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Abstract

In this project, a promising imaging method using near-infrared (NIR]) fluorescent,
[DNAlwrapped carbon nanotubes is applied to study their optical and dynam-
ical behavior in syncytial Drosophila melanogaster embryos.
(commonly known as vinegar fly) is one of the most studied model organisms in
developmental biology and increasingly draws attention from physical sciences. In
hours-long syncytial stage of embryonic development (embryogenesis), nuclei in
embryonic form a highly dynamic DI cortical layer unveiling a multitude
of interesting dynamics. Capturing details of microscopic mechanics during embryo-
genesis on short time scales during such long measurement times pushes demands
for both single-molecule and single-nanoparticle fluorescence experiments to their
boundaries. Semiconducting [NIR] fluorescent are promising novel fluorescent
markers for in vivo studies, since they have unique optoelectronic properties. They
display extraordinary photostability and Stokes shifts that can reach several hundred
nanometers, having an extended excitation spectrum in the visible (VIS)) range. The
photostable and intermittency-free [NIRI fluorescence of enable us to capture
high frequency information of individual trajectories in the living embryos,
making valuable probes for long-time tracking over multiple division cycles
inside living embryos. We solubilize the hydrophobic in watery
solutions and use biochemical linking methods to potentially assess specific binding
of fluorescent to single kinesin-5 molecules in transgenic embryos.
With microinjection we introduce [DNAlwrapped into syncytial

embryos of two transgenic types.

Here, we present a custom-built setup, allowing simultaneous imaging of [CNT|[NIR]
fluorescence and enhanced green fluorescent protein (EGEP)-tagged nuclear histones.
With an infrared (IR]) spectrometer integrated into this and [NIR] wide-field
fluorescence microscope setup, we characterize the excitation spectrum of the
used in our experiments to find the optimal wavelength for excitation of [CNTI[NIRI
fluorescence. During measurements, we combine high frequency [CNTIINIR] signals
with corresponding low frequency nuclear Histone2Av-EGFP (His-EGED)) signals.
This combination of two imaging channels provides a powerful tool for conducting
single-nanoparticle experiments in vivo with correlated with [EGEP labeling
in the channel over a wide time range, enabling us to simultaneously capture
intracellular dynamics on multiple time scales. Within each of these embryos, we
observe individual fluorescence signals and fluorescence of [EGEP] in nuclear



histones during various division cycle phases in the cortical layer. We superimpose
these fluorescence signals measured in different transgenic types of for
qualitative spatio-temporal orientation. Furthermore, we analyze dynamics of func-
tionalized in the cortex of living embryos of different transgenic
Information about intracellular dynamics of in these fly types is obtained
by single-nanoparticle tracking and subsequent correlation analyses of individual
[CNTS From these results, we infer dominant diffusive and sub-diffusive behavior
of in the investigated embryos and find the hydrodynamic length of [CNTs
Furthermore, we demonstrate quantitative results obtained from systematic imaging
in embryonic tissue. In addition, we use [NIR] fluorescent in conjunction with
particle image velocimetry to capture mesoscopic bulk dynamics of the cytoplasmic

flow in developing embryos.
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Introduction

1.1 Motivation

The non-equilibrium character of the environment of single-molecule dynamics in
living system has gained great interest over the last decade [IH§]. A primal example
for out-of-equilibrium systems are living organisms. Single-molecule experiments are
the basis of understanding complex processes in living systems on a microscopic
level. Although similar information can be obtained from simplified isolated systems,
studying single-molecule dynamics in their natural environment, like cells or tissue,
provide a more realistic view into the rich emergent properties of living matter [9-12].
Single-molecule and single-nanoparticle tracking using fluorescence microscopy are
proven methods to understand biological functions in living organisms at microscopic
level [7, 13]. However, photobleaching and intermittency impede the tracking of
single or small numbers of fluorophores. Furthermore, both single-molecule and
single-nanoparticle experiments require high demands on experimental conditions,
such as sample volume confinement and/or use of nano- or even picomolar concen-
trations of fluorescent tracers to reduce background effects [6l [7]. Conventional dyes
such as enhanced green fluorescent protein (EGEFP]) emit in the visible range with
relatively low Stokes shifts of typically tens of nanometers [T4-16]. The hence limited
signal-to-noise ratio combined with rapid photobleaching of those dyes demand
a decision between high temporal resolution imaging and overall recording time.
Carbon nanotubes are novel fluorescent probes with fascinating optoelec-
tronic properties proven to be applicable in living organisms [0, T7H19]. Their high
photostability, near-infrared (NIR]) emission suppressing autofluorescence in cells and
tissue combined with a large Stokes shift with excitation from the visible into the
[NIR] range make a superior tool for in vivo fluorescence imaging [6l 20]. We
thus exploit the fluorescence properties of to bypass the problems associated
with conventional dyes.

In this work we combine the exceptional fluorescence properties of with the
Drosophila melanogaster (Drosophild), a standard model organism in developmental
biology. Their short nuclear replication cycles and straightforward handling make
embryos a prevalent model organism for non-equilibrium studies [21H24].
Recent studies used to specifically label individual kinesin-1 molecules in
living cells. Here we extend this method to more complex systems. We investigate
the feasibility of this promising method for marking one of the major players during
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nuclear replication, the kinesin-5 motor protein, in[Drosophild embryos. Moreover, we
observe the dynamics of in the highly dynamic two-dimensional (2DI) cortex of
embryos over successive nuclear division stages, while taking advantage
of the above-mentioned high temporal resolution. Furthermore, we investigate how
the fluorescence of behaves in various tissue depths.

In addition, we use them as fluorescent tracers for non-specific probing of cytoplasm
during its enhanced flow phase. We use the conventional dye [EGFP] to mark nuclear
histones for spatio-temporal categorization of these dynamics. In our work we track
individual in early embryos over successive nuclear replication cy-
cles in the embryos’ syncytial stage. We present a custom-built wide-field microscopy
setup, enabling us to simultaneously image conventional fluorescent dyes and [NIRI
fluorescent in embryos of two different transgenic types.
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1.2 Organization

e Chapter 1 motivates this work and gives an overview of the scope of this thesis.
It also informs about the contributions of researchers involved in this work.

e Chapter 2 displays the current state of research. State-of-the-art techniques
and fundamentals necessary to understand this work are presented.

e Chapter 3 presents the materials used in this work: among other both the
Drosophila melanogaster fly and carbon nanotube (CNT)) prepara-
tion. In this chapter, we also address techniques for suspending in watery
solutions and for functionalizing [CN'T| samples. This chapter also covers the topic
of how suspensions are injected into embryos.

e Chapter 4 covers the experimental setup used during the multimodal fluores-
cence imaging. Large parts of this chapter are submitted to the journal Review
of Scientific Instruments: “Near-infrared fluorescence imaging of single-walled
carbon nanotubes in living organisms”.

e Chapter 5 characterizes the optical and fluorescent properties of samples
used in this work. Furthermore, we present point spread functions of
individual in living embryos.

e Chapter 6 displays the imaging protocols used for studying dynamics in
embryos. Moreover, this chapter shows results obtained from particle
tracking and presents the results exhibiting the transport behavior of fluorescent
in two different genetic modifications of embryos. Additionally,
this chapter shows results obtained from particle image velocimetry (PIV]) studies.

e Chapter 7 provides a discussion of the previous chapters.

e Chapter 8 gives an outlook and concludes the thesis.

1.3 Statement

Parts of this thesis are in progress to be published in peer-reviewed journals.
Where it seemed redundant, the author of this thesis, Constantin Kohl, decided
to fully use the text from the submitted journal publication (see chapter . This
concerns especially chapters [3.3] [4] [}l Constantin Kohl wrote the manuscripts of
the draft of the submitted peer-reviewed journal publication linked to this work.
The manuscript has been edited by Prof. Dr. Christoph F. Schmidt.

The details on the flies used in this work and in the submitted publication are the
courtesy of Dr. Zhiyi Lv. The procedure for fly peparation portrayed in chapter
[3.3]is the result of discussions with Dr. Zhiyi Lv.

The suspensions leading to results within embryos and being pre-
sented in this work have been produced by Dr. Kengo Nishi, if not stated otherwise.
Constantin Kohl contributed to optimizing the suspension and functionalization
procedure of [CNT§

The flies used for the data presented in this work were cultured by Dr. Zhiyi Lv.
Dr. Zhiyi Lv also microinjected suspension into of flies.

The data presented in this work has been acquired and analyzed by Constantin
Kohl. The measurement protocols were developed by Constantin Kohl.






2

Current state of research

2.1 Syncytial Drosophila embryo: A model organism for
developmental biology

Easy access to molecular processes in and its fast reproduction rate has
justified to become one of the most important and most studied model
organisms in developmental biology [23-20].

In the stage of syncytial blastoderm, the nuclei of the developing embryo are enclosed
by a shared plasma membrane (Fig. and (Fig. . From interphase 9 on nuclei
move from the yolk towards the cortex, an active network of cytoskeletal filaments
and native molecular motors, such as kinesin-5 (Fig. . At this point, the cortex
forms a highly dynamic material far away from thermodynamic equilibrium (Fig.

21).

plasma

membrane m centrosome

nucleus
with His-EGFP

kinesin-5 .
w / actin cap

\

microtubule

cytoplasm

Figure 2.1. Schematic of the cortical region in syncytial [Drosophild embryos. Modified after [27].

Individual nuclei interact with each other over several nuclear division cycles (inter-
phase 9 to interphase 13) via a network consisting of cytoskeletal filaments, such as
microtubules.

In this work, we focus on the cortical region during successive nuclear division
phases in different developmental stages (Fig. . We also observe dynamics of the
cytoplasm during a phase of increased cytoplasmic flow during syncytial blastoderm
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(Fig. 2.1).

Both systems, the RDI cortex and the flowing cytoplasm, in provide an
easily accessible primal example to study properties of self-organizing materials and
collective phenomena in natural non-equilibrium systems with possible biomedical
applications.

Division cycles in embryos are reported to be in the range of 8 to 180
min each [28], while in mammalian cell lines such as HeLa cells a single division
cycle needs up to 22 h for completion [29]. We could confirm that a division cycle in

embryos is in the order of about 15 to 30 min. embryos are
usually about 500 um long [211 130, 31] and measure 180 pum [31] in width [30] (Fig.

23).

500 uym
(anteroposterior axis)

<

180 ym nucleus
(transverse axis) plasma membrane

0 time /h 3

Figure 2.2. Schematic of developmental phases of syncytial embryos. Illustrations modified
after [32H34]. (a) At the stage of early syncytial blastoderm, nuclei multiply nine times in division cycles 1
to 9 [32] B3]. (b) Beginning nuclear migration towards periphery (blue arrows) after nine division cycles.
[32) 33]. (c) Outwardly directed nuclear migration continues and furrow canals encapsulate nuclei until
concluding division cycle 13 [32] [33] [35], [36]. (d) In cellularization, epithelial cells formate, leaving behind
encaged nuclei [32], [33], [37].

Every living nucleus reproduces a finite amount of division cycles, the so called
nuclear division cycles, during its life [38]. Each nuclear division cycle can be
separeted into two phases and five distinct sub-phases: interphase, consisting of
gap 1 phase (GI phase), synthesis phase (S phasd), gap 2 phase and the
mitotic phase which is defined by mitosis and cytokinesis. in turn

can be divided into five morphologically distinct stages: prophase, prometaphase,
metaphase, anaphase, telophase [38] (Fig. [2.3).
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Figure 2.3. Schematic of [G2 phase| (A) and [M phasd (B)-(F). Modified after [39].

Interphase

The phase where nuclei prepare for the next division is called interphase. This phase
can be divided into three stages: [G1 phase][S phase|and [G2 phase] [38, 40-H42]. During
chromosomale deoxyribonucleic acid (DNA)) is copied and centrosomes, the
microtubule organization centers, are replicated. The is framed by two
monitoring phases, the gap phases (G1 and G2). In the it is determined
if the conditions outside the cell are beneficial enough to proceed to the
After the successful completion of the [S phase| the [G2 phase follows (Fig. [2.3] A).
This phase will continue until possible DNA| damages are repaired and until
replication is completed. During the gap phases, cytoplasmic organelles are duplicated
while cell growth goes on [3§]. In interphase, nuclei in undergo a drift of
about two nuclear diameters (about 10 um) (Chap. |6.4)).

M phase

summarizes mitosis and cytokinesis [3§]. During mitosis, the actual division
of the mother nucleus into two genetically identical daughter nuclei takes place. Mi-
tosis itself passes five morphologically distinct phases [38]: prophase, prometaphase,
metaphase, anaphase and telophase (Fig. [2.3] B-F). During prophase chromosome
condensation takes place in the nucleus. The mitotic spindle begins to form while
the centrosomes separate. In the next mitotic phase, the prometaphase, the nuclear
envelope collapses, enabling chromsome attachment to the spindle. During the fol-
lowing metaphase, the chromosomes align equatorially and microtubules attach to
opposite spindle poles. At anaphase, chromosomes split up supported by outwardly
directed movement of the spindle poles and shortening of microtubules attached to
chromosomes (kinetochore microtubules). At telophase, the last phase of mitosis,
the chromosomes end up at respective spindle poles, followed by the formation of
a new nuclear envelope which packs the chromosmes. After telophase, cytokinesis



12 CHAPTER 2. CURRENT STATE OF RESEARCH

concludes by leaving behind two daughter nuclei being cleft off from the
mother nucleus by an contractile acto-myosin ring [38].

To gain information about the micromechanical structure of the cortex to find the
right stage for the single-nanoparticle experiments, it is crucial to discriminate
interphases in the syncytial blastoderm (interphase 9 to 13) with strongly correlated
nuclei from the cellular blastoderm (from interphase 14) with nuclei encaged by
acto-myosin [32], 33, 37]. To discriminate the different interphases during embryonic
development, we use the number of nuclei per standardized area of 250 um. The
number of nuclei doubles with each interphase. Starting from interphase 10, the
nuclear density amounts to about 10 nuclei per 250 um?. During interphase 11 the
density of nuclei has doubled to 20 nuclei per 250 um?. Division of mother nuclei into
two corresponding daughter nuclei continues also in the next interphase, such that
after interphase 12 there are 40 nuclei per 250 um?. In interphase 13, there are 80
nuclei per 250 um?. In their syncytial stage, i.e. during division cycles 9 to 13, cortex
of [5, B3] with (Fig. 2.2} a-c). For the tracking studies presented within
this work, this developmental window is interesting due to its strongly correlated
internuclear dynamics [5]. After interphase 14, actin and microtubule mediated
interaction of nuclei in the nuclear array in the cortex decreases due to furrow
canal formation separating individual nuclei [5, 35] (Fig. 2.2} d).

In the following we will give a brief overview of the microscopic non-equilibrium force
generating machinery which plays an important role during embryonic development

within living embryos.

Kinesin-5 motor protein

Proteins are biological functional polymers consisting of amino acids [43]. Motor
proteins like kinesin-5 are vital for intracellular transport processes [44]. From a
physical point of view, kinesin motor proteins are molecular non-equilibrium systems,
driven by local energy dissipation [0} [7, [45H47]. During stepwise binding of each
motor head to mictrotubule strands, adenosine triphosphate (ATP)) to adenosine
diphosphate [(ADP)) by releasing inorganic phosphate. This local energy disspation
leads to processed directed locomotion of kinesin-5 molecules on microtubule strands
[7]. Kinesin-5 motor proteins are important players in mitotic spindle dynamics and
organization [7, 45H55]. In [M phase, mitotic spindle filaments are pushed apart by
kinesin-5 molecules processing along interpolar microtubules (Fig. [2.4] B) [7, 44].
In this work, we are interested in the correlative behavior of kinesin-5 molecules in
embryos expressing enhanced green fluorescent protein with kinesin-5-
HaloTag® (His-EGFP /kin-5-Halo|) on long time scales (i. e. over at least one nuclear
division cycle). We explore to what extent we can apply the HaloTag~ method for
specific binding of individual kinesin-5 motor proteins to individual functionalized

fluorescent in living embryos in successive nuclear division stages.
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Figure 2.4. Schematic of the microscopic picture during cell division. A. Histone proteins enveloping
[DNAlin a nucleus during interphase. B. Nucleus in with kinesin-5 molecules sliding between
spindle filaments [7], [44] 48] [50]. C. Individual kinesin-5 tetramer with two head pairs (red) processing
along microtubuli (violet) while locally dissipating [ATP] [7, 48]. Each motor head contains a binding site
for [ATP] consumption, leaving behind [ADP] after phosphorylation [7], typically towards “+” end [48]. The
neck linker domain (magenta) connects the coiled-coil stalk (yellow and orange) with each motor head
[7, 53] 56], allowing kinesin-5 motor heads to perform typical hand-over-hand movement [7].
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Cytoplasmic flow in embryos

The cytoplasm lies within the plasma membrane and embeds the nuclear array
of embryos [43 57]. The cytoplasm comprises the watery cytosol, the
cytoskeleton, organelles and proteins forming a crowded environment [43], 58 [59].
While the cortex is generally agreed to be primarily elastic [60], there is still contro-
versy over whether the cytoplasm is best described as a weak elastic solid [61] or if
the cytoplasm has viscoelastic structure [62]. A complete understanding of embry-
onic morphogenesis demands comprehensive knowledge about the micromechanical
structure of tissue [3, [60]. However, material properties in embryos is
still poorly understood in large parts [60]. Occupying a large part of
embryos and inherently driven out of equilibrium, the cytoplasm provides an ideal
system for studying active dynamics in vivo [22, 58, [63]. Detection of non-equilibrium
dynamics in the cytoplasm of embryos requires understanding of the
force generation machinery on microscopic level.

During embryonic development, the nuclear array in the cortex undergoes complex
morphological rearrangement processes [64]. It is not entirely certain [64] what drives
these rearrangement processes. Since the cortex is embedded in the cytoplasm, it
is reasonable to search in the cytoplasm for contributions to the nuclear rearrange-
ment process in the cortex. Biological systems are undeniably in thermodynamic
non-equilibrium [7]. However, only little is known about possible non-equilibrium
contributions to the control of cytoplasmic flow [37, 63]. Neither are the driving
forces and biological function of the cytoplasmic flow known [59]. In this work, we
present a promising method which, using and a non-invasive imaging method
(PIV), can help to improve this knowledge by defining appropriate dynamic order
parameters.

