Aus dem Bereich
Theoretische Medizin und Biowissenschaften
der Medizinischen Fakultat

der Universitat des Saarlandes, Homburg/Saar

Multiphoton Imaging and Nanoprocessing of Stem Cedl
with Near Infrared Femtosecond Laser Pulses

Dissertation zur Erlangung des Grades eines DoktiesNaturwissenschaften
der Medizinischen Fakultat
der UNIVERSITAT DES SAARLANDES
2009

vorgelegt von: Aisada Uchugonova

geboren am 3. Mai 1977 in Kyrgyzstan



Dekan: Prof. Dr. Michael D. Menger

Erstgutachter: Prof. Dr. Gunter R. Fuhr
Zweitgutachter: Prof. Dr. Karsten Kdnig
Drittgutachter: Prof. Dr. Berthold Seitz

Tag der Disputatiorn26.10.2009



ByA oKA3bIAAH UAUMUTL IM2E2UM ATMAM O/uyaenoe Acan menen

anam Mumarunoea basupaza aprnaram






Summary

This dissertation focuses on the application ofcaptechniques in stem cell research.
Marker-free multiphoton microscopy was employed simdy the morphology and the
functional activity of stem cells as well as to fpem laser nanoprocessing for targeted
transfection and optical cleaning of cell clusters.

Stem cells are major research objects in mediamkeldotechnology and may revolutionize
current therapy. So far, stem cells have to beadharzed and sorted by techniques such as
FACS (fluorescence-activated cell sorting), MACSa@metic-activated cell sorting), PCR
(polymerase chain reaction), and immunocytochegistit these methods require exogenous
probes and are often destructive. Also the tramsfe®f stem cells faces problems when
using traditional methods such as viral transfecteectrotransfection, or chemotransfection.
Within this work, live adult animal and adult humpancreatic, mesenchymal, salivary gland
(glandula submandibularjsand dental pulp stem cells have been investigaith specially
designed 5D multiphoton microscopes with submicrgmatial resolution, picosecond
temporal resolution, and 10 nm spectral resolutgiem cell monolayers as well as stem cell
spheroids have been imaged and the biosynthesolEgen and lipids resulting from
chondrogenic, osteogenic, and adipogenic diffeaéinth processes has been detected over
time periods up to five weeks. Furthermore, for tinst time a sub-20 femtosecond laser
scanning microscope was employed to image and macegs single stem cells without any
collateral destructive effects. In fact, transieahoholes could be created and used to realize
highly efficient targeted transfection.

From the results of this dissertation can be cateduthat near infrared femtosecond laser
multiphoton microscopes have the potential to bexamluable optical tools in stem cell
research for marker-free characterization and geedptical nanomanipulation of living

animal and human stem cells.



Zusammenfassung

Thema dieser Dissertation ist die Nutzung optiscfeehniken in der Stammzellforschung.
Die Marker-freie Multiphotonen-Mikroskopie wurde veohl fur die Untersuchung der
Morphologie und der funktionellen Aktivitdt von &tenzellen als auch fir eine Laser-
Nanobearbeitung zur gezielten Transfektion und autischen S&uberung von Zellclustern
eingesetzt.

Stammzellen sind wichigte Forschungsobjekte der ixiedund der Biotechnologie. Sie
haben das Potential, gegenwartige Therapieformeewalutionieren. Bislang wurden fir die
Charakterisierung und die Sortierung von Stammagllechniken wie FACS (Fluoreszenz-
aktivierte Zellsortierung), MACS (Magnet-aktiviertgellsortierung), PCR (Polymerase-
Kettenreaktion) und Immunozytochemie eingesetzie Alese Techniken erfordern exogene
Marker und sie wirken oftmals destruktiv. Auch dieansfektion von Stammzellen kann
problematisch sein, wenn konventionelle Methodere wiie virale Transfektion, die
Elektrotransfektion und die Chemotransfektion egsejet werden.

Im Rahmen dieser Arbeit, wurden lebende adultestke und menschliche pankreatische,
mesenchymale, (Unterkiefer-) Speicheldriseyar(dula submandibularjs und dentale
Pulpa- Stammzellen mittels speziell entwickelter BDitiphotonen-Mikroskope mit Sub-
Mikrometer-Auflosung, Pikosekunden-zeitlicher Adling und 10 nm spektraler Auflésung
untersucht. Stammzellen in Monolayer- und Sphekaitturen wurden bildgebend detektiert
und die Biosynthese von Kollagen und Fetten alsif&svon chondrogenen, osteogenen und
adipogenen Differenzierungsprozessen uber einegetarZeitraum von bis zu 5 Wochen
dokumentiert. Zudem wurde erstmals ein Sub-20 Feektnden-Mikroskop fir die
Bildgebung und die Nanobearbeitung von einzelnem8tzellen eingesetzt, ohne kollaterale
Schaden zu verursachen. Es konnten transiente Neerogerzeugt und flr eine ausserst
effiziente gezielte Transfektion genutzt werden.

Basierend auf den Ergebnissen dieser Dissertatamm kusammenfassend betont werden,
dass nahe-infrarote Femtosekundenlaser-Multiphotorieoskope das Potential haben,
wertvolle Werkzeuge in der Stammzellforschung figr Marker-freie Charakterisierung und

die prazise optische Nanomanipulation tierischef menschlicher Stammzellen zu werden.

Vi
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Preface

PREFACE

This dissertation focuses on the usage of optieahrtiques in particular multiphoton
microscopy to study the morphology and the funaiaactivity of stem cells as well as to
perform laser nanoprocessing. There is considenabdeest in the areas of developmental
biology, cell biology, nanobiotechnology, and meakcto understand the functional activity
of the stem cells, to track, to isolate, as welicaanipulate them.

Stem cell therapy was first demonstrated on patienth leukemia by the Nobel laureate E.
Donall Thomas at MIT in 1956. Now there is substdrtiope that in feasible future stem
cells can be used to treat degenerative disedsePRdirkinson’s, Alzeimer’s, cancer, diabetes,
arthritis, osteoporosis, and heart diseases, wtlerefunction or structure of the affected
tissues and organs progressively deteriorate awer. in addition, stem cells will be used to
engineer tissues and to create novel pharmaceaboghonents.

So far, stem cells have to be characterized artddsby techniques which require exogenous
probes and which are often destructive. Non-deswienarker-freein vivo techniques are
required to trace and image the stem cells oveng period of time as well as to study their
differentiation process. Multiphoton femtoseconsgelamicroscopy is the ideal technique to
image stem cells without a marker. Multiphoton mgaopy is based on the simultaneous
absorption of two near infrared photons (two-phataaroscopy) or more photons.
Two-photon microscopy was introduced by Denk, leic and Webb in 1990. Since then,
the microscopy techniques have revolutionized Igiclal sciences including deep tissue
imaging, live cell imaging, etc. Two-photon micropy enables the non-destructive imaging
of living cells without any exogenous markers basadhonlinear excitation of endogenous
fluorophores such as NAD(P)H and flavins. Furtheendwo-photon microscopy based on
second harmonic generation (SHG) allows imaginghef extracellular matrix component
collagen.

In this dissertation, adult pancreatic, mesenchysaivary gland, and dental pulp stem cells
have been investigated with multiphoton microscgrking in “five dimensions (5D)”, the
autofluorescence signals from the specimen wergafigaresolved (3D), the fluorescence
lifetime determined (4D), and the emission spectairthe signal depicted (5D). This special
multiphoton microscope was employed to study steth monolayers as well as stem cell
spheroids over time periods of about 5 weeks. Tibeyhthesis of collagen and lipids as
result of the chondrogenic, osteogenic, and adipicgalifferentiation processes was

monitored. Furthermore, a novel sub-20 femtoseacouatiphoton laser scanning microscope
1



Preface

was used to realize highly efficient targeted tfactson. In addition, the optical knock-out of

cells was performed without damage to the micraemvnent.

The dissertation is organized as follows:

Chapter 1: This chaptdntroduction covers a review on isolation, characterization and
application of stem cells, state-of-the-art trao8ém technologies, multiphoton microscopy,
and optical nanoprocessing. The aims of this disen are presented.

Chapter 2: Materials and methods are describelisnchapter for the following: (i) the cells,
(i) the probes and procedures such as detectiarauftive oxygen species, apoptosis, and
DNA breaks, (iii) the experimental systems inclydihe 5D femtosecond laser microscope
and the sub-20 femtosecond laser microscope, (ptjcal sectioning, (v) fluorescence
lifetime imaging, and (vi) spectral imaging.

Chapter 3: In this chapter, the results of the stigation of cell viability in course of the
interaction with femtosecond laser pulses, 5D mhtiton imaging, as well as
nanoprocessing for targeted transfection and dpttzaning of stem cell clusters are
described.

Chapter 4: This chapter covers the discussion efrésults of multiphoton microscopy on
stem cells with respect to recent publications prodides conclusions.

Chapter 5: This chapter focuses on future direstiointhe work and places emphasis on the
potential of the multiphoton technology in the et “bench to bedsite stage” of stem cell
applications.

This dissertation closes with a bibliography, ablagons, list of figures and tables,
appendices with three published papers, acknowiedgts, my publication list, the

declaration and the CV.



1 Introduction

1. INTRODUCTION

This chapter introduction gives an overview of kiigtory of stem cell research, discusses the
use of embryonic versus human adult stem cells,dmsdribes state-of-the-art techniques to
characterize, to sort, and to transfect stem c€llsthermore, the method of multiphoton

microscopy for high-resolution marker-free imagiagd the method of femtosecond laser

nanoprocessing are described. Finally, the detail®d of this dissertation are outlined.

1.1. Stem cells

The Russian histologist A. Maximow predicted thesence of stem cells in 1909 (Maximow
1909). Nearly 50 years after his postulate, McQu|orill and Siminovitch demonstrated the
presence of stem cells in mouse bone marrow (Switotoet al. 1963). Currently, stem cells
became major research subjects in medicine anddbinblogy.

By definition, stem cells are unspecialized cedpable of dividing and self renew. They can
give rise to specialized cell types under certainditions.

Scientists classify stem cells into two groups thsirt origin: embryonic stem cells and adult
stem cells (tissue specific stem cells). Embryasiéen cells (ESCs) are derived from the inner
cell mass of a blastocyst (4-5 days old embryor@pmately 64-200 cells) as shown in Fig.
1.1. First ESCs have been isolated in 1981 fromsadMartin 1981; Evans and Kaufman
1981), the first non-human primate ESCs in 199%50(i$onet al. 1995) and the first human
embryonic stem cells in 1998 (Thomseinal. 1998) from ann vitro fertilized blastocyst. In
2009, the world’'s first human clinical trial of emybnic stem cell-based therapy was
approved on patients with spinal cord injures (@el@orp., Menlo Park, CA, USA;
www.geron.com). Embryonic stem cells are “pluripdtethey can produce all differentiated
cell types of the body (cells from all three geagdrs: meso-, endo-, ectoderm) as described
in Fig. 1.1. The fertilized egg is known as a totgnt cell, since it can give rise to all the cells

and tissues of the developing embryo.
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Egg fertilization

Development

4-5 days old
blastocyst
(64 to 200 cells)

Blastocyst
Trophoblast

Inner cell mass

Inner cell mass of the
blastocyst can be
isolated, expanded,

Pluripotent embryonic and differentiated into

stem cells, specialized cells under
propagation in culture certain conditions
Endoderm Ectoderm Mesoderm Germ cells

| | ?J"“- ‘éé >

o "o

hepatocytes, intestina|  neural precursors, blood cells, bone, sperm, egg cell
pancreatic cells, skin, hair, teeth, cartilage, fat cells
lung epithelium, melanocytes, cardiomyocytes,
liver cells keratinocytes skeletal muscle

Fig. 1.1: Scheme of the ESCs isolation process and exarfglésiman embryonic stem cell-derived cell types.



1 Introduction

The differentiation of stem cells into mature dgibes is usually accomplished through the
generation of intermediate cell types called pratgesand precursors cells.

Adult stem cells, also termed somatic or tissueifipestem cells, have been found among
differentiated cells within fully developed tissuesorgans. Fig. 1.2 demonstrates identified
stem cell populations in human skin. Mesenchynmahstells have been isolated in a number
of different tissues like bone, skin, muscle, adgocartilage, peripheral, and umbilical cord
blood (Friedensteiet al. 1968; Loncar 1992; Nutt&it al. 1998; Zuket al. 2001; Younget al.
2001; Gimble and Guilak 2003). Hematopoietic stetischave been isolated from peripheral
blood, umbilical cord blood, and bone marrow (&itid McCulloch 1980). Neural stem cells
have been isolated from different parts of therbréhe subventricular zone is considered to
be the main source of neural stem cells (Morstetad. 1994; Grittiet al. 1996; Weisst al.
1996; Palmeet al. 1999). Songtao Sleit al. (2003) discovered a source of adult stem cells in
children's primary teeth. Stem cells have beendaanhuman hairs (Hoffman 2006), in the
retina, the skin, the lung, the liver (In't Anket al. 2003), and from glands like thyroid
(Thomaset al. 2006), testis (Guaet al. 2006), salivary gland (Hisatoneit al. 2004), and
pancreas (Kruset al. 2004, Seabergt al. 2004). Recently, De Coppst al. (2007) reported
on stem cells from umbilical fluid which share menk of embryonic and adult stem cells.

Epidermis | = Epidermal stem cells
Sebocyte stem cells
Bemiis - Sebaceous gland

Hair follicle stem cells

Fig. 1.2: lllustration of tissue specific stem cells frone thkin.Stem cell populations have been identified in the

epidermis (stratum basale), the hair follicle, amthe sebaceous gland.
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Adult stem cells are found nearly in all adult argand tissues but in a low abundance. For
example, mesenchymal stem cells represent 0.0100%000f the total population of
nucleated cells in the bone marrow (Pittergfeal. 1999; Sakaguclat al. 2005).

Adult stem cells are considered to differentiateintyainto the specialized cell types
depending on the kind of tissue they have beendannThey are “multipotent”. However,
several studies have also shown that cells origthétom the mesoderm (muscle, blood,
bone, fat) can produce cells normally originatesirfrthe endoderm (gut, lungs, liver, and
pancreas) and the ectoderm (skin, nervous system) ayer. Also, cells from the endoderm
and the ectoderm can generate cells of other gayerd. For instance, bone marrow stem
cells have been found to be able to differentiate brain astrocytes (Eglitis and Mezey
1997), into neurons (Mezest al. 2000), and into myocardial cells (Orkt al. 2001) besides
adipocytes, osteoblasts, chondrocytes, and smaailethas cardiac muscle cells (Minguet|

al. 2001). Bjornsoret al. (1999) reported that neural stem cells can beemfitiated into
blood and into immune cells. Korblirg al. (2002) reported on the differentiation ability of
hematopoetic stem cells to produce epithelial catid hepatocytes. Furthermore, pancreatic
stem cells can be differentiated into cell typeshvée embryonic germ layers (Kruskal.
2006; Rapoporet al. 2009). This process is called “transdifferentiatiocsomatic stem cells
have broadened potency and can generate cells loér oineages. The key to
transdifferentiation is vergontroversial in mammals (Jaenisch and Young 2008).

Under laboratory condition, directed differentiatioan be reached by stimulation of certain
factors and cytokines. For instance, TBRas found to be factor for cartilage differentati
BMP for osteoblasts differentiation, insulin andxaeethasone for adipocytes, and retinoic
acid for neural cells differentiation. Nanostruesir(topography) (Yinet al. 2007; Cecchini

et al. 2007; Neeleet al. 2008), mechanical stress, vibration, temperalight, pressure and
electrical field can induce differentiation (Sawral. 1999; Zouet al. 2006; Wagneket al.
2008; Geet al. 2009). Differentiated cells can be evaluated ksirtmorphology, function,
and gene profiles (chapter 1.2).

Different types of stem cells can be identifieddntigens. For instance, mesenchymal stem
cells express Stro-1, and SH-2, whereas hemotapstetin cells express CD34, Sca-1, and c-
Kit. Neural stem cells can be distinguished by ititermediate filament protein-nestin, and
the neurotrophin receptor. ESCs can be identifieadddl surface SSEA-1, nanog, and Oct4
and expression of other early antigenes. Thesearsmdte detected by immunocytochemistry
staining or FACS (chapter 1.2).

6



1 Introduction

However, in most cases stem cells are not welhddfby markers. Neural stem cells isolated
from different parts of the brain behave differgrahd molecularly distinct from each other.
Nestin was believed to be a marker of neural stesggmitor cells. However, nestin positive
cells have been isolated from human islet too (Krisal. 2006). Also, some mesenchymal
stem cells have been found to be able to expredsinPancreatic stem cells isolated from the
exocrine (Kruseet al. 2004) express embryonic stem cell markers Octdnamddg. There is a
need to provide more specific markers for iderdtiien of stem cell types.

Interestingly, stem cells are able to proliferate cell cultures while retaining the
differentiation capacity. ESCs can be grown in rtheon-differentiated state for many
generations and large quantities of cells can bdymred in the laboratory. It has been proven
that ESCs can be used to produce cells from tlee therm layers including germ cells under
laboratory condition. The high potential of ESCdreat diseases has been tested on animal
models successfully. Not so many studies have beaducted on human ESCs because of
ethical constraints.

A tumorogenity of ESCs has been reported upon ptantation (Chunget al. 2006). Even a
single non-differentiated cell can initiate a tumdecause of this tumorogenity, it is
recommended to differentiate cells in laboratorfpleperforming the transplantation.
Non-invasive tools are required to control and rtmmnihe growth, the proliferation and the
differentiation of stem cells.

The use of adult stem cells is preferred becauskegi#l and ethical concerns about the
employment of ESCs (Camporesi 2007). Compared t&CsEShe proliferation and
differentiation capacity of adult stem cells is iied. Under laboratory condition, adult stem
cells stop to divide after some passages. Thisghenon is explained with the decrease of
telomerase activity and the shortening of the tel@mength (Suwat al. 2001; Ohet al.
2004; Ju and Rudolph 2006). Furthermore, a proldmgdture of adult stem cells can induce
tumorogenity (Rubio 2005freshly isolated adult stem cells do not show g@msity for
tumor formation. Caset al. (2008) demonstrated that clonally derived cell lines retai
heterogeneous potential. Undesired differentiatioocurs under laboratory condition (Bruder
1997).

Spontaneous differentiation remains a big problemadult stem cell cultures. Main
advantages of adult stem cells are: (i) they amlyeaccessible and obtainable in large
quantities (e.g. stem cells from adipose tissuépperal and umbilical cord blood) and (ii)

they provoke less ethical controversy than embiystem cells.
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Research on stem cells attracts considerable iatteim developmental biology, nano-
biotechnology, and medicine. Major research topickide the understanding of mammalian
development, the onset of diseases, and the demelttpof novel pharmaceutical substances.
The most attractive application field is the stesti therapy.

