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1.1
Introduction

Two-photon microscopy and multiphoton tomography with near-infrared (NIR)
femtosecond lasers has revolutionized high-resolution live cell imaging [1].

Marker-free, non-destructive long-term monitoring of cells and tissues under
native physiological conditions became possible. Nowadays, optical biopsies provide
even better images than sliced and fixed physical biopsies [2].

Interestingly, femtosecond laser devices operating at up to three orders higher
transient laser intensities than in two-photon microscopes can be used as highly
precise nanoprocessing tools without collateral effects. This enables optical clean-
ing of cell clusters and targeted transfection of plant cells, animal cells, and human
cells.

This chapter focuses on the usage of multiphoton technology for the investigation
of human stem cells, one of the most interesting objects of cell biology, develop-
mental biology, nanobiotechnology, and modern medicine.

The Russian histologist Maximow predicted the existence of stem cells 100 years
ago [3]. In the 1950s, stem cells in mouse bone marrow were discovered [4]. Stem
cell therapy was first demonstrated on patients with leukemia by the Nobel Prize
winner Thomas at MIT in 1956. Nowadays, hematopoietic and bone marrow stem
cell transplantation have become the standard therapy to treat patients with
leukemia and lymphoma in combination with chemo- and ionizing radiation-
therapy. There is a hope that within the next few years stem cells can be used to treat
Parkinson�s, Alzheimer�s, cancer, diabetes, and heart diseases. In addition, stem
cells will be employed to engineer tissues and to synthesize novel pharmaceutical
components.

Stem cells can be classified into embryonic stem cells (ESCs) and tissue specific/
adult stem cells. ESCs were isolated frommouse in 1981 [5, 6] and from humans in
1998 [7]. In 2009, the world�s first human clinical trial of ESC-based therapy was
approved by the American Food and Drug Administration on patients with spinal
cord injuries (Geron Corp., Menlo Park, CA, USA; www.geron.com).
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So far, stem cells have to be characterized and sorted by methods that require
exogenous probes and that are often destructive in 1984. It is of great interest to
develop non-destructive, marker-free in vivo techniques to detect and to manipulate
stem cells.

Multiphoton imaging is the ideal technique to trace and image the stem cells over a
long period of time as well as to study their differentiation process without any
marker. Furthermore, multiphoton technology can be used for optical cleaning and
opticalDNA transfer into stemcells. This chapter focuses onmultiphoton technology
for human stem cell research.

1.2
Principle of Two-Photon Microscopy and Multiphoton Tomography

Confocal one-photon (linear) microscopy was invented by Marvin Minsky in 1957.
With the availability of lasers, beam scanning systems, and sensitive photomulti-
pliers (PMT), the first commercial confocal laser scanning microscopes (CLSMs) for
3D imaging became available in the 1980s. ZEISS Jena and the University of Jena
built a confocal picosecond laser scanning microscope with temporal and spatial
resolution in 1988 [8–10]. Thousands of CLSMs are currently operating in the field of
life sciences, mainly based on one-photon excited fluorescence where the visible
(VIS) intracellular fluorescence of exogenous molecular and cellular probes is
detected with submicron resolution. Optical sectioning enables the 3D reconstruc-
tion of the object of interest.

Conventional one-photon fluorescence microscopes employ UV and VIS light
sources, such as the argon-ion laser at 364/488/515 nm emission, the frequency-
converted Nd:YAG laser at 355/532 nm, and the helium neon laser at 543/633 nm.
Typically, the fluorescence excitation power on the target is some microwatts, which
corresponds to light intensities in the range of kWcm�2 when focused to diffraction-
limited spots by objectives with high numerical aperture (NA > 1).

Wilson andSheppart proposed theapplicationofnonlinear excitation tomicroscopy
in 1984. Denk, Strickler, and Webb realized, finally, the first two-photon NIR
microscope based on a femtosecond dye laser in 1990 [1]. Multiphoton absorption
requires high light intensities in the range 100MWcm�2 up toTWcm�2. In principle,
continuous wave (CW) NIR radiation can induce two-photon effects if the power
exceeds 100mW and when high NA objectives are used [11–13]. To avoid trapping
effects and to reduce the mean power, most multiphoton microscopes are based on
femtosecond laser pulses atMHz repetition ratewith highkilowatt peak power (P) and
low mean power in themW/mW range. The multiphoton efficiency of an n-photon
process follows a Pn relation. In the case of two-photon microscopy, the two-photon
effect depends on P2/t. The shorter the pulse width (t) and the higher the laser power
the more fluorescence photons and the better the nanoprocessing. Multiphoton
microscopy at a fast scanning rate with microsecond beam dwell times per pixel is
possible. Figure 1.1 demonstrates the principle of two-photon microscopy where two
NIRphotons are absorbed simultaneously to induce a singleVISfluorescence photon.