Due to their small size, are ideally suited to penetrate areas where conven-
tional probes such as beads cannot reach [6] and thus decipher previously hidden
microscopic mechanisms.

By means of [PIV], kinesin activity and cytoskeletal organization have been found to
correlate with cytoplasmic flow in oocytes [63, 65]. In this work, we prove
that [PIV] can also be performed using as single-molecular tracer particles for

imaging bulk dynamics in embryos.
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2.2 Carbon nanotubes

2.2.1 Carbon nanotubes as fluorescent probes in living organisms

In this work, we study optical and dynamical properties of [CNTS in [Drosophild
embryos. Since their discovery in 1991 [66] have widely aroused attention in
physical and life sciences. display [NIR] fluorescence emission when subjected to
particular laser light [20)], 67, 68]. single-nanoparticle experiments in living organisms
often use mesoscopic probes like beads with diameters ranging between hundreds
of nanometers and even 1 pum [5, 69, [70]. Individual single-walled molecules
can measure several hundred nanometers in length [0, [67, [71] but are only few
nanometers in diameter [72-75]. Experiments have proven fluorescent to be
ideal fluorescent stealth probes for studying microscopic dynamics in biological
and other nonequilibrium systems [I, 6]. Incorporation of in living cells
is minimally invasive and provides opportunities for targeted molecular sensing
applications 76l [77] and protein specific binding [6]. The high potential of molecular
emitters in biomedical imaging has already been recognized [78-85]. While
conventional fluorophores such as [EGFDP] yield absorption-emission peaks being only
some tens of nanometers apart [14], display Stokes shifts of up to several
hundred nanometers [36-88] (Fig. 2.5 and Fig. [2.6).

AggFp
—  —

AcNT

Figure 2.5. Schematic comparing Stokes shifts of and [EGFPL The Stokes shift of fluorescent
CNTs can span up to several hundred nanometers (Aagqpp := A2 — A1), while commonly used fluorescent
dyes, such as [EGFDP] show Stokes shifts spanning only tens of nanometers (Aagyy = A1 — A3), i. e.
(Aagarp € Aagyr)- Here, A1 = 488 nm and A1 = 561 nm correspond to laser wavelengths being used for
exciting fluorescence in [EGEP] and Corresponding emission wavelengths are at A2 = 509 nm [16] and
A1 = 976 nm [74]. In these examples, Stokes shifts are Aagqpp ~ 20nm for [EGEP] and Aayp & 400 nm
for with chirality (n,m) = (6,5) Absorption wavelength A1 = 561 nm and emission wavelengths
A2 = 976 nm are typical for with chirality (n,m) = (6,5). Additionally, show a sharply defined
spectrum.
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fluoresce beyond the [VIS spectrum, leading to reduced background from the
biological specimen, by circumventing autofluorescence [6l, 89, 90] (Fig. [2.6)).

a b c
800 .
e (10,5)
(6,5)
Ex 6007 eerp .
<® * ] ] ]

00 I . . |
400 600 8001000 12001400
Ao / NM

Figure 2.6. Schematic comparison of absorption-emission spectra of [CNTs| and [EGEFD] [EGEFD] is excited
by 489 nm [14] and emits fluorescent light at 509 nm [I4, [16] (a). A [CNT]with chiral index doublet
(n,m) = (6,5) absorbs light in the spectrum at 566 nm and emits fluorescence in the [NIR] at 976 nm
[74] (b). with chirality (10,5) show absorption in the [NIR] spectrum at 788 nm and emit fluorescence
at 1249 nm [67] (c).

Another huge advantage of flouorophores over emitters with wavelength is
the reduced scattering of [NIRl light in biological specimens enabling deep imaging in
tissues [78H80), 82]. Additionally, it has been found that isolated fluorescent
have a fluorescence lifetime in the order of 100 ps [91]. For more vigorous sonication
of suspensions, radiative lifetimes have been reported to be about 100 ns [92].
The lack of fluorescence intermittency in [18, [68], 93-95] and the fact, that
photobleaching is suppresed in [6, 96] make stable photon emitters
[18, [68], 94, 97, O8] and enable high temporal resolution of the dynamics on large
observation time scales [0, [§]. In this work, we detect dynamics of in living

embryos for 30 min while continuously sampling at 10 Hz.
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2.2.2 Carbon nanotube geometry and fluorescence
Geometry

are a carbonic allotropes with tube-shaped real-space configuration [20]. Their
tube-shaped crystal structure appears as rolled-up graphene sheets. Like other
modifications of carbon, obey very particular electronic properties. According
to their optoelectronic properties, we can discriminate metallic and semiconducting
[75, 99-102]. By means of m,n,q € N, we can quantify these to different
classes of in terms of their chirality [67, 101], 103, [104]:

2n +m = 3q & (n—m)mod3 =0 metallic (2.1)
2n+m=1or2 < (n—m)mod3=1or2 semiconducting . '
The crystal structure of is determined by the definition of the basis vectors of
the Wigner-Seitz cell in terms of the coefficients (n, m). The primitive translation
vectors a and b define the unit cell ¢ of the [CNT] honeycomb lattice [101] [105]:

c=na+mb with m,n € Nyanda,b € R% (2.2)

The hexagonal lattice of a graphene sheet consists of carbon atoms distributed
alterningly on two sub-lattices (Fig. , black and empty dots). Basis vectors a and b
span the rhomboidal Wigner-Seitz cell of the graphene lattice. The linear combination
of the basis vectors (see definition [2.2), determines the internal orientation of the
and thus also the optoelectronic behavior of the respective as a whole.
Differences in the optoelectronic properties are defined by the set of non-negative
whole-numbered coefficients (n, m) with m,n € Ny. It is equivalent to formulate the
chiral index tupel (n,m) in terms of the more illustrative chiral angle [101] (Fig. [2.7]
dashed lines):

9::tan<2n7in1v§). (2.3)

Thus, there are three possible cases to construct optoelectronically distinct [CNT]
lattice projections on graphene:

= 0 “zigzag”
0< = w/6 “armchair” . (2.4)
€ (0,7/6) “chiral”

Figure depicts the three possible cases defined in (Eq. : Carmchair = (2 + b),
Cuigzag = M@ and Ceniral = na + mb with {n,m € N\ {“zigzag”} | 2n + m = lor2}
67, [103, 104).



18 CHAPTER 2. CURRENT STATE OF RESEARCH

(n,m) 0<6<30°

cchiral =na+m

(n,n) ©=30°
carmchair =n (a + )

d

Figure 2.7. Schematic of a hexagonal lattice of a graphene sheet. A graphene sheet consists of carbon
atoms belonging to two sub-lattices (black and empty dots) which form a monolayer in honeycomb structure.
Vectors a (red) and b (green) span the Wigner-Seitz cell. Carbon atoms in a graphene sheet interconnect
via ¢ bonds originating from sp® hybridization [I06] (light gray lines). Here, three optoelectronically
different types are depicted as projections on a graphene lattice: “zigzag” (n,0) < 6 = 0 (yellow)
and “armchair” (n,n) < 0 = 7/6 (blue) [CNTs| and [CNTs| of the general “chiral” type (n,m) with
{n,m € N\ {“zigzag”’} | 2n + m = lor2} < 0 < 0 < «/6 [67, [103] [104] type (black) [73] 88 [103].
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Carbon nanotube fluorescence

Fluorescence is a form of luminescence, that is, the spontaneous emission of light in
a quantum process. During fluorescence, a fluorophore is excited at a wavelength
Aex- Due to this excitation, a photon of higher wavelength ., is emitted. We define
the difference between these wavelengths as Ay := Aoy — Aex and call it Stokes shift
(Fig. 2.8 a and c).

Fluorescence is a non-classical phenomenon based on transition of electrons in
singulet states. Singulet states Sy and S; can be approximated each by a Morse-like
potential [107, 10§]

V(T) = Deq (1 — eA.(T_Teq))Q 5 (25)

accounting for the convergence of higher vibrational states [107]. In (Eq. , Teq 18
the equilibrium position of the anharmonic oscillator. Amplitude of the anharmonic
potential V(r) is defined by the dissociation energy D, which also defines and
potential stiffness A = \/keq/2Deq depending on De, and spring constant Ke.

energy
a b c
2 A

S, 1
0

2
Sy, 1
0

Figure 2.8. Schematic of a fluorescence transition. A fluorescence transition can occur between two singulet
states Sp and S1 with ground energy Ey = 0. Fluorescence excitation from an energetically lower singulet
state Sp to an energetically higher singulet state Si1 (a). Non-radiative internal vibrational transition
inside the energetically higher singulet state S1 down to its ground state (E = 0) (b). Actual fluorescence
transition of an electron leaping from the ground state of the energetically higher singulet state S to an
excited state of an energetically lower singulet state Sy (c).

Semiconducting are single-nanoparticle emitters of [NIR] light [20}, 88, 91}, 109].
Fluorescence is mediated between band gaps in the order of 1 eV [74] [110] [111].
Band gap fluorescence of [T7, I11] displays narrow peaks on a wide-range
excitation-emission spectrum [17, [18] [68], [88]. Fluorescence transitions in occur
between Van Hove sigularities (Fig. [2.9). Formation and recombination of excitons
(electron-hole pairs) in semiconducting is inevitable to elicit fluorescence in
semiconducting [19, 95, 103}, 104], TTTHIISK]. Fluorescent are molecular
photon sources with a quantum yield of 10 % [18], 167, 94, [119]. Geometric parameters
of such as tube diameter or crystal structure as well as defects contribute
enormously to the optoelectronic properties of [67, [74), 120]. with

(10,5)-chirality have been found to absorb photons at \,,s = 788 nm and an emission
wavelength of Aoy = 1249nm [67] (Fig. 2.6). In our work, we use with
fluorescence emission peaks at 561 nm and 770 nm. From our measurements, we
assume our batch of to contain a considerable amout of with (10,5)-
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chirality. [CNT] fluorescence is not only influeced by [CNT] geometry but also by
the chemical environment are embedded in. For instance, rearrangement
of charge distribution due to the wrapping agent and the choice of solvent can
strongly influence fluorescence [121HI32]. In the presence of metallic
intertube van der Waals interactions, arising from intertube 7-7 interactions of non-
hybridized 2p orbitals in carbon [106, 133], can quench fluorescence in semiconducting
[20, 4], 113, [134]. In this work, we have used with excitation maxima
at 561 nm and 770 nm. Figure [2.6| illustrates schematically absorption-emission
spectra of two species of functionalized emitting fluorescent light. In this
work, we present a systematic investigation of the optical properties of individual
fluorescent molecules in living embryos, bequeathing information
about the point spread function (PSE]). This work also provides insights into the
dynamical behavior of fluorescent molecules in embryos for single-
nanoparticle experiments during globally recumbent nuclear motion and for bulk
motion of cytoplasmic streaming.

energy

\Y

DOS

Figure 2.9. Schematic of the fluorescence transition in a semiconducting [88] [135]. Horizontal lines
symbolize the Van Hove singularities in the electronic In this example, fluorescence emission appears
as an inter-band transition F11 := E., — E,, [75] after photon absorption from the respective E> states
in conduction band (C) and valence band (V), with the respective Van Hove singularities in the density of
states (DOSY) defining the energy transition edges. Dashed gray arrows symbolize intra-band non-radiative
relaxations between electrons r. and holes 7.

The fluorescence transition in occurs between the first excited energy states I
of the conduction band and the valence band. To understand the origin of fluorescence
in we first have to understand the role of Van Hove singularities [116, 117, [136],
the springpoint of fluorescence. It is suitable to regard an isolated as an
electron system, confined to one dimension. In such a “particle-in-a-box” quantum
system, the corresponding stationary Schrédinger equation reads

H (0, n.(y: 2) - exp(iky)) = Eny . oy (4, 2) - expliky). (2.6)
From equation (Eq. it is straight forward, to find energy eigenvalues
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h%k?

Eny’nz - 2m

+ Eny s (2.7)

with e,,; ~ n;/L; [135]. Using periodic boundary conditions, wave vector components
can take values k,; = 2mn;/L;, with L; being the potential well width in H (Eq. .
In this case, n, and n, are (2k+1)-fold degenerate (k € N). We introduce[DOS| g(¢) as
the total number of all states NV occupying an energy interval £’ € h [w(k); w(k)+ Aw:

dN
de
For a cubic k-space volume element k = (27/L), one state in a one-dimensional (1D])
k-space occupies a volume of

9(e) = (2.8)

2
| A — 2.9
- (2.9)

For a[IDIsystem like the total k-space volume of the system reduces to a line
element:

Vot = k. (2.10)
The total number of states Nj°* in the total k-space volume V,* can then be defined
by the ratio of (Eq. 2.10) and (Eq. 2.9):
thot
Vumt

Using (Eq.[2.11)) and the quadratic dispersion relation (Eq.[2.7), a root-like divergence
appears for the IDI[DOSE

N =Nt =

(2.11)

dN 0N dk 1

) = = S (212)

Under consideration of quantum numbers n, and n,, we obtain a total [DOS| by
summation of the subbands:

gtot Z gny nz

Ny, Nz

Ny M \/ - 8ny Nz

elsewise, g(¢) = 0 [135]. The result of (Eq.[2.13)) delivers the overall [DOS| dependent
on sub-band quantum numbers n, and n..

(2.13)






3

Materials and sample preparation

In this chapter, we display the incorporation of watery suspensions into
embryos by microinjection. [[] Protocols of Fakhri et al. [6] have served as
basis for supsension preparations and subequent functionalization. The
author thanks Dr. Kengo Nishi for preparation of functionalized which have

been used for the on hand in vivo experiments with [Drosophild,

3.1 Drosophila constructs

For the studies presented in this work, we have used two transgenic fly crosses:

o [Mis-EGFP] and
e [His-EGFP /kin-5-Halo|

Here, we compare these two species to each other with respect to the dynamical
behavior of NIR] fluorescent inside the cortical layer of the respective
embryo. We also apply as fluorescent markers to passively probe bulk motion
of embryonic cytoplasm during late interphase by means of [PIV] (Chap. [6.4). In all
our experiments (Chap. [5.2] [6.3.1], we use embryos expressing [His-EGEFPL By
this we obtain spatio-temporal orientation (Chap. . By labeling histones with
[EGEP], we directly observe nuclear morphology and thus have at each timepoint an
exact knowledge about the developmental stage and the thermodynamic fate of the
embryo. Additionally, we obtain spatial information, since the [EGEP] is expressed
in the nuclei which we observe in the cortical region between interphases 10 to 13.
Spatial orientation is indispensable in our studies, since [EGEPHagged histones allow
clear and exact orientation of the focal plane inside the embryo which is vital to find
the correct image plane for experiments with in the cortex (Chap. . For
assessing efficiency of applying as markers for labeling individual kinesin-5
molecules we have used embryos expressing [His-EGFP /kin-5-Halo| This means that
flies have been modified to express kinesin-5 motor proteins with a HaloTag® [137]
binding site to potentially bind to individual via a succinimidyl ester (SSEI)
(HaloTag® Succinimidyl Ester (O4) Ligand; Promega GmbH, Mannheim, Germany)
based ligand (Fig. [3.1]).

! Fly culture is based on standard protocols as applied in the lab of Prof. Dr. Jérg GroShans.
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ssDNA
with AminoC12 group

SSE HaloTag® ligand

Figure 3.1. Schematic of [CNT] functionalization. The [CNT] (gray) is wrapped in the [ssDNAI (blue). During
the functionalization process, the functional amino group at the dT30[EsDNAl obtains the [SSEl (green). The
SSEl serves as a crosslinker between the [CNT] wrapped in EsDNA] and the kinesin-5 motor protein (yellow)
with its HaloTag® (orange). This part is incorporated into theembryo via microinjection. The
part of the illustration inside the dashed box, the kinesin-5 protein with the HaloTag“~, are expressed
inside the embryo.

In this work, we investigate, to what extend functionalized with a HaloTag®
ligand can bind to individual kinesin-5 molecules in [His-EGFEP /kin-5-Halo| embryos.
As a control, we used embryos without a HaloTag” binding site at kinesin-5. The
control embryos are modified to express [His-EGEFPL One central goal of this work is
to investigate and compare the dynamic behavior of functionalized in embryos
of these two transgenic fly crosses (Chap. [6.3)).

3.2 Preparing and functionalization of carbon nanotubes

In this chapter we present a method for suspending hydrophobic in watery
solutions using biocompatible polymers such as ssDNAL To disperse we apply
probe tip sonication. We use which are wrapped in with a functional
AminoC12 group at the 5" end. During functionalization this AminonC12 group
potentionally covelently binds to a HaloTag® ligand which in turn potentially
binds to HaloTag® modified kinesin-5 in|[His-EGFP /kin-5-Halo|[Drosophild embryos.
For suspension and functionalization, we here follow the protocol presented in

[6].

Statement

Both Dr. Kengo Nishi and Constantin Kohl performed and optimized the [CNT
suspensions. The protocol for [CNT] functionalization is reported by Dr. Kengo Nishi.

The for injection into embryos, which led to the results in chapters
(Chap. [6.3) were prepared by Dr. Kengo Nishi. Here, we present the preparation

process of the [CNT]l samples, which were also used in experiments for fluorescence

imaging with living embryos.
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3.2.1 Suspending carbon nanotubes in watery environments
Weighing dry carbon nanotubes

The first step in preparation is the weighing of dry [CNTg Weighing has
turned out to be a challenging task, since they display strong electrostatic affinity
and have a low density. This became particularly noticeable during the transferring
of dry despite grounding and using antistatic spatulas (VWR, Polypropylene
Spatula Eco; VWRY International GmbH, Dresden Germany).

We used a micro balance (CP224S; Sartorius AG, Gottingen, Germany) for weighing
1 mg dry However, the resulting masses of dry (HiPCO single-walled
carbon nanotubes, batch number 189.2; Rice University, Houston, Texas, USA) were
subject to large fluctuations and it turned out that determining a nominal
mass in the range of 1 mg required a high degree of practice and experience in
handling the material used.

