routinely applied to study gene and protein
expression and to track single molecules in whole animals and single cells in
vivo. The focus of this work is mainly on fluorescence microscopy.

Challenges in optical microscopy

A figure of merit often used in optical microscopy is the resolution. The resolv-
ing power of a microscope is fundamentally limited by the spatial and temporal
frequencies to which it exposes the sample as well as the spatial and tempo-
ral frequencies it can collect in response. Three main components determine
the performance of the microscope, (1) the instrument itself, i. e. the optics and
the imaging mode used, (2) the wavelengths of the light used (exposure and re-
sponse), and (3) the sample that is imaged. The influence of the sample is often
underestimated. However, the properties of the specimen can heavily limit the
achievable resolution. The overall resolution of an instrument is therefore often
worse than the theoretically expected resolution, when only (1) and (2) are taken
into account.

The resolution of a microscope is heavily dependent on the optical thickness
and the inhomogeneity of the sample. The resolution and the signal to noise
ratio are therefore generally a function of the depth at which the microscope is
focused inside the sample. For applications where large samples are imaged the



penetration depth of the microscope is a crucial characteristic. In terms of reso-
lution an optical microscope should provide the best possible resolution within
the constrains of a given experiment.

Even though it is obvious that high resolution is important and worth to strive
for; it is by far not the only characteristic of a microscope. When looking at live
specimen the influence of the microscope and its light on the sample is espe-
cially crucial. Photo-toxicity and heating can easily damage the sample or make
it behave abnormally. When looking at fluorescent markers in the specimen one
has to be aware of the fact that intensive excitation has photo-toxic and destruc-
tive effects. Photo-bleaching is the most obvious, resulting in a loss of signal.
Live specimens are often dynamic, and the image acquisition speed of the mi-
croscope has to keep up with the processes under investigation.

The practical use of a microscope is therefore determined by both its physical
parameters and its biocompatibility. For some fixed specimens (e. g. in cell bi-
ology) high resolution might be the ultimate goal, if the acquisition speed and
possible bleaching are of minor interest. However, for many of applications, es-
pecially dynamic studies in vivo, the microscope has to fulfill more challenging
requirements. For example fluorescence imaging throughout an intact embryo
for several hours or days of its development requires the microscope to be capa-
ble of collecting high resolution data at high speed with minimal stress for the
sample. The goal of light microscopy must be to provide the ideal instrument
(in terms of resolution, contrast, speed, etc.) for a given (biological) problem. If,
moreover, the microscope enables new experiments that have been infeasible
before, then such an instrument is especially valuable.

Directions in biological imaging

Allimaging techniques require the user to prepare the specimen in a certain way.
The mounting of the sample has to be appropriate for the microscope and the
objective lens (working distance, field of view). From the imaging point of view,
the sample is ideal if it is transparent, flat, spatially fixed, and exhibits strong
contrast. Therefore, if possible, the sample is prepared to allow ideal imaging
conditions.

This also means that the scientist concentrates on specimens or organisms that
he is able to image. For example cell biologists have been cultivating their cells
in a flat topology. Growing cells on coverslips makes them “compatible” with ex-
isting light microscopes. This, however, does not resemble the conditions found
in tissue. Hence, cultivated cells represent an artificial biology adapted to the
requirements of the microscope. This may have no implications for some re-
sults, but can lead to severe artefacts when looking at cell mechanics and migra-
tion or intracellular signaling. Techniques like electron microscopy that require



even stricter sample preparation techniques also suffer from these problems,
but they cannot be used for studies on live specimens and therefore do not claim
to record the “dynamic reality”.

Three-dimensional cell cultures more closely mirror what happens in living or-
ganisms. They are becoming increasingly popular because people have expe-
rienced that the results in 2D and 3D cultures can differ dramatically (Abbott,
2003). The field of cell migration has already profited from 3D cell cultures (Webb
and Horowitz, 2003).

This work

The work presented in this thesis tackles all the mentioned challenges in optical
microscopy and opens the third dimension for biological experiments like 3D
cell cultures. Two instruments were built that provide high and isotropic resolu-
tion. In the Multi Imaging Axis Microscope (MIAM) four objective lenses are used
to both image the sample and to manipulate it with optical forces. The Selective
Plane Illumination Microscope (SPIM) is especially well suited for large biologi-
cal samples and provides optical sectioning deep inside the specimen, efficient
fluorescence excitation and reduced photo-bleaching. A technique for gentle
sample preparation and manipulation is presented. Both instruments share the
technique of multi-view combination to improve the overall image quality and
the resolution in all directions.

The text is split into three chapters: the first two deal with the Multi Imaging
Axis Microscope. The MIAM is a wide-field optical microscope that observes a
sample simultaneously from multiple directions without requiring the sample
to be rotated or tilted. The prototype is capable of high-resolution imaging of
the interior of a 300 ym-diameter sample. Compared with a single-axis system,
the MIAM can achieve a reduction of the axial point-spread function elongation
by a factor of 5.8 and a 3.5-fold improvement in volume resolution by simple
linear image combination techniques. Chapter 1 presents the underlying prin-
ciple, the setup and the imaging capability of the MIAM. The gentle manipula-
tion of samples in this microscope by optical forces is demonstrated in chapter
2. Chapter 3 presents the SPIM. The optical sectioning obtained is explained and
illustrated, as is the procedure of multi-view combination.






1.1

1.1.1

1. Multi-lmaging Axis Microscopy

The Multi-Imaging Axis Microscope (MIAM) is a system in which four objec-
tive lenses are used to generate 3D images of a sample from four sides simul-
taneously. The fusion of these data sets yields an overall improved resolution
throughout the whole sample.

Motivation

Fluorescence microscopy is an essential tool in modern life sciences, and in par-
ticular in biology (Hurtley and Helmuth, 2003). Like all forms of imaging it is
subject to physical limits on its resolving power. The anisotropy of the resolu-
tion inherent in conventional single lens designs is especially undesirable. It
leads to artefacts in the resulting images and can therefore lead to misinterpre-
tations and false quantifications of the data. This introductory section explains
conventional widefield and confocal microscopes, introduces the point spread
function, and illustrates the drawbacks of single lens systems. Finally, the var-
ious approaches in the literature to improve the resolution in microscopy are
summarized.

Fluorescence widefield microscopy

In a classical optical microscope the object in the focal plane of the optics is im-
aged onto the image plane. This image plane is either observed by eye through
an ocular, or a camera is placed in this plane to capture the image. Most com-
mon are microscopes in which the image is formed by a telecentric system con-
sisting of an objective lens and a tube lens. The objective lens is usually inter-
changeable. The magnification M of such a system is determined by the ratio of
the focal lengths of the tube lens fr1, and of the objective lens for. In a widefield
microscope the sample is illuminated uniformly throughout the field of view that
is imaged, and the image is captured at once by eye or camera.

In an epifluorescence microscope a set of two filters and a dichroic mirror are
used for selective excitation and detection of fluorescence in the sample (Fig. 1.1).
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< dichroic mirror

Fig. 1.1 Classical epifluorescence micro-
scope. Illumination (blue) and detec-
tion path (green) are shown schematically
each exemplarily with two ray bundles. A
broadband light source is used for excita-
tion. Excitation and detection bands are
selected with excitation and emission fil-

ters and a dichroic mirror. The image is \:é/
recorded with a camera. sample

The excitation filter transmits the appropriate band of the spectrum of the lamp
and the dichroic mirror reflects it into the objective lens and onto the sample.
The fluorescence light emitted by the fluorophores in the sample is collected by
the same objective lens and transmitted by the dichroic mirror and the detection
filter.

excitation filter

objective lens

The characteristics of a widefield epifluorescence microscope (Fig. 1.1) are there-
fore

Widefield epifluorescence microscope

1. single lens for illumination and detection,
2. uniform illumination,
3. widefield detection (e. g. with a camera).

The resolution of any imaging system is limited. In an ideal* conventional mi-
croscope the resolution is determined by the wavelength of the light A and the
numerical aperture NA = rn-sin a of the objective lens, where 7 is the refractive
index of the medium in which the sample is embedded and « is half the open-
ing angle of the cone over which light is collected. Knowledge of these values is
sufficient to characterize the imaging properties of a conventional microscope
as it has been introduced so far.

*Influences of the sample and the resulting deterioration of resolution are discussed later.



1.1.2 Point spread function

The imaging performance of a microscope is best described in terms of its point
spread function (PSF). The amplitude PSF h(x, y, z) reflects the strength of the

electromagnetic field in the image plane when observing a point-like light source.
However, only the intensity PSF |h(x, y, z)|?, the squared modulus of the ampli-

tude PSF, is detectable. This describes the image formed by a point object. It

can be experimentally determined by moving a sub-resolution object (fluores-

cent bead) through the focal plane and consecutively recording the image of the

object. Real objects can often be regarded as a collection of point objects; the

image I of such an object is the three-dimensional convolution of the object

structure O and the intensity PSF | h(x, y, 2)|?

I(x,¥,2) = O(x, y,2) ® | h(x,,2)|°. (1.1)

According to Born and Wolf (1999), the amplitude PSF is given by

1
2rnAsin’a ;. .
h(u, y)=_iwelu/smzafjo(vp)e—zupZ/ZPdp’ (1.2)
0

where A is the area of the aperture and J the zeroth-order Bessel function.” v
and u are normalized optical units perpendicular and parallel to the optical axis,
respectively, and are given by

2nnrsina 2nnzsina 5 2 2
== u:T’ re=x"+y°, (1.3)

i. e. the beam propagates parallel to the z-axis and r is the distance to the beam’s
axis.

The intensity PSF is the product of the amplitude PSF and its complex conjugate

|h(u, v)1? = h(u, v) - h* (u, v). (1.4)

The intensity PSF | |2 can be understood: (1) as the intensity distribution in the
object resulting from a point source illumination located in the image plane,
and (2) as the relative probability of a photon, emitted from a certain location
in the object, hitting a point detector in the image plane. Since the two events
of illumination and detection are independent, the overall intensity PSF | hyo|? is
described by the product of the functions describing the illumination and the
detection PSFs

| heotl® = il | e . (1.5)

*The equation and the results obtained from it are only valid close to the focus. For simplicity,
polarization is not taken into account in the calculations.
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Fig. 1.2 Intensity point spread functions (PSF) in a widefield microscope. The con-
ventional widefield microscope is characterized by the uniform illumination (left).
The overall PSF (right) is obtained by multiplying the detection (middle) and illumi-
nation PSFs. The overall PSF is in this case identical to the detection PSF (middle).
A =520nm,NA = 0.8, n = 1.33. Contour lines are plotted for intensities of 0.9, 0.7, 0.5,
0.3, 0.2, 0.1, 0.05, 0.03, 0.02, 0.015, 0.01, 0.005, 0.002, 0.001. The intensities are shown
with a look-up-table (LUT) of gamma = 0.25, in blue for excitation, in green for detec-
tion, and in red for the product.

In a fluorescence widefield microscope, in which the whole sample is evenly
illuminated (no point illumination), i. e. || = 1, the overall PSF is identical to
the detection PSF

| hwidefield)® = | Pidet?. (1.6)

The PSFs for some typical parameters (Aget = 520nm, NA = 0.8, n = 1.33) are
plotted in Fig. 1.2. Clearly visible is the elongation along the z-axis, the optical
axis. The full width at half maximum (FWHM) of the central peak is about a factor
five larger in the axial direction than it is in the lateral direction for the given
parameters.

The FWHM in the lateral and the axial directions of the PSF can be seen as a
measure of the lateral and axial resolution, respectively. The resolution is the
minimum distance between two point object that can still be sufficiently distin-
guished. Various definitions of what “sufficient” is exist in the literature. The
most common is the Rayleigh criterion, which says that two objects are resolved
when the first minimum of a PSF profile along the direction of interest is aligned
with the central maximum of a second PSF profile. For the lateral direction (in



PMT

C———jc———= pinhole

&, _4 tube lens

collimator . .
emission filter

laser X
Z dichroic mirror

excitation filter |4 scan unit

objective lens

Fig. 1.3 Confocal fluorescence micro-
————  sample scope. Schematically illumination (blue)
and detection path (green) are shown.
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In our example this means that the lateral resolution is
Ry y;(1=520nm,NA=0.8) = 0.40 um.
Correspondingly, in axial direction one gets
_2An
2= NAZ’ (1.8)

R;;(A=520nm,NA=0.8,n=1.33) = 2.2 um.

Note that the resolution in the axial direction is dependent on the inverse square
of the NA. An increase of the NA therefore has a strong effect, e. g. from NA = 0.8
to 1.3 the axial resolution improves from 2.2 ym to 0.82 um.

Confocal Microscopy

In a confocal laser scanning microscope the sample is illuminated by a focused
beam (see Fig.1.3), point-by-point. This is achieved by a set of scanning mir-
rors that move the excitation beam across the sample in a raster fashion. De-
tection with a widefield detector (photo-multiplier) is performed through a pin-
hole. This pinhole is placed in a conjugate plane to the focal plane and thereby
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ensures that only light that stems from the focus is detected.” The confocal flu-
orescence microscope is characterized by

Confocal fluorescence microscope

1. single lens for illumination and detection,
2. focused illumination (beam scanning),
3. point-wise detection through a pinhole.

The focused excitation beam in a confocal microscope is described by the illu-
mination PSF, and the detection through the pinhole is quantified by the detec-
tion PSF (Fig. 1.4). Again, the overall PSF (1.5) is the product of the two

|hconfocal(xy L) Z) |2 = |hill(x; L) Z) |2 . |hdet(xy ¥ Z) |2- (19)

In contrast to a widefield microscope, the confocal illumination PSF is not con-
stant: it describes the point illumination. Since the same objective lens is used
for the illumination and detection in a confocal microscope, the illumination
and the detection PSF differ only in the wavelengths Ay and Ag4et, respectively.
In fluorescence microscopy the emission maximum of the fluorophore is usu-
ally close to the excitation maximum. For example for the Green Fluorescent
Protein GFP, which is most frequently excited with an Ar*-laser, the illumina-
tion wavelength is Aj; = 488nm and detection is around Ager = 520nm. Hence
|hin|? and |hget® are nearly identical, which means the total PSF of a confocal
microscope is approximately the square of the conventional PSF (1.6).

The FWHM of the PSF of a confocal microscope is for this reason reduced by a
factor of approximately 1/+/2 in both directions, i. e. the resolution is enhanced

by about 30 %.
]..22/lem - 0.4/1em

R = =~ 1.10
x,y,conf 2\/§NA NA ( )
Ry, y,conf:(Aem=520nm,NA=0.8) = 0.27 ym.
2demn 1.4Aemn
R conf = V2hemn  14%em (1.11)

NA? NA?
Rz,conf;(/lem:520nm,NA:o_3) ~ 1.5um.

In addition, the side lopes are reduced relative to the central peak and the sig-
nal is mainly obtained from the central volume. However, the overall shape
of the PSF, i. e. its axial elongation, is not changed at all. The axial resolution
is still worse than the lateral by the same factor as in the conventional micro-
scope. A drawback of the confocal microscope is the low image acquisition

*The function of the pinhole and the resulting optical sectioning capability of the confocal
microscope are discussed in section 3.1.1.
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Fig. 1.4 Confocal point spread functions (PSF). Point illumination (left) and point
detection (center) yield an overall improved resolution (right). Compared to the con-
ventional microscope, the overall PSF in a confocal microscope is narrower in both
dimensions and side lobes are suppressed. Aj = 488, Aqet = 520, NA = 0.8, n = 1.33.
Same contour lines and LUT as in Fig. 1.2.

speed because of the time required for the scanning which is necessary to ac-
quire a full image. In addition, often when working with low fluorescence in-
tensities the pinhole diameter has to be increased beyond its ideal size, which
reduces the resolution of the confocal microscope. The true advantage of the
confocal microscope, namely its optical sectioning capabilities are discussed in
section 3.1.1.

Single lens limitations

The anisotropy of the PSF, i. e. its pronounced elongation along the optical axis,
is an effect of the limited NA: the light emitted from the sample is collected only
within a limited angle. The anisotropy of the resolution

Ry, 1.22 ,
——=—-NA=0.3sina
R, 4n
is an intrinsic property of single lens microscopy. The axial resolution is at best
a factor of about three lower than the lateral resolution.

The image obtained in the microscope is the convolution of the actual object
and the PSF of the instrument used (1.1). Therefore, the image of an object is

11



12

1.1.5

Fig. 1.5 A simulated 2D sample (left) is convolved with an anisotropic PSF (center)
to yield the image (right). The PSF is a factor of four wider in z than in x. This results
in a strong blur in z and a poor resolution in this direction. The two axially aligned
objects in the top left corner cannot, whereas the two that are laterally displaced can
be distinguished. In addition, structures along z appear brighter in the image than
similar structures extended in x.

smeared out and particularly strongly blurred in the axial direction. In addition
to the fact that fewer fine structures along z can be resolved, artefacts are intro-
duced that are caused by the anisotropy of the PSF. This phenomenon is illus-
trated in Fig. 1.5. As expected, closely spaced circles along z cannot be resolved
in contrast to circles distributed along x. Moreover, a strong enhancement of
structures oriented along z is striking. The membranes of the stylized cells that
extend along x are washed out whereas the cell walls along z show up as bright
lines. This demonstrates that an isofropic resolution, which avoids artefacts of
this sort, is of great interest. When viewing thin, flat samples such as cultured
cells on a coverslip, this is not a significant restriction; however, current bio-
logical applications increasingly demand three-dimensional (3D) information
about millimeter-sized samples, for which poor axial resolution is often a seri-
ous issue.