10j 1 Multiphoton Imaging and Nanoprocessing of Human Stem Cells



Multiphoton microscopes, including two-photon and three-photon fluorescence
microscopes, second-harmonic generation (SHG) and third-harmonic generation
(THG) microscopes as well as nanoprocessing microscopes, are based on the
application of low energy photons in the NIR between 700 and 1200 nm. This
spectral range is also referred as an �optical window� where the one-photon
absorption coefficients and scattering coefficients of unstained cells and tissues are
low. Most cells (except erythrocytes and melanocytes) appear transparent. The light
penetration depth in tissue in this spectral region is high and in the range of some
millimeters.

A significant advantage of multiphoton high NA microscopy compared to con-
ventional one-photon microscopy is the tiny sub-femtoliter excitation volume.
Absorption in out-of-focus regions is avoided because the probability of two-photon
absorption decreases nearlywith the distance d from the focal point according to a d�4

relation.
In particular, when studying 3D objects, including cell clusters, embryos, and

tissues by optical sectioning, multiphoton microscopy is the superior method
compared to one-photon confocal scanning microscopy with its large excitation
cones and the subsequent problemof out-of-focus damage aswell as the disadvantage
of using high-energy excitation photons.

Long-term studies have demonstrated that multiphoton microscopy can be
performed without photodamage under certain conditions. In particular, single

Figure 1.1 Principle of two-photon excited fluorescence at GW cm�2 intensities and principle of
multiphoton ionization, which requires multiple photons (e.g., 4 or 5) and TW cm�2 intensities.
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hamster ovarian cells have been femtosecond laser-exposed for hours with a high 200
GWcm�2 peak intensity without any impact on cellular reproduction and vitality [14].
In another long-term study, living hamster embryos were exposed for 24 h with a
multiphotonNIRmicroscope and implanted in themother animalwithout impact on
embryo development in contrast to control studies performed with a conventional
one-photon CW VIS laser microscope [15].

The first commercial multiphoton tomograph, DermaInspect� (JenLab GmbH),
is in clinical use for melanoma diagnosis and in situ intradermal drug targeting. It
was shown that this femtosecond laser system is safer than conventional UV light
sources used in the cosmetic industry and in tanning studios [16].

In addition to conventional one-photon microscopes, multiphoton microscopes
enable SHG and THG imaging. In SHG, two photons interact simultaneously with
non-centrosymmetrical structures such as collagen and generate coherent radiation
at exactly half of the excitation wavelength in forward direction. There is no light
absorption. Therefore, photobleaching and photodamage are excluded. SHGenables
deep 3D imaging due to backscattered light.

Multiphoton microscopes do not require confocal units or de-scanned detection
systems due to the sub-femtoliter excitation volume.

1.3
Multiphoton Microscopes and Multiphoton Tomographs

Owing to patent and marketing issues, most commercial two-photon microscopes
are based on expensive confocal microscopes with the extension of a NIR femto-
second laser combined with a special interface. This makes the two-photon
microscopes of the major microscope suppliers very expensive and avoids the
sale of more compact pinhole-free two-photonmicroscopes. With the end of patent
rights in 2009/2010, low-price ultracompact two-photon systems will become
available.

Figure 1.2 shows two-photon microscopes. The first is the ZEISSMETA-LSM510-
NLO confocal microscope (Figure 1.2a). The second is the pinhole-free ultracompact
laser scanning microscope �Two-photon TauMap� where the galvoscanners and the
photon detectors were attached to the side ports of an inverted microscope (JenLab
GmbH, Jena, Germany).

In most microscope systems, compact solid-state �turn-key� tunable 80/90MHz
titanium:sapphire lasers such as the �Chameleon� from Coherent, USA, and
�MaiTai� from Newport/Spectra Physics, USA, are employed. The laser beam is
typically transferred to a beam expander, a beam attenuator, the scanning optics, x/y-
galvoscanner, and focused into the target by a piezo-driven objective of high
numerical aperture (NA > 1). The signal is typically measured by a sensitive
photomultiplier (PMT).

Exogenous fluorescent probes with high fluorescence quantum yields (e.g., DAPI
andHoechst) require amean power of 25 to 100 mWat a frame rate of 1Hz (512� 512
pixels). The endogenous intracellular fluorophore NAD(P)H can be imagedwith less
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than 2 mWmean power at appropriate NIR wavelengths with typical exposure times
of 1 to 8 s per frame.

Optical dispersion results in pulse broadening during transmission through the
microscope. Typically, the pulse width at the sample is about 150–300 fs.