In the following, we present a another mass independent approach to determine the
amount of used during experiments which initially seemed attractive since by
this we could circumvent large mass fluctuations (about 10 % of the nominal mass).
We determined the volume of the sample by measuring the diameter of the glass
vial (4ml, 14.75 x 45 mm, Vials N13 flat Screw Neck 13-425; MACHEREY-NAGEL
GmbH & Co. KG, Diiren, Germany) and the height hont of [CNT] sample. Assuming
the dry to be confined to a cylindrical volume, we can calculate the volume
Vent of dry using the inner circular basal area Gy, ~ 127.68 mm? of the
cylindrical vial and the height hont ~ 15 mm of the heap inside. This results
in a volume of

Vent = Guiar - hont ~ 1.9ml. (3.1)

In contrast to directly weighing which required experience in handling dry
, a volume based approach (Eq. for determining the amount of used
in the further course of experiments allowed us to obtain a reproducible amount
of [CNTg However, this volume based approach unfortunately resulted in more
inhomogeneous dispersion state of suspensions, making this approach less
efficient than a direct mass determination of dry [CNTsg As we found later, it was
inevitable to lose during later sonication and transferring of suspensions.
During imaging we found that the initial weighing precision of the dry is less
critical to obtain comparable results in the dispersion state.

Wrapping carbon nanotubes with a biocompatible charged phase

To ensure compatibility with the watery environment within embryos we have to
overcome the hydrophobic properties of the unpolar during in vitro preparation
of suspensions by surrounding with a hydrophilic phase [138, 139]. In
this work, we wrap [CNTs in [sSDNAIl to ensure biocompatibility [140]. By wrapping
the with [$SDNA] the base pairs of the iSDNA] interact via -7 interactions
with the [141], the backbone of the ssSDNAJ (composed of phosphate and
desoxyribose), which in turn allows hydrophilic interaction of the enclosed [CNT]
causing the to suspend in water [139-141].
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For wrapping we use ssDNA] with 30 thymine bases (dT3p 30-mer), with an
AminoC12 group at its 5 end (dT30 AminoC12, Thermo Fisher Scientific Life
Technologies GmbH, Darmstadt, Germany), because comparisons between
and different base sequences showed that the fluorescence yield is highest at dTsq
[ssDNAJ [139]. We dissolve 2 mg of the 30-mer in 2 ml 0.1 M NaCl solution in
a glass scintillation vial (4ml, 14.75 x 45mm, Vials N13 flat Screw Neck 13-425;
MACHEREY-NAGEL GmbH & Co. KG, Diiren, Germany). We then store the

sample in an ice-water bath for further processing.

Sonicating carbon nanotubes in watery suspensions

After dissolving [ssDNA] in watery NaCl solution, we add [CNTs we use probe
sonication (VC 50 20 kHz, 50 W, SONICS & MATERIALS INC., Danbury, CT,
USA) (Fig. to disperse aggregates and thus to assure an optimal dispersion state
of suspensions. Sonication breaks inter-tube van der Waals bonds in
[142] resulting in homogeneously dispersed suspensions.

A B

Figure 3.2. Sonication setup. A. Probe sonicator setup comprising power control (1), sonication microprobe
tip (2) and ice filled bucket (3) with a vial containing 1 mg and dTsofssDNAl dissolved in water.
B. Zoom into the control unit of the sonicator. C. Zoom into the setup showing the microprobe tip (2)
sonicating [CNT] suspension in a glass scintillation vial, embedded in a heat sink consisting of a bucket filled
with ice and water (3).

Based on previous experience with the materials used and the sonication setup
[6], we sonicate the sample for ¢, = 90 min at a power of P, = 10 W with a 2 mm
microprobe tip (Fig. [3.2)). During the sonication procedure, we have access to four
parameters: sonication power P, sonication time ¢y, sample volume V; and probe tip
depth. In studies with surfactant-wrapped [CNT9, the degree of dispersion has
been characterized by the sonication energy E [143] combining P, t; and Vj:

Ps : ts

B=-3" (3.2)
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In our case, we obtained a value of £ = 27 kJ / ml. To prevent thermal damage
of the suspension throughout sonication, we place the glass scintillation vial
containing and the watery SSDNA] solution in an water-ice bath [142]. The
water-ice mixture guarantees isothermal conditions at 0°C with reasonable accuracy.
To not damage the sensitive membrane of the microprobe tip, it is important that
it does not come into contact with anything but the suspension. Throughout the
whole sonication process we ensured the microprobe tip to have a distance of about
2 mm to the bottom of the glass scintillation vial. During the sonication process we
observed an incomplete dissolution of the [CNTs Furthermore, aggregates of wet
adhered macroscopically visible to the glass scintillation vial in an uncertain
amount.

Collecting the supernatant of carbon nanotube suspensions

In order to ensure the observation of individual during in vivo fluorescence
imaging, we centrifuged the suspension at 16,000 rpm for 60 min and carefully
collected the supernatant which was then stored at 4°C.

3.2.2 Functionalizing carbon nanotubes

In our studies, we used transgenic [Drosophild, expressing kinesin-5 motor proteins
with a HaloTag™~ binding site for potentially specifically targeting kinesin-5 motor
proteins (His-EGE'P /kin-5-Halo|) with fluorescent [133].

We use [6] as the basis of this functionalization protocol.

A successful fusion of to kinesin-5 motor proteins requires functionalization
of above-mentioned suspensions. Here, we use a based HaloTag® ligand
(HaloTag® Succinimidyl Ester (O4) Ligand; Promega GmbH, Mannheim, Germany)
potentially binding covalently to the AminoC12 end of dT304sDNAL In the following,
we will use the terms HaloTag® ligand and synonymously.

The design of new synthetic exogenous fluorophores offers the advantage of being
able to control their fluorescence properties almost entirely. However, their specific
binding in living organisms is often complicated. The HaloTag~ technology allows
a specific coupling of externally incorporated fluorophores to specific molecules by
genetically encoding protein specific binding sites for exogenous probes [133], [137].
Three building blocks are required in this process: the HaloTag~ modified protein
with a specific binding site, the externally introduced fluorophore, and thirdly a
HaloTag™ ligand that can covalently bind exogenous fluorophore and the genetically
modified protein [137].

In this section, we present a protocol for functionalization to potential link
them to kinesin-5 motor proteins in embryos. We apply these functional-
ized constructs to embryos expressing HaloTag~ modified kinesin-5
proteins (His-EGFP /kin-5-Halo]). Using the same functionalized , we compare
[His-EGFP /kin-5-Halo| embryos with a control without a HaloTag binding site at
kinesin-5 proteins (His=EGEFPl embryos) (Chap. [6.3).

At first, 100 pl [CNTHSSDNAI suspension is filled in a 4 ml molecular weight cut-
off (MWCQOJ)100 kDa filter (Amicon® Ultra 4 ml Centrifugal Filters Ulatracel
100K; Merck, Molsheim, France) for filter centrifugation (Allegra® X-15R Cen-
trifuge; BECKMANN COULTER, Brea, CA, USA). During centrifugation 10 ul of
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50 mg/ml HaloTag® ligand (HaloTag® Succinimidyl Ester (O4) Ligand; Promega
GmbH, Mannheim, Germany) are dissolved in dry dimethyl sulfoxide (DMSQ)
(Sigma-Aldrich Biochemie GmbH, Hamburg, Germany). After filtering, we add the
HaloTag® ligand dissolved in dry and add 11 ul phosphate-buffered saline
(10x, Thermo Fisher Scientific Life Technologies GmbH, Darmstadt, Germany)
to the suspension to start the reaction between HaloTag® ligand and the
AminoC12 group at the ssDNAL We incubate the vial for 2 h at room temperature.
In this time the AminoC12 group at dT5 30-mers can covalently bind to the
By filtering the suspension three times (Centrifuge 5417 R; Eppendorf AG, Hamburg,
Germany) with a [MWCOII0 kDa filter (Amicon® Ultra 0.5 ml Centrifugal Filters
Ulatracel ™ 10K; Merck, Molsheim, France) excess HaloTag~ ligand is removed.

3.3 Preparation of Drosophila embryos

In this work, we use microinjection to incorporate [CNTS| into [Drosophild embryos.
Experiments with fluorescent beads as tracer particles inside the using
microinjection have been performed by WefBel at al. [5]. In our work, we inject
into embryos. During this procedure, a glass needle of few micrometers in
diameter containing suspension is inserted into an embryo releasing
the liquid in the needle into the embryo. This procedure is schematically illustrated
in figure 3.3 Before microinjecting the suspension, eggs have to
be collected in a particular window of developmental stage. The collection process
is illustrated in figure [3.5] During both the collection of eggs and the injection
procedure of [CNTS| into [Drosophild embryos, we use two stereo light microscopes
(Fig. [3.4). With the first microscope (Fig. A), we collect and align eggs. The

second stereo microscope is used for the actual injection procedure (Fig. [3.4] B).

3.3.1 Collection of Drosophila eggs

Before we start the fluorescence imaging experiments with embryos, we
have to collect the eggs from their breeding ground and align them for microinjection
with suspension. During the time of experiments with [Drosophild and [CNTS)]
adult flies live, reproduce and lay their eggs in a cylindrical cage with a lid.
Air circulation inside the cage is ensured by a fine grid on one end of this tube. The
other end of the tube is closed by a lid filled with hardened agar-apple juice (HiPP
Bio-Saft Milder Apfel; HiPP Holding, Pfaffenhofen (Ilm), Germany and Agar Agar
SERVA high-gel strength; SERVA Electrophoresis GmbH, Heidelberg, Germany),
providing the flies with liquid. As a food source, we provide them baker’s yeast (42.5
g, Backhefe DHW vital gold; Deutsche Hefewerke GmbH, Nuremberg, Germany)
mixed with water (about 5 to 10 ml). We spread the yeast on the agar-apple juice
plate coating it with a thin layer.

After the flies are placed into the tube, we seal the lid with tape and turn the whole
cage on its lid (Fig. 3.3} A). Since prefer a dark and warm environment,
we keep the cage in a cabinet at standard conditions. The agar-applejuice-yeast
plate also serves as egg deposition for the adult flies (Fig. 3.3, A). Since for our
studies embryos at early stages are interesting, we exchange lids every 30 min. In
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order to get rid of layers which could disturb during imaging, we remove the layer
by subjecting the eggs to a 50 % hypochlorite solution (DanKlorix; CP
GABA, Hamburg, Germany) for 2 min (Fig. 3.3, B). It is important to keep this
time, in order to not harm the embryos. By stirring the hypochlorite solution with a
fine paintbrush, we carefully remove embryos from the agar-apple juice plate (Fig.
B).

After these 2 min, we pour the content of the lid on a fine grid to collect the eggs
(Fig. , C). Now, the eggs on the grid and have to be rinsed carefully under flowing
water (Fig.[3.3] C).

With a clean fresh paintbrush we tansfer them from the grid (Fig.|3.3) D) on a fresh
piece of gelatinous agar-apple juice (Fig. [3.3, E.a). With a fine sewing needle, we sort
the embryos on the objective slide from the heap and lift them one by one to their
right place (Fig. 3.3} E.b). This arrangement is important, since it will later be seen
unchanged during the experiments. During this step, we use a stereo microscope
with up to 4x magnification (Fig. [3.4, A). The lined up dechorionated embryos
are glued (Tesa™; Beiersdorf, Hamburg, Germany, dissolved in heptane) on a glass
coverslip by flipping the glued side of the coverslip down and carefully placing it on
the embryos (Fig. 3.3, F). It is important to only exert as much force as needed to
just make the embryos stick on the glue on the glass cover slip and not damaging
them in the process.

We dry embryos in a box with hygroscopic beads for 10 to 15 min in order to remove
excess water from the embryos (Fig. [3.3] G). After covering of embryos
with 10S oil (Voltalef 10S oil, Lehmann & Voss, Hamburg, Germany), the actual
microinjection procedure can start (Fig. 3.3} F).
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Figure 3.3. Schematic of sample preparation before microinjetion of[CNTlsuspension. A. Adult
flies live and breed in a cylindrical cage. B. eggs are exposed for 2 min to 50 % Klorix solution
for dechorionation. During the dechorionation process, embryos are detached carefully from the agar-apple
juice-yeast plate with a brush. C. Eggs are transferred to a grid and rinsed under flowing water to remove
excess Klorix solution. D. Dechorionated embryos are collected from the grid with a fine brush. E. Embryos
are placed on a fresh agar-apple juice plate. F. Embryos are arranged one by one on a glue-coated glass
coverslip by placing the glass coverslip with its glued site down carefully on the aligned embryos. G.
Embryos are dried for 10 to 15 min. H. Embryos are covered with 10S oil to prevent them from complete
dehydration. Reproduced from “Near-infrared fluorescence imaging of single-walled carbon nanotubes in
living organisms”, which has been submitted to Review of Scientific Instruments.
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3.3.2 Microinjecting carbon nanotube suspensions into Drosophila
embryos

About 40 min after egg deposition, the suspension was individually injected into
the dechorionated embryos glued onto the glass coverslip. A glass needle filled with
functionalized in a watery suspension was inserted into the embryos. Basis for
the injection needle was a 1 mm thick glass capillary (Thin Wall Glass Capillaries
TW100F-4; World Precision Instruments Germany GmbH, Friedberg, Germany)
which was tapered with a needle puller. Since the tapered needle outlet was closed
after pulling the capillary, the tapered end had to be clipped off by applying slight
pressure to the cover glass. Maintaining an adequate opening diameter (estimated
to tens of micrometers) required a high degree of experience in handling injection
needles. To locate the embryos during manual microinjection within the assembly
(Fig. A-B), we used a stereo light microscope (OLYMPUS IX70; Olympus
K. K., Tokyo Japan (Fig. . B). With a microinjector (Transjector 5246 and
TransferMan® NK2; Eppendorf AG, Hamburg, Germany), the contents of the glass
needle (about 1 —5 % of the embryo volume) were released into the embryo by air
pressure. Here, it proved to be practical to regulate the used air pressure manually
again.

A

Figure 3.4. Stereo light microscopes used during embryo preparation and microinjection.
Stereo light microscope (A) was used to harvest the dechoronated embryos from the grid and to place the
embryos on the glass coverslips. For the actual microinjection procedure, we used a stereo light microscope
which allows for using a micrometer-sized injection needle (B).

When a new sample was used for the first time, an adequate concentration was
determined iteratively by alternating injection and imaging, since differences in the
spatial distribution of fluorescent within the embryos were observed during
later imaging despite using the same protocol for preparation. In most cases it
turned out that an adequate concentration of functionalized suspension can be
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achieved by using a dilution factor of 1:50.

By studying possible influencing parameters on the later distribution of in
imaging, it was found that the distribution of individual fluorescent within
embryos depends on the needle position during microinjection. For that purpose, we
have examined and compared two basic approaches to guide the microinjection needle
(Thin Wall Glass Capillaries TW100F-4; World Precision Instruments Germany
GmbH, Friedberg, Germany) into the embryo (Fig. 3.5), and then chose
the one that led to a more homogeneous distribution of in the cortex.

In the first approach, the needle was unloaded along the long axis (anteroposterior
axis) while being pulled out (Fig. , A, C.a, D.a). However, this procedure did not
show the desired effect of distributing more homogeneously over the embryo.
The variant in which the needle was introduced along the short axis (transverse
axis) turned out to be more promising (Fig. 3.5 B, C.b, D.b). During unloading
of the injection needle in this case, a more homogeneous distribution of fluorescent
in the embryo was observed in most cases. Additionally, the interesting field
of view (EQV)) is filled out more efficiently when injecting along the short transverse
axis.

For the injection along the short axis as well as along the long axis, the angle of the
needle to the planes of principal axes was chosen as flat and as possible (approximately
20°) and as close to the coverslip as possible in order to increase the chances to find
most of the in the cortical region. Regarding the mechanical behavior during
injection, no difference was observed between the two embryo groups (His-EGFP] and
[His-EGFP /kin-5-Halo)). It could happen that embryonic tissue caused the needle to
clog or break and a new needle with had to be used, making a continuous
injection challenging. Furthermore, the microinjection procedure required a high
degree of practice in the interaction between the microinjector, the glass needle and
the embryos.




3.3. PREPARATION OF Drosophila EMBRYOS 33

A B

A Ee

injection
embryo needle

|

-——

CNT suspension

00000 000(

— embryos glued on
glass coverslip,
covered with 10S oil

Y

C needle with
CNT suspension ]

nuclei

. needle with
10S oil CNT suspension
7= a
embryo
glue
I glass coverslip I

Figure 3.5. Schematic of the microinjection process of [CNT$|into embryos. Panels (A) and
(B) show the top views of two different arrangements of embryos on a glass coverslip. Top view
of arrangement of embryos on a glass coverslip for suspension being microinjected into
the embryo along short transverse (A) and the long anteroposterior axis (B). (C) Side view with all the
layers as they appear during microinjection of [CNT] suspension and during fluorescence imaging. Nuclei
are at cortical periphery and the yolk cell located amidst the embryo. D. In both cases of the
microinjection needle containing [CNT] suspension is inserted at an angle of about 20° or less (red, o and
B). Needle positions during microinjection are aligned with long (C.a and D.a) and short (C.b and D.b)
embryo axis.
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Multimodal imaging

Statement

The following chapter is a quote of the peer-reviewed journal publication (Chap. .

Contributions of Constantin Kohl to the above-mentioned journal publication include:

e optimization of the detection path for experiments with in syncytial
embryos,

e conceptionalization of the measurement protocols used in the journal publication,

e acquiring the data used in the above-mentioned paper (except figure 5),

e writing the draft of the manuscript.