Improving the resolution
The formulas for the resolution in a conventional widefield microscope ((1.7),
(1.8)) have been derived under the following assumptions:

1. observation is done in the conventional geometry, in which light is col-
lected by a single lens with a certain NA,

2. the excitation is uniform throughout the sample,
3. fluorescence is excited by a single photon in a linear process.

Under these assumptions, the resolution can be improved only by two means.
The lateral and axial resolutions can be improved by

1. decreasing the wavelength of light used to image the sample, and

2. by using an objective lens of higher numerical aperture (see (1.7), (1.8)).



Of course, the available range of fluorophores and the specimen limit the range
of applicable wavelengths. Biological samples are sensitive in the UV, objective
lenses are well corrected only in the visible, and, most importantly for many
applications, only a few staining protocols exist. Therefore, the experiment dic-
tates the choice of fluorophore and wavelengths to excite and detect it.

The numerical aperture of available objective lenses is at maximum 1.4. This
can only be achieved using oil as immersion medium, which can result in se-
vere aberrations when looking at biological samples in aqueous medium. A
water-immersion lens with a lower NA is often the better choice. In addition to
their limited effectiveness, the two methods of improving the resolution given
above still leave the axial resolution worse than the lateral. The problem of the
anisotropy of the PSF cannot be solved by these means.

One can also achieve a resolution improvement by negation of one or more of
the three assumptions. This, however, involves new microscope designs and
different modes of operation. Several microscope designs and techniques to in-
crease the resolution have been suggested and experimentally demonstrated in
the literature (Gustafsson, 1999). Improved resolution can be obtained for exam-
ple by using excitation light that varies with position. In section 1.1.3 it has been
shown that for a confocal microscope, in which the concept of spatially varying
illumination is realized by point illumination, the resolution can be improved by
a factor of 1/v/2 (see (1.10),(1.11)).

Another example for a realization of spatially varying excitation light is the tech-
nique of structured illumination, in which the sample is illuminated with a si-
nusoidal pattern. This has been shown to be a powerful technique to increase
both the axial and lateral resolutions. Using a conventional (single lens) wide-
field microscope the sample is illuminated with spatially structured excitation
light. A series of images is taken with different orientations of the pattern and
by computational processing of the data the unmodulated image is restored at
a higher resolution than the conventional image. In standing wave fluorescence
microscopy (SWFM) (Bailey et al., 1993) the sample is excited by the interference
of two counter-propagating waves in axial direction. The combination of three
images acquired with different phases of the pattern yields an improved axial
resolution. However, since the individual fringes cannot be distinguished the
technique only works for samples thinner than the fringe spacing. In lateral di-
rection a two-fold resolution improvement can be achieved by laterally struc-
tured illumination (Gustafsson, 2000). Since this improvement is only achieved
along a single direction (the direction perpendicular to the stripes) the pattern
has to be rotated several times and many images have to be taken to achieve an
improvement in all directions in the x-y-plane.”

*This technique of structured illumination should not be confused with the optical sectioning
technique of Neil et al. (1997) discussed in section 3.1.1.
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Another approach is the process of non-linear excitation of the sample. In two-
photon microscopy (Zipfel et al., 2003), intense light pulses of approximately
twice the wavelength of the normal excitation light are used to induce fluores-
cence. Two-photon microscopy allows deeper penetration into scattering sam-
ples because of the longer wavelength that is used (which reduces scattering
and absorption), and it provides optical sectioning (subject of section 3.1.1) be-
cause of the nonlinear effect of two-photon absorption exploited. However, it
does not increase the resolution. In contrast, the resolution is reduced by about
15% (Jonkman and Stelzer, 2002). In stimulated emission depletion microscopy
(STED) (Hell, 2003) the excitation spot in a confocal microscope is shaped by a
sequence of two pulses. The excitation spot of the first pulse has the extent of a
regular PSF. The second pulse (with a higher wavelength than the fluorescence
emission) is shaped such that it depletes most of the initial fluorescence from
the outer regions of the PSF. Excited molecules are forced by stimulated emis-
sion into an upper vibrational level of the ground state whose fast vibrational
decay prevents re-excitation. This leaves a fluorescent spot with an axial extent
that is six-fold and a lateral extent that is 2-fold reduced (Klar et al., 2000).

The collection angle, i. e. the angular aperture, can be doubled by using a second
objective on the other side of the sample. In a 4Pi confocal fluorescence micro-
scope (Hell and Stelzer, 1992) the sample is illuminated coherently through both
objectives. The wavefronts interfere in the focal volume and produce a central
maximum that is four to five times narrower along the optical axis than in a con-
ventional microscope. Unfortunately, secondary maxima are very pronounced;
they can be reduced by two-photon excitation and by computational deconvo-
lution. Different operating modes exist where the fluorescence light is either in-
coherently detected with one lens (4Pi(A)) or coherently with both lenses (4Pi(B)
and 4Pi(C)).

A similar approach in the widefield context is I°M microscopy (Gustafsson et al.,
1999). Again, two lenses are used for illumination and detection. I°M com-
bines two techniques. In image interference microscopy (I*M) the light from
both lenses is coherently collected on a single detector providing improved axial
resolution (this is analogous to 4Pi-B microscopy). This can be combined with
incoherent interference illumination producing axial fringes and encoding high
axial resolution (1M, analogous to 4Pi-A).

All of these methods require sophisticated equipment and alignment procedures,
and are limited in their image acquisition speeds. In structured illumination
microscopy from three to several hundred images must be taken to reach the
desired resolution improvement. In addition, the illumination pattern has to
penetrate to the focal plane undistorted. If the pattern is not as expected, i. e. it
varies across the field of view or changes with depth, the method can result in
artefacts. This limits the range of samples for which the technique can be suc-
cessfully used. Due to the slow acquisition speed, bleaching of the fluorophores



can be a serious issue and the imaging of live samples might be impossible. The
4Pi and STED microscopes are especially challenging to build and align. They
are also very slow in acquisition speed because of the scanning that is required
in confocal microscopes.

A direct approach to tackle the anisotropy problem of the PSF and the resulting
artefacts is to use two or more lenses for illumination and/or detection, oriented
along non-parallel, intersecting axes. Rotation of the detection lens with respect
to the illumination lens also rotates the associated PSF. The extent of the overall
PSF (the product of illumination and detection PSF) becomes dominated by the
lateral resolution of both lenses. This idea is realized in the confocal theta mi-
croscope (following section) and in the widefield context in the SPIM (Selective
Plane illumination Microscope, chapter 3).

Confocal theta microscopy

The approaches presented so far are (widefield or confocal) methods that use
either one or two axially aligned objective lenses. A variation of confocal mi-
croscopy in which this linear arrangement of lenses is given up is confocal theta
microscopy (Stelzer and Lindek, 1994). In this technique the sample is illumi-
nated by a point source through one objective lens, and a second objective lens,
whose optical axis is at an angle 0 to the illumination axis, is used to image the
emitted fluorescence onto a point detector (see Fig. 1.6). The sample is scanned
through the overlap of the illumination and detection volumes to build up an
image of the sample. The confocal theta fluorescence microscope is character-
ized by:

Confocal theta microscope

1. two separate axes for illumination and detection,
2. focused illumination (sample scanning),
3. point-wise detection through a pinhole.

As for the confocal microscope (1.9), the PSF of such a microscope is described
by the product of illumination and detection PSF. Because of the orientation (we
assume a rotation of the illumination of 90° about y) the variables of the illumi-
nation PSF x and z need to be interchanged, yielding

| theta (X, 5 2)|% = [ hin (=2, ¥, ) 1% - | hget (%, , 212 (1.12)

The illumination, detection and overall PSF are plotted in Fig. 1.6. Clearly, by
separating illumination and detection and orienting them perpendicularly the
anisotropy of the PSF is nearly eliminated. The extent of the overall PSF along
the detection axis is dominated by the lateral extent of the illumination PSF. This
makes the overall PSF nearly isotropic.
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Fig. 1.6 Arrangement of objective lenses and intensity point spread functions (PSF) in
a confocal theta microscope. Illumination and detection lenses are in a perpendicular
arrangement (top left). The overall PSF (bottom right) is obtained by multiplying the
illumination (bottom left) and detection PSF (top right). A = 488nm, Ager = 520nm,
NA = 0.8, n = 1.33. Same contour lines and LUT as in Fig. 1.2.



The concept of theta microscopy is general, describing a confocal microscope
in which the angle between the illumination and the detection lens is 0 (hence
the name). However, smallest confocal volumes are obtained if they are perpen-
dicular (6 =90°) (Lindek et al., 1994b) and acceptably small volumes if the angle
is between 70° and 110° (Lindek et al., 1994a). In addition to the two lens so-
lution shown in Fig. 1.6 (Lindek et al., 1995), a more compact single-lens theta
microscope has been developed (Lindek et al., 1997; Swoger et al., 1998). In this
setup illumination and detection are performed through the same lens side-by-
side. The illumination beam is reflected off a small mirror that is placed next to
the sample and illuminates it from the side. The concept of theta microscopy
has also been extended to 4Pi microscopy (Lindek et al., 1994a,b). Variations
of the theta microscope have been build by Wang et al. (2003) and Palero et al.
(2002). A theoretical analysis of a six-lens system in which four objectives are
used for coherent illumination and two for coherent detection has been pre-
sented by Haeberle et al. (2001).

Due to physical limitations of the objective arrangement, the theta principle can
only be realized with objectives with sufficiently low NA (max. 0.8-0.9). This has
to be taken into account when evaluating and comparing PSFs of a confocal and
a confocal theta microscope. However, the resolution along the detection axis
in a theta microscope is always better than that in a confocal microscope with a
high-NA lens.

In addition to the sophisticated alignment of such a system, the main limita-
tions of theta microscopy are the sample preparation and the image acquisition
speed. In the literature, the sample has been mounted on, for example, a glass
capillary. Especially in the single-lens theta the small working distance limits
the range of samples that it is practical to image. Moreover, beam scanning like
in a classical confocal microscope is only possible in one dimension in the theta
microscope (Wang et al., 2003). The sample has to be scanned in at least two
dimensions for a full 3D data set, an inherently slow procedure since distortions
of the object by the movement have to be avoided.

17
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Fig. 1.7 Multi-view combination. In this example, the four image stacks of the sample
that are taken from different angles feature good lateral resolution on the side facing
the camera. The goal of multi-view combination is to combine the data sets such that
“useful” information (in terms of the experiment), is extracted and merged into the
final image. The poor information in one stack is thereby replaced by the best available
information from the other stacks.

Multi-view microscopy

Another approach to tackle the problem of poor axial resolution is known as
multi-view (or tilted-view) microscopy (Shaw et al., 1989). With this method
3D images of the sample are taken from at least two different angles and then
combined, so that in the reconstructed image the good (lateral) resolution from
one view is used to compensate for the poor (axial) resolution from another.

Goals of multi-view combination

The idea in multi-view microscopy is to take a set of image stacks from the same
object. Each data set represents a certain image of the sample taken from the
particular angle (an example is illustrated in Fig. 1.7). Depending on the prop-
erties of the imaging system used to acquire these images, the data sets can be
classified. Possible characterization parameters are

* anisotropy of the PSF (i. e. directional variations in image quality),
* positional variations of the image quality, and

¢ combinations of these two.
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After the images have been acquired each data stack can be rated according to
some of the criteria and with respect to the information that one strives for. If
the imaging provides isotropic resolution the resolution of all data sets will be
the same in all directions. If the sample is transparent and its homogenous re-
fractive index matches the immersion medium there might be no distortions
and no obscured information in any data set. However, in most microscopes
the resolution is not isotropic, and most samples induce some sort of scattering
or attenuation of the excitation and fluorescence light or other artefacts. There-
fore, each data set is very likely to have particular features that are superior to
features in other data sets.

The goal in multi-view microscopy is to fuse the different data sets to a single
data set that inherits all desired information. More precisely, the needless in-
formation in any data set will be replaced by better information from another
data set (if available). For this, one has to define, which information is desired
and which is needless. Although it depends on the particular experiment, in mi-
croscopy the goal generally is an undistorted and complete image of the sample
with a high resolution in all directions. In widefield and other microscopies this
means that ideally the poor axial resolution of all data sets is improved. Also any
attenuation of the signal in some parts of the sample should be removed without
amplification of noise. This means that the figure of merits are resolution and
signal to noise ratio. Therefore, the algorithm to fuse the data sets has to favor
these two parameters (see section 1.3).

Experimental realizations

The idea of a widefield multi-view microscope can be realized in two ways. One
option is to use a single lens for detection and to rotate the sample in order to ac-
quire image stacks from different sides. This has been demonstrated in the liter-
ature and is often termed tilted-view microscopy (Agard, 1984; Bradl et al., 1992,
1994; Can et al., 2003; Kozubek et al., 2002; Shaw, 1990; Shaw et al., 1989). In or-
der to get maximum resolution in the reconstruction it is necessary to rotate the
sample by angles of up to 180°. However, a full rotation can be favorable as has
been mentioned in the previous section to fill in missing information of e. g. the
back side of the sample. Therefore the sample cannot be mounted on a con-
ventional slide. The maximum tilt with a high numerical aperture lens would be
+10 to +15° (Agard, 1984). The sample is therefore often mounted inside a thin-
walled glass capillary (Agard, 1984; Bradl et al., 1992, 1994) or attached to the
outside of the capillary (Kozubek et al., 2002; Shaw, 1990; Shaw et al., 1989). In
the first case care has to be taken that the high refraction that occurs at the capil-
lary wall is at least partially compensated by an appropriate immersion medium
(usually oil). In the second case, the sample that sticks to the outside of a cap-
illary can only be imaged from a limited range of angles to avoid the necessity
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of imaging through the capillary. A two-view approach, in which the sample is
rotated once by 180° has been shown to allow to compensate for attenuation in
a confocal microscope (Can et al., 2003).

However, practical limits and severe image registration issues have prevented
widespread use of these techniques. Major limitations are the sample prepa-
ration requirements in glass and oil and the deformation of the sample during
rotation. Special tilting devices have been built to adapt the technique to con-
ventional microscopes (Bradl et al., 1992). As a consequence, because of the
vertical architecture of common microscope stands, the sample is rotated about
a horizontal axis. The sample deforms easily as it is rotated and exposed to grav-
ity in different orientations. These limitations can be overcome by mounting the
sample in agarose and rotating the sample about a vertical axis. This is demon-
strated in the Selective Plane Illumination Microscope presented in chapter 3.

A second approach to multi-view microscopy is the use of at least two objective
lenses to image the sample (simultaneously) from more than one side. A low
numerical aperture system (NA = 0.4) has been published using two orthogo-
nally arranged objective lenses (Kikuchi et al., 1997). In order to obtain isotropic
resolution it is desirable to cover the full solid angle of 47. For technical reasons
one is restricted to a system that offers a limited number of views partially cov-
ering the whole sample. Ideally, the system should be laid out in a symmetric
fashion that no part of the sample is particularly favored or discriminated. A set
of four objective lenses arranged along the axes of a tetrahedron is presented in
section 1.4. Systems that use six or more lenses are theoretically possible but
practically unfeasible.



1.3

Image processing

In multi-view microscopy a set of N 3D image stacks is acquired from the same
sample. To convert the data sets into a single high-resolution image stack, three
steps are required:

1. preprocessing, which includes rotation, shearing, and scaling to compen-
sate for the different orientations of the optical axes and the scan param-
eters,

2. registration, to align the four data stacks in 3D, and

3. fusion, i.e. selection and combination of the required information from
each of the stacks.

The first two steps involve standard image-processing techniques and are dis-
cussed in the context of the particular experiment. They depend on the actual
geometry under which the images have been taken and are therefore specific for
the microscope that has been used. For the implementation of the MIAM, a four
lens tetrahedral system, see section 1.5.2. The processing steps in the case of the
SPIM, a single lens system in which the sample is rotated, are outlined in section
3.2.3.

For the third step we consider the following possible methods. The formulas
describe the process of image fusion for each voxel in the stack, and must be
applied to all voxels.

Arithmetic average

A very general approach to combine the data sets is to calculate the arithmetic
average of the N 3D data sets (see also Sdtzler and Eils, 1997)

lN
kay = N%ﬁf (1.13a)

(n+1) (n)
1 nI{ + I (1.13b)

sequential : —(
9 n+1\ %

The sequential form can be useful if the data sets are to be combined one-by-

one. This is especially useful when dealing with large data sets, e.g. when all
data sets do not fit in the memory of the processing computer at once.

Maximum in Fourier space

A principal goal in multi-view combination is to preserve high resolution infor-
mation from the individual raw data stacks. The final data stack should contain
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as much high resolution information as the source stacks can provide. The spa-
tial frequencies of each stack are accessible in Fourier (&) space. One possible
method of image combination is to pick the voxels in Fourier space that have the
highest magnitude. The inverse Fourier transform yields the final image stack.

N
If,w=f/’_l{z w]'fj},
]

L _ B (1.14a)
1, if |Ijl=max{|Li],...,|Inl},
LUj=
0, else
sequential : I;"L:D =g ! {wnl}";}+ Wn+1fn+1}- (1.14b)

Weighted average in Fourier space
More generally, in order to preserve all the information from the data stacks the

spatial frequencies can also be weighted by their relative magnitudes (similar to
Shaw et al. (1989)).