Recently, the ultracompact nanoprocessing microscope FemtOgene� (JenLab
GmbH, Jena, Germany) with the shortest femtosecond laser pulses at the target of 12

Figure 1.2 Photographs of a ZEISSMETALSM510-NLOsystemwith an additional SHGdetection
module (a) and a compact Two-photon TauMap Microscope (b).
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femtoseconds was released onto themarket. The ultrashort pulse width was achieved
by dispersion pre-compensation of the whole microscope, including the beam
expander, the polarizer for beam attenuation, the tube lens, the objective, filters,
and so on, using chirped mirror technology (Figure 1.3).

The microscope can be used in the two-photon fluorescence excitation mode at
mean powers in the microwatt range for nondestructive imaging of the stem cell of
interest and to monitor the biosynthesis of fluorescent proteins. Furthermore, it can
be employed for nanoprocessing when operating in the milliwatt power range in
three exposure modes: (i) scanning of a region of interest (ROI) for ablation, (ii) line
scanning for cutting, and (iii) single point illumination for drilling where the
galvoscanners are fixed to a point of interest.

Nowadays, femtosecond laser tomographs for high-resolution deep-tissue imag-
ing in animals and humans are operating as CE-marked medical devices in Europe,
Asia, and Australia. Figure 1.4 shows the two types of multiphoton tomographs
DermaInspect and MPTflex� that are currently available on the market. They are
employed for small animal studies based on the detection of fluorescent proteins as
well as tissue engineering and for clinical studies regarding skin cancer diagnosis,
wound healing studies, and nanoparticle tracking.

1.4
Endogenous Cellular Fluorophores and SHG Active Biomolecule Structures

Non-invasivemultiphotonNIRmicroscopes [1, 14, 17, 18] have been applied to image
living single cells and different tissues with a high spatial resolution without any
staining. Two-photon autofluorescence can be obtained from intrinsic fluorophores
such as NAD(P)H, flavins, porphyrins, elastin, and melanin [19]. In addition, SHG
images can be obtained from certain biomolecule structures such as collagen and
myosin [15, 20–24].

Themost important endogenous cellularfluorophores for two-photon imaging are
the reduced coenzymes nicotinamide adenine dinucleotide (NADH) and nicotin-
amide adenine dinucleotide phosphate (NADPH), referred as NAD(P)H, with a
broad emission in the blue/green spectral range. The oxidized form NAD(P) shows
no significant VIS fluorescence. The reduced coenzymes possess a folded and an
unfolded configuration, with the unfolded ones to bound NAD(P)H. The emission
maximum of the unfolded configuration shows a blue-shifted maximum (450 nm)
and a higher fluorescence quantum yield than free NAD(P)H with its maximum at
470 nm [19]. The hydrogen-transferring pyridine coenzymes are mainly located in
the mitochondria and play a key role in respiratory chain activity and act as sensitive
indicators of the cellular metabolism since the metabolic activity of cells is given by
the ratios of the concentrations of free to protein-bound NAD(P)H and of NAD(P)H
to flavins [19, 25–27]. Normally, the excitation of NAD(P)H requires UV light
at around 340 nm. However, the use of UV exposure should be avoided due
to photoinduced cytotoxic reactions and the limited light penetration depth.
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Figure 1.3 Photograph of the imaging and nanoprocessing 12-femtosecond laser microscope
Femtogene (a) aswell as a spectrum(b) andautocorrelation function at the focusof the 40� , NA1.3
objective (c).
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Figure 1.4 Photographs of the multiphoton tomographs DermaInspect (a) and MPTflex (b).

16j 1 Multiphoton Imaging and Nanoprocessing of Human Stem Cells



Two-photon NIR excitation is the ideal method to image intracellular/intratissue
NAD(P)H without the disadvantages of UV microscopy.

Cellular flavins such as flavin adenine dinucleotide (FAD), flavin mononucleotide
(FMN), lipoamide dehydrogenase (LipDH), riboflavin, and electron transfer flavo-
protein (ETF) are also fluorescent coenzymes that are involved in oxidation–-
reduction reactions [26]. The excitation spectra of these flavins/flavoproteins possess
major electronic transitions at 260, 370, and 450 nm as well as an emission peak
around 530nm. The fluorescence intensity decreases when covalently attached to
proteins (�flavoprotein,� [19]).

Besides the measurement of the fluorescence/SHG/THG intensity by optical
sectioning (3D imaging), fluorescence lifetime imaging (FLIM, 4D) and spectral
imaging (5D) can be performed. In particular, the arrival times of the fluorescence
photonswith respect to the excitation time of themolecule and the particular location
(pixel) can be determined by time-correlated single photon counting (TCSPC) and the
use of photomultiplierswith short rise time.Whenusing aPMTarray in combination
with a polychromator, the �color� of the emitted photon per pixel can be also
determined (spectral imaging). Recent developments involve PMT arrays with fast
picosecond rise time in combination with a polychromator or other wavelength-
selective components to realize spectral FLIM within one scan [28].