4.1 Experimental setup for multimodal imaging

All fluorescence studies presented in this work are performed with a custom-built
inverted fluorescence microscope. The setup can be divided into two main parts: a
excitation section and a detection section. E|In the excitation section, multiple lasers
are coupled into a vertical objective to excite fluorescence. We image [NIR] fluorescence
of using a indium gallium arsenide (InGaAsd) complementary metal-oxide-
semiconductor (CMOS)) camera. For simultaneous imaging we use a low-noise
electron multiplying charge-coupled device (EMCCDI). With an [Rl spectrometer, we
set the wavelength of the titanium-sapphire laser for [NIRI fluorescence
excitation of A detailed list of the optical components can be found in table
41l

! The excitation part of the setup was built by Dr. Alok D. WefBel, who also performed pilot studies
on which the present work is based [133]. The detection part was optimized for imaging in cells and

by Constantin Kohl.
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Figure 4.1. Schematic of custom-built setup for multimodal [NIR] and imaging and [NIR] spectroscopy.
Excitation system (orange shading), detection system (yellow shading). Excitation laser paths are
drawn as colored lines. Lasers are shuttered by electromechanical shutters (S). Beams are steered and
aligned by broad-band silver mirrors (Mi_g), and combined by dichroic mirros (D). Beam diameters
are expanded by a beam expander (BE) and telescope lens combinations (Li /L2, Ls/La). Intensity is
regulated by neutral density filters (ND), and a combination of half-wave plate (A/2) and polarizing beam
splitter (PBS) for the laser. A quarter-wave plate (\/4) serves to produce circular polarization.
Some optical elements (marked with an asterisk) can be brought in or taken out of the beam path.
Emission paths are marked by broad green and red lines. A light-tight box (B) encloses the detection
optics. Additional filters (Fi, F2, F3) are used in the emission path. (Tab. provides a detailed list of
the optical elements.
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4.1.1 Excitation system

Visible fluorescence excitation

fluorescence (here of [His-EGFDP]) is excited by a 488 nm laser (Obis 488 nm, cw,
50 mW; Coherent Inc., Irvine, CA, USA). A mechanical shutter directly in front of
the laser controls this excitation light. A custom-built control panel (shutter control)
controls all electro-mechanical shutters in the setup. The intensity of the laser beam
is controlled by a neutral density filter wheel (optical density (OD)): 0.04 to 2.0,[ARCE
350 to 700 nm, NDC-50C-2M-A; Thorlabs, Dachau, Germany) directly following
the shutter. Emission light then passes through a 2 — 8x beam expander (11234858
Beam-Expander; Rodenstock, Munich, Germany) bringing the beam diameter to
about 15 mm. The blue laser is then coupled into a telescope system (L;, f = 150 mm,
[ARCE 400 to 700 nm and Ly, f = 300 mm, [ARCE 400 to 700 nm) via a silver mirror
My (broad-band reflection) and a dichroic mirror D} (488 nm longpass) to collimate
the laser beam after bringing the beam diameter to about 10 mm. Excitation light
then passes D3 (630 nm longpass) and is collimated by Ls (f = 35 mm, 650
to 1050 nm). Using exchangeable mirrors at position D (Df i, 630 nm longpass
and D: ,, transmission: 488, 532, 561, 720 to 820 nm, reflection: 820 to 1200 nm)
makes it possible to switch between a horizontally mounted and a vertically mounted
objective. The horizontal objective (o Plan-APOCHROMAT 100x/1.46 NA Oil
DIC (UV) VIS-IR; Zeiss, Gottingen, Germany) provides a simpler beam path and
slightly better light collection and is used for imaging in closed sample chambers, the
vertical objective (a Plan-APOCHROMAT 100x/1.46 NA Oil DIC (UV) VIS-IR;
Zeiss, Gottingen, Germany) makes it possible to observe cells or tissues in open
containers, such as Petri dishes. The experiments described here used the vertical
objective which is mounted on top of a z-y-z piezo stage (NanoCube P611.3S, Physik
Instrumente GmbH & Co. KG; Karlsruhe, Germany). Coarse adjustment of the
vertical sample stage uses a mechanical z-y-z stage (M-562-xyz; Newport, Irvine,
CA, USA) below the piezo stage.

Carbon nanotube near-infrared fluorescence excitation by green laser

[NTRI fluorescence of a particular class of and red fluorescence of beads used
for calibration is excited by a high-power 561 nm laser (Cobolt Jive 500, 500 mW;
Cobolt, Solna, Sweden). The laser is switched on and off with a mechanical shutter.
The intensity of the green laser is controlled via a neutral density filter wheel (ND,
0.04 to 2.0,[ARCE 350 to 700 nm, NDC-50C-2M-A; Thorlabs, Dachau, Germany).
After being reflected by silver mirror M3 and dichroic D (561 nm longpass), the
path of green excitation light (561 nm) is coupled into the telescope system Ly, Ly
for expansion to about 10 mm. After this, the green laser is aligned collinear with
the light path of the blue laser using silver mirrors M3 and My as well as the dichroic
mirror D3.
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Carbon nanotube near-infrared fluorescence excitation with
near-infrared laser wavelength

Some classes of can be excited in the [NIR] For that purpose we use a tunable
laser (770 nm, MIRA 900-F 710-810 nm; Coherent Inc., Santa Clara, CA,
USA). The laser is pumped by a green laser (Verdi-V12 532 nm 12 W;
Coherent Inc., Irvine, CA, USA). After being reflected by a set of silver mirrors
M;Msg, the light passes through a telescope system (Lz, f = 40 mm, [ARC} 400 to
700 nm and Ly, f = 150 mm, [ARCE 650 to 1050 nm) for beam collimation.

Setting of the titanium-sapphire laser wavelength

In order to find the optimal wavelength for excitation of [CNTI[NTR] fluorescence, the
wavelength of the laser is tuned. To set the laser wavelength, we use an [R]
spectrometer (Acton spectrograph Sp-2150i and InGaAs detector OMA V 512-1.7;
Princeton Instruments, Trenton, NJ, USA) and two reference laser wavelengths 561
nm and 637 nm (Cube 637 nm, cw, 25 mW; Coherent Inc., Irvine, USA) that provide
peaks in a sharply defined emission window. After being reflected by silver mirrors
M; and My, the red laser (637 nm) is coupled into the beam path of the green and
the blue lasers (561 nm and 488 nm). The dichroic mirror D} (900 nm longpass)
reflects excitation light from the visible lasers into the horizontal objective Of;. The
defined spectral lines of the two reference lasers are measured by the [Rl spectrometer
and serve as a two-point calibration for tuning the laser (Fig. [4.5])).

4.1.2 Detection system

The detection side of our setup is depicted in (Fig. [4.2)). For experiments using
open chambers, such as with cells or embryos in Petri dishes, we use the
vertically oriented objective, and the sample is placed on a horizontal custom-built
sample stage as shown in (Fig. 4.3)). Fluorescence emission is detected by two cameras
recording fluorescence and fluorescence simultaneously. Multiple imaging
channels were, for instance, used to separate the slow nuclear dynamics in
embryos in the from the fast dynamics of [NIR] fluorescent [CNTS in [Drosophild
embryos synchronously. [NIR] fluorescence from is imaged using an [nGaAs
camera (XEVA-FPA-1.7-320; Xenics, Leuven, Belgium) with a chip size of
320 x 256 pixels and a pixel size of 30 pm x 30 pm. fluorescence is recorded by
an [EMCCD] camera (iXon DU-888E; Andor Technology, Belfast, UK) with a chip
size of 1024 x 1024 pixels and a pixel size of 13 ym x 13 ym. In this configuration, we
image an area of 76.8 x 96 um? in the channel and 133.12 x 133.12 ym? in the
channel. Depending on the organism of interest, we can use two different sample
stages during the imaging: one for imaging cells and one for imaging
embryos (see below). The light collected through the objective is passed through a
set of notch filters (F7]) to remove remaining excitation light. A tube lens focuses the
fluorescence light onto the cameras or onto the spectrometer. Before the emission
light reaches the detectors, it arrives at a switch point (Mg, Dg) where we can choose

among three options for light collection: Emission light can either directly pass to
the [InGaAd[CMOS| camera for [NIR] detection, or it can be fully reflected into the [R]
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spectrometer (Acton spectrograph Sp-2150i and InGaAs detector OMA V 512-1.7;
Princeton Instruments, Trenton, NJ, USA), or the emission light can be split by a
dichroic mirror (Dg) to obtain VIS images and [NIR] images simultaneously.

EMCCD

Ti

Figure 4.2. Detection section for simultaneous and [NIR] imaging: The fluorescence light from the
sample on the horizontal stage (S) is collected by the vertical objective (O%,), guided by a silver mirror
below the objective (O3,) onto a dichroic mirror (Dj3) which transmits excitation light and reflects and
[NTR] emission light into the detector box (B). A set of notch filters (F}) suppresses remaining excitation
light. The light then passes the tube lens (TL) before it arrives at a switch position (Mg, Dg), that either
guides the emitted light fully into the [[R] spectrometer (IR spec) or fully into the [nGaAs[CMOS| camera
for [NIR] fluorescence detection (InGaAs CMOS), or splits from [NIR] light by a 630-nm longpass
filter into the [nGaAs camera (InGaAs CMOS) for [NIR] fluorescence detection and the [EMCCD] camera
(EMCCD) for fluorescence detection. For simple transillumination the sample is illuminated by a
[NTRI diode array lamp (TI) with adjustable intensity. The sample stage is mounted on a 3-axis piezo stage
(PS1) for fine positioning, which, in turn, is mounted on a 3-axis micrometer stage for coarse positioning
(PS1). Optical elements are listed in (Tab. [4.1)).

To measure the dynamics of [CNT§| in [Drosophild embryos, we recorded [NIR] fluores-
cence of simultaneously with [EGEFP| fluorescence of histones. After localizing
the sample and identifying an area of interest in the [NIR] channel with a [NIR]
trans-illumination lamp (Stanley 111R IR-Diode, AN1111R; Stanley Electric Co.,
Ltd, Tokyo, Japan), we simultaneously excited EGFP fluorescence with the 488 nm
laser and [CNTI[NIR] fluorescence with the laser light set to 770 nm. We used
the fluorescence of [His-EGEPI to identify a embryo at the right stage of

development and select the focal plane that contains the nuclei near the embryo
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cortex. We sampled fluorescence at different rates for and [NTRI Since do
not photobleach, we used a sample rate of f = 10 Hz for the [NIR] imaging. Since
[EGFP] does photobleach, we applied intermittent illumination using the shutter in
front of the blue laser. To synchronize shutter and camera, we controlled the shutter
from the [EMCCDI| camera’s “fire” output which, via a shutter driver, opened the
shutter for t = 1 s after each T' = 20 s. camera and shutter are controlled
by Micro-Manager software [144].

Sample stages

Our setup allows us to mount two different sample stages adapted to the specific
requirements of commonly used biological systems such as cells or embryos.
Since many cell lines during in vivo experiments demand exact temperature control,
the sample stage used for experiments with cells can be thermalized by a Peltier
element below the sample holder (Fig. A, B). The sample is in contact with
an aluminum plate which, in turn, guides the heat from the Peltier element to
the Petri dish, keeping the cells at =~ 37°C. embryos can be imaged at
room temperature and require a simpler sample holder (Fig. C, D). For imaging,
embryos were lined up on a glass coverslip (22 x 40 mm?) and mounted onto the
sample stage fitting into a groove of 22 mm in width. The cover slip is fixed on the
stage by two pairs of rare-earth magnets below the sample stage and two rare-earth
magnetic bars on top of the cover slip.

A | B

10.5cm

9.75 cm

Figure 4.3. Sample stages for experiments with cells (A, B) and [Drosophild embryos (C, D). A. Top
view of the sample stage for experiments with cells. To hold the Petri dishes, an aluminum plate for
temperature control of the Petri dish is screwed to the main corpus of the stage and heated with a Peltier
element. B. Bottom view of the sample stage for experiments with cells with the circuit board for the
Peltier element. C. Top view of the sample stage for experiments with embryos. D. Bottom
view of the sample stage for experiments with embryos with two pairs of rare-earth magnets
glued to the stage for fixing the sample.
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Electron multiplying charge-coupled device camera for detecting the
visible channel

In this work we image the dynamical morphological changes of nuclei of
embryos during successive developmental stages in the spectrum. For imaging
the nuclear phases of we use a low-noise camera. Here we want
to give a short outline to reproduce the data acquired within this work. Initially
charge-coupled device (CCD) sensors have been invented as a data storage device,
but soon their high sensitivity towards photons was recognized as high potential
for imaging studies [145], [146]. Their wide sensitivity range in the range [147]
makes them optimal dectors for fluorescence of [EGEPL

On the surface of a semiconducting material potential wells containing charges are
moved along the surface of the semiconductor transporting these stored charges
[145]. The principle of image acquisition with an is based on averlanching
electronic charge in a [148]. An[EMCCD] as used in our work, comprises of five
sections: a light-absorbing image array being about the same size as a subsequent
light-reflecting storage array, a shift register, a multiplication register and on-chip
charge to voltage converting output (Fig. [4.4) [148].

image array

storage array

[T e
amplifier
shift ~ multiplication
register register

Figure 4.4. Schematic of the basic [EMCCDI chip design. During the readout procedure, the depicted
areals of an [EMCCD] are image section (white), storage section (gray), shift register (blue), multiplication
register (yellow) and output amplifier (triangle). Figure altered after [14§].

In an image acquisition and image readout are two sequential processes.
When light hits the image array during image acquisition photons create an electronic
image. Readout of this charge pattern occurs by vertical shift into the readout
register. There the lowermost pixel row is then shifted horizontally towards the
output amplifier. Before the first pixel finally reaches the output, impact ionization
in the multiplication register causes enhancement of the electronic charge before
passing the output amplifier circuit. The above-mentioned vertical shift procedure
repeats until each pixel in the whole image array is read out as outlined above.
During the imaging experiments performed in this work, we make use of the so
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called frame transfer acquisition mode. Activating this mode, reduces the odds of
obtaining vertical smearing due to erroneously overwritten pixels. The storage area
enables a fast charge transfer without having an increased noise level. A schematic
example of an capable of being operated in frame transfer mode can be
seen in figure [4.4]

Indium gallium arsenide complementary metal-oxide-semiconductor
camera for detecting the near-infrared channel

For the imaging of optical signals in the [NIR], sensors from [nGaAd are often
used [149] 150], since these have sensitivity peaks in the range of about 10% um [I50].
For imaging fluorescent we use a camera with such an [nGaAd[[CMOS|
chip. Unlike charge-coupled devices (CCDs), most functions of sensors, stch
as photon-to-electron and electron-to-voltage conversion, are implemented directly
on-chip making them more robust than [I51]. Before the nGaAd
camera is used for imaging [NTRI[CNTY| the sensor must be calibrated in a two point
calibration. For that, we darken the camera aperture and record a so-called dark
image as a reference image. Then, we open the camera aperture and record a light
image. For this, we use a custom-built diode lamp (Stanley 111R IR-Diode,
ANT1111R; Stanley Electric Co., Ltd., Tokyo, Japan) emitting at 950 nm to carefully
and homogeneously illuminate the whole [FOVI It is important not to cut the upper
limit of the dynamic range by fully saturating the pixels and thereby shorten the
dynamic range. After calibration, we use the [nGaAd[CMOS] camera for acquisition of
[NTRI[CNT] fluorescence at a frequency of 10 Hz. Here, we use the high-gain acquisition
mode for imaging in order to collect as much light as possible from the [152].

Infrared spectrometer

In this work, we use the [Rl spectrometer for setting the laser wave-
length. For setting the laser wavelength, we use two wavelength reference
points (561 nm and 637 nm) defined by incident laser peaks (Fig. [1.5]). With these
laser wavelengths we obtain two reference points which can be used to read a third
peak in the spectrum, gained by the [[R] spectrometer (see figure Fig. [4.5)).
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Figure 4.5. Resulting spectral peaks, measured by the [[R]l spectrometer for setting the wavelength of the

tunable laser. The wavelength of the laser is aligned by a two-point method. We use
two distinct lasers to obtain peaks at defined wavelengths: 561 nm (a) and 637 nm (b). By this, we find

the fitting [NIR] excitation wavelength for [CNT] excitation with the laser at 770 nm (c).
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Characterizing optical properties of carbon
nanotubes in living Drosophila embryos

5.1 Excitation of carbon nanotube fluorescence in living
Drosophila embryos

In the course of our studies it turned out that our batch contains two populations of
. We found out that by using a green laser (561 nm, Cobolt Jive 500, 500 mW;
Cobolt, Solna, Sweden) or a laser (MIRA 900-F 710-810 nm; Coherent
Inc., Santa Clara, CA, USA) with a wavelength range tunable between 710 and 810
nm, we can excite fluorescence. In order to yield optimal fluorescence,
we excite in living embryos sequentially with both lasers.

We used two lasers (561 nm and 770 nm) to excite as much as possible during
imaging in living embryos.

The signal-to-noise ratio of [NIR] signals of excited at 770 nm was 31 dB, in
the case of 561 nm excitation wavelenth signal-to-noise ratio amounted to 36 dB.
Interestingly, figure shows a higher yield of excited exciting the sample
with [NIR] laser light (770 nm, than when exciting the sample with 561
nm. To obtain larger sample sets, we decided to use 770 nm excitation wavelength
because of the higher count of detectable of this class.
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B C

Figure 5.1. Comparison of two laser wavelengths to excite fluorescence in the same sample.
A.[CNT] fluorescence signals under 561 nm illumination. B. 2D intensity heat plot of [CNTINIR] fluorescence
(A). C. Zoom of an individual excited by 561 nm. D. fluorescence signals under 770 nm
illumination. E. intensity heat plot of [CNTJ[NIR] fluorescence signal (D). From the heatplots in (B)
and (E), it is evident that fluorescence light was more intense, when were excited with the [NIR]
laser. F. Zoom of an individual [CNT] excited by 770 nm. Reproduced from “Near-infrared fluorescence
imaging of single-walled carbon nanotubes in living organisms”, which has been submitted to Review of
Scientific Instruments.

We benefit from the tunable wavelength range of laser to set the optimal
excitation wavelength of our sample. We find a peak in fluorescence
emission at 770 nm by systematically setting the laser wavelength to
770 nm according to (Chap. using spectral information from literature
[121H132].

Just as important as the knowledge about optimal wavenglength for [CNT] fluorescence
excitation is knowledge of information on the laser power. The laser power has to be
set high enough to obtain as much fluorescence as possible but it also must not be
too high to not harm embryos during imaging. Hence, we have measured powers of
the lasers which are used to excite fluorescence in embryos at distinct points
in the excitation part of the setup (Fig. and Fig. orange shading).
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Figure 5.2. Schematic of the measuring points of the powers of the lasers for [CNT] fluorescence excitation
in the imaging setup. Letters label sites of the laser power measurements. Measuring points of the power of
the green laser (561 nm) are marked by empty circles (a)-(d), (j). Points, where the power of the [T1:Sapph|
laser (700 nm) was measured are depicted as black circles (e)-(j).

By these measurements we optimized the laser wavelength for illuminating our
particular batch of fluorescent [CNTS|in [Drosophild embryos. During the measurement
of the laser powers, we coupled all mirrors into the beam path of the 561 nm laser
as they are used for simultaneously illuminating [HissEGFDP] with the blue laser (488
nm) during imaging (Fig. [p.2)). In order to measure the maximal power of
the green laser (561 nm), we have measured the laser power in the excitation section
without any neutral density filter placed in the beam path.

Table lists the power values of the lasers used for excitation.