N N
If,w=9‘1{z wjl,-}, wj = |1j|/(Z|Ik|), =7},  (1.153)
j k

sequential : Fpi1=Fn + |fn+1| Toe1,
n
I =Y |I|-T;,
" ;M ! (1.15b)
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Regarding the numerical calculations required, this method is particularly mem-
ory intensive. For a sequential fusion the intermediate result .#,, the next term
of the sum .#,,,1, and the normalization divisor have to be kept in memory. Once
a fusion has been completed according to (1.15a) and only I}"L is known, no ad-
ditional stack can be fused.

The following two methods are not robust, i. e. they are limited to special sam-
ples (e. g. isolated point objects), and can fail if there is mis-registration, spatial
inhomogeneities, or noise.

Minimum

In the imaging process every point object is imaged as described by the PSF. In a
second data set that has been acquired from a different angle, the PSF is most
probably less extended in the former axial and more extended in the former
lateral direction because of to the anisotropy of the resolution. In this case, a
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Fig. 1.8 Image fusion by different methods. Four simulated images (top row) have
been fused by five different methods (bottom row). Each image has been normalized
after fusion. Contour lines are spaced at 10 % steps.

possible operation is to take the minimum of the N data sets I; for each volume
element (voxel). The fused image stack I; is build up by taking the minimum of
all data sets for each voxel. This reduces the extent of such a point object to the
minimum.

kmin = min{l,....Ij,....,In}, (1.16a)
sequential : If(glﬁ) = min{If(gl)in,In+l}. (1.16b)

Product

Another possible method is to multiply the images. The product represents the
resulting image

N
If,prod = Hlj» (1.17a)

j
sequential : Iffsrt)g = Iff;zod-lnﬂ. (1.17b)

Comparison

Examples of the fusion of images by the different methods are shown in Fig. 1.8.
The simulated images of a point-like bead imaged from four directions are com-
bined. Clearly, taking the minimum of the four images results in a reduction of
the point image spread, but in more complicated samples can introduce arte-
facts, and in addition is inherently unstable. Taking the product reduces the ex-
tent of the spot significantly. However, this method only works on point-like ob-
jects that are well-separated and of equal brightness. Moreover, for the purpose
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of iterative stability it is desirable that the fusion of any two identical images is
simply the original image. The product is the only one of the fusion methods
discussed here that fails in this respect.

The arithmetic average can be obtained at high speed. However, clearly no
weighting is performed and the high resolution of one stack in a particular di-
rection is suppressed by the potentially low resolution of the other stacks in this
direction. Because they yield smaller point images, the Fourier based methods
are clearly advantageous in this respect, although they are by far the slowest of
all the presented methods. In this example both perform nearly equally, but
the maximum method is simpler and fully recursive. Although it is less resis-
tant to noise, the maximum method gives a better resolution than the weighting
method in low-noise images.

The test pattern shown in Fig. 1.9 was computationally convolved with the same
four PSFs as in Fig. 1.8. The four fusion methods (minimum, average, maximum
and weighted average in Fourier space) were applied to the blurred data. Clearly,
taking the minimum completely fails on this sample and taking the average re-
sults in a strongly blurry image. The Fourier space based method are clearly
advantages and reproduce the original sample quite well.
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Fig. 1.9 Test pattern (top) blurred with the four PSF from Fig. 1.8 (middle row) and
then combined with four different methods (bottom row). One area from the top has
been enlarged and is shown for the four fused images.
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1.4 The tetrahedral multi-imaging axis microscope

1.4.1

This section describes the geometry and the setup of such a microscope. The
multi-imaging axis microscope (MIAM) is the realization of a widefield micro-
scope in which four views of the sample are combined for improved resolution.
It is characterized by

Tetrahedral multi-imaging axis microscope

1. four objective lenses for illumination and/or detection,
2. uniform illumination,
3. widefield detection (four cameras) and image combination.

Design

Let us consider a microscope consisting of four objective lenses. Each objective
lens can be used for illumination and/or detection and all lenses have the same
common focus. All lenses are equal and are symmetrically distributed around
the common focus such that they are spaced by the same angle. Let the objec-
tives be represented by vectors a;, (i = 1,...,4) that point to the common center.
These vectors are normalized, so that

la;| =1. (1.18)
Due to the symmetry of the arrangement the vector sum of the four is

Y a;=0. (1.19)

The angle between the objectives is 9, which is given by the relationship
a;-aj=cos?d  for i#]. (1.20)
By multiplying (1.19) with &;, we find that

a-) a;=1+3cos9=2a;-0=0 (1.21)
i

1
= cos? = -3 = 9~109.47°. (1.22)

This is the angle between two symmetry axes of a tetrahedron.

To describe the microscope, the following right-handed coordinate system has
been set up (see Fig. 1.10): The objectives have been labelled 1-4 and the x-axis
is horizontal and has been chosen to be parallel to the vertical plane containing



1.4.2

1

Fig. 1.10 A multi-view microscope consisting of four objective lenses (computer ren-
dering). The objective lenses 1-4 are distributed such that each is separated from the
others by the angle 9 = arccos(—1/3). The optical axes are oriented along the axes of a
tetrahedron. Objective 1 and 2 are chosen to be in the x-z-plane, Objective 3 and 4 are
in the y-z-plane. The focal planes FP1_4 intersect in a single point in the center of the
arrangement.

the axes of objectives 1 and 2. The y-axis lies in the horizontal plane so that the
z-axis points upwards.

In this coordinate system the objectives point in the following directions:

a ( 5,0, 5), (1.23b)
. \/E \/T
a3 = (0)_ g;_ 5)) (].23(:)
R 2 1

= 0 \/;’_\[5)' (1.23d)

In such a setup the four objectives are arranged along the axes of a tetrahedron
(Fig.1.10).

B
I

B
|

Setup

The multi-imaging axis microscope (MIAM) presented in this work uses four
identical objective lenses, Zeiss Achroplan 63x, 0.9 W. They are arranged sym-
metrically along the axes of a tetrahedron, i. e. all objectives contribute equally
to the final image. The geometry of such a system has been discussed in the
previous section. The system is specifically designed to be used with water (or
other aqueous media) as its immersion medium. The Zeiss Achroplan series is
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Multi-imaging axis microscope
(MIAM)

' b one unit

Fig. 1.11 One unit of the multi imaging axis microscope. For fluorescence excitation,
the light from a laser (not shown) is directed into the objective by a fiber, a lens and
(dichroic) mirrors. The fluorescence light that is collected by the objective is separated
from the excitation light by dichroic mirrors and a filter and is imaged onto the camera.
For scattering contrast a red LED is available. For a detailed list of components see the
appendix.

corrected to be used without a cover slip in direct contact with water (“dipping
lenses”). The Achroplan series magnification ranges from 10x to 100x. The 63 x
lens was chosen because it provides a large NA in a dipping water-immersion
lens with sufficient working distance (1.5 mm) to fit in the tetrahedral geometry.
Objective lenses by other companies have similar characteristics. The use of a
water-dipping lens is essential in the MIAM because it allows observation in a
biologically relevant environment with minimal optical distortions and because
standard coverslips are not well suited to the objective lens arrangement.

Associated with each objective lens are the optics and CCD camera required to
form four simultaneous fluorescence images of the sample. Fig. 1.11 shows one
of the four units. Each unit represents a (fluorescence) widefield microscope. In
addition to excitation light source, collimation lens, dichroic mirror, objective
lens, emission filter, tube lens, and camera it consists of some extra mirrors to
guide the light into the objective.

In a separate section connected to the four objective units by the optical fibers
(see appendix), the 488-nm emission of an argon-ion laser and the 543-nm emis-



Fig. 1.12 The core of the microscope consists
of four identical parts that hold the objectives in
place. When assembled the objectives are ori-
ented along the axes of a tetrahedron as illus-
trated in Fig. 1.10.

sion of an helium-neon laser are split into four beams of equal intensity. Each
beam can be attenuated by an acusto-optical tunable filter (AOTF) and is cou-
pled into the microscope through optical fibers (see appendix). The beam is col-
limated to illuminate the entire field of view of the objectives. Using the AOTFs,
the intensity of illumination can be adjusted for each objective lens indepen-
dently and at high speed (tuning time < 4.5 us).

Each objective lens is held in a metallic block that ensures the correct angle of
912 = 54.7° relative to the vertical z-axis. The core of the microscope is assem-
bled by attaching four of these units (Fig. 1.12). In this manner, the correct orien-
tation of the objective lenses and the stability of the most sensitive parts are en-
sured. Because of the symmetry of the system, all units and the associated optics
are identical. Fig. 1.13 shows the layout of the system on an optical bench. Some
beam paths, however, are folded with extra mirrors (omitted in the figure) to fit
the setup on the bench. For a list of components, drawings, and photographs
see the appendix.

The system is aligned such that the fields of view of the cameras overlap to the
maximum extent. To achieve this, all cameras are rotated so that the projection
of the z-axis is parallel to the long axis of the field of view (see Fig.1.10). The
focal planes intersect at one point at the physical center of the tetrahedron. This
is illustrated for one objective in Fig. 1.14. For this photograph the excitation
light was collimated as it enters the objective. The focus is clearly visible in the
fluorescent drop between the two lenses.

It is clear from Fig.1.10 that at any given time the four cameras will focus on
different planes in the sample (i. e. the focal planes only coincide at one point).
However, scanning the sample allows the entire sample to be translated through
all four focal planes, and thus imaged in 3D in its entirety by all four cameras.
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Fig. 1.13 Multi-imaging axis microscope. The four arms are arranged around the four
objectives in a symmetric fashion.

Fig. 1.14 Alignment of the first two units. The focus of one objective lens is clearly
visible in this photograph (in the center of the drop of fluorescent dye). The orientation
of the two lenses is outlined.
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Fig. 1.15 The space opposite to objective no. 2 (other lenses omitted) is used to insert
a capillary into the sample region between the lenses. The sample is embedded in a
cylinder of agarose gel that is pushed out of the capillary. To acquire four complete
three-dimensional stacks of the sample it is translated in the vertical direction (z-axis).
In this illustration the capillary is shown not to scale (actual diameter of the agarose is
300 pum).

1.5 Experimental methods and results

1.5.1

This section explains the processes of sample preparation, image acquisition,
and image preprocessing necessary to get a three dimensional image of a sam-
ple. The resolution improvement in the MIAM by multi-view combination is
demonstrated with a test sample.

Sample preparation

Obviously no conventional sample preparation on a cover slip is applicable in
a multi-lens system such as the MIAM. However, the space between the lenses
is about 3 mm in diameter, which leaves enough space for a micro capillary to
be moved close to the focal planes of the objectives. The sample is embedded
in an agarose gel. The solidified gel, which is = 300 ym in diameter, is extruded
from the capillary, so that the sample can be imaged free of an extra glass inter-
face that can introduce severe distortions. The agarose is prepared at very low
concentrations and its optical properties, i. e. its refractive index, are therefore
nearly identical to water. Distortions due to the sample supporting material and
mounting medium are minimal.

The sample embedded in the agarose and held by a micro-capillary can be trans-
lated in three dimensions with a mechanical stage. The capillary is moved close
to the center of the lens arrangement and enough agarose is pushed out of the
capillary to permit a unhindered view of the sample. The field of view of each
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1.5.2

lens is about 40 um x 50 um. For samples in this size regime a maximum travel
of = 100 um is sufficient to move the sample through the focal planes. This is
performed in a precise manner with a piezo stage. The z-axis (see Fig. 1.10) has
been chosen for the direction of this translation.

The sample is imaged in the MIAM with all four lenses simultaneously. It is
moved through the focal planes in a stepwise fashion along z. After each step
the illumination light (laser light for fluorescence excitation or LED for scattering
contrast) is turned on and all cameras are triggered to acquire an image. Imme-
diately after acquisition the illumination light is turned off to minimize exposure
of the sample.

The cameras acquire images at a maximum rate of about seven frames per sec-
ond. During stack acquisition the frame rate is limited by the stage speed, re-
sulting in a frame rate of 1-2 frames per second. The 8-bit images of all cameras
are saved to disk upon acquisition.

Data pre-processing

For the acquisition of a three-dimensional stack, the sample in the MIAM is not
moved along the optical axis of the objective lens like as is usually done in mi-
croscopy. The direction of translation (z-axis) intersects with the optical axes
1-4 at an angle of 9/2 =~ 54.7°. Hence, a translation of Az along the z-axis cor-
responds to movement of Az - cos(9/2) along the axial and of Az-sin(9/2) along
the lateral direction of each lens. This means that the raw data appears to be
sheared as illustrated in Fig. 1.15. In addition, the sample that is scanned along
+z is moved away from objectives lenses 1 and 2 and is moved towards objec-
tives 3 and 4.

After this the four data sets are scaled to have identical pixel sizes in all three
dimensions. The image stacks are all rotated so that the stacks extend along
the z-axis. Finally, the data set are registered by performing a correlation. The
elementary preprocessing steps that are performed on the data taken with the
MIAM (see Fig. 1.16) are summarized in table 1.1.

The sample used here to illustrate the resolution-improving ability of the MIAM
is a suspension of 200 nm fluorescent latex beads in a cylinder of agarose gel. La-
tex beads of this size represent a well-defined test sample commonly used to in-
vestigate the performance of microscopes. Figure 1.17(a) shows a projection of
the raw 3D data stack from camera 1, which consisted of 400 slices of 960 x 1280
pixels with an approximate volume of 40 yum x 50 um x 100 um. Figures 1.17(b)-
(e) show subvolumes of Fig. 1.17(a), containing 12 beads each, as viewed by the
four cameras. It is clear that the images of the beads are axially elongated and
that the anisotropy of the resulting resolution is different for each camera.
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Fig. 1.17 Maximum-value projections, 200-nm fluorescent beads. (a) Large field-
of-view image, CCD 1. (b), (c), (d), and (e) Cropped images of CCDs 1, 2, 3, and 4,
respectively. Fusions of data from (b)-(e) by (f) arithmetic average and (g) weighted
average are also shown. Swoger et al. (2003)
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Fig. 1.18 Line scans through 3D stacks of a 200-nm bead. Dashed curves CCD 1. Solid
curves, weighted-average fusion image. Inset, projections (perpendicular to optical
axis of CCD 1) from CCD 1 and the fusion data set; arrows indicate line scan directions.
Swoger et al. (2003)

1.5.3 Data fusion

The arithmetic-average fusion of the four single-lens data sets is shown in Fig.
1.17(f), and the weighted average is in Fig. 1.17(g). With both methods the bead
images are clearly more symmetric than any of the single-camera images in
Figs. 1.17(b)—(e): The axial elongation of the bead images has been eliminated. It
must be emphasized that, although Fig. 1.17 shows projections along only a sin-
gle direction, the observed isotropy is actually a 3D property of the fused images.
A small improvement in the resolution is attained by use of the more computa-
tionally demanding weighted average.

To further illustrate the resolution improvement that the MIAM can provide, line
plots through the images of one of the beads are shown in Fig. 1.18. Here the
combined and lateral single-lens line plots are virtually identical, but the axial
elongation is eliminated by the fusion of the four views. To determine the actual
resolution of the images, one must correct for the size of the bead. To first order
this can be done by subtracting the bead diameter (200 nm) from the measured
image widths; the resulting resolutions of the different MIAM modes are listed in
Table 1.2. The size of the single-lens and fusion PSFs’ FWHM are shown, as well as
the relative resolution gains that the MIAM provides. As expected from Fig. 1.17,
this quantification shows that the arithmetic average yields results similar to,
but slightly worse than, the weighted average. With the weighted-average fusion
the isotropic resolution is slightly inferior to the lateral resolution measured for
a single lens; however, this is more than compensated for by the dramatic de-
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Table 1.2 Resolution and Gain®. Swoger
etal. (2003)

Method Lateral Axial Volume

Theoretical FWHM
Singlelens 303nm 1340nm 64 aL®

Experimental FWHM
Singlelens® 257nm  1927nm 68 aL
Arithmetic 359nm  359nm 24aL
Weighted 334nm  334nm 19aL

Experimental Resolution Gains?
Arithmetic 0.72 5.4 2.8
Weighted 0.77 5.8 3.5

4 FWHM (PSFsinglecamera) / FWHM(PSFfusion) .
b Mean, cameras 1-4.
¢ 1al=10"'8L.

crease in the axial elongation (a factor of 5.8), yielding a gain in the volume res-
olution of 3.5x.

No image restoration or deconvolution has been performed on the data pre-
sented. Since the fusion methods described in this work retain the linear, spa-
tially invariant properties of the single-camera images, application of appropri-
ate deconvolution algorithms should provide further significant increase in the
resolution of the MIAM.

In conclusion, the data presented in this chapter demonstrate that the MIAM can
be an extremely effective technique for imaging fluorescent samples that are at
least as thick as 300 um, with a volumetric increase in resolution by a factor of
at least 3.5, compared with the equivalent single-lens system, and an essentially
isotropic PSF. The combination of MIAM imaging with optical trapping and ma-
nipulation is described in the next chapter.



2. The Differential Active Optical Manipulator

In classical optical microscopy the sample under investigation is spatially fixed
between a glass slide and a cover slip. This mounting procedure is adequate for
cell cultures in which the cells grow on cover slips and are already in contact with
a glass interface. However, these cells are kept under artificial conditions that do
not represent the conditions found in tissue where cells are surrounded by other
cells. Therefore it is doubtful whether some results obtained from cultured cells
are applicable to cells as components of tissues and organisms.