1.5
Optical Nanoprocessing

1.5.1
Principle and Mechanism of Femtosecond Laser Nanoprocessing

Femtosecond laser microscopes can be used as precise nanoscissors based on
multiphoton ionization at TW cm�2 intensities. The simultaneous absorption of
several photons, for example, five photons, induces ionization of molecules and the
generation of free electrons. The onset of plasma occurs if a density of 1021 electrons
cm�3 is achieved [29]. In the case of water, a �bandgap� of 6.5 eV has to overcome.
Since 800-nm photons have a photon energy of 1.55 eV, five photons are required for
multiphoton ionization of water molecules [29]. The application of 750-nm photons
(1.65 eV) requires four photons. The formation of plasma in aqueous solution results
in the formation of plasma-filled cavitation bubbles that can be video-imaged.
Interestingly, nanoprocessing of cells can be performed at thresholds below the
threshold for multiphoton ionization of water.

The bubbles expand and can induce an implosion combined with destructive jet
streams and shock waves. These photodisruptive effects result in destruction of the
microenvironment. The onset of photodisruptive effects depends on the transient
laser intensity whereas the amount of damage depends on the pulse energy. The
smaller the applied pulse energy the smaller the photodisruptive effects [30].
Therefore, low pulse energies are required to perform nanoprocessing without
collateral destructive effects. The procedure should, consequently, be performed
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near the threshold of multiphoton ionization and plasma formation of cellular
structures. This can be realized by fine-tuning of the laser power. In early studies
on chromosome cutting, pulse energies of about 1 nJ were applied when using
200–300-femtosecond laser pulses at 80MHz repetition rate [31]. Precise laser
nanosurgery depends on laser wavelength, laser intensity, pulse duration, repetition
rate, and irradiation time.

The first femtosecond laser subcellular nanosurgery was demonstrated by K€onig�s
group in 1999 by dissections of single chromosomes in living cells [31–34]. The group
also introduced femtosecond laser assisted single cell transfection by creating
transient holes in the cellular membrane [35]. Femtosecond laser pulses have been
applied to dissect single dendrites and cytoskeletons, to optically knock out intra-
cellular mitochondria [36–38], for membrane andmicrotubules surgery [39], and for
ocular refractive surgery [40].

1.5.2
Stem Cells

Adult stem cells, also termed somatic or tissue specific stem cells, can be found
among differentiated cells within fully developed tissues in a low abundance. For
example, mesenchymal stem cells represent 0.01–0.0001% of the total population of
nucleated cells in the bone marrow [41, 42]. Mesenchymal stem cells have been also
isolated from bone, skin, muscle, adipose, cartilage, peripheral, and umbilical cord
blood, whereas hematopoietic stem cells have been isolated from peripheral and
umbilical cord blood as well as bone marrow. Neural stem cells have been isolated
from different parts of the brain. Stem cells were found in children�s primary teeth,
hairs, retina, skin, lung, liver, and glands.

Adult stem cells are �multipotent� and differentiatemainly into several specialized
cell types depending on the kind of tissue they have been originated from. However,
several studies have also shown that cells originated from the mesoderm (muscle,
blood, bone, fat) can produce cells normally originated from the endoderm (gut,
lungs, liver, and pancreas) and the ectoderm (skin, nervous system) germ layer.
Under laboratory conditions, directed differentiation can be induced by the stim-
ulation of certain factors such as the growth factor TGF-b and cytokines. Nanos-
tructures, mechanical stress and vibration, temperature, light, and electrical fields
can also induce differentiation [43–46]. The proliferation and differentiation capacity
of adult stem cells is limited because they stop dividing after several passages due to a
decrease of the telomerase activity and telomere shortening [47–49]. Furthermore, a
prolonged culture of adult stem cells can induce tumorogenity [50]. Freshly isolated
adult stem cells do not show a propensity for tumor formation. Undesired differ-
entiation occurred under laboratory conditions [51].

More than 2000 patients with Parkinson�s disease, Alzheimer�s disease, cerebral
palsy, diabetes mellitus, spinal cord injury, and cardiac infarction have been suc-
cessfully treated with autologous adult stem cells from bonemarrow in Germany (X-
Cell Center at the Institute of RegenerativeMedicine,Germany;www.xcell-center.de).
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No side effects have been reported. However, the exact repair phenomenon remains
to be understood. It would behelpful to trace individual stem cells in culture aswell as
in vivo to study their interaction with the microenvironment over a long period of
time. Unfortunately, so far it is difficult to identify, to isolate, and to purify adult stem
cells from the tissues.