Table 5.1. Excitation laser powers of the green laser (561 nm) and the laser (770 nm) measured
at particular points in the imaging setup.

A/ nm Location P,/ mW

261 405
386
366
347
1120
1000
1050
640
570
261 287
770 440

770

SeEeDe h0 A0 T

It shows, that 71 % of the power of the green laser (561 nm), measured at (Fig. 5.2
a), arrives at the vertical objective. In case of the laser (770 nm) only 39 %
of the intial laser power, measured at (Fig. , e), arrives at the vertical objective.
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5.2 Point spread functions of carbon nanotubes in living
Drosophila embryos

A profound inquiry of the optic properties of is crucial to benefit optimally from
the [NIR] fluorescence of [CNTS in [Drosophild embryos. Here, we make use of the [PSH
as a powerful tool to characterize the imaging limitations of a system with regards
to resolution of point-like signals like with lengths of few hundred nanometers.
By this we obtain information about the limitations of the fluorescence of
in tissue of embryos. Measurement of the [PSE] gives insight into
the sensitivity of fluorescence in distinct layers inside the tissue of
embryos.

The [PSE is a measure for how the optics makes the resulting image of an ideal point
source differ from an ideal point source. We define the [PSE] as a convolution kernel
by the convolution [153] [154]:

O =PSF I, (5.1)

where O defines the object matrix and I describes the image matrix.

For the measurement of the of individual we used a piezo stage
(NanoCube P611.3S; Physik Instrumente GmbH & Co. KG, Karlsruhe, Germany
controlled via E-563 I3N; Physik Instrumente GmbH & Co. KG, Karlsruhe, Germany)
in closed feedback loop to control the scanning of in multiple depths d; of
embryonal tissue (Fig. |5.3]).

yolk
_____ dg
ssDNA-wrapped
CNT
r'd
nucleus =
with e —ap
His-EGFP d3

cuticle m=T==——=——— dO

Figure 5.3. Schematic of scanning[CNTs|in [Drosophild embryonic tissue. The sample is scanned in different
equidistant layers of embryonic tissue beginning from the actin cortex directed towards the yolk (respective
straight lines). Positions di, d2, ds, .., dio of the focal plane are depicted as dashed lines. Distance between
two neighboring layers is § = 5 pm.

By closing the feedback loop, voltage is the adapting parameter, assuring that the
position remains fixed. Measurement of the in various tissue depths requires
previous calibration of the zero plane. First, the z potentiometer of the piezo actor
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is set to its maximum in order to preserve the full scanning range. For practical
reasons, we start z-sectioning beginning with high values of the z potentiometer of
Smax = 100 gm scanning in 5 um steps down to sy, = 0 um. We define the z = 0
plane for our measurements by the interface of the coverslip and glue. To find this
plane, we use a calibration slide for which we focus the scale. Then, we use the
z micrometer screw to correct the piezo stage position for the coverslip thickness
(t = 0.17mm). By this correction, we ensure that the zero plane is identical with
the coverslip-glue interface. For calibrating the zero plane for the [PSE| measurement,
we use 1:50 diluted dried-out red fluorescent beads (FluoroMax™, R 600, 0.6 ym;
Thermo Fisher Scientific Life Technologies GmbH, Darmstadt, Germany) which we
put on top of the glue. We then focus the piezo stage with the micrometer screw
at the mechanical x-y-z stage while keeping the piezo stage for fine tuning at its
upmost setting in closed loop mode. In a first calibration approach we tried yellow
fluorescent beads which were dried out and then coated with glue. However, the
glue did not stick on the surface and, thus, we could not use yellow fluorescent
beads during simultaneous recording of [CNTs [NIR] fluorescence and [EGEFDPTs
fluorescence. Decreasing the concentration of beads was no option, since then the
density of beads would have been too low to have enough beads in the [FOVI We
solved this problem by using beads dried on a glass coverslip and noting the initial
position of the piezo stage.

To analyze the individual signals we select rectangular regions of interest
with the open-source software Fiji [I55] from which we carefully select potential
candidates of our [CNTI signals. With a self-written MATLAB routine we get the
maximum intensity of the in the chosen [FOVI

Here, we assume an individual as a point-like object. It is convenient to
approximate the [PSE of a punctate light source by a gaussian kernel [I56-158]. Here,
we use a[2D] Gaussian kernel [159]:

1 1 T y—1
PSFyp ~ R exp {—é(x —p) X (x—p), | (5.2)

with the covariance matrix [159)

2
Y= { Ta p“w"y], (5.3)

2
poLoy O,

which becomes diagonal in case of uncorrelated ;. By plugging definition (Eq.

into (Eq. and by using the position vector r := [z y|" of the pixel and the center
of the gaussian p := [, 1,]", the decoupled of a system reduces to

[ 2
PSF, ~ iexp — (x — Ma:) ] (5.4)

T

2
PSF, ~ — exp | — (y — “y) ] . (5.5)

Oy
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With OriginPro we fit the by gaussians in z- and y-directions which in turn
give us o as a measure for the width of the [PSFg of [CNT§ in embryonal tissue. We
average the widths o4, of the gaussian-shaped measured in tissue depths d;
using

Jw,dj + Uy,dj

(O)a; = =5 (5.6)
to obtain a measure for the width of of individual in living

embryos.
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Figure 5.4. Experimental data showing the width distribution of of individual [CNTS| in [Drosophilal
embryos. Insets show 5 and 30 um deep in embryonic tissue. Note the increase in [PSE width with
increasing tissue depth.

Using (Eq. we find values for (o) up to a tissue depth of 45 um (Fig. |5.4).
Interestingly, we find an increase in the width of the gaussians while going deeper
into the tissue. To quantify this increase in (0)q, (Eq. [5.6) we look at the medians
of for (o),

A<0> = <0>45 pm, median — <C’->5um7 median
= 0.86 — 0.25 um
= 0.61 pm. (5.7)

We thus find a discrepancy in the width of the [PSE] amounting to 0.61 ym in a range
of 40 pm in the tissue.
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Dynamics of carbon nanotubes in Drosophila
embryos

6.1 Imaging
6.1.1 Imaging protocols

In this chapter we outline the experimental procedures which led to the results
described in chapter (Chap. . The following protocol is generic, i. e. the underlying
procedure is the same for all experiments performed in these chapters.

We found a simple way for conducting both single-nanoparticle experiments and
studies of mesoscopic bulk dynamics in living embryos.

Changes in paramteres are explicitely mentioned in the following text. Before starting
experiments we fix the sample on the vertical sample stage by using two magnetic
bars. Each magnetic bar pushes the coverslip with the glued embryos covered in 10S
oil on top , A-C) towards the sample stage which has two pairs of rare-earth
magnets at the bottom (Fig. . The next step in each imaging experiment including
embryos is to locate the embryos on the coverslip.

With a custom-built [NIR] diode lamp with tunable intensity for transillumination
(720 nm, Stanley 111R IR-Diode, AN1111R; Stanley Electric Co., Ltd, Tokyo, Japan)
we locate embryo positions in the [nGaAs[CMOS camera for detection (100
ms integration time, 320 x 256 pixels, 30 pm pixel resolution, XEVA-FPA-1.7-320;
Xenics, Leuven, Belgium). Sole purpose of the [NIRI diode lamp is to locate the
embryos before the actual simultaneous multi-channel image acquisition. In order
to not interfer with the signals from [CNT§ we turn off the [NIR] lamp before
starting actual multi-channel image acquisition.

After having located the embryos we use the [NIRI laser to check the
yield inside the embryo. This step is crucial, since microinjection procedure
appeared to be not entirely reproducible. Then we proceed with observation of
the developmental stage by looking at the nuclear structure in the cortical array
by exciting fluorescence of nuclear histones, recorded by the [EMCCDI camera
(1024 x 1024 pixels, 13 um pixel resolution, iXon DU-888E; Andor Technology,
Belfast, UK). By observing nuclear fluorescence we obtain at each timepoint
exact knowledge about the developmental state and the thermodynamic fate of
the embryo. We decided to first expose embryos to [NIRI[T1:Sappl] laser light and
afterwards to the 488 nm laser, because by exposing the embryo at first with a
wavelength much larger (770 nm) than the absorption peak of [EGEFP| (488 nm),
we avoid premature photobleaching of nuclear fluorescence. Another reason
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for using the lasers in this sequence was that the behavior of suspension in
embryos is by far more critical than the state of embryos themselves.
In many cases concentration in the embryo was too low (regardless of the
embryonic type) or a prevalent amount of appeared in form of clusters. In
these pathological cases we started over, using the transillumination diode lamp
to select another embryo.

After being convinced the embryo on hand comprises a reasonable amount of
and is in an early syncytial stage, we turn off the [NIR] transillumination and further
use the 488 nm laser to set the focal plane (z-y-plane) to have it intersect the
cortical layer. Now that we have set the basis for the actual recording including,
i. e. the simultaneous observation of [NIRI[CNT] fluorescence yield and VIS[EGEFP
fluorescence, we can start with the acquisition of images.

In this work, we used multimodal imaging, i. e. two distinct imaging channels to
simultaneously observe intracellular dynamics throughout successive developmental
stages. In that course, we subjected the embryos to the NIRI[Ti:Sapphlaser for 30 min,
exciting in one embryo and started acquisition by the InGaAs/[CMOS| camera
(XEVA-FPA-1.7-320; Xenics, Leuven, Belgium) to record fluorescence. For this
purpose we used the software Xeneth which is especially designed for controlling the
MGaAd[CMOS] camera we used in our experiments. Directly after starting acquiring
[CNTI signals, we began to record signals from [His=EGFP] with an [EMCCDI camera.
To control the camera for the imaging of [His-EGFP| during multimodal
imaging, we used the open-source software Micro-Manager [144] [160]. Table
provides an overview of the parameters used during the experiments. For controlling
the shutter directly behind the 488 nm laser during the actual image acquisition, we
connected the “fire” plug at the camera to the shutter box which in turn
was connected to the shutter.

T

int

» OO0 s

b ¢ > EMCCD
Tclose
Topen
>
time

Figure 6.1. Generic protocol for simultaneous imaging. Rectangles indicate individual images
recorded by the camera (a). Integration time Tin; of the camera amounts
to 100 ms. Topen = 1s describes the opening time for the EMCCD] camera (b). The shutter of the [EMCCDI
camera closes for Tiose = 198 during single-nanoparticle tracking experiments and for Tciose = 48 during
imaging of the cytoplasmic flow (b).
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The camera triggers the mechanical shutter (Fig.[6.1)) via Micro-Manager
according to the parameter set given in table [6.1 In case of comparative single-
nanoparticle experiments (Chap. , the mechanical shutter cloes for 19 s. During
imaging of cytoplasmic flow (Chap. , the mechanical shutter closes for 4 s (Tab.

6.1).

Table 6.1. Parameters fed into Micro-Manager for imaging with [EMCCD| camera. We use an exposure
time of 1 s and record 3 frames per min, i. e. 90 frames over a total measurement interval of 30 min
for comparative single-nanoparticle experiments. For mesoscopic bulk studies, we opened the mechanical
shutter behind the 488 nm laser every 5 s (360 times in total).

Parameter Value (Chap.[6.3) Value (Chap.[6.4)

exposure time 1000 ms 1000 ms
time points 90 360
interval 20 s Ds

In both cases (single-nanoparticle tracking and bulk studies), the shutter remained
opened for 1 s (Tab. , exposure time) while exposing the embryo continuously to
770 nm excitation light from the laser for 30 min.

Through this process we obtained a generic protocol for imaging living
embryos throughout a total experimentation time of 30 min allowing for simultaneous
observation of fluorescence of nuclei and [NIR] fluoescence of [CNTH over successive

mitotic phases (M phases) and interphases (Fig. [6.1]).

Challenges during imaging

During imaging we faced some challenges, which we briefly want to outline in
the following. For imaging in living embryos as basis for single-
nanoparticle tracking, a good dispersion state of is vital. Interestingly, in
some cases predominantly accumulated around nuclei in the imaging plane.
Since this occurance happened throughout both embryo types (His-EGEP| and
His-EGFP /kin-5-Halo]), we speculate that this is a generic property of [CNTFcortex
interaction arising from an accumulation of mechanical entanglement of with
cytoskeletal elements in vicinity of nuclei (Fig. [6.2)).
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Figure 6.2. Assembly of [CNTS (magenta, indicated by white arrows) in the vicinity of nuclei (green) in
both embryos expressing [HissEGEFP] (A ), (B) and in embryos expressing [His-EGFP /kin-5-Halo| (C), (D).
Panels (A) and (C) show the embryos in early interphases, panels (B) and (D) in later interphases.

Moreover, we found that most assembled directly below the nuclei close to the
yolk. This made it difficult to detect particular in the cortex. We speculate,
that entangled in cytoskeletal filaments, such as astral microtubules pointing
towards the yolk. We also observed the raise in contrast with increasing age due
to depletion of the fluorescing yolk cell (Fig. . This shortened the time window
for high-contrast imaging [His-EGFP| depending on the particular embryo under
investigation, from interphase 11 or 12 to late interphase 13. After interphase 14,
cellularization begins during which nuclei are separated and suppresses microtuble
mediated internuclear correlations. During imaging the influence of the observer on
the behavior of the was negligible. Furthermore, the yield of fluorescent
in the embryos differed considerably from one embryo to another.
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6.1.2 Image registration

When imaging with two cameras, it is important to ensure that both cameras
can see the same picture at the same time. Tracking experiments in
embryos require an exact alignment of the [FOV] in all three spatial directions.
Furthermore, it requires an exposure time adapted to the fluorescence properties of
the respective fluorophores (His=EGFPl and [CNTs)). However, the two cameras we
used display photosensitivity in different wavelength regimes. The camera
records fluorescence emission in the while the [nGaAd[CMOS camera records
in the [NIR] fluorescence of

In order to perform both the temporal and the spatial calibration, we apply the
so-called image registration spatially and temporally. We describe this procedure in
the following.

Spatial alignment

In order to obtain the same [FOV]in both channels, the three spatial directions must
be aligned and calibrated. For this we use red fluorescent beads (FluoroMaXTM, R 600,
0.6 pm; Thermo Fisher Scientific Life Technologies GmbH, Darmstadt, Germany),
which have been shown to be visible in both channels. These beads provide an
unambiguous pattern in the [FQV] of each camera. We use this bead pattern as the
basis for spatially superimposing the two image sections.

In order to set parfocality in both imaging channels, we align dichroic mirror D in
the detection system of the imaging setup (Fig. and Fig. by focussing an
object being visible in both channels. We put 5 ul of red-fluorescent beads in water
(1:50) on a coverslip of a thickness of 0.17 mm (microscope slides, Menzel-Gléser,
22 x 40 mm; VWRY International GmbH, Dresden Germany). Then we wait about
30 min for the solvent to evaporate until only a thin layer of beads is left on the
coverslip (Fig. and Fig. . We thus find parfocality by focussing a pattern of
dried-out beads in both imaging channels. The advantage of using beads is, that they
have a defined diameter (here the bead diameter is 0.6 pm). Additionally, beads give
a pattern which later helps merging both imaging channels during image registration.
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Figure 6.3. Schematic of the calibration for parfocality for the multimodal [VISHNIR] imaging. A. Red-
fluorescent beads in watery solution (1:20) are placed on a glass coverslip. B. The watery solvent evaporates,
leving behind a pattern of dry beads on the glass coverslip. C. Registration of images by using bead
pattern.
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Figure 6.4. Bead pattern for [FQV] calibration for imaging In course of image registration, a
bead pattern is detected in both the [NIR] (A) and the channel (B). Bead patterns are superimposed
at points which enclose the same [FOV] For that reason, beads are focussed in both channels sharing one
focal plane. Positioning of the bead pattern in the focal plane during post-processing allows to extract
coordinates to place the smaller frame (NIR] A) into the larger one (VIS] B), as indicated by the yellow
frame in (B).

Compared to [CNT§, we could observe a fast bleaching of beads in the [NIRI channel.
Thus, in order to obtain a high contrast, imaging of beads has to happen in less
than 30 sec. The beads are freshly prepared before each measurement session.

By the procedure described above we achieve a calibration of both field of views
(FOVs), which makes it possible to monitor both imaging channels in a shared focal
plane.

In this work, we use morphological changes of individual nuclei in the nuclear
array during embryonal development for spatio-temporal orientation. Nuclei in
embryos have diameters of about 10 um [30] (Fig. and host genetic
information in form of [43]. During our experiments, we observe fluorescence
[EGEDPk [15, 1611, 162] located at histones over successive nuclear division cycles (Fig.
delivering information about tissue depth and developmental stage. Here, we use
[EGED] absorbing light at 489 nm (blue) [14] and emitting at 509 nm (green) [14 [16]
with a fluorescence lifetime in the order of 1 ns [I4]. Histone co-localization with
chromosomes [163] makes histones ideal tagging sites for obtaining spatio-temporal
orientation in embryos. Hence, in this work, all embryos we
use express green fluorescent protein at histones, providing direct information about
the developmental stage. As figure demonstrates, during interphase, nuclei ap-

pear as roundish objects (Fig.[6.6| A, C, E, F), while during [M phase, chromosome
separation becomes visible (Fig.[6.6, B, D).
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Figure 6.5. Recording of [Hiss=EGEFP] in several nuclear division cycles of [Drosophild Nuclei in
embryos during interphase 11 (A), 11/12 (B), interphase 12 (C), 12/13 (D), interphase
13 (E), interphase 14 (F) and during beginning cellularization (G).

When recording with the [nGaAd[CMOS] chip, pixel size amounts to 30 pm.
The acquisition of VIS [EGFPI fluorescence of nuclei is recorded with an
chip with pixel size of 13 ym (Fig. . This means, during spatial image registration
we have to deal with different pixel sizes of the detector chips. It is reasonable to
always fit the coarse grid with the larger pixel size on the fine grid with the smaller
pixel size. In case of the experiments performed in this work, this means that we fit
the [NIR] channel with its larger pixels and with its smaller [FOV] into the grid of the
channel, having smaller pixel size and a larger [FOV]

Figure 6.6. Registered images of nuclei in embryos and [NIR] fluorescent m The panels
show [CNTs[ [NIR] fluorescence signals (magenta, indicated by white arrows) and nuclei (green) during two

distinct developmental phases of the [Drosophild embryo: A. and B. interphase. Both images show
the two channels (NIR] and [VIS)) being registered as described above.