Contemporary biological experiments increasingly demand configurations in
which the sample is kept under physiologically relevant conditions. This could
e. g. be realized by embedding the sample in an appropriate scaffold (see chap-
ter 3) or by having the sample freely floating in a liquid medium rather than stuck
to a coverslip. Such systems are applicable to single cells, tissues, and whole em-
bryos. There is still a requirement for a means to confine and translate the sam-
ple in a microscope in which the sample floats and is not mechanically fixed.
It has been shown that such tasks can be performed gently by applying optical
forces (Ashkin, 1997). Optical tweezers (Ashkin et al., 1986), including the re-
cently developed dynamic multiple-beam optical tweezers (Grier, 2003), have
been shown to be valuable tools in several fields.

The Differential Active Optical Manipulator (DAOM) (Huisken et al., 2004c) pre-
sented in this chapter utilizes four collimated laser beams arranged along the
axes of a tetrahedron to confine and move a microscopic sample in an aque-
ous medium. The DAOM makes use of a distinctive advantage of collimated
light: in contrast to optical tweezers, this instrument allows movement of the
confined particle over long distances without mechanical scanning. Only scat-
tering forces are exploited to provide ultra-long working distances. The optical
Earnshaw theorem (Ashkin and Gordon, 1983), which states that a small particle
cannot be trapped solely by scattering forces, is overcome by introducing a feed-
back system. The beams’ forces superimpose in their common volume, and the
total force (magnitude and direction) on the particle can be set by adjusting the
beams’ intensities. This can be done quickly and independently for each beam.

As a demonstration, latex beads (20 um in diameter) are moved across the whole
field of view of the MIAM using 100 um diameter beams. Active and automated
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feedback can be implemented to ensure that the sample is held in place or trans-
ported to a specified position as desired. This allows focusing and lateral trans-
lation of the microscopic sample, which are common tasks in microscopy.

Because the system is realized in the framework of the MIAM, which has been
introduced in the previous chapter, the sample is observed from four directions
simultaneously. This demonstrates the instrument’s potential as a universal ma-
nipulator in connection with high-resolution isotropic light microscopy.

In the following, the forces in collimated beams are explained and the use of the
tetrahedral arrangement is motivated. The optical forces in such a four beam
manipulator are calculated, the experimental setup is presented and recorded
video sequences are analyzed and discussed.



2.1

2.1.1

2.1.2

Optical manipulation

Introduction

Various techniques of optical manipulation have found widespread use in the
past decades: from the first experiments by Ashkin (1970) demonstrating that
laser light can exert forces on dielectric particles, to routinely applied optical
tweezers (Ashkin et al., 1986). The applications are wide-spread, ranging from
molecular biology and single molecule experiments to sorting devices and mi-
croscopic machines and motors (Ashkin, 1997). All instruments that exploit op-
tical forces make use of a laser as the light source. However, the laser light can
be manipulated in various ways to generate the desired optical trap.

Generally, one can distinguish between (1) instruments exploiting only the axial
scattering force to confine a sample and (2) instruments that in addition provide
an axial gradient force that is present in highly focused beams to form a sta-
ble 3D trap. The first group of experiments includes “optical levitation” (Ashkin
and Dziedzic, 1971) and “optical guiding” (Gauthier and Frangioudakis, 2000);
the second group refers to “optical tweezers” or “single-beam gradient traps”
(Ashkin et al., 1986). Optical tweezers were invented because the single weakly
focused laser beam in levitation experiments can only trap particles in 2D. How-
ever, as shown in this work, multi-beam arrangements can compensate for this
deficit, thereby opening new perspectives and allowing exploration of new areas
of optical manipulation.

In any beam of light, optical forces arise as soon as the light is scattered at an
object exposed to the beam. Depending on the presence of local gradients a
dielectric particle experiences different forces.

Collimated beams

Optical forces can be demonstrated using a collimated or weakly focused laser
beam: a particle with a higher refractive index than the surrounding medium
(which we will always assume in the following) is confined to the optical axis
and pushed along the beam (Ashkin, 1970). Looking at a bead placed off-axis in
a Gaussian laser beam (Fig. 2.1) we see that axial scattering and lateral gradient
forces are responsible for this phenomenon. Any scattering of the light at the
particle will exert a force along the beam’s axis. Lateral gradients, e. g. in case of
a Gaussian intensity profile, give rise to an additional force component point-
ing towards the beam’s axis. The momentum transfer by a ray bundle close to
the axis (A in Fig. 2.1a) is higher than one by a ray bundle that is farther away
from the beam (and therefore less intense, B). The resulting total force is di-
rected along the beam and towards the beam’s axis (Fig. 2.1b). Once the particle
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2.1.3
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(2004a)

has reached the axis, it is pushed along the beam. This holds true as long as
lateral confinement is strong enough to keep the particle on-axis. Under these
circumstances a particle can be moved along any desired distance.

Note that this single beam does not yet act as an optical trap. The particle is con-
fined on the optical axis (i. e. two-dimensionally confined), but can still move
along the beam.

Optical levitation and active feedback

Optical levitation (Ashkin and Dziedzic, 1971) can be performed by directing the
beam upwards. In this case the scattering force is anti-parallel to and counter-
acted by gravity (see Fig.2.2a). If the laser beam is intense enough to overcome
gravity the particle will be levitated. Depending on the laser power, optical prop-
erties, position, and density of the particle it will rise, sink or remain at rest.

By making the beam slightly diverging one can provide a range of intensities
and a particle introduced to the system above the focus will come to rest where
optical forces cancel gravity. The trap is now stable in the sense that any ex-
cursion from the rest position, either laterally or axially, will give rise to optical
forces pushing the particle back to the potential minimum. These experiments
are mostly performed in air, where buoyancy is negligible. The laser beam is fo-
cused by a long focal length lens into a glass chamber, which helps to reduce air
flow. Particles can be injected into the beam from above and will come to rest



2.1.4

ﬁf scatiering farce SN ﬁ Fig. 2.2 a: Optical levitation. The
particle is axially confined by a bal-
ance of optical scattering forces and
;___ W oratient force ___‘ gravity. Laterally an intensity gra-
dient ensures on-axis position. b:
Optical Tweezers. In the tight fo-
cus of the laser beam gradient forces
pull the particle into the focus: the
particle is trapped near the focus.
Huisken et al. (2004a)

levitation optical tweezers

above the focus (Huisken, 2000; Huisken et al., 2002).

Another way to trap, i. e. three-dimensionally confine, samples is by actively ad-
justing laser power of an upwards directed beam. By this method the particle
can also be moved along the beam in a controlled fashion (Ashkin and Dziedzic,
1976). Detection of the particle position facilitates automatic implementation
of such system. However, the system still relies on gravity. The maximum down-
ward force is that due to gravity (when the beam is switched off) and the particle
sinks freely. This generally makes this kind of trap fragile in the axial direction.

Optical Tweezers

Things change when the laser beam is strongly focused. Now axial gradient
forces can become strong enough to counteract the scattering forces (Fig. 2.2b).
This results in a stable three-dimensional trap (optical tweezers, Ashkin et al.
(1986)) that is completely independent of gravity. Therefore it is also called
single-beam gradient trap, and is usually operated in aqueous medium where
gravitational effects are negligible. The particle is trapped in a position shortly
behind the focus where the forward directed scattering force is balanced by the
gradient force, which is directed towards areas of higher intensities.

In contrast to optical levitation, the particle is trapped in a fixed volume close to
the focus. The particle cannot be moved by simply changing the laser power. In
optical tweezers, increasing the intensity strengthens the trap and reduces the
trapping volume, whereas decreasing the power enlarges it. Lateral movement
of the sample can be performed by scanning the beam. Axial movement can be
induced when the focus is moved axially by shaping the beam appropriately in
the objective back focal plane. The range over which this can be done is limited
by the abberations that become pronounced when using the objective to trap
away from the designed focal plane. Usually this distance is in the order of 40 um
(Sinclair et al., 2004).
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Table 2.1 Comparison: Optical Guiding (a) vs. Optical tweezers (b). Huisken et al.

(2004a)
a) All-Optical Guiding b) Optical Tweezers
collimated beam strongly focused beam (high NA lens)
no / weak axial gradient high axial gradient
only lateral confinement three-dimensional trap
particles can be moved over any distance small distances

changes in intensity can reposition particle beam or objective has to be moved

low NA

Back focal plane beam shaping is done in holographic tweezers with spatial light
modulators (Curtis et al., 2002; Rodrigo et al., 2002). These devices impose a
phase shift at each pixel in an array. A precalculated phase pattern can then:
create a trap at a defined position, create a whole array of traps, or move a trap
across the field of view when the pattern is changed. However, the distances
over which a sample can be moved is limited by the resolution of the spatial
light modulator and is usually in the order of 50 um (Sinclair et al., 2004). Again,
the axial distance is limited by the performance of the objective lens away from
the focal plane. Because the underlying basis is still the gradient force trap, a
high NA lens with its intrinsic short working distance is essential.

An optical manipulator for microscopy that can be used to translate the sample
under observation should feature the following: a long working distance (to be
capable to handle large samples); sufficient lateral working range (the distances
over which samples can be transported should be large and span at least the
full field of view); the axial travel range should be at least large enough to move
the whole sample of interest through the focal plane; any translation should be
fast and precise, ideally without mechanical movement of any part of the mi-
croscope. Often the ability to trap several particles at once is not needed, and
therefore, keeping the features mentioned above in mind, a solution based on
low NA lenses utilizing weakly focused beams is favorable. A summarizing com-
parison of optical guiding and optical tweezers is shown in Table 2.1.
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2.1.5 Multi-beam arrangements

Using a single laser beam a particle can be confined on the optical axis (Fig. 2.3a).
The scattering force is directed along the beam and can be varied by adjusting
the beam’s power. This can be done quickly and precisely with acusto-optic
modulators (AOM). Particles can be moved over very large distances (several
mm) as long as lateral stability is provided.

A stable and flexible horizontal trap, however, can only be achieved by using
more than one collimated beam. Two counter-propagating beams (Fig.2.3b)
can be used to transport a particle along their common axis (Ashkin, 1970). The
scattering forces generated by the beams are balanced at a point between their
foci; lateral stability is obtained by a strong lateral gradient, as in levitation. One-
and two-dimensional manipulation has been achieved by utilizing the diverging
beams from optical fibers (Collins et al., 1999).

A two-beam trap was realized using two fibers that guide light of a 1064 nm
laser. Figure 2.4 shows a photograph of the setup. Two 20x microscope objec-
tive lenses were used to focus the laser light into the chamber. The beams are
adjusted to counter-propagate with their foci being a few hundred micrometers
apart. By modulating the intensity of one or both of the beams it was possible to
move 10-30 um glass beads along the common beam axis. The results confirm
the observations of Ashkin (1970).

A feature common to all of the above techniques is that they rely on lateral op-
tical intensity gradients to provide stable traps. By varying the intensities of the
beams the axial position of the particle can be set. Laterally the particle is con-
fined on the axis, the lateral forces being dependent on the beam profile, inten-
sity, and the particle size.
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bead

Fig. 2.4 Setup of a two-beam trap. The laser light emanating from the two fibers
is collimated by lenses and focused by microscope objective lenses into a chamber.
The beams are aligned such that they counter-propagate and that their foci are a few
hundred microns apart. A particle can be trapped between the foci and moved along
the beams’ common axis.



2.1.6 Four beam manipulation

For a three-dimensional manipulator that relies only on scattering forces, the
minimum requirement for stability is a set of four beams (Fig.2.3c), although
for the one-dimensional case alternating beams have been demonstrated to cre-
ate a temporal gradient sufficient to passively trap a particle at a fixed location
(Ashkin and Dziedzic, 1985). A tetrahedral geometry has been proposed as a trap
for atoms (Minogin, 1982), but was soon declared to be unfeasible. According
to the optical Earnshaw theorem (Ashkin and Gordon, 1983), a small dielectric
particle cannot be trapped using only the scattering force of optical radiation.
In this work it is demonstrated that this restriction can be overcome, and that
microscopic objects can be confined and moved in a controlled fashion by in-
troducing a feedback system that controls the powers of the beams.

The Differential Active Optical Manipulator (DAOM) presented here does not re-
quire high NA objectives: in fact, the intensities gradients are deliberately min-
imized so that there is no location at which passive stable trapping can occur.
In such a system, varying the intensities of the four beams independently allows
adjustment of the direction and magnitude of the optical scattering forces act-
ing on the sample. This, coupled with a 3D position sensor that feeds back to
control the beam intensities, allows arbitrary active positioning of the sample.
In consequence, a particle can be moved in 3D over distances limited only by
the beam diameters and the field of view of the position sensor.

In the DAOM the four beams are arranged along the axes of a tetrahedron and
are collimated in their volume of intersection. The optical forces generated by
the beams add in their common volume (see Fig. 2.5) and the total force (magni-
tude and direction) acting on the sample is set by adjusting the intensities of the
beams. This offers the possibility of moving the sample along arbitrary paths
within a volume of about 100 yum x 100 um x 100 um = 1nL. Focusing and lat-
eral translation of the microscopic sample, which are common tasks in three-
dimensional light microscopy, are easily implemented.
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Fig. 2.5 Simplified geometry of the DAOM (not to scale). The four objective lenses
(OL1-OLy) that collimate the laser beams, a bead and one beam are shown, and the
directions of all four dominant (axial) forces are indicated. (Huisken et al., 2004c)



2.2

2.2.1

Theory

In this section the optical forces acting on a sphere in a collimated beam are
calculated. The calculations are based on ray optics and are therefore only valid
for the case of relatively large particles with respect to the wavelength of the
trapping beam (radius R >> 1 um). The results obtained from a single beam are
used to describe the forces in a tetrahedral trap like the DAOM.

Forces in collimated laser beams

The light pressure on a fully absorbing surface in a medium (refractive index ny,)
is (Jackson, 1975)

_ nranz @.1)

p= 2uoc?’ '
and is exerted along the direction of light propagation. c is the speed of light in
vacuum , (g is the magnetic field constant, and E is the electric field strength,
which at the waist of a Gaussian beam is
_ APpgc 2

E? = 5 e v, (2.2)
W27 Ny

with laser power P and radius w of the beam at the waist. Hence, the pressure in

a Gaussian beam is op ,
nm _2re nm
=——e w = —1], (2.3)
wemce c

where I is the intensity of the beam at the point where the absorption occurs.
The light pressure is linearly dependent on the light intensity.

If the light is not fully absorbed but rather reflected and transmitted, the pro-
cess can be described by absorption followed by re-emission in the direction of
reflection and transmission. In the following, we consider a ray bundle repre-
senting the beam propagating through the particle. At each interface the rays
are reflected and transmitted, which results in an optical force acting at the in-
terfaces.

As a particle we consider a sphere with radius R and index of refraction ny, that
we assume to be homogeneous. It is immersed in a medium with a refractive
index ny, < np. The vector pointing from the center of the particle to the surface
in cartesian coordinates is

r(p,9) = Reé(p,?) (2.4)
&(p,9) = (cosgsind,singsind, cos ) (2.5)

where &(¢p, 9) is the unit vector of the spherical coordinate system. This vector is
perpendicular to the surface of the particle.
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Fig. 2.6 Aray traverses a bead and is partially reflected and refracted.

The beam propagates along z (Fig. 2.6)

b=(0,0,1) (2.6)
and is off axis by Ax. The beam has a Gaussian intensity profile and is incident
on the particle with intensity

I(p,9,A%) = Z—ie‘z“x‘m“yz” wt 2.7)
Tw

In the following we assume that the beam is well collimated over the full working
range of the manipulator, i. e. all rays are assumed to be parallel and the intensity
of the beam is described by (2.7).

At the first point of intersection the angle of incidence (i. e. the angle between &
and —b) is (Fig. 2.6)
a(p,9) =arccos(—e-b)=m-19. (2.8)

The angle of refraction inside the sphere according to Snell’s law is

B(p,9) = arcsin (Z—m sin(a(¢p, 19))) . (2.9
p

The rays are partially reflected and refracted, and the intensities are given by the
reflection and transmission coefficients according to the Fresnel formulas*

tan(a — B)*>  sin(a - pB)?
2tan(a + B)2  2sin(a+ f)2’
T(@,p) = 1-R@p). (2.10b)

R(a, B) (2.10a)

The direction of the transmitted ray t; can be obtained by rotating the vector
—&(p,9) by the angle — 8 about the axis

a)(p,0) = é(p,9) xb. 2.11)

*For simplicity the formulas used here do not take polarization into account.



Rotation of a vector @t about an axis ¥ by an angle y yields

tcosy+ (1 —cosy)(V- WV +siny (¥ xd). (2.12)

The intensity of the transmitted ray is

L1 (p,9,Ax) = (@, 0,AX) T (a, B) . (2.13)

The direction of the reflected ray is obtained by rotation of the vector &(¢p, )
about the axis a; (¢, 9) (2.11) by the angle a. The intensity is

L1(p,9,Ax) =1(p,9,Ax)R(a, B) . (2.14)

The resulting pressure p; at (¢,9) is

n ~ N
P1= —mCOSCZ(Ib—Irylf‘l _It,ltl) . (2.15)
C

The factor cos @ accounts for the fact that the rays hit the surface at an angle a.