Embryonic stem cells can be grown in their non-differentiated state for many
generations. They can produce cells from the three germ layers, including germ cells
under laboratory conditions. The high potential of ESCs to treat diseases has been
tested on animalmodels successfully. Fewer studies have been conducted on human
ESCs because of ethical constraints. A tumorogenity of ESCs has been reported upon
transplantation [52]. Therefore it is recommended to differentiate cells before
transplantation.

Tissue engineering from the patient�s own cells is a furthermajor application field
that would overcome the problems of the transplanted purely artificial and mechan-
ical prosthesis that cannot display physiological function and missing self-repair. So
far various tissues/organs like bladder, blood vessels, skin, cartilage, heart valve,
kidney, liver, salivary glands, pancreas, ear, and bone have been generated by tissue
engineering and clinical trials have been conducted [53].

Stemcells can be geneticallymodified for stem cell therapy and the development of
specific cell populations. Owing to the restriction of the isolation of ESCs from
blastocytes, there is an interest in producing ESC-like cells from somatic cells
through reprogramming and nuclear transfer. In 2007, it was demonstrated that
induced pluripotent stem cells can be generated from adult dermal fibroblasts by
introducing the four genes Oct3/4, Sox2, Klf4, and c-Myc [54].

To find stem cells in tissues, biopsies have to be taken, sliced into microsections,
and tagged with the marker. Typically, fluorophores with a high quantum yield are
employed in this immunocytochemistry approachwhere the stem cells are no longer
alive. The genetic approach requires procedures to gain, to amplify, and to stain DNA
that also destroy the stem cells.

Fluorescence-assisted cell sorting (FACS, a special type of flow cytometry) can be
applied to identify and isolate living stemcells in suspension.Hundreds of thousands
of cells marked within a fast jet stream pass a laser beam that induces fluorescence
from the cells only that are tagged with specific fluorescent stem cell markers. When
fluorescence occurs (selection criteria), an electromagnetic field is switched on that
charges the fluorescent cell. This particular cell within a droplet can be deflected by a
strong electrostatic field and can be collected. FACS enables precise counting and
accurate sorting of stem cells of interest. The major disadvantages of FACS are the
low viability of sorted cells.

In view of the various disadvantages of the different identification and sorting
techniques, it would be of great importance to find chemical-freemethods to identify
stem cells in their native 3D tissue environment as well as in in vitro cell suspensions
and biopsies. It would also be of tremendous interest if a marker-free imaging
method could be employed tomonitor stem cells and their differentiation over a long
period of time under physiological conditions.
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1.5.3
Upgrading the Multiphoton Microscope

Three-dimensional multiphoton microscopy (x,y,z) is based on optical sections in
different tissue depths. One section is obtained by beam scanning using a fast x–y
galvoscanner in a typical 512� 512 pixel field covering an area of 230� 230 mm2 at
25.6ms pixel dwell time. To change the focal plane either the motorized stage can be
moved in the axial (z) direction (ZEISS LSM510-NLO) or the focusing optics ismoved
by a piezosystem (FemtOgene, Two-photon TauMap, MIPOS 5, 500 mm working
distance, Piezosystems Jena, Germany). 3D images are obtained by the correlation of
the PMT signal with the position of the x–y galvoscanners and the z-position of the
stage/focusing optics. Themicroscope canbeupgraded to a fourth dimension system
(4D microscopy: x,y,z, t), which depicts the fluorescence lifetime as false color into
the high-resolution image.

Upon photoexcitation, within femtoseconds from the ground state (S0) to a higher
electronic state (S1), the molecule will remain in the excited state only transiently for
some picoseconds up to tens of nanoseconds. This average time a fluorescent
molecule remains in the excited state is referred to as the �fluorescence lifetime,
t.� The parameter t is a signature of the fluorescent material and independent of the
concentration, illumination intensity, light path of the optical system, and detec-
tor [55]. The fluorescence lifetime depends on themicroenvironment and changes as
a result of the interaction with other molecules due to the loss of their excited state
energy by additional decay pathways.

Since its introduction to life sciences 20 years ago [9, 10], fluorescence lifetime
imaging microscopy (FLIM) has become a key technique for imaging cellular
processes, protein–protein interactions, and tissue compartments [56, 57].

The fluorescence lifetime is often determined by time-correlated single photon
counting (TCSPC) where the arrival times of photons are measured with respect to
the excitation pulse. Thousands of photons are counted per pixel and placed into
different �time channels� to build up a histogram and a fluorescence decay curve,
F(t)¼F0e

�t/t, respectively. The fluorescence lifetime can be calculated from this
decay curve with an accuracy according to Poisson statistics [55]. Often, the fluo-
rescence decay curve represents a multi-exponential decay due to the presence of
different fluorescent molecules in one �pixel� or the presence of one fluorophore in
its free and its bound form. Typical fitting procedures can consider a mono-
exponential as well as a bi-exponential behavior, F(t)¼A1e

�t/t1 þ A2e
�t/t2.