Consequently, we obtain a registered image with the same dimensions as the [EMCCDI
chip (1024 x 1024). By upscaling the [NIRl image by a factor of 30/13 the pixels in
the [NIR] image are interpolated to fit into the fine grid of the [VIS image.
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Time series of images

In the course of the experiments, we were interested in the temporal evolution of
dynamics in the embryos which we recorded for a total period of 30
min. When using two imaging channels operating in mutually exclusive wavelength
detection regimes for recording intracellular fluorescence, it is important to know
about the spatio-temporal orientation. Thus, we use image registration, meaning
superimposing these two channels (NIR] and [VIS) onto one another.

As the protocol (Chap. shows, we use different illumination times to account
for the different fluorescence properties of and [EGFD] Therefore, the images of
the individual channels must be superimposed in such a way that the synchronization
of both channels is reproduced during imaging.

In our studies, we have in average acquired 10 frames per second in the channel,
while the was sampled at lower frequency (0.05 Hz and 0.2 Hz).

The total number of frames in the channel during the experimental time of 30
min amounts to

total number of frames (NIR channel) 30 min - 60 —— - 10 frames
= 1 . - .

30min experimental time min S
= 18000 frames. (6.1)

Accordingly, under appropriate choice of setting parameters, the total frame number
in the [VIS channel acquired in single-nanoparticle experiments (Chap. amounts
to 90 frames / 30 min (0.05 Hz):

total number of frames h 1 f
. : (BZ]H channel) _ 30 min . 3 [TA0eS
30 min experimental time min

= 90 frames.  (6.2)

In experiments probing mesoscopic bulk dynamics, we acquire five frames per second
in the [VIS (Chap. [6.4). In this case, the we record 360 frames / 30 min (0.2 Hz):

total numb‘er of fra‘mes (m channel) 20w - 19 fra@es _ 360 frames.  (6.3)
30 min experimental time min

It is now important to map the [NIR] and the channel. In this chapter, we show
how the above-mentioned channels are combined. In the following, we describe the
registration procedure for the single-nanoparticle experiments (Chap. [6.3.1]). The
registration procedure for bulk studies (Chap. follows analogously (Eq. .

For image registration, we superimpose images in portions of 100 and 200. Here,
{v;i}j=q1,2, .. 90y defines the set of images of the channel obtained from the
camera and {ny}r=q12, . 18000} is set of the simultaneously recorded images
of the [NIRI] channel obtained from the [nGaAs[CMOS| camera. We define the set of
registered images r as the ordered set (v,n). The tuple ry is defined by the relation

i = (vj,ng). (6.4)



6.1. IMAGING 59

Here, the registered images r and the images n of the [NIR] channel share the same
indices k£ which runs from the first [NIR] image.

/<% = ({Tk}k:{l,..,loo})

= (Tlaréa"arloo)

(BBl Ll) o

For all the [VISlimages, beginning from the second one, the registration process looks
like the following:

r.j>2 — (’]”k)k:{lol,..,kmax}
= (

101, -+, 73005 7301, -+5 5005 T'177015 -5 7“17900)

= (o) L ] 5 v = L)+ 69
niot| 7 [nso0| | nsor| T [mso0| T [Marror | T [ Rarooo '

In (Eq. , semicola denote the change of a VIS image. The sets of registered
images defined in (Eq. and (Eq. , we then combine in a resulting ordered
set of registered images r:

r = (rJ<2; I.J>2)
= (71,72, -, 71005 1015 102, -+ 300} -+ 717701, T177025 -+ T17900) - (6.7)
In (Eq. [6.7)), again semicola divide sets of [NIRl images nj which share one common

VI5limage v;. The following is an example of how the registration protocol defined
in equations (Eq.[6.4]) and (Eq. can be implemented in MATLAB:

il vis = 2;

2

3l while (vis <= 5)

4

5 for nir = (200*vis-299) : (200*vis-100)
6 sprintf (’ (%d,,%d)\n’, vis, nir)

7 end

8

9 vis = vis + 1;

10| end

Figure shows an example for stacking image sequences during overall recording
time of 30 min.
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Figure 6.7. Exemplary protocol of the registration of the image sequences during the multimodal [VISHNIRI
image sequences. For the temporal superposition, images from the [NGaAs[CMOS]| camera (a) are grouped
and binned into one respective frame recorded by the [EMCCD| camera (b).

Kymographs

A common way in biology to represent spatio-temporal evolution of a system, are
kymographs. Kymographs portray graphically the motile time-evolution of a tracer
particle such as a[CNTl Typically, kymographs are represented as t-x-diagram with
one axis representing time while the other plots a spatial direction. Here, we present
kymographs of individual in both His-EGFP| and [His-EGFP /kin-5-Halo| em-
bryos (Fig. . Kymographs provide a first qualitative overview, whether the motile
behavior of differs in these two different embryo types. In case of sucess-
ful linking of to kinesin-5 molecules, we expect a majority of found
trajectories in [His-EGFP /kin-5-Halo| embryos to display more directed motion and
less random movements as [His=EGEFP] embryos. Hence, a corresponding kymograph
for [His-EGFP /kin-5-Halo| embryos, in contrast to [His-=EGEFP| should predominantly
display straight lines. However, we found a comparable amount of movements in
[His-EGFEP] embryos to show also directed behavior (Fig. [6.8)). The crowded nature
of the intracellular space of leaves possibilties for unspecific binding to
other agents inside the cell providing directed transoport. For instance, we speculate
that directed movements in [His-EGEFP| embryos arise from attachment of to
vesicles or other agents. Using kymographs is a good method for a first impression
on the data. However, full and exact characterization requires quantitative methods
like single-particle tracking (Chap. [6.2)).




6.2. TRACKING OF INDIVIDUAL CARBON NANOTUBES IN LIVING Drosophila EMBRYOS 61

375 s

ositon o O W >

p
z
(]

Figure 6.8. Exemplary kymographs of individual[CNTs|in the cortex of a[Drosophild embryo. Kymographs
obtained by multimodal imaging of live embryos expressing [His=EGEFP] (A), (B) and embryos expressing
[His-EGFP /kin-5-Halo| (C), (D). Magenta traces show [CNT] signals. D. Anecdote of a linear movement of
a[CNTlin a[His-EGFP /kin-5-Halo| embryo with a velocity of about 9 um / s.

Using kymographs we find anecdotes of functionalized displaying directed
motility in embryos. However, in many cases these traces show velocities
surpassing those of kinesin-5 by two orders of magnitude [164]. Moreover, these
directed traces can also be observed in [His-EGEDP] embryos which do not have a
HaloTag® binding site.

6.2 Tracking of individual carbon nanotubes in living Drosophila
embryos

Tracking of individual inside the embryo is crucial to gain quan-

titative and local information about intracellular dynamics. Tracks of single
molecules deliver information about quantities characterizing dynamical behavior of
such as mean squared displacements or velocity cross-correlations.
Here, we use tracking as a basis to compare the motile behavior of individual func-

tionalized in two embryo types (His-EGEFPland [His-EGFP /kin-5-Halo|) (Chap.
6.3). The tracking parameters were the basis for the later mean squared displace-

ment (MSD]) analyses (Chap. and velocity cross-correlations (Chap. [6.3.4). For
tracking, we use the open-source tracking software TrackNTrace [165]. TrackNTrace
is well documented and allows for user specific input of parameters, necessary for
tracking individual particles. In general, tracking of individual molecules requires a
delicate choice of parameters. On the one hand one has to make sure to not track in
the noise, on the other hand minimization of dectecting false negatives has to be
ensured. TrackNTrace provides input options for nearest neighbor tracking. These
options include five parameters which can be chosen freely. A full set of parameters
is compulsory for being able to start the tracking process. In the following we present
our choices of these parameters and reason our decisions. Table provides an
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overview on the following five key parameters used for single-nanoparticle tracking.
First, we set the value of minimal trajectory length (minTrajLength) to 10. This
means, we consider only trajectories having a presence for at least 10 frames or,
equivalently, 1 s. We did this because this vaule allows us to detect the most
possible, in contrast to a higher value. The second parameter allows input of the
maximal allowed linking distance of two locations (maxTrackRadius). With this
parameter, we define that in case of one candidate to track has been found, we
only allow connecting points in the vicinity of two pixels around this candidate. By
choosing a low value for maxTrackRadius, we aim at reducing chances for detecting
false positives from the noise. Because are intermittency-free, we decided to
not allow blinking signals to be included in the tracking process by zeroizing the
maximal time gap between between two frames (maxFrameGap). During tracking, it
turned out that trajectories of a particular could not persistently be tracked
but instead moved out of the [FOV] Hence, we could argue, that, albeit do not
blink, their disappearing and subsequent reappearance can be considered as a form
of blinking. However, we decided to not consider this assumption and considered
it as less expedient, since during measurments in living embryos, move also
inside the focal plane. Since the minimum segment length before frame gap closure
(minSegLength) is dependent on maxFrameGap and since we chose this value to be 0
frames, we kept for simplicity the default parameter of minSegLength, which was
set to 1 frame. We chose the maximal pixel distance before closing the gap between
candidate pixels (maxGapRadius) to be 6 pixels to consider trajectory segments from
particular which possibly intersect the focal plane at different locations and
thus, to aim at stichting together tracks of the same candidate.

Table 6.2. Parameters used for particle tracking with TrackNTrace.

parameter Parameter name in TrackNTrace Value
minimal trajectory length minTrajLength 10
maximal track radius maxTrackRadius 2
maximal frame gap maxFrameGap 0
minimal segment length minSeglength 1
maximal gap radius maxGapRadius 6

These parameters are the results of careful observation of different settings. After
testing multiple parameter sets, these parameters turned out to be the most promising.
In other contexts (different cameras, [CNTg, embryos etc.) and under different
conditions, the parameters may vary.

Even when using an appropriate paramter set (Tab. , in many cases, detected
trajectories of individual appeared to be broken up into multiple ones, resulting
in shortend trajectories. We used custom-written software to further process the
data obtained by tracking with TrackNTrace.
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A B

10 ym

Figure 6.9. Trajectories of [CNTs| in [Drosophild embryos showing brownian motion (A, green) and
directed motion (B, red). The traces were obtained from tracking with TrackNTrace [165]).

Throughout our experiments, we found that histograms for the two embryo types
(His-EGFP] and [His-EGFP /kin-5-Halo|) qualitatively displayed similar behavior, in-
dependent of the embryo type (Fig. [6.10). Data in (Fig. A) shows the counts
of tracks in one single embryo expressing [His-=EGEP] whereas (Fig. [6.10, B) depicts
an analogous diagram for an embryo expressing [His-EGFP /kin-5-Halol In both fly
crosses, lifetime of trajectories was in most cases lower than 1 s, while only
few tracks appeared for more than 1 min in the [EQV1
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Figure 6.10.

Statistics of track lifetimes of individual in embryos (His=EGEFP| and
[His-EGFP /kin-5-Halo]). A. The upper panel shows the lifetime of individual [CNT] trajectories as counts vs

track ID. The lower panel depicts the histogram of the lifetime. Both panels show individual tracks of the
same individual in embryos expressing [HissEGEFPL B. The upper panel shows the lifetime of individ-
ual [CNT] trajectories as counts vs. track ID. The lower panel depicts the histogram of the lifetime. Both

panels show individual tracks of the same individual in embryos expressing [His-EGFP /kin-5-Halo|
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Figure 6.11. of in embryos (His=EGFDP] vs. [His- EGFP /kin-5-Halo]). (A) Array of mea-
sured [MSD] curves of individual in an embryo expressing [Hisz=EGEP] and an embryo expressing
His-EGFP /kin-5-Halo| (B). Panels (A) and (B) show 20 arbitrarily selected measured [MSDs] of individual
CNT4| in living embryos. Averaged in an embryo expressing [HissEGEFP| (C) and in an embryo
expressing [His-EGFP /kin-5-Halo| (D). In panels (A) to (D), the black line shows the [MSD]slope = 1 for
comparison. Exemplary of an individual [CNT]in an embryo expressing [His=EGEDPI (E) and in an
embryo expressing [His-EGFP /kin-5-Halo| (F). In panels (E) and (F), measured data is shown as blue
dots, the linear fit of the measured for the short time interval (7 € [0;1]s) is shown as gray line and
the linear fit of the measured [MSD] for the long time fit interval (12 € [0;5]s) is depicted as black line.

6.3 Single-nanoparticle dynamics of fluorescent carbon nanotubes

in living Drosophila embryos
6.3.1 Mean squared displacements

The is a measure for the area (z%(7)) an object passes during a time step 7.
analyses are commonly used in biology as a measure to categorize different
types of motility based on the diffusive behavior of tracer particles in a medium
[6, [166], [167]. In this work we use this widely accepted idea to obtain information

about the dynamical behavior of fluorescent in the embryos. From

the behavior of a particle of interest performing Brownian motion, we can also gain
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information about the diffusivity D the particle. A RDIMSD]| with diffusivity D yields
power law behavior for lag time 7 with anomaly parameter a [168]:

(x*(1)) = 4D, (6.8)

In this chapter, we focus on the analysis of the anomaly parameters « of both,
His-EGFP|and [His-EGFP /kin-5-Halo|embryos. Data obtained from single-nanoparticle
tracking (Chap. was the starting point of the studies presented in this chap-
ter. Typically, motor movements along cytoskeletal filmaments such as kinesin-1
motors processing along microtubules display directed motility [6]. Here we want
to apply the method of analysis as a tool for systematic characterization of
[NTR] fluroescent in embryos expressing [His-EGEFP| and embryos expressing
IHis-EGFP /kin-5-Halo| By presenting of individual molecules, obtained
from single-nanoparticle tracking of functionalized in living em-
bryos (Fig. , we prove successful application of as fluorescent probes in
embryos during continuously exposing embryos to [NIR] laser light for 30
min. We were able to extract trajectories (Fig. A and C) which can be used
for further analysis of the anomaly parameter «. Basis for [MSDI analyses was single-
particle tracking (Chap. from which we obtained the individual trajectories
used in the further analyses (Chap. [6.2)). For each of these trajectories in the
cortical region of both embryo types during 30 min acquisition time (Chap. |6.1.1)
we computed the corresponding set of MSDs| (Fig. [6.11) A). For better overview we
did not depict all the found during the single-nanoparticle tracking (Chap.
. Instead, figure , A depicts 20 arbitrarily chosen representants from the
whole set obtained from measurements of one particular embryo. By looking
at the arrays of [MSDg (Fig. [6.11 A and B) and the averaged (Fig. 6.11} C
and D) it turned out that the embryo types (His-EGFP| and [His-EGFP /kin-5-Halo
do not appear particularily different. A deeper analysis of the in terms of
anomaly parameters will clearify to what extend dynamics of in [His-EGEDI
and in [His-EGFP /kin-5-Halo| embryos differ.

6.3.2 Anomaly parameters

To assess the diffusive behavior of [CNTS in [Drosophild embryos, we make use of the
so called anomaly paramter o. The anomaly parameter is the exponent describing the
power law in (Eq. and is commonly used to numerically distinguish sub-diffusive,
diffusive and super-diffusive motions [167]. Molecular motors of the kinesin family
usually display directed, i. e. super-diffusive motility [6]. We have analyzed « by
fitting the anomaly parameter to two different lagtime regimes oy (7 < 1s) and
as(7 < 5s) of different interval lengths (Fig. C). The corresponding histograms
in (Fig. of a both reflect the behavior seen in (Fig. @D in the two embryo
types. When comparing upper and lower panels of (Fig.[6.13] A and B), we observe
that for both embryo types (His-EGEP| and [His-EGFP /kin-5-Halo)), yield of linear
fits for the o decreases with trajectory lifetime. This is because the tracking revealed
short trajection times. We speculate that are pulled out of the focal plane
while the nuclear array starts to reorganize in phases of enhanced cytoplasmic flow.
In the course of our studies it turned out, that o; and as showed outliers. Data sets in
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both embryo types (His-EGFPI and [His-EGFP /kin-5-Halo)) even contained negative
values for oy and as. This often led to datasets with o > 1 or even negative medians
of a1 2. Hence, it is reasonable to find a way to detect pathological fits by looking at
the errors and exclude fits which are obviously not reflecting the physical dynamics of
in the embryos. For that purpose, we have compared four commonly used error
models (mean absolute error (MAEI), root-mean-square error (RMSEI), normalized

root-mean-square error (WRMSE]) and coefficient of variation of the root-mean-square
error (CV(RMSE)))) to yield fits for «, which are physically reasonable:

(6.9)

\ %i (tah = () (6.10)

nRMSE := \ %Z (M) (6.11)

k=1 <x2>1€
CV(RMSE) := RMSE / (%i(ﬁ);C) : (6.12)

In definitions (Eq. measured values appear undecorated, while fit values
carry hats. Comparing these errors (Fig. is important in order to choose
an appropriate model to use in further studies, and by applying them to our fits
discard unreasonable fits of «, which have too large residuals. For that purpose,
we studied the histograms of these errors (Fig. and chose appropriate error
models according to quantile analysis of pooled anomaly parameters from pooled
data of [His=EGFP] and [His-EGFP /kin-5-Halo| embryos (Tab. [6.3). We chose the least
tolerant error models according to quantile analysis (Tab. , which turned out to
be the and [RMSEd In order to exclude as many failed fits on noisy data as
possible, we combined [MATEE and [RMSEE for the given set of to have a sharp
and strict criterion to assess the suitability of the fits. From these error-corrected fits
of we computed the distribution of a over trajectory lifetime (Fig. . From
the analysis of the anomaly parameters it can be seen (Fig. that both embryo
groups (His-EGFP] and [His-EGFP /kin-5-Halo)) exhibit predominantly diffusive or
sub-diffusive behaviour with fits at longer intervals (as) tending to show higher
values for the anomaly parameters. As can be seen in (Fig. |6.15), medians of o]
and o} in these two groups barely differ. In the present case, [His-EGFP /kin-5-Halo|
embryos showed track lifetimes that were up to one order of magnitude longer than
those of [His=EGEP] embryos. However, due to the large variety in total lifetime of
trajectories in embryos the trajectory lifetime would not be an ideal criterion
for making distinctions between these groups. It is also possible, that on long track
lifetimes particular show up as not moving. In our experiments it turned
out, that the total number of trajectories varied within each individual embryo,
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independent of the transgenic cross. Concerning the distinction criterions based on
MS DI analysis a more in depth study is recommended.
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Figure 6.13. Statistics of the anomaly parameters a1, for short and long track lifetimes. The upper
panels in (A) and (B) show the histograms of the anomaly parameter a1 of individual in an embryo
expressing [His=EGEP] (A) and an embryo expressing [His-EGFP /kin-5-Halo| (B) during a short interval
71 € [0;1] s for the linear fit of the measured The lower panel shows the histograms of the anomaly
parameter aws of individual in an embryo expressing [HisEGED] (A) and an embryo expressing
[His-EGFP /kin-5-Halo| (B) during a long time interval 7 € [0;5]s for the linear fit of the measured [MSDI

Table 6.3. Quantiles of four error models. Table contains values of pooled data from [{issEGEP] embryos
and [His-EGFP /kin-5-Halo| embryos. The first two columns define error-corrected anomaly parameter aj .