The transmitted ray traverses the sphere and hits the surface again at the coor-
dinates (¢, ) (Fig.2.6)

$(p,0)
w(p,0)

@, (2.16a)
9+2B(p,0) —7. (2.16b)

The ray intersects the surface at an angle . The direction of the reflected ray t,
is obtained by rotating the vector —&(¢, ) around the axis & x t; by the angle — 5.
Its intensity is

Lo2(p,9,A%x) =L1(p,9,Ax)R(a, B). (2.17)

The transmitted ray leaves the surface at an angle a. The direction is obtained
by rotating the vector &(¢,w) around é x t; by the angle a. Its intensity is

Lo (9, 9,A%) = Iy (@, 0,Ax) T (a, ) . (2.18)

The resulting pressure p» at (&, ) is

n, N N N
p2 = Tm cos B(I;1t1 — L pfr — I pta) - (2.19)

The total force on the sphere is obtained by integration over the half of the sphere
that faces the incident beam,

F= f de f d9(p1 (@, 9) + p2(p, 9)) sinOR?. (2.20)

- /2
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Fig. 2.7 Optical forces on a spherical particle in a collimated beam as a function of the
lateral displacement of the sphere from the beam’s axis. R = 2,5,10,20um, np = 1.6,
nm =1.33, P=10mW, w =50 ym.

We neglect further reflections within the particle as having negligible intensity
(Wohland et al., 1996).

Because of the cylindrical symmetry of the forces on a particle in a collimated
beam it is useful to split them into two components: lateral and axial. The axial
component pushes the particle along the propagation direction of the beam and
the lateral component is directed towards the axis and can confine the particle
to the axis (see section 2.1.2).

The optical forces were calculated according to the above model for four differ-
ent particle sizes from 2 um to 20 um and the following parameters: n;, = 1.6,
nm = 1.33, P = 10mW, w = 50 um. As can be seen in Fig. 2.7 the axial force fol-
lows the intensity profile of the beam: it is strongest in the center of the beam
and drops off to the sides. The lateral force looks like the negative derivative of
the axial force curve. Its magnitude is maximal when the lateral intensity gradi-
ent is maximal. In general, the optical forces on a sphere in a collimated beam
increase with particle size. At the same time the lateral force becomes more pro-
nounced as the particle size approaches the beam width.

The larger the sphere relative to the beam diameter, the larger the lateral gradi-
ent force relative to the axial scattering force. In Fig. 2.8 the optical forces along
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Fig. 2.8 Optical forces in a single collimated Gaussian beam. The larger the bead the
more pronounced are lateral forces that confine the bead to the optical axis.

and across a beam are plotted for the same Gaussian beam (w = 50 um). In the
case of the 2 um bead the lateral gradient does not provide a significant addi-
tional force, while the axial force is modulated by the intensity gradient. How-
ever, in the case of the 20 um bead the lateral gradient leads to a strong lateral
force pushing the particle towards the beam’s axis. As we will see in the following
section this influences the overall forces in a tetrahedral trap.

Forces in a four beam manipulator

In a multi-beam manipulator, in which N collimated beams are used to confine
and move a sample, the total optical force on a particle is the sum of N axial and
N lateral force components

N P;
F=3 —(Fai+Frat1).- (2.21)
=1 P 0
We assume that the relative power of each beam P;/ Py can be adjusted indepen-

dently of the others, and neglect the effects of inter-beam interference.

The axial force components F,x; are directed along the axes a; (see section
1.4.1) and depend on the distance d; of the particle to the axes

Fax i(d;) = Fax,i(d;) a; . (2.22)

The displacement vector d; from a point at x to an axis &; is

d; = (x-a;)a; —x. (2.23)
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Fig. 2.9 In the Differential Active Optical Ma-
nipulator (DAOM) four trapping beams are ori-
ented along the axes of a tetrahedron. Each
beam is collimated by an Achroplan 63x, NA =
0.9 lens. In the center of the lens arrangement
the beams overlap in a volume ca. 100pum in
diameter.

The lateral force components F, ; are directed along this vector d;

Flat,i(di) = | Fag,i (d)d; . (2.24)

The Differential Active Optical Manipulator (DAOM) presented in this work uses
four collimated beams. The collimated beams are provided by four objective
lenses that are arranged along the axes of a tetrahedron as shown in Fig. 2.9.

From section 1.4.1, the four axes are arranged along the directions

A 5 T N ) \/T

a; = (—\/j,(), \/g), a = (\/;,0, g), (2.25a)
A > 1 . 2 \/T

a3 = (0,—\/:—\/;), a; =(0, \/;,— §)' (2.25b)

For this configuration, the total optical force on a 2 um sphere is calculated and
plotted in Fig.2.10 for the case of equal beam powers. The forces in the x-y-
plane (Fig. 2.10A) are directed towards the center of the manipulator. The forces
are strongest at a distance of ca. 25 um from the center. The forces of all four
beams cancel in the center of the manipulator, where no optical force acts on the
particle. Looking at the x-y-plane, it seems as if the four beams provide a stable
trap and the particle can be trapped passively in the center. However, looking
at a plane in which one of the four optical axis lie we see that the particle can
escape along the direction of this axis (in Fig.2.10B this is shown for objective
lens number 4).

As has been shown in Fig. 2.7, the axial scattering forces dominate over the lat-
eral gradient forces in the case of a small bead (e.g. R = 2 um) relative to the
beam width (w = 50 um). This means that without any lateral gradient forces
the tetrahedral configuration cannot provide a stable trapping position. How-
ever, a stable trap can be achieved by actively compensating for any drift of the
particle. In addition, the particle can be trapped and manoeuvered across the



overlap of the four beams by actively changing the power of the four beams. In
our example (Fig.2.10B), once the bead has left the center position along the
axis of beam 4, it can be moved back into the center by increasing the powers of
beams 1-3.

Figure 2.11 shows the same plot for a much larger bead (R = 20 um). The lat-
eral gradient forces of beams 1-3 are strong enough to overcome the axial forces
and confine the bead to the center of the trap. This, however does not limit the
functionality of the DAOM. There are only weak lateral gradient forces involved,
and these can be overcome with axial forces. This is in contrast to optical tweez-
ers where strong axial gradient forces are always present and do not allow the
transport of the particle along the beam.

In the DAOM the goal is to provide a means to transport the particle across long
distances. As has been explained in the introduction, this can be done by the use
of collimated laser beams. It has been shown that for a single beam without an
axial gradient no stable trapping is possible, which at the same time leaves the
possibility to move a particle over long distances. Using four collimated beams
assures that the particle can be moved in any direction by simply changing the
intensities of the beams. This is demonstrated in section 2.4.

In addition to the optical forces, the sample in the DAOM can experience buoy-
ancy, friction, and thermal forces. If the sample is at rest, the sum of all forces
must vanish: A

0= Fopt,i(X 1) +Fp +Fr(v(1)) + Fy (D). (2.26)

i=1

The buoyancy Fy, is a gravitational effect and depends solely on the relative den-
sity of the sample and its volume. The friction F¢(v(?)) is a function of the sam-
ple’s velocity relative to the immersion medium v(t). F¢(¢) describes the thermal
forces that cause the sample to exhibit Brownian motion. These forces are not
under the direct control of the experimenter, and can cause the particle to be
disturbed from its desired position. However, the optical forces Fopy,; (X, ), can
be controlled temporally via interactive feedback to keep (2.26) fulfilled (see sec-
tion 2.4).

In order to change the position of the sample, the optical forces are varied so as
to provide a net force that pushes the sample in the desired direction. Once the
target position is reached, the forces are again balanced and the DAOM ensures
a zero net force. Only in the case of a desired displacement or an external per-
turbation is this balance briefly disrupted. It should be noted that (2.26) can be
satisfied by an infinite set of optical forces. Theoretically, any combination of
optical forces whose sum balances buoyancy and friction can be chosen. This
gives us the freedom to reduce the total power sufficiently to exclude optical and
thermal damage to the sample.
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Fig. 2.10 Optical forces on a R = 2 um bead in the DAOM with all four beams set to
equal intensity. In (A) the projection of the forces in the x-y-plane are shown. In (B)
the projection of the forces in the plane in which the x-axis and the optical axis 4 lie
is shown. The particle will be pushed out of the manipulator along one of the optical
axis. The beams have a radius of w = 50 um.
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Fig. 2.11 Optical forces on a R = 20 um bead in the DAOM with all four beams set to
equal intensity. In (A) the forces in the x-y-plane are shown. In (B) the plane in which
the x-axis and the optical axis 4 lie is shown. Such a large bead is stably trapped in the
center of the manipulator. The beams have a radius of w = 50 um.
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2.3

Setup

The Multi-Imaging Axis Microscope (MIAM) introduced in chapter 1 provides an
ideal frame work for a tetrahedral optical manipulator. The objective lenses that
are used for the imaging can at the same time be used to shape the manipulation
beams.

The setup of the DAOM (without most of the parts required for the MIAM) is de-
picted in Fig. 2.12. It consists of two units. One unit (Fig. 2.12a) provides the four
beams for sample manipulation. The output of a laser (Nd-YAG, A = 1064 nm)
is split into four beams by an arrangement of mirrors and beam splitter cubes.
Each beam passes through an acousto-optic modulator (AOM), which provides
fast, precise, and independent attenuation. Each beam is then coupled into a
single-mode polarization-preserving optical fiber, which guides it to the second
unit consisting of the optics required for the manipulator and the sample obser-
vation (Fig. 2.12b). See the appendix for detailed drawings and photographs of
the setup.

The tetrahedral configuration of the four beams is realized by a set of four iden-
tical microscope objectives (Zeiss, Achroplan 63x, N.A. 0.9, water dipping) ar-
ranged along the tetrahedron’s axes of symmetry (as in the MIAM). The arrange-
ment is shown in (Fig.2.12b) in a simplified drawing, omitting the mechanical
components that hold the objectives. The distance between the objectives is
chosen such that their focal planes intersect at a single point in the centre of the
tetrahedron. With a working distance of 1.46 mm the objective lenses provide
sufficient space to inject the sample into the drop of water that fills the volume
between the four lenses and is held in place by surface tension. The optics con-
sist of four identical arms, only one of which is shown in Fig.2.12b. The light
exiting the fiber is focused by a lens into the back focal plane of the objective
lens. The resulting collimated beam passes through the volume between the
four objective lenses and exits the sample region through the space between the
opposing three objectives. The four beams intersect in the centre, defining the
manipulation volume, which is currently about 1 nL = (100 pm)S.

In addition to manipulation, the objective lenses also allow high-resolution ob-
servation of the sample. A dichroic mirror (transparent to the NIR manipulation
beam) reflects visible light from the sample to a tube lens, which forms an image
of the object on the CCD chip of a camera (Sony XCD-SX900, 1280 x 960 pixels).
This allows one to follow the movement of the sample in three dimensions by
analyzing the four simultaneously recorded camera views. Moreover, the data
acquired with the four cameras is complementary, since it yields multiple views
of the sample (see chapter 1). In the following experiment each view represents a
field of approximately 144 um by 108 um. The sample is illuminated with an ex-
ternal lamp (not shown) and is imaged by its scattered light. However, it should
be noted the system is not restricted to scattered light: other microscopy tech-
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niques (e.g. fluorescence, see section 1.5) can also be applied to visualize the
sample.

The space between the lenses is about 3 mm in diameter, and is filled with a drop
of aqueous medium held in place by surface tension. The sample is injected into
this droplet and can then be manipulated optically. The user interface on a com-
puter shows all four camera views and provides full control over the intensity of
the four trapping beams, so that the sample can be translated along any axis to
allow acquisition of a three-dimensional image stack.

Four position sensitive devices (PSD) are integrated to track the sample during
the experiment. For this purpose, infrared LEDs (1 = 880nm) is used to illumi-
nate the sample and the back-scattered light is imaged onto the PSDs. Each PSD
provides a 2D position signal, and the signals of all four PSDs are used to calcu-
late the exact 3D position of the sample. This position detection system has not
been completed during this work.

The DAOM integrates very well into the concept of the MIAM. For the MIAM each
arm of the microscope consists of a fiber for fluorescence excitation, an LED for
scattering contrast, and a camera for detection. For the DAOM a fiber for the
trapping beam, an infrared LED, and a PSD are implemented. Such a unit is re-
produced four times, and they are assembled as shown in Fig. 2.13. For a list of
components, drawings, and photographs see the appendix.



Fig. 2.13 Setup of a single arm integrating the MIAM and the DAOM in one instrument
(top). The four parts are assembled to give a tetrahedral arrangement with both the
MIAM and DAOM functionality.
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2.4

Experimental results

In the DAOM latex beads with a diameter of 20 um have been trapped and ma-
nipulated within the field of view of the cameras. Three examples are shown
here to demonstrate the functionality of the DAOM.

Figure 2.14 shows selected frames from a video sequence taken with two cam-
eras (CCD; and CCD3), demonstrating the ability to move a bead through the
focal planes while observing it. First, the bead was translated to the initial posi-
tion shown in frame 1 by adjusting all four beam intensities. The power incident
on the bead during the experiment was in the range 0-20 mW per beam. In the
sequence depicted, only the intensities of beams 1 and 2 were modulated. How-
ever, beams 3 and 4 were held at constant power and were crucial to perform
this experiment. Starting with the situation in frame 1 and increasing the inten-
sity of beam 2 resulted in a movement along the direction sketched in the panel
below frame 1. The result after seven seconds was a defocus on camera 2 (frame
2). This was accompanied by a shift towards the top of the frame on camera 1
and a slight defocusing.

Next, the movement was reversed by attenuating beam 2. The result is shown in
frame 3, where the situation is the same as in frame 1. The slight lateral offset
is due to the fact that the powers of beams 3 and 4 were not corrected during
this sequence. The same procedure was repeated with beam 1. Its intensity was
increased and decreased resulting in a focusing and defocusing on camera 1, as
shown in panels 3-5. The whole procedure from frame 1 to frame 5 took 45s.
During that time the bead moved only slightly laterally, so beams 3 and 4 were
left at a constant power. The sequence shown here represents a focusing pro-
cedure that is common in microscopy when acquiring three-dimensional image
stacks. The sample was moved by 15 ym with a speed of up to 2 #m/s along both
imaging axes. However, any three-dimensional path can be achieved by control-
ling all beams simultaneously.

3D manipulation is demonstrated by capturing and manipulating 20 ym diam-
eter latex beads within the field of view of the cameras. For these experiments
the field of view has been increased by addition of a 2.8 x telescope in each of
the camera ports. Figure 2.15 shows two selected frames from a video sequence
taken with cameras CCD; to CCD4, demonstrating the ability to move the sam-
ple into the centre of all fields of view. The bead, which was initially centered
in the field of view of camera 1 (Fig. 2.15a) but happened to be too close to that
lens, was moved towards the centre of the microscope by increasing the inten-
sity of beam 1. Once the particle reached its destination, the beam powers were
again balanced, bringing the bead to rest (Fig. 2.15b). The total distance the
bead was moved from the edge of the field to its centre is 69 ym (Fig. 2.15c). It
should be noted that this was limited by the field of view of the cameras (144 ym
by 108 um). Trajectories in any direction covering distances on the order of the



moving along axis no. 2 moving along axis no. 1

CCD4 cCD, cCD4 cCD,

Fig. 2.14 Focusing of a 20 um latex bead in the DAOM as seen with cameras CCD;
and CCD». The sequence of images has been extracted from a movie. Between frames
the orientation of the two lenses OL; and OL> is shown, and the direction in which the
bead is pushed is sketched. Objectives OL3 and OL4 are omitted from the sketch for
clarity. The left panel shows the movement along the axis of OLy and the right along the

axis of OLj. The bead is repositioned away from, and then back towards, the objective.
(Huisken et al., 2004a)
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Fig. 2.15 Moving a 20 um diameter latex bead in the DAOM as seen with cameras
CCD;-CCDy4. Two frames from a video sequence are shown. (a) Initial situation: the
bead is only clearly visible in the field of view of CCD1, scale bar: 20 um. (b) Pushing
with beam 1 moves the bead in the field of view of all four cameras; it is also now in fo-
cus on CCD1. Arrows indicate the direction the bead was moved. (c) three dimensional
graphical representation of the bead’s movement. Blue and green: bead in the position
from frames a and b, respectively; orange: axes of the four beams. (d) coordinates of

the bead over time. (Huisken et al., 2004c)



Fig. 2.16 Centering a bead and translation across the field of view. (a) Selection of the
bead of interest (arrowhead). (b) The bead is centered in all four fields of view. (c)-(d)
By adjusting the powers of all four beams the bead is moved across the fields of view.
Circles indicate the previous positions, scale bar: 20 um. (Huisken et al., 2004c)

manipulation beam’s width (100 um) are feasible within the volume of beam in-
tersection. The sample can be transported into the manipulation volume along
the beams’ axes over even longer distances. Fig.2.15d shows the coordinates
of the bead’s centre relative to the centre of the microscope, which have been
extracted from the sequence by video analysis. The bead moved in —x and +z-
direction while maintaining the position in the y-direction, consistent with a
force applied in the direction of beam 1. The absolute speed was about 3um/s.
The sum of all four beam powers was kept constant (< 50 mW,, i. e. < 6 uW/um?)
during the experiment: from frame a until frame b (phase II) beam 1 was more
intense than the other three by a factor of 3.4, and in phases I and III the powers
of all four beams were the same.