For the first time stem cells have been used miadl therapy and demonstrated on patients
with leukemia by Nobel laureate E. Donall Thoma®5@) and his colleagues at the
Massachusetts Institute of Technology (MIT). Nowexlahematopoietic and bone marrow
stem cell transplantation have become the staritiardpy to treat patients with leukemia and
lymphoma in combination with chemo- and radiatibarapy. Chemo- and radiation therapy
are used to eradicate malignant cells. Afterwarésngrecursor cells are transplanted to
repopulate the bone marrow. Patient’'s own cells lsantransplanted (autologous). An
alternative source is stem cells from an identiwah (syngeneic), or from a human leukocyte
antigen (HLA)-matched donor (allogeneic).

Currently many studies show the high potentialtefrscells to cure many diseases which are
still considered incurable. Neurological diseases ralated with a loss of functional nerve
cells after injury or related with age (nerve celte considered to be not able to divide and
replace themselves). They can be treated with stefts. Stem cells can generate
neurotransmitter producing neurons which is impurteo treat Parkinson's disease and
Alzheimer’'s disease. It was successfully conduthed stem cells can replace dopamine
producing neuron cells, as well as other functiamaive cells (Miller 2006; Yu and Silva
2008). Mezeyet al. (2000; 2003) have verified that transplanted borerow stem cells
generated new neurons in human brain.

Hematopoietic and mesenchymal stem cells could ha#seea high potential to cure cardiac
diseases. A recent study demonstrated an autolaggalantation of stem cells derived from
bone marrow to patients who had a myocardial itfanc(Stammet al. 2003). Transplanted
stem cells were capable to regenerate infarctedcargoum and to induce angio- and
myogenesis, and to recover cardiac function.

The transplantation of autologous stem cells hasatfvantage that the patient becomes his
own donor which avoids the problem of immunologicalbmpatibility of tissues.

Furthermore, stem cells have been used to genersién-producing pancreatig cells to
treat diabetes (Lechner and Habener 2003; HussainTaeise 2004). Recent research has
shown essential roles of stem cells for the treatroEimmunodeficiency diseases and cancer
(Joshiet al. 2000).

8
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Stem cells from bone marrow (or from peripheraloblphave to be purified from red blood
cells, white blood cells, and blood plasma befoaadplantation. The separation of stem cells
from these other cell types is based on their §peaiherence to plasticéfter separation
they are tested on viability and finally transpé&hto patients.

There are several approaches to transplant stelm €#lls are administrated to patients
intravenously, intrathecally (injected directly the liquor), or transplanted directly to the
damaged organ.

Stem cells injected intravenously could migrateatb parts of the body. They can reach
damaged tissues including the brain, with its higtits of the access of serum constitutes and
circulating cells due to the blood-brain barrientaning endothelial tight junctions (Priller
2001). The transplantation process of the cells the organs like heart, brain, liver, and
pancreas is invasive and could cause inflammatianvever, this direct application of stem
cells is preferred in order to get the maximum labde amount of cells into the damaged
tissue.

Till 2009, more than 2000 patients with differenaghosis such as Parkinson's disease,
Alzeimer's disease, cerebral palsy, diabetes Msl|lgpinal cord injury, cardiac infarction etc.
have been successfully treated with adult stens ¢dsdin bone marrow in Germany (X-Cell
Center at the Institute of Regenerative Medicinern@any; www.xcell-center.de).

According to these results, the autologous stenh tceatment obviously seems to be
advantageous. No side effects have been reportediever, the exact clinical (repair)
phenomenon remains not understood. It would beflletp trace individual stem cells in
culture as well asn vivo to study their interaction with the microenvironmever a long
period of time.

Autologous stem cell transplantation may revolutiercurrent therapy. It would be of great
advantage to use a variety of adult stem cell tyfremn different parts of the body.
Unfortunately, so far it is difficult to identifyto isolate, and to purify adult stem cells from
the tissue (chapter 1.2).

Besides stem cell therapy based on the direct Ggagn of stem cells to the human body,
tissue engineering is a further major applicatietdf New tissues can be generated from the
patient's own cells and can be transplanted ta wegan failure or to replace a tissue loss
(Muschler et al. 2004). In that case, a donor is not needed anck tiseno problem of
immunological biocompatibility. The goal is to enger tissues which are nearly identical to

natural and physiological functional tissues (Mugtyal. 1996; Tayloret al. 1998; Tomitaet

9



Introduction 1

al. 1999) which wouldovercome the proble of the transplanted purely ificial and
mechanical prosthesde.g. ceramics and metals are used as knes, polymer heart valve
and teeth prosthesis) that cannot display physicdbdunction ancarenot able to se-repair.
So far a wariety of tissues/organs like bladder, blood vessskin, cartilage, heart valv
kidney, liver, salivary glands, pancs, ear, bone have been generated by tissue engm
and clinical trials have beawmnducted (Schen-Laylandet al. 2006).

Stem cells carbe genetically modified fostem cell therapy (chapter.3). Specific cell
populations can be developed. Due fe restriction of the isolation &SCs from blastocyte
scientists are interestéd produceESClike cells from somatic cells through reprogramm
and nuclear transfein 2007, Kazutoshi Takahacatthe Kyoto Universitydemonstrated that
induced plumpotent stem cells (iFC) can be generated from adult dermal fibroblastey
could reprogram murinand human somatic cells inembryoniclike pluripotent cells b
introducing four genes Oct3/4, Sox2, Klf4, an-Myc using viral transduction meths
(Takahashiet al. 2007). Kim et al. (2009) reported that Oct4 is sufficient to gene
pluripotent stem cells from adult mouse neural stetts (NSCs). These o-factor induced
pluripotent stem cellgre similar to embryonic stem cellsvitro and irvivo and can be
efficiently differentiated into NSCs, cardiomyocytend germ cells vitro, but they are als
capable of teratoma formation and germline transimisir vivo. However the authors faced
problemswith an extremely low efficienc. The use of virses can cause significarsk for
human therapy. Zhoet al. (2009) demonstrated the iPS§enerationusing recombinant
proteinswithout using DNA. Kajiet al. (2009) reported on theemovalof such transgenes

oncereprogramming has been achiev
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1.2. State-of-the-art technologies to identify and to caracterize stem

cells

Stem cells exist only in low abundancies amonghiterogeneous cell population of tissues
For example, one stem cell is present among 100;809 in the circulating blood. In most
cases stem cells appear morphologically just likg ather cells in the tissues. Therefore
“markers” are required to identify them. These iifesd stem cells should be isolated and
sorted in order to obtain purified stem cell popolas.

A particular stem cell can be characterized eithespecific surface molecules (receptors) or
by their specific genetic profile.

The special protein - cell surface receptors (@msy can be identified by “signaling”
molecules (antibodies). Typically, a combinatiomailtiple markers is required to identify a
particular type of stem cell. For example, the hiempaietic stem cell type SP is described as
(CD34™" c-Kit*, Sca-1) were the receptor CD34 is absent and the recepttit and stem
cell antigen -1 are present (Kirschstein and Skir2@01). The markers (antibodies) are often
tagged with a fluorophore (Fig. 1.3). It is alscspible to tag the antibodies with magnetic
nanobeads or gold nanoparticles.

In order to find stem cells in tissues, biopsiegeh@ be taken, sliced into microsections, and
tagged with the marker. Typically, fluorophorestwé high quantum yield are employed in
this immunocytochemistry approach. Fluorescenceg@sataken with a microscope, provide
information with submicron resolution about thegaece and the location of the stem cells
within the tissue qualitatively. Typically, stemllsehave to be fixed and are no longer alive.
The genetic approach requires procedures to gaiamiplify, and to stain DNA which also
destroy the stem cell. Polymerase chain reacti@R(Hs employed in order to provide larger
guantities of DNA. Specific genomic regions can dteined with fluorophores based on
fluorescencen situhybridization (FISH).

In order to identify living stem cells in suspensido obtain quantitative information, and to
isolate them from mature cells, fluorescence-assisell sorting (FACS) as a special type of
flow cytometry is applied. Hundred thousands ofiscelithin a fast jet stream pass a laser
beam induces fluorescence from the cells tagget specific fluorescent markers. Non-
tagged cells remain non-fluorescent. When fluomeseeoccurs (selection criteria), an
electromagnetic field is switched on which charges fluorescent cell. This particular cell
within a droplet can be deflected by a strong ebstatic field and can be collected. FACS

enables precise counting and accurate sortingeai sells of interest (e.g. one rare stem cell
11
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out of 10 cells) and provides a nearly purified stem cefipansion. The major disadvantages
of FACS are the required use of exogenous dyegslangossible destructive effects during
droplet generation due to high fluid pressure (laability of sorted cells).

An alternative technology to FACS is MACS (magnetssisted cell sorting). The technology
Is based on the use of nanometer- and micrometed snagnetic particles which are coated
with monoclonal antibodies. Cells can be sortedheyapplication of magnetic fields. MACS
systems are simpler and inexpensive compared toSFatems. Up to fCcells can be
analyzed in one second that makes it possible parate large cell numbers (Dawd al.
2005). A major advantage is the relatively easyoeah of the bead including the antibody
after sorting e.g. by temperature increase. Thesged stem cells can be used for further

growth and cell culturing.

Fluorescent probe
Secondary antibody

Fig. 1.3: Immunocytochemistry approach. Cells are staineith \iluorophore-labeled antibodies. A primary
antibody binds to a cellular specific antigen (po€). This complex binds to a secondary fluoreseenibody
which can be detected by fluorescence microscogyF#CS.

12



1 Introduction

Further techniques for stem cell separation incladmsity gradient separation, clonal
isolation, and plating strategies (e.g. with sgectated plates). The major advantage is the
absence of chemical agents such as antibodiesl@mdghores. However, these techniques
lack purity of sorted cells and additional conisoheeded.

All these techniques possess a variety of disadgast FACS and MACS require cell
suspensions and chemical agents such as antitadiemagnetic or fluorescent markers. Not
all cells survive the analyzing procedure and tréirsg procedure.

The diagnosis of stem cells in tissues slices suffan the absence of their physiological
environment and the extent use of chemicals fatiimn and staining. DNA analysis requires
cell destruction. Density gradient separation, alasolation, and plating strategies require
also cell suspensions and apriori knowledge abdfférences between the cells in the
heterogenous solution such as adherence to spew#éding, reproduction cycle (clonal
isolation) and density (density gradient). Unfogtety, these methods enable only rough cell
separation without a high purification output.

In view of the various disadvantages of the diffeéreechniques mentioned, it would be of
great importance to find other chemical-free methtmdidentify stem cells in their native 3D
tissue environment as well asim vitro cell suspensions and biopsies. It would also be of
tremendous interest if a marker-free imaging mettmdd be employed to monitor stem cells
and their differentiation over a long period of @mnder physiological conditions.

As a consequent, two-photon imaging as a marker-frigh-resolutionin vivo imaging
technique is employed in this work for the imagoidhuman stem cells. Two-photon images
possess the highest spatial resolution comparethty marker-free imaging techniques such
as magnet resonance tomography, high-frequencysolind microscopy, and optical
coherence microscopy. This work focuses on the eynpent of two-photon imaging of

animal and human stem cells.
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1.3. State-of-the-art technologies for transfection oftem cells

Stem cells can be manipulated by recombinant gewdnblogies to achieve a high
differentiation efficiency, to produce stable andggstem cell lines, and to transfer genetic
information into tissue for the elimination of dis® genes.

For a variety of stem cells, problems occur wheplyapg the state-of-the-art non-optical
transfection technologies.

Current transfection methods include (i) chemicalthnds such as DEAE-dextran, calcium
phosphate, and liposome-mediated transfectionpliysical methods such as electroporation,
magnet assisted transfection, DNA guns, ultrasoand, microinjection, and (iii) biological
methods such as transfection using viruses (FQ. 1.

DEAE-dextran is a cationic polymer that associatgls negatively charged nucleic acid. The
cell can uptake the complex by endocytosis whery ttwme into close contact with the
negatively charged cell membrane. However, thidirtepie is useful only for transient
transfection and not for stable transfection. Arotiisadvantage is the high cytotoxicity.
Calcium phosphate co-precipitation is used for bo#msient and stable transfections of a
variety of cell types. The precipitate is takenvigpendocytosis or phagocytosis.

In liposome-mediated transfection, positively cleardipid molecules are associated with
negatively charged nucleic acids to deliver DNAfbging to the cell membrane and further
incorporation into the cell. The method is limiiedhe type of DNA which can be delivered.
Viral transfection is called also viral transduati®ifferent viruses can be used: retroviruses,
adenoviruses, herpes simplex viruses, and lentisgs. This method can provide high
transfection efficiencies and can deliver a widdetg of DNA. However, viruses can carry
limited DNA sequences only and viruses can haveamt®d immunogenicity and cytophatic
effects.

Electroporatior(electro-permeabilization) is based upon perturibadiothe cell membrane by
electrical pulses that allow the passage of nuchaimls into the cell. This method is
appropriate for transfection of large cell numbémyever, they may alter the cell phenotype.
Moreover, not all cells will survive the procedure.

The DNA gun relies upon high velocity delivery otiakeic acids on microprojectiles.
Transfection based on ultrasound (sonoporationgsfgaroblems of cell damage and low
transfection efficiency.

All these described methods do not allow targetaaisfection.

14
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They lack the possibility to transfect a certairl ag cell cluster without influencing
surrounding cells.

Targeted transfection is possible by direct meatemicroinjection into cells or nuclei using
needles or micropipettes. This method has been tsettansfer DNA into particular
embryonic stem cells to produce transgenic orgasiduhechanical microinjection is not
appropriate for studies that require a large nundfetransfected cells. It requires skilled
personal and faces problems due to the contaceguoe.

An alternative to the mechanical targeted trangfactis targeted non-contact optical
transfection with highly focused laser beams (Eig).

Typically, a tiny hole is “drilled” in to the cellar membrane, allowing diffusion of
extracellular foreign DNA plasmids into the cytopia of the cell of interest. Passive
introduction into the nucleus may occur during abilision when the nuclear envelope is
disintegrated. Targeted transfection has been dsmaded with UV and visible laser
microbeams (Palumbet al. 1996; Shirahateet al. 2001; Schneckenburgat al. 2002;
Patersoret al. 2005). Laser beams in this wavelength range meg f@oblems due to heating
effects and destructive photochemical UV effectsrd/elegant is the use of less harmful near
infrared (NIR) laser light and the employment ofywehort pulses, in particular femtosecond
laser pulses. Highly focused femtosecond laserat@di provides for short moments
extremely high light intensities which are ablecteate nanoholes without collateral damage
by multiphoton-induced optoporatiomhese nanoholes in the submicron range are transien
due to a successful self-repair of the membranbinvgeconds (Tirlapur and Konet al.
2002).

Femtosecond laser pulses have been used to deatenstficient targeted transfection of
Chinese hamster ovary (CHO) cells (Tirlapur and ig6R2002; Tsampoulat al. 2007).
Typically, mean powers of about 100 mW (~1 nJ puésad high NA 1.3 objectives were
required. All laser-exposed cells survived andtthasfection efficiency was nearly 100% in
the case of CHO cells. When using low NA 0.85 otoyes in an upright beam path where the
laser beam has to be transmitted through the mediobentransfection efficiency dropped
down to about 50% likely due to relatively largedeinduced holes of 2.2 — ufn in the cell
membrane (Stevensen al. 2006).
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Liposome-mediated transfectio
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cell membrane
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Chemical transfection

Laser transfection

Fig. 1.4: Methods for cell transfection.
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In the case of transfection of a variety of sterbscasignificant problems have occurred with
all state-of-the-art transfection technologies. Wéhs the transfection efficiency by
optoporation and by non-optical transfection meghmdy be up to 70% and higher (Haram
al. 2002) in the laboratory routine in certain comnyom$ed cell lines, transfection failed to
be effective in stem cells. Typical transfectiotesaare 0.5 — 12% for human smooth muscle
cells with conventional methods such as electrdmoraviral transport, liposome-mediated
transfer and calcium phosphate treatment, whiletai29% was achieved when using a
combination of electroporation with chemical metho(amexa chemical Nucleofector
technology) as demonstrated by Haneh al. (2002). After optimization, even higher
efficiencies were obtained for the case of humaesemehymal stem cells which survived the
treatment. However, nearly 50% of the stem cellyteipon died (Haleem-Smitét al. 2005).
Within this work, targeted transfection of indiveluhuman stem cells of interest with
femtosecond laser pulses at extremely short pulsatidns of less than 20 fs and mean

powers of even less than 7 mW was investigated.
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1.4. Multiphoton microscopy

Principle

Especially in stem cell research there is a higmatel for techniques for the non-invasive,
marker-free observation of the growth, proliferatidifferentiation, and stability of stem cells
under physiological conditions. The use of exogenmarkers has the disadvantage that it
may alter the metabolic balance and hinders futtienapeutic application.

Multiphoton microscopy which uses nonlinear absorptto excite fluorophores can
overcome the problem. The theoretical basis of iphuton excitation was established by
Maria GOppert-Mayer in 192%or the first time, two-photon absorption was ekpentally

demonstrated by Kaiser and Garrett in 1961.

o A 2
Sy 2
Vibrational :
Absorption relaxation |
800 nm (ps) [
Absorption :
400 nm A 1 Fluorescence
(fs) | (psns)
Absorption :
800 nm [
|
i
S, s

One- and Two-photon
excitation

Fig. 1.5: Principle of one- and two-photon excitation. I ttase of one-photon excitation of molecules, short
wavelength radiation with high energy photons a&aguired. In two-photon excitation, two low-enerdyofons
are absorbed simultaneously. The absorption froengttound state (Sto the first excited electronic statg S
occurs within femtoseconds (fs), whereas the \idmat relaxation within & takes picoseconds (ps). The
fluorescence of biomolecules occurs typically witebme hundred picoseconds up to 10 nanosecondafigs

excitation.

Wilson and Sheppart proposed in 1984 the applicatanicroscopy and Denk, Strickler, and
Webb demonstrated practically the first two-phomoicroscope in 1990 (Denét al. 1990).
18
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The principle of multiphoton excitation is basedtbe simultaneous absorption of multiple
low energy photons (Fig. 1.5).

Multiphoton microscopy has many advantages: (i)l#ser wavelength is typically centered
in the NIR which enables deep light penetratior itissues, (ii) the excitation volume is
limited to a sub-femtoliter focal volume and praassdtherefore the possibility of “pinhole-
free” optical sectioning of three dimensional bgtal objects (Fig. 1.6), (iii) it is very
suitable for non-destructive long term analysidivhg cells due to the absence of out-of-
focus absorption, out-of-focus photobleaching, and-of-focus phototoxicity, and (iii)
accessibility of multicolor imaging with one lasexcitation wavelength due to broad

multiphoton absorption bands of multiple fluoropésr

Fig. 1.6: Comparison of excitation volumes. In contrast te-photon excitation (left), two-photon excitation
occurs in a tiny sub-femtoliter focal volume onlyedto the required high GW/értight intensity. In one-photon

microscopy, excitation (fluorescence) occurs iarge double cone shaped excitation volume.