Quantile [MAFE [RMSE LRMSE [CV(RMSE)]

75 % 0.19 0.21 0.91 5.72
95 % 6.78 8.47 0.99 50.20
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Figure 6.15. Scatter plot of the values of the MATINRMSEI corrected anomaly parameters o vs. trajectory
lifetimes. A. Values of the MAEIN[RMSEI corrected anomaly parameter o* of the linear fit of [MSD]in an
embryo expressing [[is-EGEFPL B. Values of the MAF|N[RMSE] corrected anomaly parameter o of the
linear fit of [MSD]in an embryo expressing [His-EGFP /kin-5-Halo}

6.3.3 Diffusivity

After having analyzed anomaly parameters in [His-EGFP| and [His-EGFP /kin-5-Halo|
embryos, we now look at the diffusivity D of in embryos of both transgenic
crosses. Diffusivity links the physically to viscous material properties. Mi-
croscopic viscosity in syncytial embryos has already been investigated
using mesoscopic beads [5]. Here we want to set the fundament for further studies
by using non-bleaching and non-blinking single-nanoparticles to establish as
microscopic probes for micromechanical investigations. Diffusivity and are
connected via (Eq. . From the tracks of individual , we have determined the
diffusivity D, resulting in the histogram shown in figure [6.16] From (Fig. [6.16]), we
learn that diffusivity in [His-EGFP| and [His-EGFP /kin-5-Halo| embryos both show
no significant difference.

A B

#D,
#D,

D,/ (m2/s) D,/ (m?/s)

Figure 6.16. 16 Distribution of diffusivity D,. A. Diffusivity D, for an embryo expressing [lis-EGEFPl B.
Diffusivity D, for an embryo expressing [His-EGFP /kin-5-Halol

6.3.4 Velocity cross-correlations of individual carbon nanotube
trajectories in living Drosophila embryos

In the course of our single-nanoparticle studies, we so far have considered the behavior
of individual by looking at spatial autocorrelations (MSDs|). The basis for the
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studies are the tracking studies (Chap. . analysis provides an adequate
tool to obtain information about the behavior of individual particles embededded in
a viscous environment. It gives valuable information about the diffusive behavior of
However, it does not provide information about how the individual parts of
the tissue interact with each other. A complete picture of the rich local interactions
inside developing embryos needs investigation of cross-correlations of the found
by tracking (Chap. . Furthermore, these cross-correlations have the potential to
be used as dynamic order parameter for characterization of the correlative motion
of single molecules in different types of embryos. Here, we here
consider the cross-correlation of velocities of individual [1]. We have computed
velocity correlations of [CNTSH in [Drosophild embryos expressing [His-EGEP] and
IHis-EGFP /kin-5-Halo| to compare the correlative behavior of in these two
transgenic crosses. From analysis of distance-dependent velocity correlations of pairs
of [CNTs, we obtain a distant-dependent dynamic order parameter for comparison of
the dynamical behavior of in the two transgenic crosses.

We define the distance-dependent two-particle velocity cross-correlation C'(R) by [1]:

C(Ry) = <va(ﬁ, 1) 8 va(F5, 1) O ( roa(ls) — rg(tk)’ — Rk>> (6.13)

(Eq. shows the scalar products of two particles appearing at the same time, i.e.
the same frame, whereupon these scalar products are sorted according to the distance
between these particles as indicated by the § function. To bin the scalar products
according to their distance R, we use a reasonable tolerance window R = R’ + §R.
We illustrate this with a hypothetical example:

(Vig @ Vi35t + (V3 ® Voa)iy

2

In (Eq.[6.14), a hypothetical velocity cross-correlation of four particles (i. e. in our
experiments this would be 3,14, 15, 92 is calculated. In this example, particles
14 and 15 appear in frame 25 and particle pair 3 and 92 appear in frame 49. After
computing the distances within all particle pairs per frame within the range of the
respective frame set, it so may turn out that the pairs 14, 15 and 3, 92 have a distance
of R =50 um to each other. The denominator in (Eq. counts the number of
summands in the numerator. Sorting the values of C' according to their distances R,
provides histograms (Fig. , A, C). To evaluate distance-dependent two-particle
velocity correlations (Eq. , we use the data obtained in (Chap. . With self-
written MATLAB software, we computed pairwise cross-correlations of individual
trajectories defined by (Eq. . After extracting the raw trajectories of individual
provided by TrackNTrace, implementation of (Eq. is straightforward.
Numerically, velocities are approximated by the average of positions amidst the
trajectory points. Thus, in order to define velocities, we first have to define the
locations of particular velocities. For that, we shift the origin of a point r = r;e; on
a trajectory at time point ¢ about half midway to the next trajectory point at time
point tx. Thus, we can assign an exactly defined position to each velocity vector. In
order to define the projection of two adjacent velocity vectors on one another (i. e.
V, - vg), we first have to define their positions by averaging distances:

C(R =50 um) =

(6.14)
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1ic(tn) — rjc(tr)
5 .

We then approximated velocity field vector components v; by the average speed of
particles incated by ¢ = {«, 5}:

ric(then) == rjc(tr) + (6.15)

vjc(t) = gt + AAtZ —aclt) (6.16)

We then compute distances of particle pairs (a, 8) in each frame and bin them
according to their distance Ry at timepoint ¢, which we then bin according to their
distances (Fig. [6.17)).

A B

#R

C(R) / um2us—2

R/um R/ pum

#R
C(R) / um2us2

R/ pm R/ um

Figure 6.17. Velocity correlations in embryos. (A) and (C) show histograms of distances
R. (B) and (D) show correlations between two which were found during overall recording time.
Most velocity correlations of the are found at short and intermediate distances. are mostly
uncorrelated fluctuating around zero. For long distances, a decrease in C'(R) for long times is observed,
indicating anti-correlative behavior of The two types (HissEGEFP] A, B and [His-EGFP /kin-5-Halo]
A, B) show similar behavior.

As the distance-dependent velocity cross-correlations over distances R of individual
[CNT] tracks per image reveal, cross-correlations of in both embryos exhibited
the same tendency of decreasing C'.

6.3.5 Hydrodynamic length of carbon nanotubes in living Drosophila
embryos

Transport behavior of tracer particles such as in viscous media such as living
embryos is strongly influenced by their friction and thus by their geometry
[169, 170]. The hydrodynamic length L provides a measure for relating geometry of
the tracer particle and its diffusive behavior in a medium with viscosity 1. We define
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L as the length of a hypothetical rod-shaped particle displaying the same diffusive
behavior in a solvent with viscosity n as a would do [I71]. Hydrodynamic
lengths of have already been studied in in vitro sedimentation experiments
[172]. In [Drosophildembryos experiments with mesoscopic beads yielded results for
the microscopic viscosity n [5]. Here we have measured the hydrodynamic length
of in living embryos by analyizing obtained from [NIR]
fluorescence imaging of . (x?) of a particle and its diffusivity D, in our
system are linked via (Eq. , yielding a power law for lag time 7. Since our
data showed predominantly diffusive or sub-diffusive behavior of [CNTS|in [Drosophild
embryos we consider the subset of our measured data with anomaly parameters in
the range of @ = 1 £ 0.1. From the (%) of [CNTS| in [Drosophild embryos we obtain
D directly from the offset in the logarithmic fit of (x?). We now connect geometry
and diffusivity via friction & by [170]

kT
o

Hence, we can compute hydrodynamic length L of a average single [CN'I] by using
the solution of the diffusion equation for a rod-shaped particle [173]

D, (6.17)

_ kpTIn (%)
I — 37??7—,%’ (6.18)

with friction £ = In(L/d)/(37nL) [173], tube length L = 1 ym and tube diameter
d = 1nm [0, [71]. Here, we use a microscopic viscosity in the embryo of
n =4mPa-s [5] at standard conditions. From this, we obtain an effective length L

for [CNTY in [Drosophild embryos of

L = (71 + 10) nm. (6.19)

This result can be used as a tool for further research on the transport behavior of

CNTY in [Drosophild embryos, for instance when using as sensors in biomedical

applications.

6.4 Mesoscopic bulk dynamics: Particle image velocimetry with
fluorescent carbon nanotubes

After having observed and systematically characterized behavior of single
molecules during “silent” phases, i. e. phases with suppressed cytoplasmic flow, we
now want to demonstrate that combining and [PTV] can be used to probe bulk
dynamics during phases exhibiting enhanced cytoplasmic flow. Little is known about
the contributions of the cytoplasm during the reordering of the nuclear array, which
is important for embryonic development [64]. Due to the embedding of the nuclear
array in the cytoplasm, influence of cytoplasmic flow on the morphological upheavals
in the cortex seems reasonable. However, not much is known about the biological
function and driving physical mechanisms of cytoplasmic flow [63].

In the following, we present a method of combining excellent photophysical properties
of with the non-invasive particle tracking with [PTV] and thus open the door
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for new efficient methods for the quest for the underlying physical mechanisms of
cytoplasmic flow. In this chapter, we give a proof-of-concept, that it is possible
to detect mesoscopic bulk dynamics in living embryos using as
photostable fluorescent molecular probes in combination with [PIV] [PIV]is a non-
invasive method to observe and quantify velocity fields and thus to characterize flow
behavior [I74]. Unlike single-particle tracking (Chap. [6.2)), where individual particles
are detected locally, particle detction with [PIV]is based on averaging movements
within previously defined spatial regions. For averaging, the entire image is covered
by a grid determining the final resolution of the cells within which averaging will
take place by comparison with surrounding frames. We injected into embryos
expressing [HissEGFPl and, by this, prove that can also be used for mesoscopic
studies of the cytoplasm. We show that can be applied as fluorescent probes
for quantitative imaging of velocity gradients of cytoplasmic flow and show in further
processing, that are appropriate to be used in [PIV]

In the single-nanoparticle experiments in this work, it turned out, that particular
are only trackable in the range of few seconds, since they move out of focus,
making it single-nanoparticle tracking in difficult. Thus, by applying [PIV]
one can observe further interesting features during cortical upheavals which remain
covered in single-nanoparticle imaging of [CNTsl Other than in single-nanoparticle
experiments, by studying dynamics with[PTV], we are not constrained to the dispersion
state during imaging individual [CNTS§ This facilitates to a large extend continuous
observation of intracellular dynamics on long time scales. Data acquisition protocols
used for [PIV] studies are basically the same as those used for single-nanoparticle
experiments (Chap. with the only difference that closing intervals of mechanical
shutters are shortened to tg¢ = 5s. For this purpose, we have recorded [His-EGEP]
embryos in their interphase. We exposed the whole embryo for 30 min to 770 nm
laser light of the laser to capture cytoplasmic flow at least one interphase.
The 488 nm laser excites [HissEGEPl each 5 s (Chap. [6.1.1)). In this course, the nuclei
drift about 10 um, which is about two nuclear diameters. In order to reduce noise,
images were lowpass filtered by averaging over 10 consecutive frames. The average
longpass filtered image I,ys 1.p,x Was constructed by computing the arithmetic mean
of ten images:

TRl
v 1Pk = 0 Z([J) (6.20)
7j=1

We then used the set of {/,spx} as input for the actual [PIV] analysis using the
open-source software PIVlab [I75HI77]. For further processing, we projected the
data obtained by PIVlab (320 x 256) on a coarse-grained grid measuring 15 x 19
with each element having 5 x 6 pixels. In order to suppress noisy regions with low
particle density, we filter out velocities which were above a given threshold.

To describe the degree of order during reorganization in embryos, it seems
natural to define a dynamic order parameter. In the following we demonstrate, that
combining imaging in the cytoplasm and [PIV] allows the extraction of dynamic
order parameters in phases of enhanced cytoplasmic flow by giving a simple example
for a possible angular order parameter.
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Figure 6.18. Cytoplasmic flow in embryos obtained from combining imaging and [PIV]
Flow field vectors of [CNTs|in [Drosophild embryos (A) and (B) with corresponding phases ¢ (C) and (D).

From the velocity vector fields obtained by the [PIV] analysis, we extracted particular
orientation of velocity field representant v with respect to one axis and the absolute
value v := (v, v,). Together with the absolute value v := /vZ + vZ of the velocity
field representants, we can define an angle

¢ = arctan (@) . (6.21)

T

between z-axis and velocity representant v detechted by [PIV] which can be regarded
as an example for a dynamic order parameter obtained from combining imaging
and [PTVI

In further research on intracellular reorganization processes in embryonic [Drosophild,
generalization of ¢ can be established by correlating values of ¢. In this thesis,
however, we limit ourselves to demonstrating the successful applicability of the [PIV]
method to fluorescence signals of in living syncytial embryos by
referring to this example.

In conclusion, this chapter, we delivered a proof-of-concept, that [PIV] can be used to
characterize mesoscopic dynamics of the cytoplasmic flow inside syncytial
embryos using [NIR] fluorescent as tracer particles of molecular size.
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Discussion

7.1 Carbon nanotube preparation and microinjection

The individual steps during [CNTkuspension required a high degree of trained and
skilled craftsmanship in order to produce reproducible results. The dissolution of
into water was essentially uncomplicated. In contrast, the handling of
in all further steps of the sample preparation turned out to be quite challenging.
Firstly, this concerned the portioning of dry for weighing, since have
a low mass density and a high sensitivity to electrostatic interactions. This means
that despite grounding, adhered to all surfaces which they came into contact
with. The masses were difficult to measure due to the measuring tolerance of
the scale (CP224S; Sartorius AG, Gottingen, Germany). As a possible solution to
both problems, we propose to use specified and precisely weighed commercial
batches in future studies.

During the subsequent sonication of the suspension a considerable amount
of remained visibly attached to the sonication probe. Also after sonication
macroscopically visible remains of wet were found attached to the inner walls
of the glass scintillation vial used for sonication. These residues became visible when
the suspensions were transferred to an Eppendorf tube for centrifugation. As a
result, an unknown amount of was lost before centrifugation. To fully disperse
CNT] aggregates between we sonicated the sample with 10 W over 90 min,
causing to break up inter-tube van der Waals bonds. Determination of the effects
of the sonication parameters used on ssDNAlwrapping was beyond our control.
Further investigations are recommended to clarify how much the dispersion state of
suspensions is affected by possible s5sDNAl damage.

Overall a high degree of practice and experience with the individual steps allowed
us to create clearly visible during imaging of individual in living
embryos.

As well as the suspension of the [CNT§ the functionalization of individual
with a HaloTag™ ligand proved to be demanding. A major concern with
functionalization with HaloTag® ligand is the ambiguous detectability of the
successful covalent bond between the the and the AminoC12 5" end of the
lssDNAI in vitro. The HaloTag® method provides non-invasive tagging of single
kinesin-1 motor proteins in living cells [6].

In this thesis we have applied this method to kinesin-5 motor proteins in living
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transgenic embryos. However, as it turned out, the tracks of individual
in [His"EGFP] and [His-EGFP /kin-5-Halo| embryos showed similar behavior.
Furthermore, during imaging, individual were only visible for less than a
minute. A successful tagging of HaloTag~ .modified kinesin-5 also required that the
[His-EGFP /kin-5-Halo| embryos all expressed HaloTag®.modiﬁed kinesin-5 motor
proteins. This poses the question, if in fact a successful covalent bond of functionalized
[ssDNAlwrapped inside the |[His-EGFP /kin-5-Halo| embryos was created.
Still, our studies provided a useful demonstration of the capabilities of our setup for
long-time imaging of [NIR] combined with imaging in

All in all, we note that the process based on the one in [6] for the production
of functionalized for our special application in embryos despite
the many, partly great challenges, yielded successful single-nanoparticle imaging
including single-nanoparticle tracking and optical characterization of individual
molecules in tissue of living embryos.

To introduce suspensions into embryos we used microinjection.
In this work we learned that the needle position during microinjection of [CNT]
suspensions into embryos influences the distribution of in the
embryo. This is why we lined up the embryos in the middle of the coverslip for
minimal position corrections during imaging. We recognized that an injection along
the short embryo axis usually resulted in a higher yield of homogeneously dispersed
throughout the embryo.

The injection needle was a custom-made tapered glass capillary of which the closed
tip had to be removed by carefully clipping it off. This resulted in different diameters
of the needle outlet which we estimated to about 50 pym. Those different diameters
and tissue clogging the needle outlet made each injection different from one another.
However, an experienced handling of the needle led to the observation of individual

[CNT] trajectories in [Drosophildembryos.

7.2 Imaging

In this work, we have used an inverted microscope enabling simultaneous imaging
of NIR and [VIS/[His-EGFPl We used a mechanically stabilized sample stage
and equipped the bottom side with two pairs of rare-earth magnets. These magnets
ensured a fixation of the glass coverslip on the sample stage, preventing it from sliding
during imaging. We optimized the detector path compared to the structure used in
preliminary studies for the detection of[CNT§in syncytial [Drosophild embryos [133] to
allow a higher intensity of fluorescence. Before measuring the [NIR] fluorescence
of [CNTY| a two point calibration of the [nGaAdICMOS| camera was performed. We
used a custom-built [NIR] diode lamp with adjustable intensity to illuminate the
detector of the camera completely and homogeneously. It was important to ensure
that the [nGaAs[CMOS sensor received sufficient photons from using a two
point calibration. For this calibration, we recorded a dark image and a bright image.
During recording of the bright image, it was important to make sure to not reach
upper edge of the dynamic range, as otherwise parts of it would have been cut off
and the camera would not provide enough contrast during imaging.