Figure 2.16 shows a situation where two beads are visible in the fields of view.
One bead was selected (arrowhead) and by actively adjusting the intensities of
the four manipulation beams it was moved into the centre of the microscope
(Fig. 2.16b). Subsequently, this bead was moved back and forth across the fields
of view (Fig. 2.16c-d). The second bead was ignored and quickly drifted out of
the fields of view. This shows that the common functions of translation and fo-
cusing of a sample can be easily performed and any three-dimensional path can
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be achieved by controlling all beams simultaneously.

Conclusion

Trapping and active movement of the sample in a microscope can be gently per-
formed by applying optical forces. In the DAOM four infrared laser beams are ar-
ranged along the axes of a tetrahedron and are approximately collimated within
the vicinity of their region of intersection. The DAOM makes use of a distinctive
advantage of collimated light: in contrast to optical tweezers, this instrument
allows movement of the confined particle over long distances without mechani-
cal scanning. The beams’ forces superimpose in their common volume, and the
total force (magnitude and direction) on the particle can be set by adjusting the
beams’ intensities. This can be done quickly and independently for each beam,
allowing us to move a particle along arbitrary paths within a volume of about
1 nL. Active feedback can be implemented which ensures that the sample is held
in place or transported to a specified position as desired. This allows focusing
and lateral translation of the microscopic sample, which are common tasks in
microscopy. During manipulation the particle is simultaneously observed from
four sides.

In our current implementation, samples with a diameter ranging from 1 um to
more than 50 um can be optically confined and moved across distances of al-
most 200 um. The total distance that particles can be moved is limited by the
field of view (i. e. the magnification of the system) and the size of the manipu-
lation beams. The principle of the DAOM can be easily adjusted to other scales;
beam diameters and magnification can be chosen as required. In our current
implementation these parameters were chosen to fit samples that are of interest
in the life sciences, ranging from single cells to small embryos. The use of colli-
mated laser beams instead of highly-focused beams provides ultra-long working
distances, which are especially advantageous for the manipulation and observa-
tion of large samples like embryos in developmental biology.

By controlling the beam powers via the AOMs, we have developed a means of
transporting samples in a system requiring no moving parts. This eliminates
the vibrations, creep, and hysteresis that generally accompany positioning with
a mechanical stage. The speeds achievable, several micrometers per second,
are primarily limited by the viscous drag that the samples experience in the
medium, and by the applied optical power.

In this work we have introduced the principle of the DAOM and experimen-
tally demonstrated its validity. However, for this proof-of-principle we have em-
ployed a simple, relatively slow feedback system with a response time of ca.1s.
This limits the speed at which motion corrections can be performed, and ac-
counts for the accuracy of a few microns seen in Fig. 3d. However, we are cur-



rently implementing a much faster feedback system (response time <1 ms), in
which case we anticipate that the positioning accuracy will be limited by the
resolution of the imaging optics, rather than the response of the feedback sys-
tem.

The principle of the DAOM can be easily applied to a range of different sized sam-
ples. The diameter of the manipulation beams and the magnification of the ob-
jective lenses have to be chosen appropriately for the sample of interest and the
desired working distance. We believe that the DAOM is an ideal manipulator for
various samples, especially fragile samples in the life sciences that require gentle
handling. The fact that the samples can be observed from four sides simultane-
ously makes the system especially interesting for multi-view microscopy like the
MIAM.

The DAOM has great potential in many disciplines that require manipulation of
relatively large samples, e.g. embryology and colloidal physics. Compared to
optical tweezers, long-range 3D sample manipulation is achieved, which gives
a distinct advantage for many applications. The fact that the manipulator is set
up inside a microscope that consists of four objective lenses (MIAM) makes it
ideally suited for three-dimensional light microscopy, especially multi-lens ar-
rangements that provides excellent resolution with low NA (and therefore long
working distance) lenses in large samples. The ability to acquire views from four
different directions while manipulating the sample without mechanical contact
offers new perspectives in the fields of trapping and imaging.
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3. Selective Plane lllumination Microscopy

The MIAM presented in the first chapter is an example for a multi-view micro-
scope in which the sample is observed simultaneously from four sides. It is a
camera based widefield microscope that can image samples of up to ca. 150 ym.
By multi-view combination of four data sets an isotropic resolution was ob-
tained with a gain in the volume resolution of 3.5x.

As discussed in section 1.2.1, multi-view combination can increase the resolu-
tion in a fully transparent sample in which all features are present in all data sets
as shown for the MIAM in section 1.5. However, the method of multi-view com-
bination is also useful when some data sets contain information about parts of
the sample that does not appear in other data sets. In this case, the multi-view
combination increases the overall information content in the fused data set. In
the fused image all the information of the individual data sets is gathered, and a
resolution improvement can be obtained in areas where the data sets overlap.

In the Selective Plane Illumination Microscope (SPIM) presented in this chapter
the data for of multi-view combination is obtained using a stage that allows ro-
tation of the sample with respect to illumination and detection axes. This allows
consecutive acquisition of images from different sides of the sample. In con-
trast to the MIAM, in which four views are simultaneously acquired, in the SPIM
the number of views can be adapted to the complexity of the sample. A large
number of different views can be obtained and combined by image processing
using one of the methods described in section 1.3. However, the views are ac-
quired one after the other, which limits the speed at which multi-view data can
be acquired.

The SPIM is well suited for a large range of samples, from a few tens of microns
up to a few millimeters in size. As will be shown in the course of this chap-
ter, the SPIM is especially useful in the imaging of large samples (100 ym-1mm).
By multi-view combination it was possible to obtain a full 3D image of an in-
tact Medaka fish embryo. This has been impossible with existing microscopes.
Partially transparent samples about 1 mm in size make great demands on the
microscope. The penetration depth at which a useful signal can be recorded is
generally limited and depends on the scattering properties of the tissue. A sin-
gle SPIM data set features a good penetration depth which can then be further
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improved by multi-view combination.

Techniques that provide optical sectioning like e. g. the confocal microscope are
clearly advantageous when imaging thick samples. Optical sectioning is present
when the information content of a single image is restricted to the in-focus parts
of the sample. Any out-of-focus components of the image are suppressed, or
better, not generated in the first place. The SPIM provides optical sectioning in a
straightforward and elegant way. Only the plane in focus is illuminated so that
no out-of-focus fluorescence is excited and therefore cannot spoil the image.
This technique allowed us to follow the complete embryogenesis deep inside
the fruit fly Drosophila melanogater in vivo.

This chapter gives a short introduction to optical sectioning techniques and
in particular how sectioning can be obtained by selective illumination. The
experimental setup of the SPIM is described in detail. Images of Medaka and
Drosophila demonstrate the performance of the microscope. The chapter ends
with a discussion including a comparison of confocal and SPIM.



3.1

3.1.1

Challenges of imaging large samples

Imaging of microscopic details deep inside large biological samples is a desir-
able competence for medicine, pathology and in particular for developmental
biology. Especially challenging is the attempt to follow embryogenesis both in
space and in time (4D imaging). The visualization of organogenesis or embry-
onic gene expression for the analysis of developmental processes at the molec-
ular level are applications that are becoming increasingly important. Important
goals of multidimensional imaging are to acquire the complete spatio-temporal
pattern of genes or to track the tissue of interest during the development of an
intact embryo (in fotoimaging, Megason and Fraser (2003)). In order to visualize
the precise 4D distribution of developmental events such as specific gene acti-
vation, the wide range from small scale (sub-cellular) to large scale (millimeters)
processes need to be followed. Ideally such events, which can last from seconds
to days, will be observed in live and fully intact embryos.

Several techniques have been developed that allow mapping of the 3D structure
of large samples (Ruffins et al., 2002). Gene expression has been monitored by
in situ hybridization and block-face imaging (Weninger and Mohun, 2002). This
procedure of fixing embryos at various stages of development, physically sec-
tioning them, staining the sections, imaging, aligning, and combining the sec-
tions is cumbersome, and it destroys the embryo irretrievably. Techniques that
provide non-invasive sectioning, as opposed to those which destroy the sample,
are clearly advantageous, and are indispensable for live studies. Optical projec-
tion tomography (Sharpe et al., 2002) has been shown to be a very promising tool
capable of imaging fixed embryos at high resolution. Although magnetic reso-
nance imaging (Louie et al., 2000) and optical coherence tomography (Huang
et al., 1991) feature non-invasive imaging, they do not provide specific contrasts
easily.

Optical sectioning

In optical microscopy, green fluorescent protein (GFP) and its spectral variants
have become the least invasive labels, and are therefore indispensable tools for
high-resolution visualization of specific protein localization patterns in living
organisms (Chalfie et al., 1994). When viewing GFP labelled samples, optical
sectioning (which eliminates out-of-focus light) is obtainable by laser scanning
microscopy (LSM), either by detection through a pinhole (Confocal LSM, Paw-
ley (1995)) or by exploiting the non-linear properties of a fluorophore (multi-
photon microscopy, Denk et al. (1990)).

The conventional fluorescence microscope has no optical-sectioning capabil-
ity. At each depth in the specimen the total illumination power is the same,
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i.e. the integral over the lateral extend of the PSF (see section 1.1.2) as a func-
tion of depth is constant (conservation of energy)

o0
Eyidefield,int(2) f | hwidefield (7, 2) 1“2 dr = const. (3.1)
0

In contrast, in a confocal microscope and a two-photon microscope the corre-
sponding relations are

Econtint (%) o f | heont(r, )22 r? dr = f |hin (7, 2)* | hget (1, 2122772 dr - (3.2)
0 0

(o0} oo
Eopy,int(2) o f|h2hv(r; Z)|22nr2dr=f(lhm(r,Z)lz)ZZErzdr. (3.3)
0 0

These functions have a maximum in the focal plane (see Fig.3.1), i.e. only a
limited volume close to the focal plane contributes to the final image (depth-
discrimination, optical sectioning). In the confocal microscope, when the sam-
ple is in the focal plane, the fluorescent light is focused onto the pinhole (see
Fig.1.3), and a large signal is detected. On the other hand, when the object is
positioned out of the focal plane, a defocused spot is formed at the pinhole, and
the measured intensity is greatly reduced.

Despite the improved resolution obtained in the axial direction and the section-
ing capabilies, LSM suffers from two major limitations: a limited penetration
depth in heterogeneous samples and a dramatic difference between the lateral
and axial extents of the PSF (section 1.1.4). The limited working distance of high
NA objective lenses, which are required for high-resolution imaging, and the se-
vere drop in signal intensity with increasing depth in heterogeneous specimens
are responsible for the limited working depth of a CLSM. Fig. 3.2 shows images



Fig. 3.2 Drosophila larva im-
aged with a confocal micro-
scope (Leica TCS SP2) using a
20x, NA = 0.7 oil objective.
Maximum projections along x
(left), y (top), and z (center)
show the limited penetration
depth. GFP labels all cell nuclei.

of a Drosophila melanogaster larva taken on a confocal microscope and demon-
strating the limited penetration depth of the system. Hecksher-Sorensen and
Sharpe (2001) had to generate as many as 24 sections 70 pum thick to obtain a full
expression pattern in mouse using a CLSM. A multi-photon microscope can im-
age at greater depths, but at the expense of a lower resolution. A spinning-disk
microscope (Pawley, 1995) can provide images at a much higher speed than the
beam-scanning LSM, but inherits its other drawbacks.

Another approach to obtain optical sectioning was demonstrated by Neil et al.
(1997). A stripe pattern of illumination is used to modulate the fluorescence
excitation light. Three images with shifted patterns are recorded and subtracted.
The out-of-focus contributions in each image are similar and are reduced in the
difference image, while the in-focus information is not attenuated. However,
this technique is slow (compared to traditional widefield imaging) and relies on
a stripe pattern that is not distorted by inhomogeneities in the sample.

As shown in this work, optical sectioning in fluorescence microscopy can be
achieved in a simple and direct manner. A separate optical path is used for the
illumination, which confines the excitation of fluorescence to a limited volume.
In a Selective Plane Illumination Microscope (SPIM) the sample is illuminated
orthogonally to the detection axis (Fig. 3.3).

The excitation light is focused by a cylindrical lens to a sheet of light that illumi-
nates only the focal plane of the detection objective, so that no out-of-focus flu-
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Fig. 3.3 Arrangement of illumination and detection lenses and intensity point spread
functions (PSF) in the SPIM. The light sheet illuminates the focal plane of the detec-
tion system (top left). The theoretical overall PSF (bottom right) is obtained by mul-
tiplying the illumination (bottom left) and detection PSF (top right). A;; = 488nm,
Adet = 520nm, NA;j; = 0.15, NAger = 0.8, 7 = 1.33. Same contour lines and LUT as in

Fig.1.2.



3.1.2

orescence is generated. [lluminating only the in-focus volume provides optical
sectioning, not by rejecting out-of-focus light (as in a CLSM and in the method
by Neil et al. (1997)), but by avoiding its generation in the first place. The idea
of separating illumination and detection has been previously demonstrated to
improve axial resolution in confocal microscopy (theta principle, section 1.1.6).

Because the whole focal plane is illuminated at once, the image can be collected
with a widefield detector (e. g. CCD camera) and no time-consuming scanning is
required. The sectioning effect in the SPIM is similar to that in the confocal mi-
croscope, because the illumination has a profile along the detection axis that is
similar to the integral of the overall confocal PSF along the detection axis shown
in Fig. 3.1. However, because of the orthogonal arrangement of illumination and
detection no out-of-focus light is generated, and parts of the sample that are not
imaged are not affected by the light.

The SPIM is characterized by

Selective Plane Illumination microscope

two separate optical systems for illumination and detection,
light-sheet illumination (optical sectioning),

widefield detection (e. g. with a camera),

rotation of the sample allows multi-view combination.

= 8=

The imaging properties (resolution, sectioning) of the SPIM are again described
by the PSF. As in the confocal (1.9) and in the theta microscope (1.12) the overall
PSF is the product of illumination and detection PSF (Fig. 3.3)

| hspim (X, ¥, 2)I* = | hin (x, ¥, 2) 1%+ | et (%, 3, 2) P (3.4)

Variants of light sheet illumination have been utilized in oceanography to im-
age bacteria (Fuchs et al., 2002) following an idea introduced by Siedentopf and
Zsigmondy (1903) and in 3D light scanning macrography to scan the surfaces of
small specimens (Huber et al., 2002).

Light sheet thickness

For optimal performance the light sheet thickness is adapted to the detection
optics. Ideally, the NA of the illumination system is such that the light sheet has
a uniform thickness across the full field of view (FOV) of the camera dggy. At the
same time it is made as thin as possible. However, the light sheet will always be
thinnest at the focus of the illumination optics. A good compromise is to choose
the NA of the illumination system such that the light sheet is twice as thick on
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the edge of the FOV as in the center.
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Hence, the light sheet width depends on the diameter of the detection field of
view, and thereby on the detection magnification M, as

Aindrov 1
wo =1/ " xx ——. (3.6)
2V3nn VM
The FWHM is given by the relation
FWHM = v2In2uwy, (3.7
and the numerical aperture of the illumination is obtained from
A
NA = . (3.8)
nww

For example a 5x objective lens gives a field of view of 1.32mm with a typical
camera (1024 pixels, 6.45 um/px). Hence, the optimal illumination NA is 0.018
with a FWHM of 7.86 um in the center of the FOV. See the appendix for a table
summarizing relevant parameters of detection and illumination for common
lenses in the SPIM. The profile of the light sheet that is used for the 5x lens is
shown in Fig. 3.4, in which the optical sectioning of the SPIM is readily apparent.

There are two aspects of the light sheet that are relevant to the SPIM: (1) the
light sheet provides optical sectioning, and the extent of this sectioning depends
on the thickness of the light sheet; (2) the light sheet significantly improves the
axial resolution if it is thinner than the axial extent of the detection PSF (this case
is shown in Fig.3.3). The axial resolution is then dominated by the light sheet
thickness and not by the detection lens NA.

If we approximate the PSFs describing illumination and detection by Gaussian
functions we get

2.,~2 22,2 2,2
2 —2x wdet,lat_zy wdet,lat_zz wdet,ax
SPIM,det (X, }, Z)[” X € .

2 -2 2 2 2 2
|hSPIM,ill(x» ¥ Z)|2 o efzx Wit ax =2V Wi 1ar =227 Wiy (3.10)

the multiplication of the two yields

oy 2(1-2 -2 9 12(1-2 2 52002 -2
207 (Wt tar+ Witand) =2 (Wet jar+ Wilar) ~22 (wdet,ax+will,lat) (3.11)

2
[hspim (X, 3, 2)|” o< €
2.,-2 2 2,=2 2.,,=2

— e—2x Wige —2Y" Wipr —22° Wiy (3.12)
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Fig. 3.4 Sectioning performance of the SPIM in reflection mode. The image of a mirror
surface is shown, taken with the Fluar 5x, 0.25 lens with (A) plain illumination (lamp)
and (B) SPIM illumination. The configuration is shown in the inset (C). In (A) the large
depth of focus and the lack of sectioning is obvious. In contrast the SPIM provides
sectioning and reduces the depth of focus (B). (D) shows the profile of the light sheet:
the FWHM is 6.5 um. (Huisken et al., 2004b)
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The lateral resolution of the SPIM is not influenced by the illumination because
of its uniformity perpendicular to the detection axis. In contrast the axial resolu-
tion can be dominated by the lateral extent of the light sheet if this is significantly
smaller than the axial extent of the detection PSF. However, the axial resolution
cannot become worse than the axial resolution of the detection lens if the light
sheet is much thicker. In this case, while the light sheet does not significantly de-
crease the size of the PSF, it can still contribute to the image quality by providing
optical sectioning.