In addition to multiphoton fluorescence, multiphmtmicroscopes enable second harmonic
generation (SHG) imaging. In SHG, two photons mter simultaneously with non-
centrosymmetrical structures and generate coheadrdtion at exactly half of the excitation
wavelength in forward direction (Fig. 1.7). Thers no light absorption. Therefore,
photobleaching and photodamage are excluded. Sld@lemndeep three dimensional imaging

due to backscattered light.

19



Introduction 1
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Fig. 1.7: Two photon excited fluorescence (TPF) versus S&BG occurs immediately, at exactly half the laser
wavelength\,, and in forward direction whereas the fluorescesm®irs some nanoseconds after excitation, at a

wavelength range betwear/2 andA4, and in isotrophic direction.

Major endogenous cellular fluorophores and SHG actie biomolecule structures

Non-invasive multiphoton microscopes with NIR fesgoond laser sources (Konig 2000a;
Rebeccaet al. 2001; Zipfelet al. 2003)have been applied to image living single cells and
different tissues with a high spatial resolutiontheut any staining. Two-photon
autofluorescence is obtained from intrinsic fludropes such as NAD(P)H, flavins,
porphyrins, elastin, and melanin (Konig and Scheabkirger 1994). In addition, SHG
images can be obtained from certain biomoleculecsires such as collagen and myosin
(Freund and Deutsch 1996; Mast¢ral. 1997; Squirrelet al. 1999; Zoumiet al. 2002; Konig

et al. 2005a, Coet al.2005).

The most important endogenous cellular fluoroph&eswo-photon imaging are the reduced
coenzymes nicotinamide adenine dinucleotide NADH micotinamide adenine dinucleotide
phosphate NADPH, referred as NAD(P)H, with a breatdssion in the blue/green spectral
range. The oxidized form NAD(P) shows no significBnorescence in the visible spectral
range. The reduced coenzymes possess a folded rammfalded configuration with the
unfolded ones to bound NAD(P)H. The emission maxmaf the unfolded configuration
shows a blue-shifted maximum 450 nm and a higlherédscence quantum yield compared to
free NAD(P)H with its maximum at 470 nm (Koénig ar®thneckenburger 1994). The
hydrogen-transferring pyridine coenzymes are mdwdgted in the mitochondria. They play

a key role in the respiratory chain activity and as sensitive indicators of the cellular
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metabolism since the metabolic activity of cellgigen by the ratios of the concentrations of
free and protein-bound NAD(P)H and of NAD(P)H taviins (Chancet al. 1979; Konig and
Schneckenburger 1994; Huaagal. 2002; Niesneket al. 2004). Normally, the excitation of
NAD(P)H requires UV light at around 340 nm. Howeutie use of UV exposure should be
avoided due to photoinduced cytotoxic reactionstaedimited light penetration depth. Two-
photon excitation based on near infrared radiaigotne ideal method to image intracellular
and intratissue NAD(P)H without the disadvantaged\é microscopy.

Cellular flavins such as flavin adenine dinucleetidAD), flavin mononucleotide (FMN),
lipoamide dehydrogenase (LipDH), riboflavin, an@éatton transfer flavoprotein (ETF) are
also fluorescent coenzymes that are involved imaton-reduction reactions (Huameg al.
2002). Within this work, they are referred as fle/flavoproteins. The spectra of the
flavins/flavoproteins possess major electronic gittons at 260 nm, 370 nm, and 450 nm as
well as an emission peak around 530 nm. The fleeres intensity decreases when
covalently attached to proteins (flavoprotein) aparted by Koénig and Schneckenburger
(1994).

Besides the measurement of the fluorescence/SHéhsity by optical sectioning (3D
imaging), fluorescence lifetime imaging (FLIM, 4@nd spectral imaging (5D) can be
performed. In particular, the arrival times of theorescence photons with respect to the
excitation of the molecule and the particular lawat(pixel) can be determined by time-
correlated single photon counting (TCSPC) and the af photomultipliers with short rise
time. When using a PMT array in combination witlp@ychromator, the “color” of the
emitted photon per pixel can be also determineécsal imaging). Recent developments
involve PMT arrays with fast picosecond rise tinmel @ polychromator or other wavelength-
selective components to realize spectral FLIM withine scan (Dimitrovet al. 2009).

Intrinsic cellular fluorophores deliver informaticon the cell structure as well as on cell
activities. Authors could distinguish certain cancells from normal cells (Demost al.
2005; Salomatin&t al. 2006) and even malignant from benign tumors (Feuen al. 2006)

by optical properties of native fluorescent molesulMany studies on the intrinsic metabolic
state show that cellular autofluorescence has thenpal to discriminate proliferating and
from non-proliferating cell populations (Zhaegal. 1997) and to monitor metabolic changes
of self-renewing and differentiating cells (Sméhal. 2000; Reyest al. 2006).
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The differentiation process of human mesenchymahstells into an adipogenic pathway
(formation of lipid droplets, changes of morphologynd autofluorescence) has been
investigated recently by two-photon microscopy €ital. 2007).

A unique feature of stem cells is the extended iEwal of the cell population and their
differentiation potency. The aim of the presentlgtis to investigate the two-photon excited
autofluorescence of human stem cells and the afsstllagen production of differentiated
cells by the detection of SHG signals. The inténgstjuestion arises if it is possible to select
differentiated cells from non-differentiated celisithout interfering with the native
environment and without the use of external markers

Within this work, 5D two-photon microscopy has beemployed for imaging different

human and animal stem cell lines by autofluoreseemad SHG in monolayers and spheroids.
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1.5. Optical nanoprocessing

Principle and mechanism of femtosecond laser nanopcessing

Femtosecond laser microscopes combine the opptriinthree dimensional optical imaging
and precise nanosurgery of tissues, cells, anddeliular compartments in three dimensions.
Disruption occurs when using TW/énintensities, which result in ionization and plasma
formation by multiphoton processes. The simultasemlosorption of several photons, e.g. 5
photons, induces ionization of molecules and threegion of free electrons. Onset of plasma
occurs if a density of b electrons/crhis achieved (Vogeét al. 2005). In the case of water,
where a “bandgap” of 6.5 eV has to be overcoms,waiue is achieved at 10 TW/Efior 100

fs pulses at 580 nm. 800 nm photons have a phatergg of 1.55 eV. Therefore 5 photons
are required for multiphoton ionization of water leoules (Vogelet al. 2005). The
application of 750 nm photons (1.65 eV) requirephtons. The formation of plasma in
aqueous solution results in the formation of plagifted cavitation bubbles which can be
video-imaged. Interestingly, nanoprocessing ofscehn be performed at thresholds below
the threshold for multiphoton ionization of wattrtensities of about 1 TW/chare required
(Konig et al. 2005b; Kdnig 2006). The formation of bubbles haeen observed in the area of
cells but not in the aqueous surroundings (medium).

The bubbles expand and can induce an implosiors diigates destructive jet streams of the
medium. In addition, shock waves can be produceth,Bshockwaves and destructive bubble
kinetics are called photodisruptive effects. Thesects result in the destruction of the
microenvironment. The onset of the photodisruptfiects depends on the transient laser
intensity whereas the amount of damage dependseopuise energy. The smaller the applied
pulse energy the smaller the photodisruptive eff€gionig et al. 1999a). Therefore, low
pulse energies are required to perform nanoprawgsgithout collateral destructive effects.
The procedure should therefore be performed neathtleshold of multiphoton ionization and
plasma formation of cellular structures. This carrdmlized by fine-tuning of the laser power.
In early studies on chromosome cutting, pulse eesmf about 1 nJ were applied when using
200-300 femtosecond laser pulses at 80 MHz repetiate (Koniget al. 2001).

Precise laser nanosurgery depends on laser watelelager intensity, pulse duration,

repetition rate, and irradiation time.
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Application of femtosecond laser nanoprocessing iniomedicine

Focused femtosecond laser pulses have been sudbessed to manipulate intracellular
structures without causing collateral damage tociie One of the first femtosecond laser
subcellular nanosurgery was demonstrated by Komjgdsip in 1999 by dissections of single
chromosomes in living cells (Konigt al. 1999b, Konig 2000b, Konigt al. 2001, Koniget

al. 2005b). The group also demonstrated single celedgeansfection by creating transient
holes in the cell membrane (Koéreg al. 2002)(Fig 1.8).Femtosecond laser pulses have been
applied to dissect single dendrites and cytosketgtdo optically knock out intracellular
mitochondria (Watanabet al. 2005; Heisterkampet al. 2005; Shimadaet al. 2005), for
membrane and microtubules surgery (Sac&inal. 2005) as well as for ocular refractive
surgery (Koniget al. 2002).

Fig. 1.8: (a) Femtosecond laser nanodissection and nanogdrdf human chromosoms. (b) Femtosecond-laser
induced nanoholes in the cellular membrane foretad transfection. (c) Ablation of single mitochdadn a
living cell. (d) Disruption of cell-cell connectisrby femtosecond laser pulses (Tirlapur and Kooig22 Konig

et al.2005b).
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In the last few years, the application of extremdtyashort femtosecond laser pulses (sub-20
fs) has been demonstrated as a non-invasive toohdmipulation of living cells. Kohlet al.
(2005) reported on single cell isolation by thea#ibh of focal adhesions and precise
membrane surgery without evidence of membrane eetaiion, cell collapse and bleb
formation when using a 10 femtosecond laser soukts exogenous material has been
delivered into developing zebrafish embryos (Koahd Elezzabi 2008) by such short
femtosecond laser pulses.

However, the use of ultrashort laser pulses falsesrajor problem of pulse broadening. In
fact, thein situ pulse width at the sample can be as long as mioasis when not employing
pulse compression units (Stirgglal. 1994, Mulleret al. 1997, Jasara and Rudolph 1999).
The use of inherently compact, low loss dispersingor pulse compression units is a novel
opportunity in contrast to the application of bulkyism and grating compressors. The
dispersive mirror technology (chirped mirrors) eieabaccurate compensation of high order
dispersion (HOD) and avoids problems due to beamtipg drifts. In situ sub-20 fs pulses
can be achieved in the focal plane of a high nurakaperture objective.

The use of these extremely ultrashort laser pulsesuld be in particular useful for
nanoprocessing based on higher order multiphotoocegses. Recently, we have
demonstrated the efficient optical transfectionstdm cells by sub-20 fs laser microscopy
(Uchugonoveet al.2008a).

Spontaneous differentiation occurs in stem cellturek and within 3D tissue-like
microenvironments. It is very difficult to contrthe purity of a stem cell population and to
avoid undesired cell differentiation.

It would be of interest to provide methods to iselaure stem cells of interest from their
surroundings for further biomedical application.s@l the occurrence of single non-
differentiated cells within well-differentiated telusters may cause problems since this can
lead to unregulated growth such as the formatioterdtomas (Gerecht-Nir and Itskovittz-
Eldor 2004; Rubicet al. 2005; Kruseet al. 2006).

In this work, optical cleaning of stem cells basedhighly precise multiphoton processing
using ultrashort NIR femtosecond laser pulsespsnted. In particular this new method was
used to isolate single cells of interest to inatBvundesirable single cells within 3D stem cell

clusters.
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1.6.

Aims of the work

The aim of this dissertation is to investigate adtém cells as monolayers and as spheroids

by means of marker-free, high-resolution 5D mulbtgm femtosecond laser scanning

microscopy. Two-photon excitation of endogenousutal fluorophores has to be used to

realize nonlinear imaging with submicron spatiasalation (3D), picosecond temporal

resolution (4D), and 10 nm spectral resolution (5er a long period of time without

destructive effects.

It should be investigated, whether the parametatsflaorescence intensity, fluorescence

lifetime, and emission spectrum can be used tandisish stem cells from their differentiated

state and whether it is possible to monitor théedghtiation process.

Finally, the potential of sub-20 femtosecond lasgranning microscopes as nhovel

nanoprocessing tools at high transient TW/daser intensities should be explored. In

particular, it has to be investigated (i) if a Etleffect on a specific cell can be induced

without collateral side effects and (ii) if an efént targeted transfection of stem cells can be

realized.

The specific aims are the following:

1.

26

Investigation of femtosecond laser-induced effectsstem cells. In particular,
thresholds for long-term two-photon imaging withadllateral destructive effects

have to be determined.

. Exploration of high resolution 5D two-photon mictopy and its potential to image

stem cells and their differentiation process withaay exogenous markers based on
autofluorescence intensity, luminescence decay, apdctral features of the
intracellular fluorescent molecules NAD(P)H andséproteins.

Investigation of the biosynthesis of collagen aaiddiroplets in long-term multiphoton
studies as results of chondrogenic, osteogenic, adighogenic differentiation
processes.

Isolation and knock-out of single stem cells withi8D microenvironment (spheroid)
without destructive effects to neighbour cells.

Investigation of highly efficient targeted trandfea of adult human stem cells with

sub-20 fs laser pulses.



2 Material and Methods

2. MATERIAL AND METHODS

2.1. Cells

Different human and animal stem (non-differentiateell lines and mature (differentiated)
cell lines have been used within this work. Celel and culturing procedures are described

below.

2.1.1. Celllines

CHO-K1 (Chinese hamster ovary) cell line was derived asiteclone from an ovary of an
adult Chinese hamsteCficetulus griseus (ATCC No. CCL-61™). These cells have an
epithelial-like morphology and grow as an adherembnolayer. They proliferate in
approximately 12-hours intervals. These cells wesed for transfection and for studies on

damage mechanisms induced by femtosecond laserspuls

PtK2 (rat kangaroo kidney epithelial cells) cells dedvrom kidney ofPotorous tridactylis
(ATCC No. CCL-56™) have an epithelial-like morphgyoand grow as a very thin adherent
monolayer. They proliferate in approximately 24-tsointervals. These cells were used for

studies on damage mechanisms induced by femtoséasedpulses.

rPSCs (rat pancreatic stem cells) were derived from the pascid male Sprague-Dawley
rats (Kruseet al. 2004). These cells were donated by Dr. Kruse (Hrafer IBMT). The
morphological features of these cells resembleddifierentiated fibroblast-like cells. They
grow as a monolayer. rPSCs cells were able to ftrodies” by hanging drop technology
(Kruseet al. 2004). The population doubling time interval ist®448 hoursThese cells are
characterized by the markers CD@D44, Nestiri, Oct 4, SSEA-T, and Pax6 (Kruseet al.
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2006). These cells were used for autofluorescer®€6-, and FLIM measurements as well

as for transfection studies.

hPSCs (human pancreatic stem cells) were isolated frowa pancreas of patients with
pancreatic diseases (Krustal. 2004). These cells were donated by Dr. Kruse (irafer
IBMT). The morphological features of these cellsemmbled non-differentiated fibroblast-like
cells. They grow as a monolayer and were able tm fpodies”. The population doubling
time interval is 3 to 9 daydhese cells are characterized by the markers CD1DB29,
CD44', CD90, CD15, CD34, CD31, and CD133(Gorjup et al. 2009). These cells were
used for autofluorescence-, SHG-, and FLIM measangsnas well as for transfection studies.

hSGSCs (human salivary gland stem cells) were isolateamfrpatients with diseases of
submandibulary glands (Krusg al. 2004). These cells were kindly provided by Dr. $&u
(Fraunhofer IBMT). They have a fibroblast-like mbgbogy, and grow as a monolayer and
were able to form “bodies”. The population doubliilge interval is 2 to 4 days. These cells
are characterized by the markers CD1@5D29, CD44, CD90, CD15, CD34, CD3Iand
CD133 (Gorjupet al. 2009). These cells were used for autofluorescer8ids-, and FLIM

measurements, and transfection studies.

hDPSCs fhuman dental pulp stem cells) were kindly provitgdProf. Konig who received
them from the NIH (National Institute of Health, tBesda, USA). These cells were used for

two-photon autofluorescence studies.

hBM-MSCs (human bone marrow mesenchymal stem cells) wetatéxl from human bone
marrow, in particular from the posterior iliac dre$ the pelvic bone of volunteers (Lonza
Sales Ltd, Basel, Switzerland, No. PT-2501). Thayeha fibroblast-like morphology, and
grow as a monolayer. These cells are charactebye¢tle markers CD105CD166, CD29,
CD44', CD34, and CD45 The population doubling time interval is 48 to fidurs. These

cells were used for SHG imaging.
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2.1.2. Cell cultures

25 cnf and 75 crhflasks were used to culture the cells at 37° C B2@CQ humidified
atmosphere (C@incubator: Binder GmbH, Tuttlingen, Germany). Allltivation procedures
were done in a laminar flow safety cabinet (Kendtaboratory Products GmbH,
Langenselbord, Germany). Cells were passaged wienreached a 90% confluence. After
removal of the growth media, the cells were washighd PBS (No. 14040, Gibco, Germany)
and treated with trypsin/EDTA (No. 25300, Gibco,r@any) for up to 5 minutes to detach
the cells from the bottom of the plate. The celease from the plate was confirmed by
microscopic visualization.

The solution was replaced in a centrifuge tube apdn for 5 min (1000x) at room
temperature. The supernatant was removed aseptinalbipettes. Afterwards the cells were
resuspended in fresh culture medium. An appropmat@ber of cells in suspension was
transferred to cell chambers for further imagingooculture for future passages.

The stem cell lines hSGSCs, hPSC, and rPSC weneredlin Dulbecco’s modified Eagle’s
medium (No. 41965, DMEM, GIBCO, Germany) containthg g/l glucose, L-glutamine and
15 % fetal calf serum Gold (FCS-Gold, PAA LaborasrGmbH). hDPSC were cultured in
o-MEM (No. F 0915, Biochrom AG, Berlin, Germany) wil0% FCS, 10@M L-ascorbic
acid 2-phosphate, and 2 mM L-glutamine. CHO-K1 sellere cultured in HAM's F-12
(Gibco, Germany). PtK2 cells were cultured in RPNH0O medium (No. 21675, Gibco). All
media contained 100 U/ml penicillin and 10§/ml streptomycin. hBM-MSCs were cultured
in medium provided by the same company where ths aere purchased (mixture of PT-
3001, PT-3238 and PT-4105, Lonza Sales LtD, B&seitzerland).

For imaging, cells were transferred (confluence:98@6) into sterile miniaturized cell
chambers with two 0.17 mm thick glass windows vétbhed grids (MiniCeM-grid, JenLab
GmbH, Jena, Germany) and additionally incubatecfather day until they were attached to

the glass surface.