The clearly arranged graphical user interfaces of the selected software enabled
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targeted and uncomplicated control of the respective cameras. Using the open-source
control software Micro-Manager, the for visible fluorescence detection
allowed for reliable control of the mechanical shutter behind the 488 nm laser. To
ensure that we see the same image section in both the [NIR] and channel, we
used fluorescent beads that were visible in both the [NIR] and channel. We
excited the fluorescence of the beads with 561 nm laser light to calibrate the [FOV§|
Through this so-called registration process (Chap. we achieved a clear overlap
of both channels. For registration, the smaller picture with the coarser resolution
(9.6 x 7.7mm?, 30 um / pixel, [NIR] channel, detected with [nGaAd[[CMOS]| camera)
was superpositioned on the larger image with the finer resolution (13.3 x 13.3 mm?,
13 pm / pixel, channel, detected with [EMCCDI camera). The use of beads turned
out to be a fast and efficient way to compare the two in the channels
and [VIS| allowing parfocality to be adjusted. Furthermore, the dried beads provided
an unmistakable bead pattern in both channels, which could be clearly assigned to
the superposition of both due to the distribution of the dried beads on the
coverslip.

We imaged [NIR] fluorescent using the high-gain acquisition mode to distinguish
the flat fluorescence peaks from the noise floor [152]. In high-gain mode both
signal level and noise level are raised compared to low-gain mode. However, high-gain
mode offers the decisive advantage that the frame rate can be kept up during imaging
and thus lower exposure times can be achieved.

Another challenge during imaging was the behavior of the in the respective
[FOV] We found that during imaging, individual repeatedly moved out of the
focal plane, affecting the lifetime of the trajectories. This could be observed especially
during the reorganization of the nuclei in the cortex. The two dimensional imaging
limited us to tracking which in most cases led to a lifetime of detectable
trajectories below one minute. In order to ensure persistent tracking of individual
beyond the cortex and to make optimal use of the photostability of the
[CNTS we recommend extending the imaging from two to three dimensions for future
experiments. For this purpose, a feedback mechanism can be introduced which marks
the most intense signals in a reasonable frame interval and tracks them to all
three directions using the piezo stage for nanometer precise positioning.

As mentioned above, the dispersion state of the suspension used had large
effects on image quality and played a major role in finding a suitable concentration
of fluorescent [CNTs Achieving the correct concentration of also required a
lot of experience during injection into the embryos. If there were too few in
the [FOV] the sample was not usable due to too few signals. However, a too high
concentration of injected [CNT4| clear detection became difficult during subsequent
tracking. In our case a concentration of 1:50 (CNTJ suspension : water) proved to be
adequate.

In our experiments, anecdotes of directed [His-EGFP /kin-5-Halo| embryos could be
detected, which moved directionally relative to their environment. We were able to
extract kymographs (Fig. that demonstrated this. However, these velocities were
about one magnitued higher higher than expected for kinesin-5 which is normally
in the order of 0.02 to 0.10 um / s [164]. Since directed movements of individual

were observed in both embryo types (His-EGFP] and [His-EGFP /kin-5-Halo)),
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we suspect a nonspecific binding of fluorescent [CNTS| for instance to vesicles, which
may have conributed to these directed movements.

During the image registration (Chap. it was noticeable that during the 30-
minute imaging on average about 17300 instead of the nominal 18000 frames were
recorded in the channel (Eq. . This corresponds to a frame rate of 9.6 Hz
instead of the nominal 10 Hz (which correspond to Ti,, = 100 ms integration time) in
the channel. In contrast, the nominal frame rates of 90 frames and 360 frames
in 30 min in the channel, as entered in Micro-Manager (Tab.[6.1]), was met. It
is likely that the [nGaAd[CMOS camera uses part of the nominal integration time
of 100 ms to control the internal shutter. We decided to follow the nominal value
of the integration time in order to achieve the highest reproducibility possible. In
future experiments, this offset can be reduced by optimizing the image registration

protocol (Fig. by adapting the temporal offset (Eq. [6.4] - [6.4).

7.3 Optical properties of carbon nanotubes in living Drosophila
embryos

In this work we have investigated the optical properties of in living embryos.
We found that our samples showed fluorescence maxima at 561 nm and 770
nm wavelengths. In order to obtain the results presented in the chapters (Chap.
6.3) we continuously used a laser wavelength of 770 nm to excite
[NTRI fluorescence in syncytial Embryos. Here, the adjustable emission
wavelength range of the laser was a great advantage. Within this range we
were able to adjust the wavelength so far that we could get an optimal excitation
wavelength in [NIR] for with optimal emission peaks. Using the imaging setups
presented in Chapter (Chap. , we found that the we used were excitable
with a [NIR] wavelength (770 nm). We found out that the emission light of the 561
nm laser provides a lower signal-to-noise ratio than exposure of the same sample
with 770 nm. However, it was found that the yield of in the same [FOV] is
higher, which increases the observation of individual events and thus provides a
higher, more meaningful data set for statistical evaluation. We have measured the
power of the 561 nm and the lasers. These laser powers reached the sample
with 287 mW (561 nm) and 440 mW (770 nm) respectively continuously over a
period of 30 min. We found that the structure of the nuclear array inside the embryos
remained intact, despite exposure to two lasers (770 nm and 488 nm) for excitation
of VIS and NIR fluorescence over 30 min. Using a piezo stage for nanometer precise
control of individual [NIR] fluorescent within living embryos, we successfully

measured to a depth of 45 ym within the tissue of living embryos.
A comparable depth could be achieved by using beads [I33]. Thus, we were able

to demonstrate that imaging deep in tissue is also possible with
Due to the superior fluorescence properties of we recommend the use of

[NTRI fluorescent in further microrheological studies within living

embryos.
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7.4 Dynamics of carbon nanotubes in Drosophila embryos

In this thesis, we have measured the dynamics of living embryos in the
syncytial stage. A reliable evaluation of the dynamics of single in single-
nanoparticle experiments requires reliable and reproducible tracking. A reliable
tracking software is indispensable for a successful further analysis of single trajectories.
We consistently used the open-source software TrackNTrace in our single molecule
studies. This software was user friendly due to its clear and clean graphical user
interface. Compared to other tracking programs like the FIJI plugin TrackMate
[T78], tracking with TrackNTrace in our special applications turned out to be a
more efficient and reliable solution with better performance. The selection of input
parameters for the tracking of single nanoparticles presented in this paper, which
led to the results presented here, was determined by careful testing of different
parameter sets. We were able to find a parameter set that led to a successful
detection of single in living embryos. We analyzed the single
trajectories with self-written MATLAB software and obtained information about
and velocity cross-correlations (Chap. . The could successfully be used as
a basis for the calculation of the diffusivity D, and the hydrodynamic length L of
functionalized in living syncytial embryos. We also investigated
anomaly parameters for two different lagtime intervals 7, € [0; 1]s and 7 € [0; 5] s.
With a[MAE]and analysis of the plots, the best fits to the measurement
data were found. Based on these fitted data we obtained anomaly parameters a*,
with which we were able to demonstrate diffusive and sub-diffusive behavior of
single in the two embryo types (His-EGEP| and [His-EGFP /kin-5-Halo|). From
the distributions for a* obtained from trajectories measured in the different
embryo groups (His-EGED| and [His-EGFP /kin-5-Halo)) we infered diffusive behavior
(¢ =1+£0.1) of [CNTs These anomaly parameter served as calculation basis for
diffusivity D,. It is still to be determined whether the found values of diffusivity
(Dq = 0.2 — 1m?/s) describe the passive diffusive behavior of single in living
syncytial embryos entirely and reproducibly. In addition to individual
[MSDs| we have averaged the of individual However, the averaged
all had a high noise level. Since this noise level was not conducive to further
processing, we decided to use individual as a basis for further dynamic studies.
This high noise level was also reflected in the behavior of the velocity correlations
Hence, a thorough analysis of the velocity correlations was impeded by the high
noise level.

From the individual we calculated the hydrodynamic length of in
living embryos. Interestingly, this value is in the order of the persistence length of
[179]. For the final clarification of the value of the hydrodynamic length, we
recommend the already mentioned (Chap. and possibility of deep imaging
in 3D.

Furthermore, we used our setup to combine imaging and the non-invasive
method of [PIVl By that we successfully applied these methods to show possible
applicabilty to characterization of mesoscopic bulk dynamics in the cytoplasm
during phases of enhanced cytoplasmic flow. In this context, we have introduced
a possible dynamic order parameter ¢ (Chap. [6.4]), which can be generalized for
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the characterization of the dynamic phases for further studies (e.g. by extension to
cross-correlations).
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Summary and outlook

In this work, we have invesitgated the optical and dynamical behavior of near-
infrared (NIR]) fluorescent carbon nanotubes (CNTS) in Drosophila melanogaster
embryos. We have suspended [CNTs|in watery solutions by wrapping
them single-stranded deoxyribonucleic acid (ssDNA) following and optimizing the
protocol as described in chapter 3] In this chapter, we also described a method leading
to successful microinjection of functionalized [DNAlwrapped into syncytial
embryos. To observe the near-infrared (NIRI) fluorescence of and
[EGEPHagged histones, we used a setup enabling the simultaneous use of visible and
wide-field fluorescence microscopy as described in chapter [

In this context, we used nanometer precise z-sectioning of the embryo (Chap. in
order to obtain point spread functions up to a depth of 45 ym. Furthermore,
we found the majority of to be excitable at 770 nm which is way beyond the
wavelength threshold for autofluorescence excitation, thus allowing background free
imaging in the [NIRI

In this work, we have used as near-infrared (NIR]) fluorescent probes al-
lowing for tracking of single-nanoparticle movements in the cortex of two partic-
ular types. The setup has allowed us to record time-scale separated
simultaneous multi-channel imaging of fluorescence in conjunction with
simultaneous imaging of visible [EGFP] of individual nuclei during successive develop-
mental stages for 30 min. fluorescence and visible fluorescence of Histone2 Av-
EGFP (His-EGEFP]) have been imaged for subsequent division cycles. We have
captured high frequency information of fluorescence at a rate of 10 Hz, while
low frequency dynamics of visible nuclear fluorescence was captured every 20 s (in
case of single-nanoparticle tracking) and every 5 s (in case of [PIV] studies) (chapter
. We have successfully applied the open-source software TrackNTrace in order
to find individual trajectories. Using custom-written routines for further im-
age postprocessing, we have extracted mean squared displacements and
respective anomaly parameters of individual as well as velocity correlations
throughout multiple developmental stages in syncytial embryos.

We have compared the diffusive behavior of functionalized [NIRI fluorescent
in embryos expressing enhanced green fluorescent protein with kinesin-5-HaloTag®)
(His-EGFP /kin-5-Halo|) and to embryos expressing [HissEGFPl In both cases we
found predominantly sub-diffusive and diffusive behavior of in the embryos.
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As it turned out, from the available data sets we could not find significant evidence
for non-equilibrium behavior based on analysis. We found a hydrodynamic
length of 70 nm for [CNTY in [Drosophild embryos using for calculation.
Furthermore, we have demonstrated that a combination of imaging and particle
image velocimetry (PIV]) allows for detection of mesoscopic bulk dynamics in the
cytoplasm during phases of enhanced cytoplasmic flow. We achieved this by utilizing
our setup, as described in chapter [6.3] in combination with the open-source software
PIVlab as well as custom-written software.

To conclude, in this work we have successfully characterized optical properties
of single fluorescent in living [Drosophild embryos. Moreover, we were able
to profit from the extraordinary fluorescence properties of for the extraction
of single trajectories.

For future research we recommend to extend tracking in embryos in
three dimensions using the nanometer precise piezo control. Based on our studies,
we suggest to elaborate more detailed studies on cytoplasmic flow using a correla-
tion based approach to obtain dynamic order parameters to potentially quantify
non-equilibrium contributions to the cytoplasmic flow. Since we have characterized
the optical properties of the that have led to successful imaging in the [NIR],
we recommend purchasing commercial with the same properties to further
simplify and optimize the handling during sample preparation. In future studies,
can be used to probe locally non-equilibrium dynamics in the actin cortex.
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Appendix

A.1 Setup components

A.1.1 Sample preparation

1.

probe tip sonicator: VC 50 20 kHz, 50 W, SONICS & MATERIALS INC.,
Danbury, CT, USA

. small table top centrifuge (100 ml filters): Centrifuge 5417 R; Eppendorf AG,

Hamburg, Germany
large table top centrifuge (4 ml filters): Allegra® X-15R Centrifuge; BECKMANN
COULTER, Brea, CA, USA

. stereo light microscope for embryo alignment: LEICA MZ 6; Leica Camera AG,

Wetzlar, Germany

. microinjector: Transjector 5246 and TransferMan® NK2; Eppendorf AG, Ham-

burg, Germany

. stereo light microscope for microinjection: OLYMPUS IX70; Olympus K. K.,

Tokyo, Japan
balance: CP224S; Sartorius AG, Gottingen, Germany

A.1.2 Fluorescence imaging

Ll

. sample stage; custom built
. o Plan-APOCHROMAT 100x/1.46 NA Oil DIC (UV) VIS-IR; Zeiss, Gottingen,

Germany
71488 /532/561/785tpc; Chroma, VT, USA; distributor: AHF, Tiibingen, Germany
light-tight box; custom built

) BrightLine® Notch Filter 561; Semrock Inc., Rochester, NY, USA; distributor:

AHF, Tibingen, Germany

BrightLine™~ Notch Filter 488; Semrock Inc., Rochester, NY, USA; distributor:
AHF, Tiibingen, Germany

452149; Zeiss, Gottingen, Germany

630DCXR; Chroma, VT, USA; distributor: AHF, Tiibingen, Germany
PF10-03-P01; Thorlabs, Dachau, Germany

Acton spectrograph Sp-2150i and InGaAs detector OMA V 512-1.7; Princeton
Instruments, Trenton, NJ, USA

. XEVA-FPA-1.7-320; Xenics, Leuven, Belgium
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12.
13.
14.
15.
16.
17.
18.
19.
20.
21.
22.
23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.

iXon DU-888E; Andor Technology, Belfast, UK

Stanley 111R IR-Diode, AN1111R; Stanley Electric Co., Ltd, Tokyo, Japan
NanoCube P611.3S; Physik Instrumente GmbH & Co. KG, Karlsruhe, Germany

M-562-xyz; Newport, Irvine, CA, USA
ET LP 900; Chroma, VT, USA; distributor: AHF, Tiibingen, Germany
FESH0650; Thorlabs, Dachau, Germany

ZET 561 NF 242059; Chroma, VT, USA; distributor: AHF, Tiibingen, Germany

AC254-300-A-ML; Thorlabs, Dachau, Germany

AC254-150-A-ML; Thorlabs, Dachau, Germany

AC254-150-B; Thorlabs, Dachau, Germany

AC254-040-A-ML; Thorlabs, Dachau, Germany

AC254-035-B; Thorlabs, Dachau, Germany

Cobolt Jive 500, 500 mW; Cobolt, Solna, Sweden

MIRA 900-F 710-810 nm; Coherent Inc., Santa Clara, CA, USA

A/4 690-1200nm ACHROMATIC; Thorlabs, Dachau, Germany
NDC-25C-2M; Thorlabs, Dachau, Germany

11234858 Beam-Expander; Rodenstock, Munich, Germany

E-563 I3N; Physik Instrumente, Karlsruhe, Germany

z488RDC; Chroma, VT, USA; distributor: AHF, Tiibingen, Germany
z561RDC; Chroma, VT, USA; distributor: AHF, Tiibingen, Germany
OBIS 488 nm 50 mW; Coherent Inc., Santa Clara, CA, USA
VERDI-V12 532 nm 12 W; Coherent Inc., Santa Clara, CA, USA
Cube 637 nm 25 mW; Coherent Inc. Santa Clara, CA, USA

F21-005; Chroma, VT, USA; distributor: AHF, Tiibingen, Germany
Plan Apo IR 60x /1.27 WI OFN25 DIC N2; Nikon, Tokyo, Japan
LabMax-TO, S/N 0176A09R; Coherent Inc. Santa Clara, CA, USA
E-563 I3N; Physik Instrumente GmbH & Co. KG, Karlsruhe, Germany
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A.2 Chemical agents and disposables

A.2.1 Carbon nanotube preparation

1.

2.

HiPCO single-walled carbon nanotubes, batch number 189.2; Rice University,
Houston, Texas, USA

dT30 AminoC12; Thermo Fisher Scientific Life Technologies GmbH, Darmstadt,
Germany

. spatula: VWR Polypropylene Spatula Eco; VWR® International GmbH, Dresden

Germany

. glass scintillation vial: 4ml, 14.75 x 45 mm, Vials N13 flat Screw Neck 13-425;

MACHEREY-NAGEL GmbH & Co. KG, Diiren, Germany

. HaloTag® Succinimidyl Ester (O4) Ligand; Promega GmbH, Mannheim, Ger-

many

. Amicon® Ultra 4 ml Centrifugal Filters Ulatracel® 100K; Merck, Molsheim,

France

Amicon® Ultra 0.5 ml Centrifugal Filters Ulatracel® 10K; Merck, Molsheim,
France

dimethyl sulfoxide; Sigma-Aldrich Biochemie GmbH, Hamburg, Germany

. phosphate-buffered saline; Thermo Fisher Scientific Life Technologies GmbH,

Darmstadt, Germany

A.2.2 Fluorescence imaging

1
2

Immersol™ 518 F, Zeiss, Gottingen, Germany
FluoroMax™ R 600, 0.6 m; Thermo Fisher Scientific Life Technologies GmbH,
Darmstadt, Germany

A.2.3 Fly prepartion and egg collection

Ll e

Voltalef 10S oil; Lehmann & Voss, Hamburg, Germany

hypochlorite: DanKlorix; CP GABA, Hamburg, Germany

glue: Tesa™ dissolved in heptane; Beiersdorf, Hamburg, Germany

yeast: Backhefe DHW vital gold; Deutsche Hefewerke GmbH, Nuremberg, Ger-
many

apple juice: HiPP Bio-Saft Milder Apfel; HiPP Holding, Pfaffenhofen (Ilm),
Germany

. agar: Agar Agar SERVA high-gel strength; SERVA Electrophoresis GmbH, Hei-

delberg, Germany
microinjection needle: Thin Wall Glass Capillaries TW100F-4; World Precision
Instruments Germany GmbH, Friedberg, Germany

. glass coverslip: microscope slides, Menzel-Gléaser, 22 x 40 mm; VWR® Interna-

tional GmbH, Dresden Germany

. microscope slide: MICROSCOPE SLIDES ECN 631-1550; VWR® International

GmbH, Dresden Germany
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