It is important to note that even if the light sheet is thicker than the axial extent
of the objective PSF, it can still significantly improve the resolution in a thick
fluorescent sample. This is because in practice the resolution is affected by the
image contrast (Stelzer, 1998). In a 500 um thick sample imaged in the SPIM with
a 10 um wide light sheet, the contrast will be improved by a factor of up to 50x
compared to imaging with uniform illumination. In addition to this, in the SPIM
a further increase in resolution can be obtained by multi-view reconstruction.

Imaging in heterogeneous tissue

Despite the optical sectioning capabilities, the high resolution, and the good
penetration depth of the SPIM, it can, like any fluorescence imaging system, suf-
fer from scattering and absorbing tissue between the excited structures and the
detection system: in large and highly scattering samples the image quality de-
creases as the optical path length in the sample increases. This problem can
be compensated by multi-view reconstruction, in which multiple 3D data sets
of the object are collected from different directions and combined in a post-
processing step (section 1.2). The high-quality information about the sample
is extracted from each data set and merged into a single, superior 3D image. It
was shown in chapter 1 that this can be done with parallel image acquisition by
using more than one lens for the detection of the fluorescence in the MIAM.



3.2

3.2.1

3.2.2

The Selective Plane lllumination Microscope

Setup

Fig. 3.5 shows the major components of the SPIM. A series of lasers (HeNe, Ar-
ion) provide lines for fluorescence excitation (e.g. 488 nm, 543 nm). An opti-
cal system, which includes a cylindrical lens, focuses the laser light to a thin
light sheet. The sample is mounted in a transparent, low concentration (0.5 %)
agarose gel. This agarose is prepared from an aqueous solution adequate for the
sample, in our case phosphate buffered saline (PBS), providing a suitable bio-
logical environment for a live sample. The cylinder of agarose containing the
sample is immersed in PBS, which virtually eliminates refractive imaging arti-
facts at the agarose surface. The cylinder containing the sample is held from
above by a translation and rotation micropositioning device. By using the four
available degrees of freedom, the sample can be positioned such that the excita-
tion light illuminates the plane of interest.

An objective lens, a detection filter and a tube lens are used to image the dis-
tribution of fluorophores in the illumination plane onto a CCD camera (Hama-
matsu Orca-ER, 12 bit, 1344 x1024 pixels). For this purpose the detection axis is
arranged perpendicular to the axis of illumination. A variety of lenses (prefer-
ably designed for imaging in water without a cover slip) can be used, with mag-
nifications ranging from 2.5x to 100x. The light sheet thickness is adapted to
the detection lens, i. e. the light sheet is made as thin as possible while keeping
it approximately uniform across the field of view of the objective lens. Its thick-
ness is typically between 2 and 8 um. Translation of the sample along the de-
tection axis and successive image acquisitions deliver a three-dimensional data
stack representing the sample’s fluorophore distribution. Fig. 3.6 shows a three-
dimensional representation and a photograph of the setup.

The technique of selective plane illumination intrinsically provides optical sec-
tioning, since no out-of-focus light is generated. This is demonstrated in Fig. 3.7
for a sample of fluorescent beads 1 um in diameter. A dramatic improvement
in the axial resolution is clearly visible. Whereas the widefield picture shows no
sectioning, the data set taken with light sheet illumination shows a dramatic re-
duction in the axial extent of the beads.

Data collection for multi-view reconstruction

In the SPIM the data for multi-view reconstruction is collected sequentially by

generating multiple stacks of images and rotating the sample between each stack.

Sample deformations during rotation are avoided because the rotation axis is
vertical (parallel to gravity), with the illumination and detection axes in the hori-
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Fig. 3.5 Selective Plane Illumination Microscope. (A) Schematic of the sample cham-
ber. The sample is embedded in a cylinder of agarose gel. The solidified agarose is
extruded from a syringe (not shown) that is held by a mechanical translation and ro-
tation stage. The agarose cylinder is immersed in an aqueous medium, which fills the
chamber. The sheet of excitation light enters the chamber through a thin glass win-
dow. The microscope objective lens, which collects the fluorescence light, also dips
into the medium with its optical axis orthogonal to the plane of the excitation light.
The objective lens is sealed with an O-ring and can be moved axially to focus on the
plane of fluorescence excited by the light sheet. In a modified setup, for low magni-
fication lenses not corrected for water immersion, a chamber with four windows and
no O-ring is used. In this case, the objective lens images the sample from outside the
chamber. (B) Basic components of the microscope. Laser light emanating from a fi-
bre is collimated. A cylindrical lens focuses the light in one dimension and forms a
light sheet that penetrates the sample. This plane of illumination is then imaged onto
a camera by a microscope objective lens and a tube lens. The fluorescence emission
filter is required to reject scattered excitation light and to select the spectral detection
band. (Huisken et al., 2004b)
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Fig. 3.6 Schematic of the major components of the SPIM (top) and a photograph
showing the microscope in the same orientation (bottom).
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3.2.3

Fig. 3.7 1 um fluorescent beads imaged in the SPIM with light sheet illumination (A,D)
and conventional illumination (B,C). Maximum value projections along y, perpendic-
ular to the detection axis are shown. In A and B a single bead is shown in false colors
with a logarithmic look-up-table.

zontal plane (see Fig. 3.5). In contrast to other tomographic reconstruction tech-
niques (e. g. Sharpe et al. (2002)), which require extensive processing of the data
to yield any meaningful 3D image, the rotation and subsequent data processing
are optional in the SPIM. They allow a further increase in image quality and axial
resolution compared to a single stack, but in many cases a single, unprocessed
3D SPIM stack alone can provide the desired information about the sample.

Image processing outline

A single 2D slice acquired with the SPIM has a maximum size of 1344 by 1024
pixels (pixel pitch in the camera is 6.45 um) and a dynamic range of 12 bits. An
axial stack is acquired with a step size of 0.5 um to 5 um between slices. For the
multi-view reconstruction, multiple stacks are recorded, rotating the sample be-
tween stacks. Most multi-view data sets consist of 4-8 views with 200-300 planes
per stack. A time lapse function allows consecutive recordings over time.

The data processing stages required for the fusion of our multi-view SPIM images
are (similar to the processing steps perfomed for the MIAM data, section 1.3):

1. Pre-processing
This includes cropping of the region of interest in all three dimensions (to
reduce computation times), rescaling along the detection axis (to make
the lateral and axial voxel dimensions equal), and rotation of the data sets.

2. Registration
This is the process of aligning the different views of the sample so that fea-
tures visible in more than one view overlap spatially. For the purpose of



the registration, the stacks are high-pass filtered (to reduce background-
induced artefacts) and cross-correlated. The position of the resulting cor-
relation peak determines the translation that is applied to register the pre-
processed images obtained in step 1.

3. Fusion (as described in section 1.3)
The final stage is to fuse the pre-processed and registered views into a sin-
gle, optimal image, i. e. to extract the high resolution features from each
view and combine them into a single data set. The data sets were fused

by:

(a) Fourier transforming the individual views, yielding complex value
data sets.

(b) For each spatial frequency (i. e. each voxel in Fourier space), we se-
lect the (complex) value from the view with the largest magnitude,
and insert it into the new, fused data set.

(c) Inverse Fourier transforming to obtain the final, fused image.

Because the data stacks were quite large (there are 1201 x 659 x 688 voxels in the
data sets shown in Figs. 3.9, 3.10, and 3.11, next section), the fusion was done
sequentially on smaller sub-regions from which the final data set was assem-
bled as a 3D mosaic. This not only simplifies the processing of large data sets,
but also permits different views to determine the weighting of the same spa-
tial frequency in the different sub-regions of the sample. Thus only the high-
information-content portions of each view contribute to the final fusion.

If the data sets overlap sufficiently in the multi-view reconstruction, the lateral
detection resolution determines the system resolution, i.e. ideally the multi-
view reconstruction compensates the poor axial resolution from any single view
with information from others, and provides a nearly isotropic resolution (as in
the MIAM, see chapter 1).

The above algorithm is non-iterative, which makes it possible to implement it in
a reasonably computationally efficient form. For the processing of the images
presented in this work, the algorithms were implemented in MATLAB 6.1, run-
ning on a 1.8 GHz Windows 2000 based personal computer. The total process-
ing time required to produce the Medaka fusion (next section) was = 24 hours;
however, the processing time can be reduced considerably by implementing the
algorithms in an optimized, compiled computer language.

The above processing algorithm is in principle applicable to other optical mi-
croscopies. However, the traditional method of mounting the sample between a
glass slide and a cover slip means that recording stacks from multiple directions
is not generally practical.

81



82

3.3

Example 1: Medaka fish embryo

To demonstrate the sectioning capability of the SPIM deep inside extended ob-
jects Fig. 3.8 shows a four day old fixed medaka (Oryzias latipes) fish embryo
(stage 32, Iwamatsu (1994)). Medaka is a well established model organism for
studies of vertebrate genetics and development (Wittbrodt et al., 2002). The
transgenic line Arnie was generated by injecting medaka embryos at the one
cell stage with a construct containing 5 Kb of Fugu genomic region upstream
of the fugu Ath5 gene and the GFP coding region as reporter, flanked by I-Sce
meganucleases recognition sites (Thermes et al., 2002). The Arnie line shows
GFP expression in the ganglion cells, driven by the Fugu Ath5 promoter, as well
in the developing muscle tissue, by an enhancer trap effect. Four day old em-
bryos were fixed for one hour in 4% PFA/PBS and then dechorionated. The yolk
was then removed and the embryo was mounted in a low melting temperature
agarose cylinder and imaged in the SPIM. The maximum intensity projections
of the stack (3.8) clearly illustrate that SPIM can provide high resolution (better
than 5 ym) as deep as 400-500 um inside the fish. According to our experience
such penetration depths are not possible using a CLSM. The lateral resolution of
the SPIM is generally limited either by the NA of the detection lens or the pixel
size of the camera. For the data set presented an area of 1.5x 0.85 mm? is imaged
with a 1.4 megapixel camera. In this case, the lateral resolution of the detection
lens (1.1 um for the 5x, 0.25 lens) is not fully exploited and the images are un-
dersampled (Stelzer, 1998).

The restoration process in a multi-view reconstruction is demonstrated with
four stacks taken from four orientations of the same sample. Figure 3.9 shows
four pre-processed data sets projected along two axes. Regions in the single
views that contributed most to the final result were those requiring minimal op-
tical path lengths inside the sample.

Combination of these stacks by image processing in Fourier space (section 1.3)
yields a complete view of the sample, which is ca. 1.5 mm long and ca. 0.9 mm
wide. The drop in image quality with penetration depth is compensated in the
fused stack. No noticeable degradation deep in the sample or elongation of fea-
tures along any of the four detection axes remain visible (Fig. 3.10). Figure 3.11
shows volume renderings of the individual views and the fused data.

Fusion of the data sets yields an increased information content in the result-
ing reconstruction in regions that were obscured (by absorption or scattering in
the sample) in some views. This is possible because information about regions
of the sample that were poorly imaged in one orientation is provided by data
sets taken with another orientation. If the data sets sufficiently overlap in multi-
view reconstruction, the lateral resolution also determines the axial resolution,
i. e. the multi-view reconstruction compensates the poor axial resolution from
any single view with information from others, and provides a nearly isotropic
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Fig. 3.8 Medaka embryo imaged in the Selective Plane Illumination Microscope by
two different modes of illumination. Lateral (A,B) and dorsal-ventral (C,D) maximum
projections are shown. A,C: Demonstrating the imaging properties of a conventional
widefield microscope, the sample was illuminated without the cylindrical lens, result-
ing in a uniform illumination (no light sheet). There is no optical sectioning; the elon-
gation of fluorescent features along the detection axis is clearly visible (C). In contrast,
the selective plane illumination (B,D) provides optical sectioning. Here, the excitation
light was focused to a light sheet by the cylindrical lens. Both image stacks were taken
with a Zeiss Fluar 5x, 0.25 objective lens. (Huisken et al., 2004b)
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Fig. 3.9 Medaka embryo (same as in Fig. 3.8) imaged in the SPIM with different orien-
tations. The sample was rotated mechanically and for each orientation (0°, 90°, 180°,
270°) a stack was recorded. The stacks were then re-oriented in the computer to align
them with the stack recorded at 0°. Lateral (A-E) and dorsal-ventral (F-J) maximum
projections are shown. Particularly well resolved are parts that were close to the de-
tection lens and facing the illumination plane (arrow heads). E.g. the left eye is best
resolved in the orientation 0° (F) whereas the right eye is best seen in view H (180°).
The fusion of these four data stacks yields a superior representation featuring similar
clarity and resolution throughout the entire specimen (E,J). The image combination
procedure inherently favors well resolved and bright over poorly resolved and less well
visible features. Images were taken with a Zeiss Fluar 5x, 0.25 objective lens. (Huisken
etal., 2004b)



Fig. 3.10 Dorsal-ventral (A) and lateral (B) maximum-intensity projections of the
fused data set from Fig. 3.9. The high resolution throughout the entire fish allows one
to identify labelled tissue: rgc, retinal ganglion cells; so, superior oblique; io, inferior
oblique; ir, inferior rectus; sr, superior rectus; im, intermandibualaris; hh, hyohyal; rc,
rectus communis; dpw, dorsal pharyngeal wall; fad, fin adductor; fab, fin abductor; sm,
somitic mesoderm; tv, transverse ventrals. The stack has a size of 1201 x 659 x 688 pix-
els (1549 um x 850 um x 888 um). (C) volume rendering showing a ventral view of the
fish. (Huisken et al., 2004b)
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Fig. 3.11 Volume rendering of the data sets shown in Fig.3.10 in an anterior orientation. The four pre-processed data sets are shown on the outside,
and the fused image stack is in the figure. The fused data set represents a complete image of the fish and all details from the individual data sets are
preserved. (Huisken et al., 2004b)
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resolution. Even though a total of 1000 images were taken, photo bleaching was
negligible due to the economical use of excitation light and the efficient collec-
tion of fluorescence light.

Example 2: Drosophila melanogaster

The method of embedding the sample in a low concentration agarose cylinder
is one that can be efficiently employed with live specimens. Live medaka and
drosophila melanogaster embryos were successfully imaged over periods of up
to three days without detrimental effects on the embryogenesis and develop-
ment of the sample. As an example a time-series of the complete embryogene-
sis of the widely studied model organism, the fruit fly drosophila melanogaster,
is shown in Fig. 3.12. GFP-moesin labels the plasma membrane throughout the
embryo (Edwards et al., 1997). Slices are shown at depths of 49 and 85 um of
a single stack at different time points. Even without multi-view reconstruction,
features inside the embryo are identifiable and traceable. Stacks (56 planes each)
were taken every 5 minutes over a period of 17 hours in an automated fashion,
without refocussing or realignment. Even after being irradiated 11480 times the
fly embryo remained healthy and the embryogenesis completed normally.

It is also possible to use the SPIM technique for higher magnification and reso-
lution imaging, as demonstrated in Fig. 3.13, which shows slices from a single-
view SPIM stack. Here the pole cells of a Drosophila embryo in the cellular blas-
toderm stage are imaged with a NA = 0.8 water dipping lens at a resolution well
below 1 um. The individual cell membranes and the distribution of the spheri-
cal pole cells on top of the hexagonal somatic cells and the cortex are clearly vis-
ible. Although there is some degradation of image quality with depth (the side
of the sample on which the illumination is incident, i. e. the bottom in Fig. 3.13,
is sharper than the opposite side), even without multi-view image fusion the
optical sectioning provided by the SPIM allows imaging of the interior of this op-
tically diffuse embryo.
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stage 11:

7:45h germ band elongated

stage 13:
germ band retracted,
dorsal closure starts

10:30 h

stage 14:
dorsal closure, head
involution

12:10 h

stage 17:
organogenesis
completed

15:50 h

Fig. 3.12 Time-lapse of drosophila melanogaster embryogenesis. Six out of 205 time
points acquired are shown. At each time point 56 planes were acquired, from which
two are here shown at depths of 49 um and 85 um below the cortex. No multi-view
reconstruction was performed. The optical sectioning capability and the good lat-
eral resolution are apparent. Despite the optically dense structure of the drosophila
embryo, features are well resolved at these depths in the sample. For this figure, the
images were oriented such that the illumination occurs from below. This results in a
slight drop in intensity and clarity from the bottom to the top (of each slice). Neverthe-
less, the information content across the embryo is nearly uniform, single cells can be
tracked over time, and the overall movements and embryonic events can be followed.
The images were normalized to exhibit the same overall intensity, thus compensating
the continuous production of GFP-moesin. The stages and the prominent events are
listed on the right. 205 stacks at 5min intervals were taken with a Zeiss Achroplan
10x, 0.30W objective lens (56 planes per stack at 4 um spacing): 11480 images in total.
(Huisken et al., 2004b)
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3.5

3.5.1

3.5.2

Performance of the SPIM

Lateral resolution

The lateral resolution of the SPIM is limited either by the NA of the detection
lens or the pixel size of the camera. For the Medaka data sets presented an area
of 1.5 x 0.85mm? is imaged with a 1.4 megapixel camera. In this case, the lateral
resolution of the detection lens (1.1 um for the 5x, 0.25 lens) is not fully exploited
and the images are undersampled (Stelzer, 1998). However, SPIM technology
can be applied to any magnification and NA. Water dipping lenses with working
distances of 1-3 mm (NA =0.3-1.0) are particularly well suited for the current
implementation of the SPIM. The primary niche of the SPIM is in imaging thick,
intact samples such as whole embryos of 100s of yum to mm in size, which are
generally imaged with relatively low magnification and NA (e.g. 5%, NA = 0.25
for the Medaka). They cannot be imaged with high NA lenses because of their
intrinsic short working distances of these lenses.