2.1.3. Manufacturing of spheroids

Hanging drop technology

Cells were trypsinized using trypsin/EDTA, washed aesuspended in culture medium to a
concentration of 200,000 cells/ml. The cell concaidn in the suspensions was counted with
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an automatic counter (Casy, Scharfe System Gmbkn&wey). Drops of the suspension were
placed on the lid of a plastic culture dish. Thevias turned upside down and placed on the
bottom part of the dish which was filled with sterivater creating hanging drops. Dishes
were incubated at 3T in 5% CQ in air for 3-4 days. For experiments, spheroidsewe
transferred into sterile miniaturized cell chamb@#iniCeM-grid, JenLab GmbH, Jena,
Germany) (Fig. 2.1).

Pellet culture system technology

Approximately 200,000-300,000 cells were placedainl5 ml polypropylene tube and
centrifuged to a pellet for 5 min (1000x/min). Thattened pellet at the bottom of the tube
was cultured at 3T with 5% CQ in the culture medium for 5-6 days until a sphariorm
(spheroid) was formed.

For the differentiation studies, the spheroids warkured in an appropriate differentiation

medium for 3-5 weeks (Fig. 2.1).

Fig. 2.1: Images of a stem cell spheroid attached to a cslier
Left: phase contrast image, Right: fluorescencegam®lue: Hoechst 33342, green: Rhodamine 123).
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2.1.4. Stem cell differentiation

Stem cells were differentiated in adipogenic, chiogdnic, and osteogenic pathways using
monolayer cultures and spheroids (“bodies”). Touel differentiation within monolayers,
cells were counted and an appropriate humber ¢£ wels replaced to the cell chamber and
incubated for about 2-3 days to adhere and to mlat&igh confluence. Afterwards the culture
medium was replaced with the differentiation medium

To induce differentiation within “bodies”, pelletitures were manufactured as described in
(chapter 2.1.3) and incubated in the differentratieedium. The medium was replaced every
3-4 days.

For adipogenic differentiation, cells were culturacx-MEM contaning 10% FCS, 100 U/mi
penicillin, 100 mg/ml streptomycin, 100 nM dexanstbne, 5 pM 1-methyl-3-
isobutylxanthine, 200 uM indomethacin, and 100 ngfaulin (Sigma-Aldrich, Hamburg,
Germany). Osteogenic differentiation was inducedSbyM (-glycerolphosphate, 100 nM
dexamethasone, 100 pg/ml L-ascorbic acid-phosplzate, 100 pg/ml bone morphogenic
growth factor-2 (BMP-2). For chondrogenic diffenatibn, cells were cultured in
chondrogenic medium DMEM (GIBCO, Germany) supplet@eén with 10 mg/ml
transforming growth factor (TGH¥3, 100 nM dexamethasone, 50 fmd ascorbic acid-
phosphate, 4 mg/ml L-proline, 100 mg/ml natriumupate, 15% FCS-Gold, 100 U/mi

penicillin, and 100 mg/ml streptomycin.

2.2. Chemical probes/procedures

2.2.1. Reactive oxygen species (ROS) detection

ROS are molecules or ions formed as a result ofitbemplete one-electron reduction of
oxygen. ROS include singlet oxygen, superoxides,oxpdes, hydroxyl radicals, and
hypochlorous acid. ROS generation occurs at a aclbedr rate in healthy cells. ROS
contribute to the microbicidal activity of phagoegt the regulation of signal transduction,
and gene expression. Under conditions of oxidasivess, ROS production is dramatically
increased which results in subsequent alteratiomembrane lipids, proteins, and nucleic
acids, the loss of organelle functions, the redumctof metabolic activities, in chromatin

breaks, mutation, and cell death.
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Oxidation induced by light is known as photooxidatprocess. Type | photooxidation results
in oxygen radicals whereas type |l photooxidati@neyates singlet oxygen via an energy
transfer from a photo-excited molecule to molecobargen (Henderson and Dougherty 1992,
Foote 1999).

Photooxidation effects induced by NIR femtosecaskl pulses were probed Blge Image-
iT™ LIVE Green Reactive Oxygen Species (ROS) Datekiit. The assay is based on 5-
(and-6)-carboxy-2" 7 -dichlorodihydrofluorescein abitate (carboxy-HDCFDA), a reliable
fluorescent marker for ROS production in live celi3ells were washed with PBS and
incubated in 25 uM carboxy-BCFDA solution (Biochrom AG, Berlin, Germany) fo0 3
min at 37C before laser exposure. As control, cells wereosgg to the ROS generator tert-
butyl hydroperoxide (TBHP) diluted with PBS (1:100f@r 60 min. ROS positive cells
exhibited a green fluorescence (fluorescence diamtamaximum at 495 nm, emission
maximum at 529 nm). Detailed information of thiogedure is described in the company’s
Product Protocol (Biochrom AG No. 136007, Berlif)o visualize all cells within the
chamber, an additional staining was employed basethe nucleus marker Hoechst 33342

(excitation maximum at 350 nm, emission maximumgit nm).

2.2.2. DNA break detection

Laser radiation can cause breakage of DNA. FragmleBINA strands have been detected
using the terminal deoxinucleotidil transferase T)'d- mediated dUTP nick-end labeling
(TUNEL) assay. Laser-exposed cells were fixed 30 min after irradm with 1%
paraformaldehyde in PBS for 60 min ate5 permeabilized with 0.1% TritonX-100 in 0.1%
natrium citrate, and labeled with TUNEL solutionr 60 min at 30C. Cells with DNA
strands breaks showed green fluorescence in thieusuéexcitation wavelength: 488 nm,
emission: 515-565 nm). Detailed information of tpi®be and procedure can be obtained
from the Product Protocol provided by the compdgohe No. 11 684 795 910, Germany).

2.2.3. Apoptosis detection

Apoptosis is the process of programmed cell dediltiwinvolves a series of biochemical

events leading to characteristic cell morphologyarges including blebbing, loss of
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membrane asymmetry, loss of attachment, cell sageknuclear fragmentation, chromatin
condensation, and chromosomal DNA fragmentation.

To detect laser-induced early apoptosis, annexiabéled with the fluorophore Alexa Fluor
488 (excitation: 495 nm, emission maximum: 519 mmas employed. Annexin V protein
binds to phosphatidyl-serine (PS). PS is normalbated on the cytoplasmic inner surface of
the membrane. However, in the case of apoptosis B8nslocated to the outer leaflet of the
membrane. Now it can be detected by extracellutaesin V. Detailed information of this
probe and procedure is given in the Product Protpoavided by the producer (Molecular
Probe No. A13201). Additionally 10 uM Hoechst 3334as used to stain the nuclei from

vital and apoptotic cells.

2.2.4. Vitality tests

To determine laser effects on cell viability, 3 pBhidium bromide (Molecular Probe,
Netherland) was used as a dead cell marker to stainucleus from necrotic cells. Ethidium
bromide is non-permeable through the intact mengrdfhen the membrane is disintegrated
the dye can enter the cell nucleus and can bindNMA. The dye-DNA complex is

fluorescent.

2.2.5. Detection of collagen

After differentiation, adherent cells grown in chaams were washed with PBS, fixed with
cooled (-20C) methanol-acetone solution (7:3) for 5 min, amanpeabilized with 0.1 %

Triton X-100 + 10% normal goat serum (NGS) in PBE/H3 for 2 min. Afterwards, the cells
were labeled with monoclonal antibodies. To detattagen Il produced from rat PSCs the
chambers were incubated &CA4overnight with the primary antibody rabbit ardt-collagen

type Il (Chemicon No. AB2036) (1:400) and with thecondary antibody Alexa Fluor 568
(Rabbit) goat anti-rabbit IgG (Molecular Probe Md.1036) for 60 min at room temperature
in the dark. To detect collagen I, the primary lamdly mouse anti-collagen type | (Sigma-
Aldrich No. C2456) and the secondary antibody FhiiQuse 1gG (Sigma-Aldrich No. F5897)

were used.
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2.2.6. Staining of adipocytes

After adipogenic differentiation, cells were rinsaglice with DPBS and fixed with 10%
formalin for 30 min and then stained with 0.18% i@t O solution (60% isopropanol in
water) for 5 min (preparation details describeth@ manufacture’s protocol, Sigma-Aldrich,
Germany, No. 0-0625). Additionally, the nucleus lbaen stained with hemotoxylin for 1

min.

2.2.7. Staining of lysosomes

The red-fluorescent LysoTracker Red DND-99 (Inngen No. L-7528, absorption maximum
at 577, emission maximum at 590 nm) that staindi@compartments in live cells has been
employed. Cells were stained with 30 nM solution26 min at 37C and washed with fresh

medium before observation under the fluorescenceostope.

2.2.8. Staining of mitochondria

The green-fluorescent MitoTracker Green FM (In\go No. M-7514, absorption maximum
at 490 nm, emission maximum at 516 nm) was usestaim mitochondria in living cells.
Cells were stained with 30 nM solution for 25 mirB&°C and loading solution was replaced

with fresh medium before observation under the asicope.
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2.3. Experimental systems

2.3.1. Modified ZEISS LSM510-NLO (META) multiphoton micros cope

The ZEISS LSM510-NLO (META) microscope consists aif inverted epi-fluorescence
microscope Axiovert 200M, two visible lasers (Argom laser at 458 nm, 488 nm, and 514
nm; HeNe laser at 543 nm and 633 nm), and a highspre mercury lamp for one-photon
fluorescence excitation and reflectance microscapywell as a femtosecond laser for
multiphoton excitation. The femtosecond laser isirzable (680-1080 nm) mode-locked 80
MHz (>3.3 W peak power) Ti:sapphire oscillator Clede@on with (14&20) fs output pulse
duration and a typical pulse width at the sampl%0 fs. The femtosecond laser beam is
typically focused into the sample using a Plan Neof 40x/1.3 oil objective (ZEISS,
Germany). A mechanical shutter in the beam path wgasl to control the number of pulses
that irradiate the sample during nanoprocessingemxents. The mean laser power was
measured after transmission through the objectyvméans of the Field Master power meter
(Coherent, Santa Clara, USA). The microscope emspi@yvoscanner for x-y scanning and a
motorized stage to vary the focal plane. Photores @getected by a variety of single
photomultipliers as well as a 32 channel PMT affayspectral imaging. The beam splitter
HFT KP 650 and the short pass filter KP 685 werpleged for two-photon imaging.

For second harmonic (SHG) detection, the externdll B3aAsP (H7422P-40, Hamamatsu,
Japan) was mounted onto the microscope in forwaahbdirection. A SP 610 filter was
installed in front of the detector to avoid scatetaser light onto the detector. SHG signals
were collected by passing a (435+5) nm band p#tes &t an excitation wavelength of 870
nm. Fig. 2.2 shows the experimental setup of thelifieal microscope for one-photon and

multiphoton microscopy.
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Fig. 2.2: Experimental setup of the modified ZEISS LSM510aNI(META) multiphoton microscope and
photograph of the microscope with the SHG detectimdule. BS-beam splitter; PMT-photomultiplier tube

AOTF-acousto-optical tunable filter; SP-short péii$sr; BP-bandpass filter.
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2.3.2. Sub-20 femtosecond laser microscope FemtOgene

The ultracompact scanning microscope FemtOge#&enLab GmbH, Jena, Germany) with
galvoscanners for beam scanning and piezodriveansfaeg optics equipped with highly-
dispersive, large-NA objectives (Zeiss EC Plan-Newnf40x/1.3 oil, 63x/1.25 oil) was used.
Two femtosecond lasers which provided extremelyrtshulses (<10 fs, Femtolasers
Produktions GmbH, Vienna, Austria) were employedg.(R2.3). The first one was the
passively mode-locked dispersive-mirror-batségral Pro oscillator (0.2 MW peak power,
85 MHz, M’<1.3, 180 mW mean power output (2 nJ per pulsk§) second one was a Kerr-
lens passively mode-locked dispersive-mirror-babe8apphireSynergy Praoscillator (0.67
MW peak power, 75 MHz, &1.3, 600 mW mean power output (8 nJ per pulsa)//532
nm cw pump Spectra Physidgillenia V). For dispersion pre-compensation of the whole
microscope including the beam expander, the paafar beam attenuation, the tube lens, the
objective, filters etc., the optical moduldosaik’/ was used. The situ pulse duration was
measured by means of a second order interferometganning autocorrelator
(FEMTOMETER, Femtolasers Produktions GmbH) usingaam-linear photodiode at the
focus of the objectives. A typical short pulse diwraof 10 - 12 fsi situ pulse width) and a
bandwidth of 80 - 97 nm, respectively, were meatatdhe sample plane (Fig. 2.4)

The microscope was used in the two-photon fluorese@xcitation mode at mean powers in
the microwatt range for nondestructive imagingha stem cell of interest and to monitor the
biosynthesis of fluorescent proteins after lasecessing. It was employed in the milliwatt
range for nanoprocessing in two exposure modescéhning of a region of interest (ROI)
and (ii) by single point illumination where the gascanners were fixed to a point of interest.
A CC-12 (“ColorCube”) CCD camera (Soft Imaging ®yst GmbH, Muenster, Germany)
attached to the side port enabled on-line imagihghe cells, the laser beam, and the
formation of plasma-filled cavitation bubbles. A gbbmultiplier tube PMC-100
(Becker&Hickl GmbH) with fast rise time attachedttee front port was employed to image

two-photon fluorescence.
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Fig. 2.3: Experimental setup and photograph of the sub-gdeecond laser microscope FemtOgene.
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Fig. 2.4: The spectrum and the autocorrelation function destrate the output laser parameters 12 fs, 80 nm
full-width half-maximum (FWHM), 153 nm full-widtheinth-maximum (FWTM), and the emission maximum at

792 nm.

2.4. Optical sectioning (3D microscopy: X,Y,Z)

Both laser scanning microscopes (250 fs microscepl;20 fs microscope) employed x-y
galvoscanners to scan the target with the hightyised laser beams. Typically, the target
was scanned in a 512x512 pixel field corresponginglan area of 230x230 |frat 25.6us
pixel dwell time. In contrast to confocal microsgppinholes as spatial filters are not
required to perform 3D two-photon imaging. In orderchange the focal plane either the
motorized stage was moved in axial (z) directiokI& LSM510-NLO) or the focusing

optics was moved by a piezosystem (FemtOgene™, KIBO500 um working distance,

Piezosystems Jena, Germany).
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3D images were obtained by the correlation of tMTBignal with the position of the x-y
galvoscanners and the z-position of the stage/fogusptics. Most optical sections were
taken at mean powers of 5 mW (250 fs microscope).

2.5. Fluorescence lifetime imaging (4D microscopy: X,y,® and FLIM

data analysis

Upon photoexcitation within femtoseconds from theugd state §to a higher electronic
state $, the molecule will remain in the excited stateyoimansiently for some picoseconds
up to tens of nanoseconds. The average time aefluent molecule remains in the excited
state is referred to as the “fluorescence lifetitheThe parameten is a signature of the
fluorescent material and independent of the fluboop concentration, the illumination
intensity, the light path of the optical systemdahe detector which makes fluorescence
lifetime measurements more robust than measurenoénite fluorescence intensity (Becker
2005). However, the fluorescence lifetime depertdsngly on the microenvironment and
may change as a result of the interaction with roth@ecules due to the loss of their excited
state energy by additional decay pathways. Thiblesahe study of the binding status of a
molecule. In the case of fluorescent protein-proteiteractions, Férster resonance energy
transfer (FRET) can occur which decreases the digmnce lifetime of the donor molecule.
Of high interest is the combination of the measweinof the fluorescence lifetime with high
spatial resolution. Since its introduction to LBeiences 20 years ago (Bugéatlal. 1989),
Fluorescence lifetime imaging microscopy (FLIM) Heecome a key technique for imaging
cellular processes, protein-protein interactionsl] éissue compartments (Periasamy 2001;
Konig 2008; Periasamy and Clegg 2009). There acermajor methods to map the spatial
distribution of the fluorescence lifetime, the fuemcy-domain method and the time-domain
method. The frequency-domain method requires a ratetli(cw) light excitation source (10-
100 MHz) and a modulated detector (image inten3ifiene fluorescence signal occurs with a
phase shift and with demodulation compared to Kuétagion light.t can be calculated from
these parameters.

Within this work, FLIM measurements were performedhe time-domain where 80 MHz
ultrashort femtosecond laser pulses as excitaight and special detectors with a short rise
time in the picosecond range were employed. Therdkcence was detected by time-

correlated single photon counting (TCSPC) whereathigal times of photons were measured
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with respect to the excitation pulse. Thousandphaftons are counted per pixel and placed
into different “time channels” to build up a histagh and a fluorescence decay cuR(® =
Foe”’, respectively. From this decay curve, the fluoresesifetime can be calculated. The
accuracy follows the Poisson statistics (Becker5200ften, the fluorescence decay curve
represents a multi-exponential decay due to theepmae of different fluorophores or a
fluorophore in the free and its bound form. Withims work, a fitting procedure was
employed which can consider a mono-exponentiale@kasg a bi-exponential behavib(t) =

Ae "+ Ae (Fig. 2.5).

fluorescence intensity (counts)

time t (ns)

Fig. 2.5: Fluorescence decay curves. The green dotted cefleets the mono-exponential fluorescence decay
with a long fluorescence lifetime of 4.0 ns, wherehe blue dotted mono-exponential curve reflects a
fluorophore with a short lifetime of 1.6 ns. Tydilgathe “real” autofluorescence decay of a sterh isea bi-
exponential (red curve) with two fluorophores wiifletimes 1;=~ 0.30 ns and, = 2 ns, respectively. The black

curve reflects the instrument response functiofr{IR

TCSPC was performed by means of the PC boards SPG8d SPC-730 (Becker&Hickl
GmbH, Germany). A detailed description is giverina reference Becker, 2008. Fast photon
counting detectors such as the PMC-100 were usealfofluorescence/SHG FLIM imaging.

They were mounted to the external boards of theas@opes.
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The instrumental function (IRF) of the optical st was measured using the SHG signal
from collagen Il (Sigma-Aldrich, Germany). The maesl full-width half-maximum
(FWHM) of the IRF was determined to be ~250 picosels (Fig 2.6).

The SPCIimage software from the Becker&Hickl GmbHhinpany was used to analyze the

fluorescence lifetime decay curves as well as téopm the calculation of histograms.

-
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Fig. 2.6: Measured IRF from collagen II.