Sometimes, the intensities and the fluorescence lifetimes of two different fluor-
ophores are similar. It would be helpful to have a further criterion to distinguish
between them. This can be the �color� of the emitted photon, which can be
determined by separation of the photons into �spectral channels.� The method is
also called �emission fingerprinting� [58]. The combination with 4D microscopy
enables �spectral FLIM� (5D microscopy: x,y,z,t,l). Spectral imaging can be per-
formed, for example, with a 32-channel PMT array (ZEISS-META, Hamamatsu) in
combination with a polychromator with a resolution of 10.5 nm per channel. A full
512� 512 lambda stack of data from all 32 channels (the full visible spectrum
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382–714 nm) can be acquired in 0.8 s. In addition, a further fast PMTcan be used for
FLIM. More elegant is the employment of an array with fast PMTs in combination
with a polychromator as well as a multichannel FLIM module such as the SPC830
fromBecker &Hickl GmbH, which collects the photons according to the arrival time
as well as their color.

1.5.4
Autofluorescence Imaging of Human Stem Cells

Two-photon excitation of endogenous fluorophores enables non-destructive high
resolution imaging of living cells and extracellular matrix (ECM) components over a
long period of time. The application of NIR femtosecond laser pulses induced a blue/
green cellular autofluorescence that provided information on the cell morphology
and cell size as well as enabled visualization of some cell structures and ECM
components with submicron resolution without exogenous markers. The most
intense fluorescent structures were found to be the mitochondria. Table 1.1 shows
typical laser and exposure parameters for safe stem cell imaging with either the
ZEISS LSM510-NLOmicroscopewith 250 fs pulse width at the target and a preferred
excitation wavelength of 750 nm or the ultracompact FemtOgene 12-fs microscope.
Figure 1.5 demonstrates autofluorescence images of human salivary gland stem cells
(hSGSCs), humandental pulp stemcells (hDPSCs), and humanpancreatic stemcells
(hPSC) acquired at 750 nm excitation wavelength. The ellipsoidal/round non-fluo-
rescent nucleus and the fluorescent mitochondrial network are clearly seen.

When using 750 and 800nm, NAD(P)H as well flavins/flavoproteins have been
efficiently excitedbya two-photonprocess.Whenchanging to850 nmoreven900 nm,
flavins/flavoproteins (e.g., FAD) only and not NAD(P)H were efficiently excited.

Spectral measurements showed a fluorescence maximum at 460–470 nm when
excited with 750 nm light, which is consistent with the emission behavior of free and
protein bound NADH. The maximum shifted to 530–535 nm when using 900 nm
light, which is consistent with flavin emission (Figure 1.6).

Spatially resolved autofluorescence decay curves were obtained at 750 and 900 nm
and a scanning time of up to 30 s per frame. Figure 1.7 represents a typical FLIM
image, a histogram, and a particular intramitochondrial fluorescence decay curve of
750 nm-excited hSGSC stem cells based on 6740 detected photons. The bi-expo-
nential fit with the optimal fitting parameter x2¼ 1.00 revealed a fast decaying
fluorophore with a short lifetime t1 of 0.17 ns and an amplitude a1¼ 72% and a
second component with t2¼ 1.8 ns and a2¼ 28%. Although the amplitude is lower,
the longer component provides t2a2/t1a1¼ 4 timesmore fluorescence intensity than
the short-lived fluorophore.

1.5.5
Multiphoton Imaging during Differentiation

Human SGSCs stem cells can undergo adipogenic differentiation resulting in the
formation of mature adipocytes.
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Figure 1.5 Two-photon autofluorescence images of human stem cells excited at 750 nm. (a)
Human salivary gland stem cells, (b) human dental pulp stem cells, and (c) human pancreatic stem
cells [59].

Figure 1.6 Spectral measurement of hSGSC
stem cells. (a) Four excitation wavelengths were
employed. The emission peak shows a redshift
with increasing excitation wavelength due to the
preferred two-photon excitation of flavins