Comparison with confocal microscopy

Optical sectioning in fluorescence microscopy has been obtained in the past
mainly by confocal laser scanning microscopy (CLSM, Pawley (1995)). The lim-
ited working distance of high numerical aperture (NA) objective lenses, which
are required for high-resolution imaging, and the severe drop in signal inten-
sity with increasing depth in heterogeneous specimens are responsible for the
limited accessible depth when imaging with a CLSM (see Fig. 3.14).

In a CLSM, fluorescence light is collected during the time the focal spot rests at
each pixel (1-10 us). In contrast, a CCD camera is used in the SPIM to detect
fluorescence. Integration times of 0.1s to 1s mean that the laser intensity can
be decreased, reducing the effects of fluorophore saturation (Pawley, 1995). As
an example situation of interest, we compare the power densities used in the
imaging for Fig. 3.14. For the confocal images shown in (A) and (C) we estimate
a confocal spot size in the sample of = 1.3 um and a total power of 250 uW, which
means a power density of ~ 20kW/cm?. For the SPIM images in (B) and (D) the
light sheet was = 10 umx5mm and the power = 5mW, making the power density
~ 10W/cm?. It is clear that although the confocal microscope may suffer from
saturation, the SPIM power density is still more than 3 orders of magnitude lower.

Moreover, in a CLSM the process of imaging a single plane illuminates the entire
volume of the sample (Fig.3.15). When a stack of images is required to deter-
mine the full 3D fluorophore distribution in a thick sample, excessive photo-
bleaching can occur because the entire sample is illuminated many times. In
contrast, in the SPIM only the plane currently being observed is illuminated, and



Fig. 3.14 Projections (A,B) and slices (C,D) from 3D reconstructions of the head region
of a Medaka Arnie embryo, taken with a confocal microscope (A,C) and with the SPIM
(B,D). (A,C) The sample was imaged in an inverted Zeiss LSM510 with a C-Apochromat
10x, 0.45W. Excitation wavelength 488 nm, detection filter LP510nm. The direction
from which the confocal sample was imaged is indicated by the arrow. (A) Maximum
value projection, (C) single slice, gamma = 0.5. (B,D) Fusion of four SPIM views. For all
of the individual views, both the illumination and detection axes lie in the plane of the
image shown, and the rotation axis was perpendicular to the image. Objective lens:
Fluar 5x, 0.25; excitation at 488 nm, detection filter: BP500-550 nm. (B) Maximum
value projection, (D) single slice. (Huisken et al., 2004b)
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A. confocal microscope
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laser beam

lens

fluorescence

detection

B. SPIM )
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Fig. 3.15 Comparison of the image formation in the confocal microscope (A) and in
the SPIM (B). Illumination and detection are shown separately to illustrate that the en-
tire sample is exposed in the confocal microscope as soon as a single plane is scanned.
Only in the detection process is out-of-focus light rejected (by the pinhole) and sec-
tioning is achieved. In contrast, in the SPIM only the in-focus plane is illuminated and
the rest of the sample is not exposed to the light.
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is therefore affected by bleaching (Fig.3.15). The total number of fluorophore
excitations required to image a 3D sample is therefore greatly reduced. Even
though a total of 1000 images were taken to generate the data shown in Fig. 3.10,
photo bleaching was not noticeable due to the economical use of excitation light
and the efficient collection of fluorescence light.

Selective plane illumination intrinsically provides optical sectioning, since no
out-of-focus light is generated. In a CLSM, out-of-focus light is generated, but
rejected by the pinhole. Moreover, in the CLSM the overall signal decreases as
the focal plane is moved deep into scattering tissue, because aberrations cause
the confocality to fail. Scattering of the illumination in any direction will de-
grade the confocal image quality. In contrast, in the SPIM only scattering of the
illumination in one dimension (along the detection axis) causes the broadening
of the light sheet that can deteriorate the image quality. Moreover, the low NA
used in the illumination ensures that aberrations in the illumination process are
minimal (Pawley, 1995).

Figure 3.14 illustrates the differences between confocal and SPIM imaging of
Medaka fish embryos. Although the confocal gives excellent resolution near the
surface of the sample, the penetration depth is minimal, and very little can be
determined regarding the interior structure of this sample (note that contrast
enhancement by using gamma = 0.5 was required to make any internal struc-
ture visible at all). If one were solely interested in surface features, the confocal
system would be ideal, and the resolution could be further improved by using
a higher NA objective lens. However, this would absolutely preclude imaging
the entire sample because currently available high NA lenses do not have suffi-
cient working distance. In contrast, in the SPIM images one can see details of the
structure throughout the sample, although there is naturally some degradation
of the resolution towards the center of the embryo.

Penetration depth and aberrations with SPIM

Depending on the optical properties of the sample, there will be aberrations
both in the illumination and detection processes. The image quality is degraded
the deeper one penetrates into the sample. As with any other microscope, this
is true for single data stacks taken with the SPIM. However, in the SPIM we can
compensate for these effects by multi-view image fusion. For a given region of
the sample, if high resolution information is available in at least one view, the
reconstruction algorithm will favor this over the low resolution information in
other views. The outcome is a high resolution over a much larger volume than in
a single unprocessed stack. If the penetration depth is at least half the thickness
of the sample, high resolution throughout the whole sample can be obtained by
multi-view combination.
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If the illumination beam is scattered or absorbed by features in the sample,
shadowing along the illumination direction can appear. These effects may be
present in all optical microscopies; however, in the SPIM these effects can be
more pronounced because the illumination is collimated, rather than being in-
cident on the sample from many directions. Multi-view combination can com-
pensate for these artifacts, at least in part.
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BD e

Fig. 3.16 Three examples of applications of the SPIM. (A) Resolution improvement
in transparent samples: each stack represents a complete image of the sample, and
the stacks overlap. (B) In nearly opaque samples the limited penetration depth only
permits images of a thin layer below the surface: a complete overview of the sample’s
surface is obtained by combining multiple views. (C) By rotation of the sample in the
SPIM it is possible to avoid obstacles in the beam paths, and single images or stacks
are taken with minimal obstruction.

Conclusion

In summary, the SPIM is a widefield optical microscope capable of imaging deep
inside both fixed and living embryos. By selective illumination of a single plane,
the excitation light is efficiently used to achieve optical sectioning and to elimi-
nate photo-damage in parts of the sample that are not imaged. A versatile stage
allows positioning and rotation of the sample to orient it for optimal imaging
conditions. In addition to single 3D stacks, multi-view reconstruction can com-
bine data sets acquired independently into an optimal representation of the
sample. Although the SPIM is only demonstrated in a fluorescence mode in this
work, the implementation of other contrasts such as scattered light should be
quite straightforward to implement. The system is compact, fast, optically sta-
ble, easy to use, and can be constructed for a fraction of the cost of a CLSM or a
multi-photon system.

To summarize, there are three categories of applications for which the SPIM has
been proven to be useful (Fig.3.16). In a transparent sample (i. e. the penetra-
tion depth is sufficiently high that all multi-view stacks overlap), the multi-view
combination yields a resolution improvement in all parts of the sample, and
the resolution becomes nearly isotropic (Fig.3.16A). If the penetration depth
is limited each multi-view stack can provide only a surface “tile” of the sam-
ple’s exterior regions. In this case the fusion of the data represents a stitching of
these parts together. Since there is little overlap of the regions imaged in differ-
ent views, no significant resolution improvement is obtained (Fig. 3.16B). Most
samples, however, are between cases A and B. As has been demonstrated for the
Medaka sample (section 3.3) the different SPIM views overlap partially, and both
an increase in over-all information and a resolution improvement is visible in
the fused image (Fig. 3.10). The versatile stage of the SPIM allows rotation of the
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sample, which is useful for samples that present obstacles to the beam paths
(Fig.3.16C). Here, the SPIM allows one to orient the sample for optimal imag-
ing conditions. Under these conditions a single SPIM image can be superior to
those from other microscopes, where it would have been impossible to reorient
the sample to see the feature of interest.

The SPIM has the potential to become the tool of choice for the visualization
of gene-expression patterns in a 3D morphogenetic context. Optical sectioning
and reduced photo-damage in large samples together with image improvement
by multi-view reconstruction are key features when studying embryonic devel-
opment and its complex 4D transformations. Because of its speed and its fully
automatable operation the SPIM is an ideal tool for large scale gene expression
studies of developing organisms and the systematic and comprehensive acqui-
sition and collection of expression data to supplement the entries in genome
sequence databases. SPIM technology can be readily applied to a wide range
of samples, from whole embryos down to single cells, and subcellular resolu-
tion can be obtained in live samples kept in a biologically relevant environment.
Therefore, SPIM also has the potential to be of great use in the promising fields
of 3D cultured cells (Abbott, 2003) and 3D cell migration (Webb and Horowitz,
2003).



4. Summary and Conclusion

This work presents some advancements in the fields of high resolution fluo-
rescence microscopy and optical manipulation. It demonstrates that the tech-
nique of multi-view combination can be applied to 3D microscopy data to over-
come some limitations of conventional microscopy: i.e. directional variations
(anisotropy of the PSF) and positional variations of the image quality. Important
requirements for the method of multi-view combinations are that the 3D stacks
can be registered and that they are not spoiled by deformations of the sample.
Both the MIAM (chapter 1) and the SPIM (chapter 3) are shown to fulfill this re-
quirement.

The MIAM has been conceptualized, designed, and build. It represents the first
implementation of a multi-view multi-lens microscope. Using four water dip-
ping lenses arranged along the axes of a tetrahedron the sample in the MIAM is
imaged simultaneously from four sides. Although the idea of such a microscope
is general and can be realized with different objective arrangements and mag-
nifications, we believe that the current implementation of the MIAM is ideally
suited for biological samples with sizes from 1 ym to ca. 150 um. Different meth-
ods to fuse the images have been evaluated, and Fourier-space based methods
are shown to yield excellent results in both the MIAM and the SPIM.

In addition to its multi-view capability, the MIAM incorporates a completely new
concept of sample handling. In the MIAM samples can be kept under physio-
logically relevant conditions, i.e. they do not have to be mounted on a cover
slip. The sample can either be embedded in a low concentration agarose gel (as
shown in chapter 1) or it can be held and scanned by optical forces of the DAOM
(chapter 2). Because of these innovations the MIAM enables new experiments in
e.g. developmental and cell biology that can profit from such sample prepara-
tion.

The DAOM is a 3D optical manipulator, that allows the experimenter to move
the sample over distances of ca. 100 um. This has been impossible with existing
trapping techniques such as optical tweezers, which confine the sample to the
tight focus of a high NA lens. Moreover, it is demonstrated that the Earnshaw
theorem, which states that a trap that relies solely on scattering forces is un-
feasible, can be overcome by the implementation of a feedback system. Optical
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forces are ideally suited to gently hold and manipulate a sample in a microscope.
Therefore, the DAOM fits very well into the concept of the MIAM: it equips the
microscope with a tool to move a freely floating sample in a controlled fashion.
This is a very gentle way to image a sample in a microscope.

Optical sectioning has been obtained in the past mainly by confocal microscopy.
The ability to reject out-of-focus light that can spoil the image in a conventional
microscope is of great value in extended samples. However, the confocal micro-
scope fails in imaging large samples because of its limited penetration depth.
The SPIM presented in chapter 3 is an optical widefield microscope capable of
imaging fluorescence protein expression patterns deep inside both fixed and liv-
ing embryos. By selective illumination of a single plane the excitation light is
efficiently used to achieve optical sectioning and under certain conditions an
increase in axial resolution. Because only in-focus features of the sample are
exposed to the excitation light, photo-damage in parts that are not imaged is
completely eliminated. In the past 18 months SPIM has been used for many
biological experiments; examples using the two model organisms Medaka and
Drosophila are described in detail in this work. They demonstrate that the SPIM
achieves deep penetration in fixed and live samples.

The versatile stage and the method of embedding the samples in agarose al-
lows positioning and rotation of the sample to orient it for optimal imaging
conditions. Independently acquired 3D data sets are combined by multi-view
reconstruction into an optimal representation of the sample. A complete high-
resolution protein-expression pattern of a Medaka embryo, ca. 1 mm in diame-
ter, imaged in the SPIM is presented. It is also shown that such data is difficult or
impossible to record with conventional or confocal microscopies.

In conclusion, some limitations of existing microscopy techniques are overcome
in this work. Image improvement by multi-view reconstruction (in the MIAM
and in the SPIM) as well as optical sectioning and reduced photo-damage in
large samples (SPIM) enable new biological research from subcellular processes
up to embryonic development. Moreover, optical forces (DAOM) and spatial fix-
ation in agarose (MIAM and SPIM) are means to handle fragile samples such as
embryos and will enable such studies as the use of 3D cell cultures to investigate
the morphology, migration, and interactions of cells in a more realistic context
than was possible in the past.
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Appendix

Multi-imaging Axis Microscope (MIAM)
and Differential Active Optical Manipulator (DAOM)
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Fig. 1 Drawings of the objective holder unit for the MIAM, dimensions in millimeters.
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Fig. 2 The assembled view of the four units to hold the objectives in the MIAM.



Fig. 3 Photograph of the core of the MIAM from the side. The four objectives, one
fiber for illumination, and the manipulator for the capillaries (on the right) are visible.

Fig. 4 View of the four objective lenses in the MIAM from above.
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Fig. 5 View on the bottom two objective lenses. The top half is removed.
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Fig. 6 Laser unit of the MIAM. The output of two lasers is combined into one beam
and splitinto four beams which are then directed through AOTFs into fibers. M: mirror,
FC: fiber coupler, BSC: beam splitter cube, AOTF: acusto-optical tunable filter, F: fiber.

Table 1 Main components of the MIAM and DAOM.

quantity supplier item
1 Spectra-Physics Nd-YAG laser, 1064 nm, 10 W
1 Laser 2000 Ar™-laser, 488 nm, 40 mW
1 Coherent HeNe-laser, 543 nm, 5 mW
4 AA AOTE 2 channel
4 AA AOM, 1064 nm
8 Point Source Kineflex fiber coupler
8 Point Source single mode fiber
4 Zeiss objective lens Achroplan 63 x, 0.9W
4 Sony Firewire camera XCD-SX900
1 PI piezo R762.00
4 Hamamatsu PSD S5991-01
Linos mechanical components

(dichroic) mirrors, beam splitters, lenses,. ..
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Fig. 7 Laser unit of the DAOM. The output of the laser is split into four beams which
are then directed through AOMs into fibers. M: mirror, FC: fiber coupler, BSC: beam
splitter cube, AOM: acusto-optical modulator, F: fiber.
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Fig. 8 Detail of the laser unit of the MIAM: AOTFs (red), fiber couplers (black), fibers
(silver), mirrors, and cubic beam splitters. The unit for the DAOM looks similar.



=250
01 LPX 293

500
(plano-convex)

PSD
250

63x, 0.9W

objective lens

156.
125 56.5
=25 fiber-IR, 1064nm
01 LDX 035
C (biconvex)
300 ccb
600
=300
01 LAO 244

(achromat doublet)

(Neso

[—

233

654

> C

=150
01 LDX 201
(biconvex)

LED 820-940nm

106

f=150

01 LDX 201
(bicconvex)

01LDX 101
(biconvex)
282

288.5

\.|

fiber-vis
488 & 543nm

A: 960 DCXXR, trans 1064 >90%, refl 480-940>95%
B: 770 DCXXR, trans 820-940>90%, refl 480-720>95%
C: 610 DCXR, trans 625-850>90%, refl 480-595>95%
D: Dualband 488/680, refl 488, refl 640-680 50%

Fcep: HQ 600/200, 488 & 720-1100 OD6; or, 0G515
Fpsp: D880/60, uv-1100 OD6, except trans 80% in bp

Distances are measured from the OL-BFP in mm

LED 640-680nm
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Selective Plane lllumination Microscope (SPIM)

Fig. 10 The light sheet illumination in the SPIM. The scattered light in the chamber is
visible. The sample is placed in the center of the chamber.



Table 2 Objective lenses used in the SPIM. The light sheet thickness in the center is given. It is double on the edges of the FOV (field of view). NA:
numerical aperture, WD: working distance.

medium name magn. pixelsize/ym FOV/mm NA WD/mm Ry, y/um R;/um lightsheet/um

air Fluar 5 1.290 1.32 0.25 12.50 1.27 16.64 7.86

air Epiplan 10 0.645 0.66 0.20 18.40 1.59 26.00 5.56
water  Achroplan 10 0.645 0.66 0.30 3.10 1.06 15.37 5.56
water  Achroplan 20 0.323 0.33 0.50 1.97 0.63 5.53 3.93
water  Achroplan 40 0.161 0.17 0.80 3.30 0.40 2.16 2.78
water  Achroplan 63 0.102 0.10 0.90 1.45 0.35 1.70 2.21
water  Achroplan 100 0.065 0.07 1.00 0.97 0.32 1.38 1.76
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