2.6. Spectral imaging (5D microscopy: X,y,Z, A) and spectral data
analysis

Sometimes, the fluorescence lifetimes of two déferfluorophores are similar. It would be

helpful to have another criterion to distinguishviEen them. This can be for example the
“color” of the emitted photon. The spectral chagsistics of the fluorescence can be
determined by separation of the photons into “spéchannels”. The method is also called
“emission fingerprinting” (Dickinsoret al. 2001). The combination with microscopy enables
“spectral imaging”. Within this work, spectral imag was performed with a 32 channel PMT
array (ZEISS-META, Hamamatsu) in combination witlp@ychromator. The grating in the
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polychromator provided a resolution of 10.5 nm gainnel. A full 512x512 lambda stack of
data from all 32 channels (the full visible spertr882-714 nm) can be acquired in 0.8 s. The
scanning speed can be increased in accordancexwitbicans with fewer pixels or lambda
stacks, including data from fewer channels. The LSM software program (ZEISS,
Germany) enables the following analysis of the spédata: to determine the spectral
signature from a single image pixel or from a regid interest (ROI) of the scanned image,
to subtract background spectral profiles, to vig@ah spectral color image, and to export
spectral images as a TIFF file. Fig. 2.2 showsetkgerimental setup. Fitting of the emission

spectrum was performed with the software OriginPE

2.7. Statistical analysis

Statistical analysis was done for a variety of msidbased on the student’s test which
provided the parameter means + SD (standard dem)asind mean+SEM (standard error of
the mean). In the case of two-exponential fittingtiee fluorescence decay curves, the
parameterk® was provided by the SPCIimage software. The acgwa&LIM data follows

the Poisson statistics.
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3 Results

3. RESULTS

3.1. Influence of femtosecond laser radiation on cell ability

3.1.1. Damage mechanisms

Light exposure can induce destructive photothermphbtochemical, and photomechanical
effects based on one-photon absorption and multyphabsorption. Animal and human cells
(except red blood cells and cells with melanin)ra possess efficient NIR absorbers. For

example, the absorption coefficient of water auacb1000 nm is less than 0.1 ¢m

melanin

| 1
400 700 1000 2000 6000 A (nm)

Fig. 3.1: Absorption spectra of the major tissue componemter, oxidized hemoglobin (HBY) and melanin.
The molar extinction coefficients and the absomoefficient of water are depicted. The regior600 nm —
1200 nm is referred as optical window due to the &bsorption/extinction coefficients and the lovatsering

coefficients (Kdnig 1999).
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Therefore, one-photon destructive effects sucheasiig of water can be excluded when NIR
radiation at reasonable powers (milliwatt) is uged. 3.1).

However, multiphoton absorption of NIR photons ne&gur in the focal volume of a high
NA objective due to the high light intensities obra than 1 GW/cfmwhich is more than 10
orders higher than the sun light intensity on earthparticular, two-photon absorption can
induce UV-like photochemical reactions including ttormation of reactive oxygen species
(ROS). ROS can induce DNA strand breaks and apigptbiiltiphoton ionization and the
formation of free electrons, respectively, occurewthigh TW/cr intensities are applied.
Photoinduced plasma exists when the free electemsity reaches values of more than
107'cm™® (Vogel et al. 2005). The formation of the plasma induces photodisrupéffects
such as shockwaves and destructive bubble formatiooh can cause immediate cell death

e.g. by fragmentation.

@ multiphoton ionization
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Fig. 3.2: Principle of multiphoton ionization (generation foée electrons and ions) and ROS formation during
the multiphoton absorption process, S;, and $ are the ground state and higher energy excitectreféc
states, and {Iis the lowest energy triplet state for the molecl&C is intersystem crossing to the triplet state
Multiphoton ionization requires multiple photons.ge4) and TW/crh intensities, respectively, to remove
electrons from the molecule. Two-photon excitatiariower GW/crfi intensities results in heat, fluorescence,
and the occupation of the triplet state. The ttighate with a relatively long lifetime of some museconds

enables chemical reactions including oxygen whésuits in the formation of ROS.
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Fig. 3.2 shows the major destructive photoinducé@ces which are (i) two-photon
photochemical reactions as well as (ii) multiphotmmzation and plasma formation. Tab. 3.1
exhibits typical laser and exposure parameters uséun this work. Two laser microcopes
were employed: one system with “long” laser pulse250 femtoseconds and the second one
with extremely ultrashort pulses of 12 femtosecorid® spot size “d” was calculated based
on the formula d A/NA. Typically, a numerical aperture of 1.3 was dise most of the
studies (40x/NA 1.3 0ilg/0.17, ZEISS objective). The mean laser power P mvaasured
with a standard power meter (FieldMate, Cohererd., IUSA) with a detector PM3
(PowerMax, USA). The laser peak powegrfvas calculated with 2x= Eft and E=P/f. The
pulse width was measured with an autocorrelatéhatfocal plane. The peak light intensity
was calculated as 4R/(rd), the laser pulse number n as the product of épetition
frequency f and exposure time t (n=ft). As dematstt in the Tab. 3.1, very low pulse
energies in the range of pJ are employed for twatgphimaging.

Within this work, a variety of studies have beenf@aened on stem cells and other cell types
to understand the influence of NIR femtosecondrlgsédses provided by laser scanning
microscopes on cell metabolism and cell viabilisyveell as to define an optical window for

safe long-term two-photon imaging of stem cells.

Tab. 3.1: Typical laser and exposure parameters used foptwabon imaging of stem cells.
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Results 3

3.1.2. Photoinduced modifications of morphology

Stem cells and mature cells have been laser-expgmgedultiple scanning. Typically, cells
were scanned 10 times with 4-16 s per frame (6-2@gam dwell time) within one focal
plane (512x512 pixel, 230x230 @mThe effects of the laser beam on the cell mdgio
were on-line monitored with a CCD camera. The lassver was increased in typical steps of
1 mW. When using 250 fs laser pulses, scanningeainnaser powers of up to 7 mW (n=500)
did not induce any morphological alteration. Howewehen further increasing the mean
power up to 10 mW, the shape of the majority ofdbks changed (shrinkage) and some cells
(30%) lost their attachment to the cover glassiwitew minutes. When applying even higher
average laser powers, the formation of transienbblas, membrane disruption, and
fragmentation of the cells were monitored.

The application of the sub-20 fs laser pulses le&h fiound to be more destructive compared
to 250 fs laser pulses. Using the same scannirayers, cell damage by bubble formation
and disruption has been monitored already at mearrs as low as 7 mW. Mean powers of
5 mW laser radiation induced changes of the celipmaiogy. A power less than 2 mW did
not cause any morphological changes. Typically,rowatt powers were sufficient for two-

photon imaging as described in the following chepfehapter 3.3 and appendix C).

3.1.3. Detection of photoinduced reactive oxygen species

Two control experiments have been performed to iobtaformation on the possible
formation of reactive oxygen species (ROS). Thst foontrol experiment was based on UV
illumination with the mercury lamp HBO50 (ZEISS, @®ny). UV light induced ROS was
monitored immediately after (15-60) s UV exposuseng the two-photon excited probe
carboxy-H DCFDA which emitted in the green spectral rangeximam at 529 nm). As
another control experiment, PtK2 cells were treatéth tert-butyl hydroperoxide (TBHP)
which is known to induce oxygen radicals (Fig. 3@)een fluorescence of the ROS probe

was detected in the cytoplasm of the cell.
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O
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Fig. 3.3: (a) Positive control of ROS formation. Green fleszence indicates generation of ROS. Additionally,
the nuclei were stained with blue-fluorescent Hee¢@8342. (b) ROS negative cells after femtosedasdr
exposure at 800 nm. The nuclear fluorescence dudotrhst shows up only. (c) Normalized fluorescence
spectra of carboxy-fDCFDA and Hoechst at 800 nm excitation.

The studies on the influence of NIR 250 fs lasdsgaihave been performed at mean powers
of up to 7 mW and pulse energy of 0.088 nJ, respgaygt No ROS signal was detected. Even
repeated frame scanning up to 10 times of the R&#® (n=100) did not induce any ROS
probe fluorescence (Fig. 3.3).

However, significant ROS formation was detected misengle point illumination on a
particular cell was performed with high pulse eyesfjabout 2.6 nJ which was later applied
for nanoprocessing (chapter 3.3.2).

The results on the formation of ROS are consisteith the results on morphological
modifications. No significant fs laser induced etfeoccurred when the mean powers were

kept at a low level of less than 7 mW.
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3.1.4. Detection of photoinduced DNA strand breaks

In order to investigate possible photo-induced Dil#dnage, cells were scanned at different
mean powers in a 512x512 pixel field at 26 beam dwell time per pixel. The probe for
detecting DNA strand breaks was applied 30 minrd#ieer exposure. When using mean
powers up to 7 mW, no DNA damage was monitored.

Only at very high mean powers, DNA strand breakddtbe detected as demonstrated in Fig.
3.4. In this case, cells were exposed to 250 & lpsises at an average power of 60 mW (one

scan).

intensity (arb.u.)
o
(=]
i

450 500 550 600
emission wavelength (nm)

Fig. 3.4: Overlay of the green nuclear fluorescence andrdresmission image of TUNEL positive cells after
exposure to 250 fs laser pulses at 800 nm (60 m¥¢ah). The spectrum shows the emission of theptvadon
excited TUNEL assay probe.

3.1.5. Detection of photoinduced early apoptosis

The cells were scanned at different average powmeas512x512 pixel field at 26s beam
dwell time. As shown in Fig. 3.5jgns of early apoptosis have been detected at\Wdaser
power (250 fs) by the green-fluorescent annexinb@ravhich binds to extracellular
phosphatidyl-serine as a result of laser-inducechbmane modifications. At 7 mW average

power, no signs of early apoptosis were found (8310
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Fig. 3.5: The green fluorescence indicates laser-induceeratibns of the membrane structure. The blue
fluorescence in the cytoplasm depicts autofluomeseewhereas the nuclear fluorescence in the iighge

originates from the DNA stain Hoechst.

According to the results, it can be stated thatetkigosure of cells with 250 femtosecond NIR
pulses at 80 MHz repetition rate with mean powédrgpto 7 mW and beam dwell times of
up to 26 pus (16 s per frame) allows non-destructive-photon imaging. When applying
extremely ultrashort laser pulses of sub-20 fentmsds, the mean power should be kept at
values less than 2 mW. As shown in the next chapteost of the two-photon studies within

this work have been performed at mean power lesfedsmW and 0.5 mW, respectively.
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3.2. Two-photon imaging

Two-photon excitation of endogenous fluorophoreabégs non-destructive high resolution
imaging of living cells over a long period of tim@/ithin this chapter, the potential of
marker-free two-photon imaging of endogenous imtatar fluorophores of stem cells as
well as of collagen as end product of differentlatells was studied. The method of 3D
autofluorescence/SHG imaging was expanded to ar&ging modality by the exploration of
the fluorescence lifetime per pixel (FLIM) and thpectral characteristics of the emitted
photons (spectral imaging). The modifications o€ thutofluorescence/SHG parameters

during the differentiation processes were measured.

3.2.1. Autofluorescence imaging of stem cells

The application of near infrared femtosecond Iggdses induced a cellular autofluorescence
mainly in the blue/green spectral range. 3D auto#acence imaging provided information
on the cell morphology and cell size as well asbtthvisualization of some cell structures
and extracellular matrix components with submicresolution without exogenous markers.
Intense fluorescent structures were found to be mhiéochondria. Fig. 3.6 shows

autofluorescence images of human salivary glandh stells (hSGSCs) and rat pancreatic
stem cells (rPSCs) acquired at 750 nm excitationelemgth. The ellipsoidal/round non-

fluorescent nucleus and the fluorescent mitochahdetwork were clearly seen. The cellular

membrane was not observed.

mitochondrium nucleus
30 um

Fig. 3.6: 750 nm excited autofluorescence images of hSGe@sdnd rPSCs (right).
The beam splitter HFT KP 650 and the short pates #{P 685 were employed for the detection.
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Two-photon imaging showed that different stem dielks have an autofluorescence with
different intensity. hDPSC, hPSC, and hSGSC humem ells exhibited a more intense
autofluorescence compared to rPSC rat cells. Fig.démonstrates the differences in the

fluorescence intensity between human and rat stehs. cAlso significant fluorescence

intensity variations between cells of the sameloedl were observed (Fig. 3.8).

Fig. 3.7: Autofluorescence images of (a) rat pancreatic stefts (rPSC), (b) human pancreatic stem cells
(hPSC), (c) human dental pulp stem cells (hDPS@)(eih human salivary gland stem cells (hSGSC) atnia

excitation wavelength (Uchugonova and Konig 2008).

Fig. 3.8: Autofluorescence images of rPSC cells. Note thahes cells (<5 %) exhibited a very intense

autofluorescence (750 nm excitation wavelength).

Some of the bright cells had a different morpholdiggn the main cell population. Most of
them showed a dividing nucleus. In order to obtaiore information on the natural
fluorescent components and their alterations, spleahd time-correlated SPC measurements

have been performed.
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3.2.2. Spectral measurements of stem cells

Spectral imaging was performed with the ZEISS ME3ystem which is based on the 32
channel PMT array with 10.5 nm resolution. Natdlabrescence from living stem cells was
detected at different NIR excitation wavelengths0(nm, 800 nm, 850 nm, 900 nm) in order
to separate different native fluorescence molecdsen using 750 and 800 nm, NAD(P)H
as well flavins/flavoproteins were efficiently etexl by a two-photon process. The intensity
of the detected fluorescence was high comparedher @xcitation wavelengths. However,
when changing to 850 nm or even 900 nm, flavingfitaoteins (e.g. FAD) only and not
NAD(P)H were efficiently excited.

Spectral measurements (Fig. 3.9) showed that ttexteée fluorescence light was intense in
the blue/green spectral region. The maximum offlthr@rescence was found to be at 460-470
nm when excited with 750 nm light which is consiteith the emission behavior of free and
protein bound NADH.

25 nm . K36 nm,

¥

)]

032 nm, Bd3 nm_ . BS54 nm.. PB4 nm_. B7S nm.. BB6B nm_ B96 nm

G18.nm . B26 nm - B33 nm - Ba0nm  BB1 nm ~ B71 nm

593 nm [F03 nm “ 714 nm

Fig. 3.9: Spectral analysis of hSGSC stem cells obtaineth 8@ images in the spectral range of 382 nm to 714
nm. Excitation wavelength was 750 nm (40x objectthe beam splitter HFT KP 650 was employed intfiamn
the PMT array to avoid the detection of backscattdaser light).
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Fig. 3.10: (a) Spectral measurement of hSGSC stem cells. &xcitation wavelengths were employed. The
emission peak shows a red-shift with increasingitatton wavelength due to the preferred two-photon
excitation of flavins versus NAD(P)H. (b) The 75@/800 nm excited emission spectra can be consideresh

overlay of the two fluorophores NAD(P)H and flavif@otted lines, spectral unmixing).

The maximum shifted to 530-535 nm when using 90Qight which is consistent with flavin
emission (Fig. 3.10a). The 750 nm excited emissimve was analyzed using the software
OriginPro 7.5. According to the fitting procedurspéctral unmixing), the fluorescence
consists of the major component NAD(P)H and a mamonponent flavin (Fig. 3.10b).

The presence of the culture medium did not add ifsiggnt background to the
autofluorescence signals from the cells.

Because of the broad and variable fluorescencetrspet endogenous chromophores, it is
difficult to disentangle the fluorescence composédy their emission spectra alone. It would

be helpful to add another parameter such as thectgence lifetime (chapter 3.2.3).
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3.2.3. FLIM measurements

Measurements on human adult stem cells

Spatially resolved autofluorescence decay curves fstem cells have been obtained using
time-correlated single photon counting in combimativith x, y, z scanning. For this data
collection, the laser excitation wavelengths 750amd 900 nm and a scanning time of up to
30 s per frame were used. Fitting of the decayezufnon-linear least square curve fitting
method) enabled the analysis of up to two fluoneseecomponents per pixel and provided
fluorescence lifetime data and amplitudes per pikbe two fluorescence lifetimes as well as
the mean fluorescence lifetime per pixel were dedi@s false color. Fig. 3.11 represents a
typical FLIM image, a histogram and a particularamitochondrial fluorescence decay curve
of 750 nm-excited hSGSC stem cells based on 67&&teel photons. The bi-exponential fit
with the excellent fitting paramete® = 1.00 revealed a fast decaying fluorophore with a
short lifetime €1) of 0.17 ns and an amplitude Qf272% and a second component vk

1.8 ns and the amplitude a 28%. Although the amplitude is lower, the longemponent
providest,a/Tia= 4 times more fluorescence intensity than thetdhad fluorophore.

In order to get statistical information on the aae of intracellular decay curves, the curves
of 10 different perinuclear fluorescence regionsadingle cell within Fig. 3.11 have been
analyzed. The results are listed in Tab. 3.2. &si@ngly, only one major short as well as one
major long component with an average valuaof 0.202 ns (standard deviation SD: 0.019
ns, amplitude: 70.5%) was found in this particakalt. The long component had an average
value of 2.014 ns with a standard deviation valtialmut 0.077 ns which corresponds to a

value of <5% oft,.
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Fig. 3.11: FLIM of stem cells (hSGSC). The depicted decayetis from an intracellular “pixel” of the right

cell (cross), tha,-histogram from the whole frame.

Tab. 3.2: Intracellular FLIM data obtained from 10 decaywas within the cytoplasm of the stem cell with the

cross in Fig. 3.11 (Uchugonova and Kdnig 2008).

Locaton | 1,(ns) | T.(ns) | Tm(ns) | @ (%) X
1 0.193 1.892 0.729 68.5 1.01

2 0.244 2.004 0.778 69.7 1.14

3 0.202 2.089 0.722 72.4 1.44

4 0.208 2.087 0.736 71.9 1.40

5 0.197 2.060 0.721 71.9 1.22

6 0.169 1.933 0.731 68.1 1.48

7 0.203 1.979 0.717 70.5 1.08

8 0.211 2.128 0.776 70.5 1.59

9 0.214 2.025 0.729 71.6 1.65

10 0.186 1.945 0.722 69.6 1.56
Average 0.202 2.014 0.736 70.5 1.36
SD 0.019 0.077 0.022 15 0.2
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Next, the variance of FLIM data of different cellas investigated. When calculating the
average fluorescence lifetimgwithin the frame of about 10 cells of Fig. 3.1Imajor value

of 1.87 ns as depicted in the histogram (Fig. 3wl&y obtained.
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Fig. 3.12:Histograms for the distribution of the fluorescenmponents (aj,, (b) 1, and (c)t, at 750 nm and
900 nm of hSGSC stem cells calculated from the érami=ig. 3.11.