versus NAD(P)H. (b) The 750/800 nm excited
emission spectra can be considered as an
overlay of the two fluorophores NAD(P)H and
flavins (dotted lines, spectral unmixing).
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Figure 1.8 shows images of about ten stem cells inside a spheroid originated from
hSGSC stem cells taken one week after administration of adipogenic differentiation
factors. Two cells are differentiated into about 100-mm long adipocytes with mainly
round, non-fluorescent lipid vacuoleswith a diameterup to 10mmthat store fat.When
analyzing the gray levels of the autofluorescence pattern, the differentiated cells were
found to possess lower fluorescence intensity than cells without fat droplets. Spectral
imaging at 750 nm excitation wavelength revealed significant changes of the
emission spectrum. Non-differentiated highly-fluorescent cells exhibited a maxi-
mum at 490 nmwith shoulders at 540 and 620nm, whereas the adipocytes emitted at
460 nm with a less pronounced shoulder at 620nm. The maximum at 460 nm
corresponds to the typical emission maximum of NAD(P)H. FLIM data from highly
fluorescent vacuole-free stem cells revealed a tm of 0.59 ns, a short 0.22 ns decay
component (78%), and a long 1.93 ns decay component. In contrast, the mean
lifetime of cells with fat droplets was much longer with typical values of more than
0.85 ns.

In addition to two-photon excited fluorescence, two-photonmicroscopy allows the
detection of SHG in particular from the ECM component collagen. Collagen also
shows weak autofluorescence. When using excitation wavelengths shorter than
800 nm, SHG cannot be detected due to technical reasons (UV absorbing filters).
The 750-nm-excited autofluorescence decays reveal a short component of about
0.26 ns lifetime with an amplitude of 58% whereas the longer component has a
lifetime of 2.6 ns (42%). By contrast, the signal is mainly based on SHG (98%) when

Figure 1.7 False-color FLIM image of hSGSC stem cells. The depicted decay curve is from an
intracellular pixel of the right cell (cross), the t2-histogram from the whole frame [59].
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using an excitation wavelength of 850–900 nm. Therefore, false-color coded FLIM
images can be used to differentiate between SHG and autofluorescence (Figure 1.9).
The biosynthesis of collagen in 3D salivary gland and pancreatic stem/progenitor
spheroids has been monitored after incubation in the chondrogenic differentiation
medium. The differentiation process has been observed for a long time period (up to
5 weeks). The first SHG signal was detected eight days after the introduction of the
stimulating agents.

In addition, SHG radiation was detected in the case of osteogenic differentiation
from pancreatic, salivary gland, and bone marrow mesenchymal stem cells.

1.5.6
Nanoprocessing

The sub-20 fs microscope FemtOgene, as well as the 250 fs ZEISS laser scanning
microscopes, can perform nanoprocessing by single point illumination and line
scanning at mW mean powers. Sub-20 fs laser pulses required significant less
power than the long 250 fs laser pulses. In fact, very precise cuts within the
cytoplasm and the nucleus could be performed without any collateral damage at
very low average powers, as low as 7mW, when using 12 fs laser pulses. Video-
taping revealed the formation of some small microbubbles with a lifetime of less
than 2 s. When increasing the power up to 20mW, more destructive effects
occurred, due to the occurrence of several bubbles with sizes up to 5 mm. The
most efficient way to destroy a single cell of interest was found by scanning the
whole cell for a few seconds.

Figure 1.8 False-color coded tmFLIM images of cells excited at 750 and 900 nm, respectively, after
adipogenic differentiation. At the higher excitation wavelength, no NAD(P)H fluorescence is
observed.
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To expose single cells inside the stem cell spheroids, at first 3D two-photon
autofluorescence optical sectioning was performed. Optical destruction was carried
out by single point illumination within the spheroid. In particular, one cell was
exposed with high pulse energy (2.6 nJ) and an exposure time of 10ms. The laser-
exposed cell took up the dead-cell indicator ethidium bromide and appeared as very
bright fluorescent single cell at the depth of 20mm.

Themethod of selective optical destruction of cells of interest can be described as
optical knock out [60]. The method has been used to demonstrate the possibility of
�optical cleaning� of cell cultures. Stem cell cultures were cleaned in such away that
a particular cell of interest remained alive while the surrounding cells obtained a
lethal laser exposure. Figure 1.10 demonstrates the procedure. To isolate a single
cell of interest, the surrounding cells within a 0.7� 0.7mm2 area were exposed

Figure 1.9 (a) Multiphoton sections
of stem cell spheroids after chondrogenic
differentiation (SHG: yellow fibrils;
autofluorescence: blue/green).
(b) luminescence decay curves showing

the autofluorescence decay of a single
fluorescent organelle (upper curve) and the
SHG/autofluorescence decay from a collagen
structure (lower curve).
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with 200mW average power and ROI scanning. Significant changes of the
morphology and the autofluorescence pattern of the laser exposed cells were
monitored within seconds of the intense laser exposure. The non-exposed cell
remained intact and was monitored over several days. A normal division of the
isolated single living cell was detected as well as the migration of new cells to the
laser-exposed area.