When analyzing 10 frames of about 100 cells inl wfahe same cell line, a meapnvalue of
(1.82+ 0.02) ns and a mean valygof (0.680+ 0.04) ns has been obtained. In contrast, when
changing the excitation wavelength to 900 nm, \aloie(2.00+ 0.03) ns and (0.826 0.05)

ns, respectively, were calculated.
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Interestingly, when analyzing the short fluorescemtnponents within these FLIM images,
(frames) up to 3 maxima have been obtained inthéristogram (Fig. 3.12). The first one at
around 0.07 ns reflects the influence of backseadtéaser light which was partially able to
transmit through the optics (beamsplitter and thertspass filter SP 610). When adding a
second short pass filter this peak nearly disagmearhe other two peaks occurred around
(0.170% 0.015) ns and (0.668 0.05) ns at 750 nm excitation wavelength and ethito
(0.200+ 0.015) ns and (0.80080.05) ns, respectively, at 900 nm. Control measergs were
done in culture medium as well as after washing dbiés with phosphate buffered saline
(PBS). No significant fluorescence signal was faund

The two short components were therefore of biollgizigin. When performing a statistical
analysis of the histograms on ten single fluoresamils (Tab. 3.3), differences in the
fluorescence decay characteristics were found. wiiicg to the table, just three cells
exhibited only a single short fluorescence lifetiooenponent of about 0.2 ns, whereas seven
out of 10 cells possessed two short componentatand 0.7 ns, respectively. Using false-
color coded imaging, the presence of two differsimbrt components can be depicted as

shown in Fig. 3.13.

Tab. 3.3: Average FLIM data calculated from 10 regions @éiast covering one single cell in each region.

“X"- no component was detected.

Cells | 152 (ns) | T (NS) | T2(NS) | T (NS) | @1a (%) | &1 (%) ratio X

1 0.208 X 2.059 0.795 72.1 X X 1.02

2 0.215 X 2.118 0.781 72.9 X X 1.08
3 0.216 0.687 2.103 0.798 71.9 79.7 2.216 1.13
4 0.201 0.673 2.118 0.785 71.9 79.9 1.792 1.11
5 0.241 0.695 2.133 0.781 72.3 79.9 1.367 1.10
6 0.283 0.708 1.952 0.785 73.3 79.9 1.815 1.13

7 0.230 X 1.977 0.708 72.9 X X 1.13
8 0.181 0.696 1.941 0.661 73.9 79.9 1.244 1.13
9 0.197 0.764 2.046 0.701 72.9 79.7 1.219 1.17
10 0.226 0.730 2.097 0.768 71.1 79.3 5.834 1.31
Average | 0.220 0.708 2.054 0.756 72.5 79.8 2.212 1.13
SD 0.028 0.031 0.073 0.048 0.8 0.2 1.638 0.07
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Fig. 3.13: Left: Average FLIM data of a particular cell wesbtained from a region of interest (white rectapgle
Right: The histogram reveals two short-lived congras with two fluorescence lifetime maxima at 0.238nd
0.783 ns, respectively. The fluorophores with atilifie in the range of 0.00-0.50 ns are depictedaret the

fluorophores with a lifetime of 0.51-1.40 ns arewh green in the false color image.

A more detailed description of the two-photon inmagiresults regarding the endogenous

fluorophores in stem cells can be found in the apgpeA.

FLIM and spectral measurements duringadipogenic differentiation

Human SGSCs stem cells can undergo adipogeniaelitiation resulting into the formation
of mature adipocytes (Rottet al. 2008; Gorjupet al. 2009). The differentiation process can
be initiated by the administration of a specifigpagenic differentiation medium. Fig. 3.14

demonstrates directed adipogenic differentiatiohwhan salivary gland stem cells.

Fig. 3.14: Adipocytes stained with red oil O (scale bar: 30)u
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Within this work, the modifications of FLIM and speal data during the differentiation
process were studied. Fig. 3.15 shows images aftdlibstem cells inside a spheroid taken 7
days after administration of adipogenic differetdia factors. Two of them are differentiated
into about 100 um long adipocytes with lipid va@&so(fat droplets) which synthesize and
store fat. The typical diameter of the fat dropletss measured to be in the order of 7-10 pum.
A typical cell contained more than 20 of these oajles. The nucleus was found to be not
longer in the central part of the cell. The leftl ¢Eig. 3.15) which is on an earlier stage of
development contained organelles with typical di@mgeof less than 5 um. When analyzing
the autofluorescence pattern, the differentiatéld @eere found to possess lower fluorescence
intensity than cells without fat droplets.

Fig. 3.15: Transmission and two-photon autofluorescence imafieells after adipogenic differentiation.

In the transmission image the cell membrane of adipocytes are marked (white line).

Interestingly, some cells without organelles (& gells in Fig. 3.15) exhibited a very bright
fluorescence after incubation with the differentiat factor. Very likely these highly
fluorescent cells are in very early stages of diffiéiation and possess a high metabolic
activity. After formation of the fat droplets thetal fluorescence intensity decreases because
no visible autofluorescence was found inside thgaoelles. It was possible to monitor the
onset of the formation of the organelles alreadydd&/s after administration of the

differentiation medium.
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Fig. 3.16: Spectral image (left) and spectra (right) of tesc7 days after incubation in the adipogenic medi
Differentiated cells showed an increase of NAD(R)td a decrease of flavin/flavoproteins comparettiéanon-
differentiated cells as well as a decrease ofdkte fluorescence intensity of more than 60%. Tatedl line is
the normalized spectrum of the differentiated cellsorder to indicate the blue shift compared te tion-

differentiated cells (750 nm excitation wavelength)

When analyzing the cells with the method of spédtreaging, significant changes of the
emission spectrum were found. Non-differentiatedghhi-fluorescent cells exhibited a
maximum at 490 nm with shoulders at 540 nm and @0 whereas the differentiated cells
emitted at 455 nm with a less pronounced shouldé2é@ nm (Fig. 3.16). The maximum at
455 nm corresponds to the typical emission maximafmNAD(P)H. FLIM data were
measured by defining a region of interest (ROIX twvers the highly fluorescent vacuole-
free cell of interest. A-value of 0.59 ns, a short 0.22 ns component witblaude of 78 %
as well as a slow 1.93 ns component (22 %) werltzkd. In contrast, the mean lifetime of
cells with fat droplets was found to be much longéh typical values of more than 0.85 ns
(Fig. 3.17).

Tab. 3.4:FLIM data obtained from 750 nm excited non-diffarated cells and cells with fat droplets.

Cells 11 (Ns) T, (ns) Tm (NS) a1 (%) Ratio: a/a
Non-differentiated cells 0.22+0.03 2.00+0.26 0.6080| 78.0+1.4 35
Differentiated cells 0.26+0.04 2.33+£0.16 0.85+0.0467.0+2.3 2
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Fig. 3.17: ROI histogram distributionst{, t.,, T,) and typical decay curves from differentiated £@hd non-
differentiated cells. Differentiated cells haveaager distribution of the short and long fluoregcemmponent
(large FWHM of the histogram) and a significantiynger fluorescence lifetime, compared to the non-

differentiated cells.

Interestingly, also significant modifications ofetlfluorescence decay characteristics were
found in different cytoplasmatic regions within odéferentiated cell. For example, typical
fluorescence lifetime values in an intracellularrarbetween large fat droplets were
determined to be (0.26+0.04) ns with amplitude &7.Q0+2.3) % and a strong long-lived
component with lifetimes of (2.33+0.16) ns (Talt)3.

In contrast, a typical differentiated cell possdssdso a small area where the mean
fluorescence decay time became significantly shoréeg. 1= (0.60+0.03) ns,1; =

(0.17+0.04) ns, &(78+1.4)%, and; = (2.0+0.26) ns (Fig. 3.18).
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Fig. 3.18:False-color coded FLIM image of cells after adipoig differentiation.

Upper image: 750 nm excitation wavelength, loweadger 900 nm excitation wavelength.

Non-differentiated cells (n) have a yellow-red catode in ther,, andt, image due to the shorter fluorescence
lifetime compared to the “blue-green” differentidteells (d). At longer excitation wavelength, NADKP
fluorescence is not observed. Mainly flavins in fibifierentiated cells and further fluorophores @gemes, see

fig. 3.19 and chapter 3.2.5) in differentiated £@lppear during 900 nm excitation.

This region is the area of high accumulation ofogmmes as probed with the marker
Lysotracker (Molecular Probes) (Fig. 3.19). Figl&.(upper image) was taken with an

excitation wavelength of 750 nm. This wavelengtlexsellent to excite NAD(P)H. In order

to get information on the contribution of flavires,laser wavelength of 900 nm was chosen
(Fig. 3.18 lower image). The 900 nm-excited autmfiscence image is much weaker due to
the absence of NAD(P)H fluorescence. Only some rélswent structures are seen.
Interestingly, the small intracellular area witle thhorter fluorescence lifetimes as described

above (likely the region of lysosomes) can be imdaggh both excitation wavelengths.
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Fig. 3.19: Two-photon images of differentiated cells staineith probes to track mitochondria (green) and

lysosomes (red). Cell membranes of differentiatts @re depicted (white).
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3.2.4. SHG imaging

Alternative to two-photon excited fluorescence, tplboton microscopy allows the detection
of SHG. Some molecules and tissue structures Hwkt & center of symmetry are able to
generate SHG. SHG is an instantaneous processiaohwlio photons are converted into a
single photon of twice the energy. As shown in BiQO, the extracellular protein collagen II
(powder, Sigma-Aldrich, Germany) can be excited tyo-photon processes to emit
fluorescence as well as SHG. The broad fluorescbasea maximum at 450 nm (750 nm
excitation wavelength) whereas the SHG radiatiomtidalf of the laser wavelength. For
instance, when excited with 800 nm, SHG light candetected at 400 nm wavelength. In

contrast to the fluorescence, SHG occurs alsoghtehiNIR excitation wavelengths.
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Fig. 3.20: Two-photon excited autofluorescence and SHG spectrom collagen Il (Sigma-Aldrich).

Fig. 3.21 left demonstrates fluorescence lifetimesollagen 1l when excited at 750 nm. The
autofluorescence decays of collagen can be fiteed @double exponential decay. The two
components arise mainly from autofluorescence tsecthe SHG signal in the UV is blocked
by filters in the microscope and cannot reach #teator. The short component has a lifetime
of about 0.26 ns with an amplitude of 58% wheré&asldonger component has a lifetime 2.6
ns with an amplitude of 42%. By contrast, at anitaton wavelength of 850-900 nm the
signal is mainly based on SHG (98 %).

According to the control measurement with the peulif powder collagen II, a laser

wavelength of 870 nm has been chosen to investigatéiosynthesis of collagen from cells
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during the differentiation process. The biosynthesi collagen in 3D salivary gland and
pancreatic stem/progenitor cell cultures has beenitared after incubation in differentiation
medium by the occurrence of SHG signals in additootwo-photon autofluorescence.

800 v T 'I!J'j T T T T T
£
E 600 1,=2.6 ns
2 N a,=42%
= ,
§ 400 :
E
]
2
g 200 .
0 7 T T —~/F—T T T v T —
0 500 2000 3000 4000 5000

fluorescence lifetime (ns)

Fig. 3.21:Fluorescence lifetime distribution histogram ofi@agen Il at 750 nm excitation.

The spheroids had dimensions of 0.2-2 mm in diamétee differentiation process has been
observed for a long time period up to 5 weeks hyopeing optical sectioning in z-steps of

5-10 um several times a week (Fig. 3.22).

The occurrence of the first SHG signal was deteetgtlt days after the introduction of the
stimulating agent. As expected, the SHG signal fthenbiosynthesized extracellular matrix
increased with time.

In order to differentiate between the different @s of luminescence (SHG and
autofluorescence), SPC boards as well as diffdiéets were used. With a BP 435/5 filter,

collagen structures could be detected but no lidells and no other ECM proteins. When
removing the filter, signals arose from a varietyl@aorophores as well as from collagen (Fig.
3.22).
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Fig. 3.22: SHG (yellow fibrils) and autofluorescence (bluegn) imaging of stem cell spheroids by optical
sectioning without BP435/5 filter (left) and witladpass filter (right). 40x/1.3 oil objective, 8@® excitation.

False color FLIM images have been used to diffeabetween SHG and autofluorescence.
The SHG signal as well as a part of the autoflummese was observed at the very short time
interval between 0.0-0.3 ns (Fig. 3.23). SHG signhhve no ‘“lifetime” whereas the
fluorescence lifetime is in the order of hundreds picoseconds up to 5 ns (flavin
mononucleotide, FMN) (Kénig and Schneckenburger4i9%kowikz 1999; Skalaet al.
2007). Some fluorescence photons always arrive inviflicoseconds immediately after
excitation, even if the fluorescence lifetime istlre range of several nanoseconds. The
artificial “lifetime” of SHG is due to the instrume response function and appears as an

exponential component in the calculation.
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Fig. 3.23:False-color coded FLIM images from cells 4 weeksranset of differentiation.
a) Autofluorescence and SHG detection in the spea@abe of 400-610 nm (870 nm excitation).
Fluorescence (blue, green) arises mainly from c8HG (red, yellow) from collagen structures.
b) The signal is dominated by SHG of collagen whengisi bandpass 435/5 filter.
¢) Luminescence lifetime measurements of a fluoresoelhilar organelle (red curve) and from a collagen

structure (blue curve).

In addition, SHG radiation was detected after 3 kseef osteogenic differentiation from

pancreatic, salivary gland, and bone marrow mesanahstem cells.

Samples were stained for identification of the agdin type by immunocytochemistry. As
demonstrated in Fig. 3.24, human mesenchymal sédis roduced collagen | as a result of
osteogenic differentiation, whereas rat pancreagtls biosynthesized collagen Il after

chondrogenic differentiation.
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Fig. 3.24:Immunocytochemistry. Left: Mesenchymal stem cptisduced collagen | after 3 weeks of osteogenic
differentiation. Right: Rat pancreatic stem celloguced collagen 1l after 3 weeks of chondrogenic
differentiation.

3.2.5. Two-photon imaging of lysosomes

Cells can accumulate non-degradable end produdtinmysosomal compartments when
passaged and incubated for a long time. Within thask two-photon autofluorescence
imaging was used to probe if the lysosomal compamtsn become visible. Interestingly,

lysosomes in many of the investigated stem cellsbéed a bright autofluorescence after a
variety of passages. Spectral imaging has shownhthey fluoresce in the green-yellow
spectral range. Usually the compartments are ralrfdistinguishable from mitochondria)

and have a more intense fluorescence (Fig. 3.8%omtrast to the NAD(P)H fluorescence in
mitochondria, lysosomal autofluorescence can béezkefficiently in the spectral range from

750 nm to 900 nm.
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Fig. 3.25:Older stem cells exhibit a strong autofluorescethee to the presence of lysosomes. Note the weaker

autofluorescence of the mitochondria (scale bap i)

Fig. 3.26 shows two-photon excited cells labelethwihe lysosome probkysoTrackerin
comparison with theMitoTracker probe to detect mitochondria, and DAPI to image th

nucleus.

Fig. 3.26:Lysosomes (red), mitochondria (green) and nudleie) of 2 weeks old stem cells.
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3.3. Nanoprocessing

Within this chapter, the use of femtosecond lasmmsing microscopes for both high-
resolution non-destructive imaging and highly-desive nanoprocessing without any
collateral side effects was studied. In particullbe, question was answered if the laser beam
can be used to optically knock-out cells of noriese and to keep the cells of interest alive.

3.3.1. Nanosurgery of single cell in cell monolayers

The sub-20 fs as well as the 250 fs laser scanmigoscopes were able to perform
nanoprocessing by single point illumination (dng) and cutting (line scanning) at mean
powers in the milliwatt range and short exposumet. However, the use of sub-20 fs laser
pulses required significant less power compardtedong 250 fs laser pulses.

In the beginning, nanoprocessing experiments bgleipoint illumination of the perinuclear
as well as the nuclear region of single cells m@nolayer have been performed. Typically,
pulse energy of 2.6 nJ and 10 ps irradiation tineeewchosen to expose a target cell when
using 250 fs laser pulses. The destructive effeg$ wssessed by probing the membrane
integrity using the fluorescent marker Ethidium rorde. This DNA-binding dye cannot
penetrate across the intact cell membrane andftierstains cells after membrane damage
only. Fig. 3.27 shows fluorescence images befoceaditer exposure of a particular single rat

pancreatic stem cell in a monolayer.

Fig. 3.27: Two-photon fluorescence of rat pancreatic sterts dmfore (left) and after single point illuminatio
of one particular cell (arrow). The laser-exposelll died and took up the dead-cell indicator Etlidibromide

(scale bar: 30 um).
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Ethidium bromide was administered after laser eMpmsThe image (Fig. 3.27, left) taken
before intense light exposure demonstrates theptwaten excited autofluorescence. The
nuclei appeared dark. Four cells show a brighteinescence than the surrounding cells. One
bright cell (arrow) was chosen for the optical kkkaeit experiment. As seen in the figure
taken 10 min after the intense single point illuation, Ethidium bromide accumulated in
high concentration in the laser-exposed shrinkdéld Tee cell did not survive due to the laser
exposure. In contrast, neighbour cells remainedctntSome of them demonstrated a very

weak nuclear fluorescence.

Fig. 3.28: Two-photon excited fluorescence of human mesenahwtem cells before (left) and 1 min after
intense single-point illumination of a particulaglic(right, arrow) and administration of a fluorest annexin

probe (green) and Ethidium bromide (red). As altesfuaser exposure, Phosphatidil-serine trangkxt#o the

outer leaflet of the membrane and bound to exthaeelannexinV (Uchugonovaet al. 2008c¢)
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Fig. 3.29: Fluorescence images of human mesenchymal stes ioelibated with the DNA marker Hoechst
(blue), the annexin probe (green) and Ethidium lidenfred) before (left) and 15 min after laser esgpe. Only
the cell which was exposed to high-power laseratamh emitted fluorescence from the dead-cell iaftic

Ethidium bromide and the annexin V probe. The lesgosed cell was clearly fragmented.

Optically destroyed single cells were positive ROS detection by carboxy-BCFDA. If

the laser power was not too high, surrounding allvived and did not show any signs of
ROS attack, membrane damage, nor modificationef morphology. Also the probe for
extracelluar annexin V was found to be positivetfer single laser-exposed cell in contrast to
the surrounding cells (Fig. 3.28). During expostine, morphology changed and microblebs
occurred. Often fragmentations of the exposed eedi® detected (Fig. 3.29).

Interestingly, also significant changes in the wal autofluorescence occurred. Fig. 3.30
shows an example of the two-photon excited autodisence of stem cells before intense
single point laser exposure with 12 fs laser pulsesone of these cells (left). The
autofluorescence image taken after this procedewreated a strong increase and a modified
fluorescence pattern of the laser-exposed cellhtxigVery likely, defects of internal
membranes including the nuclear membrane occurrdedhwresulted in the diffusion of
(mitochondrial) NAD(P)H into the nucleus and thetopfasm. In contrast, the

autofluorescence of the surrounding cells did hainge significantly.
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Fig. 3.30: Autofluorescence before and after single poioniiination of human pancreatic stem cells.
Right: The nucleus of the laser treated cell (7 ni\®/ fs pulse width, 0.5 s, single point illuminajdbecame

fluorescent likely due to the diffusion of NAD(P}Hrough laser-induced nuclear nanopores (scale3fgum).

Extremely precise cuts within the cytoplasm andribeleus could be performed with low
average powers as low as 7 mW when using 12 fs jagses. We observed by video-taping
the formation of some small microbubbles with atlihe of less than 2 seconds. The increase
of the power up to 20 mW resulted in more destvactiffects mainly induced by 1-3 bubbles
with size up to 5 um. The most efficient way totdmg a single cell of interest was scanning

of the whole cell for few seconds (Fig. 3.31).

Fig. 3.31:Line scans with low powers down to 7 mW (12 feltapulses) produced tiny nanocuts (left image,
arrows). Scanning of a whole cell within a cell mtayer destroyed the laser-exposed cell withoulateral

effects (right image) (scale bar: 30 um).
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3.3.2. Optical knock out of single cells in stem cell spmeids/clusters

To expose single cells inside the stem cell spbsraat first three-dimensional two-photon
autofluorescence images were obtained in z-sta@®0 (um) and z-intervals of 1-5 pum.
Optical destruction was performed by single polhumination of a single cell of interest
within the spheroids. Typically, the target cellsaat the depth of about 20 um within the cell
cluster. In particular, one cell was exposed witfhipulse energy of 2.6 nJ and an exposure
time of 10 ms. Fig. 3.32 demonstrates the succlespfical destruction of the laser-exposed
cell without any damage to the neighbouring cdilse laser-exposed cell took up the dead-
cell indicator Ethidium bromide and appeared asy/ \might fluorescent single cell at the
depth of 20 pm.

Fig. 3.32: Detection of the membrane integrity and cell Vigpprobed by Ethidium bromide within a human
pancreatic stem cell spheroid. One particularatedl depth of 20 um was exposed with an intense lf2# nJ)
by single-point illumination. The stack of two-pbat images was taken within 1 minute after this rlase

procedure. Ethidium bromide stained this particaklr only.
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Also the TUNEL assay was performed in the lasemesgg stem cell cluster in order to obtain
information of the damaged condition of the suriding non-exposed cells. No signs of DNA

strand breaks were found in non-exposed neighbells. c

Fig. 3.33: Fluorescence image before (left) and after (righgytructive illumination of two intraspheroidal

human pancreatic stem cells with intense laseiegulBhe laser-exposed cells became highly fluorgésce

Interestingly, the laser exposure by intense sipgieat illumination resulted in modifications
of the luminescence property in the cell. Besides two-photon autofluorescence due to
NAD(P)H and flavins, a laser-induced autofluoresgemoduct was detected (Fig. 3.33). In
principle, the optical destruction of particularllsecan be traced by two-photon
autofluorescence imaging without any exogenous enark
The method of selective optical destruction of K akinterest can be described as optical
knock out (Uchugonovat al. 2008c).
The method of optical knock out was used to demmatesthe possibility of “optical cleaning”
of cell cultures. Stem cell cultures were cleameduch a way that a particular cell of interest
remained alive while the surrounding cells obtaiadethal laser exposure.
To isolate single cells of interest, most of thersunding cells within a 0.7x0.7 nfnarea
were exposed with 200 mW average power and ROInsognSignificant changes of the
morphology and the autofluorescence pattern ofaber exposed cells were monitored. The
non-exposed cell of interest remained intact and manitored over several days. A normal
division of the isolated single living cell was deted as well as the migration of new cells to
the laser-exposed area (Fig. 3.34).
A detailed description of these studies can bedaorappendix B.
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Fig. 3.34: Optical cleaning of stem cell cultures. One paitic cell was kept alive whereas the surroundinig ce
were optically destroyed (left: autofluorescencage before intense ROI scanning, middle: autoflemeace 1

min after exposure). The non-exposed cell survaed started cell division (right).

3.4. Optical transfection of stem cells

Within this chapter, the possibility of a contatd, chemical-free, gentle optical method was
probed to realize targeted transfection of singgenscells without any lethal effect. Of high
interest was the question if it would be possilddransfect with ultrashort laser pulses of
extremely low picojoule pulse energy and low mealiwatt laser power, respectively. For
that purpose, a microscope with the world shotttesdr pulse width in the focal plane of just

12 femtosecond was employed.

3.4.1. Optoinjection of fluorescent molecules

A particular stem cell was chosen by the video-c&in of transmitted light as well as by

two-photon autofluorescence which exactly confittes focal plane. Then, the laser beam
was “parked” at the cellular membrane and the mgamer was increased. Single point
illumination was performed when opening the shufber50 ms which corresponds to 3.75
million pulses. In order to prove successful optagion, Ethidium bromide was given to the
medium in different experiments immediately as vasll2 min, 5 min, 10 min, 20 min, and 30
min after laser exposure. Interestingly, a low meserage power of 5 mW (66 pJ) was
sufficient to provide a transient hole into the nieame as proven by the diffusion of the
probe into the cell and into the nucleus. Fig. 388®ws two-photon images of two
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optoporated cells after introduction of the membranpermeable fluorophore. When
increasing the power to values higher thant@)dnW, the formation of microbubbles with a
diameter of more than 5 pum were observed. Oftesetlcells changed their morphology and
finally died.

Fig. 3.35: (a) Two-photon autofluorescence image of humaivasgl gland stem cells. The major endogenous
fluorophore is the reduced coenzyme NADH.
(b) Cell fluorescence after optoporation of twdseind the application of Ethidium bromide. Non-esgd cells

did not uptake the fluorescent probe.

3.4.2. Targeted transfection

After the determination of the optimal laser partaresuch as 5-7 mW average power and
50-100 ms exposure time for optoporation of stetts,ceansfection was performed with the
DNA plasmid vector pEGFP-N1 from Clontech (4.7 kiplar weight 3 MDa). The plasmid
was injected into the extracellular 0.5 ml mediuinG&P-MiniCeM cell chambers with a grid
at the glass bottom. After laser exposure, the tleaswere transferred to an incubator and
maintained at 37°C in a 5% G@umidified atmosphere for up to 8 days (appendixThe
laser-exposed stem cells and their surroundings celére tracked by phase contrast
microscopy and fluorescence imaging. In additipecsral analysis was performed.

The formation of green fluorescent proteins witheamssion maximum at 507 nm was first
monitored for some cells 24 hours after exposurkefVimonitoring 48 hours later, all of the
successfully transfected stem cells exhibited grearescence. Interestingly, all laser-

exposed cells survived.
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Some transfected cells underwent cell divisionraft8 — 72 hours. The daughter cells
exhibited also green fluorescence. Fig. 3.36 shgreen fluorescent human salivary gland
cells. The protein fluorescence indicates the ssgfakGFP biosynthesis after introduction of
the plasmid into the cytoplasm through the nanopoithe uptake into the cellular DNA as
well as the reproduction of laser-exposed cells.

When calculating the number of green fluoresceiis ¢e the number of exposed cells, a
transfection efficiency of 70-80% was obtained H®SC and hSGSC. Fig. 3.37 indicates an
emission spectrum with a maximum at 510 nm fortthesfected cell with the biosynthesis of
GFP.

A more detailed description of this work on lagansfection can be found in appendix C.

Fig. 3.36: Two-green fluorescent daughter cells 3 days #dser optoporation of a single human salivary gland
stem cell. (a) Fluorescence image taken with atsbass filter 610 and an excitation wavelength 5 im.
Both the natural autofluorescence as well as the fBlerescence are depicted. (b) The use of the ltziFlepass
filter in combination with an excitation wavelengtth 800 nm results mainly in the green fluorescer{cg

Overlay of the green fluorescence with the transioisimage.

80



3 Results

intensity (arb.u.)

: 1 L 1 . 1 " 1 1 1 L 1 :
460 480 500 520 540 560 580 600
wavelength (nm)

Fig. 3.37: Typical spectrum of intracellular GFP within tréexted stem cells.
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4. DISCUSSION AND CONCLUSION

In cell biology, especially in stem cell researtthis important to study and analyze living
cells without significant input on metabolism, reguction, and viability. Taking advantage
of the marker-free multiphoton microscopy technighe stem cells can be imaged over long
periods of time without any collateral destructeféects.In this dissertation, stem cells and
their development into specialized cells have lstadied up to 5 weeks after introduction of
a differentiation-stimulated medium. The cells atieir extracellular microenvironment
inside spheroids were investigated in three dinmrssi Within one high-resolution optical
section, approximately 15-20 cells were imaged nnagea of 0.3x0.3 mfn For a single
optical section (512x512 pixel image), the lasearbadwell time was about (1.6-25.6) ps.
This low beam dwell time and the low picojoule gukEnergy prevented any damage to the
cells under investigation. By autofluorescence/Skaaging, the redox—state coenzymes
NAD(P)H and flavin/flavoproteins as well as theustural protein collagen have been
detected. An appropriate wavelength range to inségm cells was found to be 750-760 nm
where the intramitochondrial endogenous fluorescerhzymes can be imaged (see chapter
3.2). Radiation at 890-900 nm was preferred wheaging flavin/flavoproteins only. For
collagen detection, a long wavelength such as 8WOwmas employed. These near infrared
wavelengths are safe due to the absence of signifiabsorbers. If the intensity reaches
around 1 GW/crm absorption starts by a two-photon excitation pssc However, this high
intensity occurs only for about 250 femtoseconds gborter) in a tiny sub-femtoliter
excitation volume followed by a 48,000 times longark period of time of 12 ns (80 MHz
pulse repetition frequency). The laser beam “padtsé pixel for just some microseconds.

As demonstrated in a variety of biosafety studietliding the detection of DNA breaks, ROS
formation, and the onset of apoptosis, stem ce#ls be scanned with intense 250
femtosecond laser pulses at average powers beloMy and typical us beam dwell times per
pixel without destructive effects. However, whemplgmg the same average power for sub-20
fs laser pulses, irreversible cell damage occuftethugonovaet al.2008a).
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The safe near infrared window for non-destructivems cell imaging depends therefore
mainly on the average power (intensity) and thesguwlidth. For the case of the sub-20 fs

pulses an average power in the pyW range was entploye

Konig et al. (1999a) reported on cell damage studies basech@rexposure of Chinese
hamster ovary cells (CHO), a worldwide used eashéandle cell type with 12 hours cell
doubling intervals, with 170 fs — 2.2 ps laser palsA strong dependence of cell damage on
pulse width was demonstrated. The authors lasessexpthousands of single CHO cells and
determined the cell cloning efficiency by monitayithe reproduction behavior and studying
the morphology and autofluorescence of the daugte#is and further generations. First
destructive effects with 250 fs were found at a mpawer of 6 mW when applying 10
consecutive scans at 16 seconds per frame (Kéng. 1999a). According to the results
within this work, the investigated human and animdllt stem cells were found to be less
sensitive to femtosecond NIR laser pulses than @dI3. Very likely, stem cells are less
sensitive to UV and NIR photostress than otherloeds due to their ability of efficient self-
repair.

The stem cells can be scanned many times withgusignificant changes using near infrared
light. Stem cell spheroids were scanned typicdlhge times weekly when performing studies
for up to 5 weeks. Optical sections were obtaimetypical z-steps of 5 um down to a total
depth of 200 um. A superior submicron spatial nesmh enabled the imaging of single
intracellular mitochondria. Mitochondria were foutalbe the brightest fluorescent structures
and were imaged in all celluring imaging it was observed that mitochondriad ha
morphologically different structures and were dtted in the cytoplasm or formed
aggregates in the perinuclear region. Researchave lshown that the morphological
heterogeneity of mitochondria and their distribatreflects changes in the metabolic state of
the cells Aggregation of mitochondria in the perinuclear cgghas been detected in cancer
cells (Hallmannet al. 2004) and as a result of the treatment with mitroke-active drugs
(Kedzior et al. 2004). Sicteret al. (2005) have demonstrated that the mitochondrial
distribution can change when the medium, substratethe ambient COconditions altered.
Some authors showed that the perinuclear arrangesheritochondria can be correlated with
the function in certain somatic cells e.g. neurand pancreatic cells (Johnsehal. 2003).
There is a hypothesis that stem cells may retam#rinuclear arrangement of mitochondria,

whereas an alteration of this pattern occurs dutiffgrentiation (Sicteet al. 2005; Lonergan
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et al. 2006). In particular, an aggregated mitochondtiatribution pattern was found to be
related to differentiation (Yaffe 2003; Lonergetnal. 2006).

Within this work, mitochondria have been studiedrbgnitoring the changes in two-photon
autofluorescence. Moreover, biochemical informatiam be gained by FLIM and emission
spectroscopy techniques.

The major native fluorophore located in the mitauthwa is NAD(P)H in free and bound
form. Interestingly, the reduced form only emitsible light. The oxidized form NADdoes
not fluoresce in the visible spectral range. Spdctreasurement and fluorescence lifetime
measurements proved the existence of NAD(P)H awini in mitochondria when excited at
750 nm. NAD(P)H from within the cytoplasm has a éwwquantum vyield as in the
mictochondria. Within the nucleus, NAD(P)H is pnetsen very low concentrations only (Li
et al. 2008). The emission maximum of free NAD(P)H isuwm@ 470 nm whereas the
maximum is blue-shifted (440 nm) when binding tootpins occurs (Koénig and
Schneckenburger 1994). As demonstrated in this wibkk human stem cells have a more
intense autofluorescence than the animal stem. CBtls autofluorescence intensity varied
significantly among the cells from the same cultdigh and within the same optical section
which reflects the heterogeneity of the cell popala In future work the highly
autofluorescent cells should be investigated bglsinell immunocytochemistry.

Two major fluorophores could be identified basedtiome-resolved single photon counting
and the calculation of fluorescence lifetimes a#i a®by spectral imaging. The detected two-
photon autofluorescence with emission maxima at48Dnm and 530-535 nm and the long
fluorescence lifetimes of 1.8 ns and 2.0 ns, respy, appears to indicate the presence of
the biomolecules NAD(P)H and flavins/flavoproteins.

Interestingly, the analysis of the short-lived cament of human salivary gland stem cells
was found to be very complex. Some cells exhibitely one short-lived fluorophore with a
fluorescence lifetime of about 0.2 ns only (exagllei-exponential fit withx® of 1.00),
whereas the majority of cells revealed an additistert-lived component with 0.7 ns
fluorescence lifetime.

The interpretation of these two short-lived fludnopes is complicated. Free NAD(P)H has a
short lifetime around 0.2-0.3 ns whereas a varadtylavoproteins have short picosecond
lifetimes. The free flavin mononucleotide (FMN) hasypical lifetime of 4.7 ns - 5.2 ns
(Konig and Schneckenburger 1994; Lakowicz 1999)emvhavin adenine dinucleotide (FAD)
has a lifetime of 2.3 ns — 2.8 ns (Lakowicz 199Ral§ et al. 2007; Russelgt al. 2008).
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When binding to a variety of proteins, the fluoessce lifetime of NAD(P)H in a variety of
cells and solutions shifts to higher values of alibus (Konig and Schneckenburger 1994).
Chiaet al. (2008) reported on the presence of three NAD(R)brbphores in rat brain tissue:
a very short one of 0.48 ns for the free (non-byuwednzyme, a second short one of 0.77 ns
and a long lifetime of 3 — 6 ns for bound NAD(P)Mhen studying adipogenic differentiation
in this work, a blue shifted autofluorescence spmetand a decrease of the concentration of
fluorescent flavins/flavoproteins were monitoredidg differentiation. The findings of Reyes
et al. (2006) in the case of human mesenchymal stem detiag osteogenic differentiation
are in agreement with the results of this work.yTased a confocal microscope to detect the
decrease of flavins/flavoproteins and of the r&tAD(P)H/FAD during differentiation. Rice
et al. (2007) reported also on a decrease of fluoresttavins during the differentiation
process of mesenchymal stem cells by measuringrtben of the fluorescence. On the
contrary, Moniciet al. (2002) showed for the case of differentiated |enikecells that the
bound form NAD(P)H shifted to the free form andtthiae concentration of fluorescent
flavins increased. It would be of interest to stunyhe future autofluorescence modifications
during differentiation in dependence on the stelthtyggee.

When studying adipogenic differentiation by mears FIM within this work, the
fluorescence lifetime of adipocytes was found tanmeeasing. A similar behavior was found
by Guoet al. (2008) when studying osteogenic differentiatioquigell et al. (2008) studied
embryonic stem cells and reported also on an isered the fluorescence lifetime during
differentiation.

Tab. 4.1 summarizes the 5D results of this worte(isity, FLIM, spectral imaging) regarding
the autofluorescence behavior of stem cells anld aabler adipogenic differentiation. During
differentiation, the blue-shift of the emission nmaxm indicates the relative increase of
bound NAD(P)H and an increase of the ratio boundiAH to free NAD(P)H, respectively.
Monici et al. (2002) reported on lower bound NAD(P)H/free NACHP)atio in anaerobic
cells than aerobic cells. This is also confirmedalrglative increase of the long fluorescence
lifetime componentr, which reflects bound NAD(P)H and an increase & thtio of the
amplitudes #@a&, respectively. Because there is an overall deeredsthe fluorescence
intensity during differentiation, the concentratiohthe reduced form NAD(P)H must drop
compared to the oxidized from NAD(P)H. That medms dxygen consumption increases.
This hypothesis is in accordance with data of @ual. (2008) who claim a decrease of
NAD(P)H/NAD" means an increased metabolism. The data in this sfmw also a decrease
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of flavin fluorescence during adipogenic differatitbn. Both, NAD(P)H fluorescence and
flavin fluorescence dropped, however, the ratio NRJPi/flavins increased.

However, Reyegt al. reported in the same year on the decrease ofahcs for stem cells
during osteogenic differentiation. Further studigsa variety of stem cells under different
types of differentiation are required to figure otite exact metabolism during the

differentiation process.

Tab. 4.1: Autofluorescence modifications of stem cells aetiscafter adipogenic differentiation measured by

multiphoton spectral and fluorescence lifetime imggvithin this work

Cells NAD(P)H | Fluorescence Flavin NAD(P)H/ | Fluorescence| Bound NAD(P)H/
fluorescence| maximum | fluorescence| flavin lifetime Free NAD(P)H
intensity intensity
Stem cells high 493 nm high low short low

0.22 /2.00 ns a/2,=0.28

Diff. cells low blue shifted low high long high
460 nm 0.26/2.33 ns a/2,=0.50

Future work needs to be done for the interpretaiotihe cellular FLIM data and the spectra
with regard to the specific cellular metabolism aifferentiation value. For that purpose, the
particular imaged cell of interest should be albaracterized with selective biochemical
means such as antibody staining of the cell asasalhe surrounding cells.

The bright fluorescent granules observed in oltieemscell populations have been found to be
lysosomes. This supports the hypothesis of themagkation of lipopigments in stem cells.
Lipopigments are characterized by a yellowish fhsoence. Croset al. (1999) showed an
increase of the fluorescence signal from lysosowigsn the number of passages increased.
The measurement of the fluorescence intensity atgbnm of lysosomes in stem cells may
therefore provide information on the ageing process

Very interestingly, SHG can be used to detect tbsymthesis of collagen as a result of the
differentiation process (Leet al. 2006; Uchugonovat al. 2008d; Uchugonova and Kdnig
2008). Within this work, long-term studies of up3b days on 3D stem cell spheroids have

been performed.
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The expression of the extracellular matrix protbas been successfully monitored. The
possibility of non-destructive marker-free imagiagpws the study of the organization and
development of the ECM structure and of feedbackhaeisms. Recently it was shown that
human embryonic stem cell cultured on type IV aglainduces vascular cell differentiation
(Gerecht-Niret al. 2003; Schenke-Laylaret al. 2007).

State of the art two-photon fluorescence imagingedormed with pulses of 200-300 fs or
even around 1 ps pulse width depending on the twatgm microscope manufacturer. The
signal in two-photon microscopy depends orf/a Relation with power P and pulse width
Because of this relation, picosecond laser micnessaequire just a relatively small increase
in laser power to obtain similar images as for fesetond laser microscopes, e.g. 1 ps
systems require three times higher laser power 1hérfs systems.

However, in the case of nanoprocessing based otipmodon ionisation processes where
several photons are involved (e.g. 5 NIR photors &5 eV, respectively, are required to
induce an optical breakdown in water (Venugopataral. 2002; Vogel and Venugopalan
2003)), the shortening of the laser pulse width would digantly improve the desired
destructive effect. The non-distorted delivery <5 fs through a microscope objective and
even sub-10 fs pulses by compensation of quadaatit cubic dispersion terms has been
demonstrated and employed so far for nonlinear iingafl.arson and Yeh 2006; Tempea
al. 2007).

As shown in this work, sub-20 fs laser scanningrasicopes can be realized and employed
for nanoinjection and optical transfection of humstem cells. Interestingly, low mean
powers of 5—-7 mW (66-93 pJ @ 75 MHz), which is mtiven one order less power as in
current femtosecond laser nanoprocessing toolse wsafficient to realize transient high
TWi/cn? intensities and successful stem cell manipulatidre use of a sub-10 mW power
guarantees also the absence of any destructiveaheiffects and disturbing trapping effects.
The potential use of low power systems may opean #is chance for the manufacturing of
miniaturized sub-20 fs laser systems for nanopiogsand imaging without bulky expensive
pump lasers.

Within this work, multiphoton ionisation at transteTW/cnt intensities was also used for
“optical cleaning” of the cell cluster. For examptgtical inactivation of a single target cell
within the spheroid without collateral side effedts neighbour cells was realized. Also

neighbour cells can be optically destroyed whilegieg a cell of interest alive.
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The novel method provides the possibility to cointhe development of stem cells in three
dimensions, to destroy undesired cells and totisai®em cells of interest.

A transient nanohole could be created by optopmmatthere the destructive highly focused
laser beam was “parked” on the cellular membransibgie point illumination for about 50
ms. The membrane stayed open for few seconds bedtirecpair processes occurred. During
this short time interval extracellular chemicalsclsuas GFP plasmids can be passively
introduced to the cytoplasm. In order to transher plasmid to the nuclear region, a further
single point illumination of the nuclear membramelld be performed. However, more easily
is just to wait until replication (mitosis) wherket nuclear membrane became disintegrated.
At that time the GFP plasmid can be incorporatethencell’'s DNA. Therefore it takes some
days to verify the successful targeted transfectibistem cells by the onset of the green
fluorescence.

When using extremely short laser pulses, high teation efficiencies were realized. All
laser-exposed cells survived and 3 out of 4 trehtedan stem cells have been transfected.
The cells exhibited normal reproduction behaviocell( division after 2-3 days) and the
daughter cells became also green fluorescent. Timeah stem cells used for these
preliminary experiments were obtained from a hurpancreas and submandibulary glands.
They possess a remarkable potential for self-reheaval multilineage differentiation
including the development into specialized cellsabfthree germ layers (Kruss al. 2004,
Kruseet al. 2006).So far, no other transfection studies have beedwzrad with these new
types of stem cell sources.

One major reason for the very efficient transfactwath sub-20 fs laser pulses is likely the
very low mean power of less than 10 mW. Anotheerigsting effect is the high stability of
the laser beam position. The novel dispersion telclyy overcomes the problems of beam
positioning fluctuations observed in femtosecorsgiasystems based on prism technology.
Transfection of stem/primary cells is a major peosblin up-to-date technology based on
chemical, mechanical or electrical means. Safetgcems have been raised with the
application of these approaches on human (Well 2RB@dvmann and Bettinger 2007; Tsen

al. 2009). The non-invasive gentle creation of a tiErtsnanohole in the cellular membrane
by low mean power sub-20 fs laser pulses withoytanilateral damage and disturbance of
the self-repairing potency overcomes this problem.

Femtosecond laser manipulation of stem cells openvg ways for stem cell based gene

therapy, the generation of stable cell lines, aaddplantation technology. In particular, the

89



Discussion and Conclusion 4

induction of specific genes may improve the efficig of controlled differentiation. Cell

types of interest may be collected using specifack@ar genes. Tracking of stem cells derived
after engraftment could be facilitated by tracerngge Furthermore, cells can be
reprogrammed by injection corrective genetic matsyiso an appropriate type of cell can be

created to develop replacement tissues.
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5. OUTLOOK/FUTURE DIRECTIONS

Investigations on various aspects of stem cellsafecan important aspect in scientific
research, particularly in the area of tissue ergging, biotechnology, pharmacy, and therapy.
Stem cells are currently in a stage from “benchbéalside” in the area of myocardial
infarction, neurological diseases such as Alzheimued Parkinson, diabetes, and cancer.
Earlier this year the Unites States Food and Drggnsy (FDA) gave the permission to the
Californian CompanyGeron Corporationto perform a clinical trial based on the use of
human embryonic stem cells (Jaishankar and Vran@9)20rhis world’s first human
embryonic stem cell therapy on patients with spaaatl injuries will cause lots of interest.
There are a variety of approaches to harvest emlryar adult stem cells as well as to
reprogram cells. For example, the nucleus of a somall is transferred into a denucleated
egg and developed into blastocytes with pluripotatis in the case of somatic cell nuclear
transfer (SCNT). In addition, somatic cells canrégrogrammed tanduced pluripotent stem
cells (IPSC) (i) by genetic manipulation transfectionthogls based on viruses (Takahasthi
al. 2007; Kajiet al. 2009) or (ii) by the employment of recombinanttpmos (Zhouet al.
2009).

Major problems remain such as the lack of a wetitadled differentiation process and a
method to harvest a “contamination-free” pool oflwdefined specific human cells.

Current stem cell therapy is based on the employroéradult stem cells. However, the
recruitment of the limited number of endogenoudtagtem cells and their restricted locations
is extremely difficult. Furthermore, the stem caifsthe patient to be treated will also carry
the genetic effect in genetically based diseasels a8 Alzheimer or Huntington disease.
There is a hope that the optical technologies, amtiqular multiphoton imaging and
nanoprocessing tools, can be employed to tracenardpulate the stem cells as well as to
monitor the differentiation process.

In this dissertation, the basic interaction of feseicond laser pulses with some animal and
human stem cells have been studied. Marker-freeh-t@golution imaging has been
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demonstrated on stem cell layers and stem cellrese However, future work on a large
number of different animal and human adult sterfs aeithin their native tissue environment
has to be conducted to answer the question ifafeestem cells can be identified due to their
characteristic autofluorescence behavior. One papeeently published discusses the
prospective isolation of bronchiolar stem cellsnirdacultative transit-amplifying cells by
autofluorescence detection (Teisaeti al. 2009). Results from frozen tissue sections
demonstrated also a different autofluorescencevi@haf stem cells in the hair follicle bulge
compared to the surrounding cells (\&tual. 2005). Multiphoton microscopes have also been
used to monitor the migration of neural stem/praercells (NSCs/NPCs) in the brain of
mice (Zhaoet al. 2007). This allows us to understand how NSCs/NRGSpond to cortical
brain ischemia and to distinguish migrating frorm+migrating cells as well as to trace the
migration direction within the brain.

In this dissertation, the first multiphoton investiions performed on stem cells show that the
ratio of fluorescent flavoproteins to the fluoresiceoenzyme NAD(P)H as well as the mean
fluorescence lifetimes are different from typicahtore laboratory cell lines. Interestingly, the
autofluorescence behavior also changes duringrdiff@tion processes. It was found that
certain fluorescence parameters such as the flcemes lifetime and the emission spectrum
can be used to monitor the onset of differentiagsnwell as the biosynthesis of chemical
compounds as a unique function of a particular igpeed cell type. Within this work, the
cell's fabrication and transport of lipids and egién has been monitored as a function of time
after incubation with the differentiation mediumurther work is needed to answer the
guestion as to which types of collagen can be tkdeasing second harmonic generation
(SHG) and what are the best laser excitation paemdt would be also of interest to study
the autofluorescence behavior of adult stem ca&isus embryonic stem cells and to perform
optical sections of embryonic stem cell bodies.

As demonstrated, multiphoton techniques such asptvadon excited autofluorescence and
SHG can be employed as valuable non-destructivgimgatools to trace stem cells and to
optimize the differentiation process. Current npibton microscopes enable the study of
stem cellsn vitro. However, first two-photon tomographs for skin gimay are in clinical use
(Konig 2008). There is a chance to trace adult stefts in the basal cell layer of the
epidermis and along the hair shafts. In the ne@rdy two-photon microendoscopes will be
available (Koniget al.2008) which can be employed to trace stem cedislenthe body.
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Interestingly, a multiphoton system can not only used as a high-contrast and high-
resolution imaging system but also as highly peecianoprocessing tool. The successful
targeted transfection has been demonstrated bysyadow picojoule sub-20 femtosecond
laser pulses of an ultracompact turn-key microsdtjfmugonoveet al. 2008a-c). So far, the
DNA plasmid eGFP only was introduced in human stefts by the optical generation of a
transient nanohole. In the future, it will be irsting to see the efficient way of transfecting
the stem cells with a variety of more importantegn

Furthermore, the optical generation of transiemtoh@ales will open a novel way to deliver
other different molecules and chemicals such as Ridgombinant proteins, nanoparticles,
and drugs into the living cell without destructicellateral effects. Very recently it was
demonstrated that the same appar&e®tOgen&' can be employed successfully to deliver
superquencher molecular beacon (SQMB) probesiwitglcells (Féldes-Papet al. 2009).

A current problem of thenultiphoton microscope is the limitation to a lowmber of
transfected adherent cells within a certain timeogeand highly experienced personnel.
Future engineering work may be of interest such fiber—based systems automatic
miniaturized high-throughput femtosecond laserewst e.g. (Tsampaukt al. 2008). It is
likely that the combination of femtosecond lasestegns with laser tweezers (optical
trapping) enables the transfection of non-adheesmt large numbers of cell populations
(Baumgartet al. 2009). It would be also of high interest to prabslow growing primary
cells and non-dividing cells (cardiomyocytes, nesiohepatocytes, chondrocytes) can be
laser transfected by means of a second optoporafidhe nuclear membrane. Moreover,
transfection can be performed inside 3D structergs embryonic stem cell bodies. Ts&n
al. (2009) have recently demonstrated the potentialaisfemtosecond laser pulsesvivo
DNA delivery for the skin.

In conclusion, multiphoton femtosecond laser syst&rniil open up new opportunities in the
investigation of stem cells and its applicationniedicine. They can provide morphological
and biochemical information about stem cells inrtinative environment as well as can be
used to manipulate the cells, the intracellular partments, and the extracellular

microenvironment in three dimensions.
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Frequently Used Abbreviations

Frequently Used Abbreviations

abbr.
AOTF
ATCC
BMP
BP
BS

Carboxy-BDCFDA

CCD

CHO
DAPI

DBS
DEAE-dextran
DMEM
DM
DMSO
DNA

ECM

ESC

Eth. Bromide
FACS
FAD

FLIM

FMN

FSC

fs

FWHM
GaAsP
GDD

GFP
hBM-MSC
HDM

HOD
hDPSC

expanded abbreviation
acousto-optical tunable filter
American type culture collection
bone morphogenic growth factor
bandpass

beam splitter
5-(and-6)-carboxy-2"7"-dichlorodihydrofluooesn diacetate
charge coupled device

Chinese hamster ovary
4’ ,6-diamidino-2-phenylindol
dichroic beam splitter
diethylaminoethylextran
Dulbecco’s modified Eagle’s medium
dispersive mirror
dimethylsulfoxide [(CH),SO]
desoxyribonucleic acid
extracellular matrix

embryonic stem cell

Ethidium bromide ¢&H2oN3Br)
fluorescence-activated cell sorting
flavin adenine dinucleotide
fluorescence lifetime imaging
flavin mononucleotide

fetal calf serum

femtosecond
full-width half-maximum
gallium-arsenide-phosphide
group delay dispersion

green fluorescence protein
human bone marrow mesenchymal stem cell
highly-dispersive mirror

higher order dispersion

human dental pulp stem cell
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Frequently Used Abbreviations

hSGSC
hPSC
iPSC
IRF
kDa
LipDH
LSM
MACS
MPM
NAD(P)H
NA
NDD
NGS
NIR
NL-PD
NSC
PBS
PCR
Pen/Strep
PMT
ps
rPSCs
PtK2
ROS
SD
SHG
SP
TBP
TBHP
TCSPC
TGR3
TUNEL

uv
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human salivary gland stem cell
human pancreatic stem cell
induced pluripotent stem cell
instrumental response function
kilodalton
lipoamide dehydrogenase
laser scanning microscope
magnetic-activated cell sorting
multiphoton microscope
nicotinamide adenine (phosphate) dinuctimti
numerical aperture
non-descanned detector
normal goat serum
near infrared
non-linear photodiode

neural stem cells

phosphate buffered saline
polymerase chain reaction

penicillin/streptomycin
photomultiplier tube
picosecond

rat pancreatic stem cell

rat kangaroo kidney 2

reactive oxygen species
standard deviation

second harmonic generation
short pass filter
time-bandwidth product
tert-butyl hydroperoxide

time correlated single photon counting

transforming growth factef3

terminal deoxinucleotidil transferase (TdTinediated dUTP nick-

end labeling
ultraviolet
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33342. (b) ROS negative cells after femtoseconer lagposure at 800 nm. The
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spectra of carboxy-fDCFDA and Hoechst at 800 nm excitation. 48

Overlay of the green nuclear fluorescence dmal ttansmission image of
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750 nm excited autofluorescence images of hSGE) and rPSCs (right).
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Autofluorescence images of (a) rat pancreagenscells (rPSC), (b) human
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(Uchugonova and Koénig 2008). 52
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range of 382 nm to 714 nm. Excitation wavelengtls Wa0 nm (40x objective,
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the detection of backscattered laser light). 53
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Appendix A

Appendix A

Published paper:Uchugonova A and Kénig K (2008) Two-photon autofiescence and
second harmonic imaging of adult stem cells. JdwhBiomedical Optics 16:054068-8

Abstract Human and animal stem cells (rat and human adultreatic stem cells, salivary
gland stem cells, human dental pulp stem cells)irarestigated by femtosecond laser 5-D
two-photon microscopy. Autofluorescence and sechiadmonic generation (SHG) are
imaged with submicron spatial resolution, 270 pegeral resolution, and 10 nm spectral
resolution. In particular, the reduced coenzymeotimamide adenine (phosphorylated)
dinucleotide [NAD(P)H] and flavoprotein fluorescenwas detected in stem cell monolayers
and stem cell spheroids. Major emission peaks 8t and 530 nm with typical long
fluorescence lifetimesrf) of 1.8 ns and 2.0 ns, respectivelye measured using spectral
imaging and time-correlated single photon countiddterentiated stem cells produced the
extracellular matrix (ECM) protein collagen, detstby SHG signals at 435 nm. Multiphoton
microscopes may become novel non-invasive tools rf@arker-free optical stem cell
characterization and for on-line monitoring of diéntiation within a 3-D microenvironment.
Keywords: stem cell, 5D two photon imaging, autofluoresceseeond harmonic generation
© 2008 Society of Photo-Optical Instrumentation Eegirs

The article is available online via http://dx.deg.0.1117/1.3002370
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Appendix B

Appendix B

Published paper: Uchugonova Alsemann A, Gorjup E, Tempea G, Bickle R, Watanabe W
Konig K (2008) Optical knock out of stem cells wititremely ultrashort femtosecond laser

pulses. Journal of Biophotonics 1:463-469

Abstract Novel ultracompact multiphoton sub-20 femtosecoedrnnfrared 85 MHz laser
scanning microscopes and conventional 250 fs lasenoscopes have been used to perform
high spatial resolution two-photon imaging of stemall clusters as well as selective
intracellular nanoprocessing and knock out of kyvisingle stem cells within an 3D
microenvironment without any collateral damage.cAlsthal cell exposure of large parts of
cell clusters was successfully probed while mamta single cells of interest alive. The
mean power could be kept in the milliwatt range 3@ nanoprocessing and even in the
microwatt range for two-photon imaging. Ultracomipbow power sub-20 fs laser systems
may become interesting tools for optical nanobimtetogy such as optical cleaning of stem
cell clusters as well as optical transfection.

Key words: femtosecond laser, optical knock out, stem celhaprocessing, multiphoton
microscopy

© 2008 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinhei

The article is available online via http://doi: 1002/jbio.200810047
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Appendix C

Appendix C

Published paper: Uchugonova AJlsemann A, Tempea G, Bickle B, and Koénig K (2008)
Targeted transfection of stem cells with sub-20témmcond laser pulses. Optics Express 16:
9357-9364

Abstract Multiphoton microscopes have become important tdols non-contact sub-
wavelength three-dimensional nanoprocessing ofngdivbiological specimens based on
multiphoton ionization and plasma formation. Ultrad laser pulses are required, however,
dispersive effects limit the shortest pulse duraachievable at the focal plane. We report on
a compact nonlinear laser scanning microscope with-20 femtosecond 75 MHz near
infrared laser pulses for nanosurgery of human stelis and two-photon high-resolution
imaging. Single point illumination of the cell merahe was performed to induce a transient
nanopore for the delivery of extracellular grearofescent protein plasmids. Mean powers of
less than 7 mW (<93 pJ) and low millisecond expedimes were sufficient to transfect
human pancreatic and salivary gland stem cellstatbimpact sub-20 femtosecond laser
microscopes may become optical tools for nanobotelogy and nanomedicine including
optical stem cell manipulation.

OCIS codes: (140.3538) Lasers, pulsed; (180.4315) Nonlineacrasicopy; (000.1430)
Biology and medicine; (020.4180) Multiphoton prases (140.7090) Ultrafast lasers;
(170.3890) Medical optics instrumentation

© 2008 Optical Society of America

The article is available online via http://doi:1864/OE.16.009357
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