The contact-free and chemical-free nanoprocessing method was also probed to
realize targeted transfection of single stem cells. For that purpose, single point
illumination was performedwhen opening the shutter for 50ms, which corresponds
to 3.75 million pulses. Figure 1.11 shows two-photon images of an optoporated cell
after introduction of the membrane-impermeable GFP plasmid pEGFP-N1 from
Clontech (4.7 kb, molar weight 3 MDa) and after cell division occurred. The
formation of green fluorescent proteins with an emission maximum at 507 nm was
monitored. Interestingly, all laser-exposed cells survived. The green fluorescent
daughter cells indicate the successful GFP biosynthesis after introduction of the
plasmid into the cytoplasm through the nanopore and the uptake into the cellular
DNA as well as the successful reproduction of laser-exposed cells.

Figure 1.10 Optical cleaning of stem cell
cultures. (a) Autofluorescence image before
optical knock-out; (b) determination of regions
of interest (white), which should be exposed
with an intense laser beam at TW cm�2

intensity; (c) autofluorescence image taken
1min after optical knock-out; (d) image after
one day. The cells without intense laser
exposure survived whereas the surrounding
exposed cells were destroyed.
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1.6
Discussion and Conclusion

Marker-freemultiphoton autofluorescence/SHGmicroscopy has been used to image
stem cells and their development into specialized cells up to five weeks after
introduction of a differentiation-stimulating medium. Significant changes of the
autofluorescence occurred.

During adipogenic differentiation, the blue-shifted emission maximum and the
relative increase of the long fluorescence lifetime (t2) indicate the increased ratio of
bound to free NAD(P)H (Table 1.2). Because there is an overall decrease of the
fluorescence intensity during differentiation, the concentration of the reduced form
NAD(P)H drops compared to the oxidized from NAD(P) and therefore the oxygen
consumption increases. This hypothesis is in accordance with published data [61]
that claims a decrease of NAD(P)H/NADþ means an increased metabolism. More
studies on various stem cells under different types of differentiation are required to
understand the exact metabolism during the differentiation process.

In the case of osteogenic and chondrogenic differentiation, SHG can be used to
detect the biosynthesis of collagen [59, 62].

As shown, sub-20 fs laser scanning microscopes can be employed for nano-
injection and transfection with low mean powers of 5–7mW (66–93 pJ @ 75MHz),
which is more than one-order less power than in current femtosecond laser

Figure 1.11 Transfection of targeted salivary
gland stem cell in an adherent cell culture.
A single cell was optoporated. The transfected
cell successfully divided and became
two-green fluorescent daughter cells.

(a) NAD(P)H fluorescence (blue/green) and
GFP fluorescence (green) appeared when
excited at 750 nm. (b) 800 nm excitation
induced mainly GFP emission.
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nanoprocessing tools. The use of a low sub-10mW power level avoids destructive
thermal effects and trapping effects and leads to high transfection efficiencies. The
potential use of such low power systems opens the way for the manufacturing of
ultracompact low-power laser systems for nanoprocessing as well as for imaging at a
lower price than current femtosecond laser microscopes.

Stem cells are now at the �bench to bedside� stage for the treatment of myocardial
infarction, neurological diseases such as Alzheimer and Parkinson, diabetes, and
cancer. Current stem cell therapy is based on adult stem cells where the recruitment
of the limited number and their restricted locations is extremely difficult. Further-
more, the stem cells of the patient with genetically based diseases will also carry the
genetic effect. There is a hope that multiphoton imaging and nanoprocessing tools
can be employed to trace and tomanipulate the stem cells as well as tomonitor and to
influence the differentiation process. However, future work on a large number of
different stem cells within their native tissue environment has to be conducted to
answer the question of whether the rare stem cells can be identified due to their
characteristic autofluorescence behavior.One recent paper reports on the prospective
isolation of bronchiolar stem cells from facultative transit-amplifying cells by
autofluorescence detection [63]. Results from frozen tissue sections have also
demonstrated a different autofluorescence behavior of stem cells in the hair follicle
bulge compared to the surrounding cells [64]. Multiphoton microscopes have also
been used to monitor the migration of neural stem/progenitor cells in the brain of
mice [65].

Currentmultiphotonmicroscopes enable the study of stem cells in vitro. However,
the first two-photon tomographs for skin imaging are in clinical use [2]. There is a
chance to trace adult stem cells in the basal cell layer of the epidermis and along the
hair shafts. In the near future, two-photonmicroendoscopeswill be available [66] that
can be employed to trace stem cells inside the body.

As demonstrated, a multiphoton system cannot only be employed as a high-
contrast and high-resolution imaging system but also as highly precise nanoproces-
sing tool, for example, or optical cleaning and targeted transfection [60, 67, 68]. The
optical generation of transient nanoholes will open up a novel way to deliver not only
foreign DNA but also other different molecules and chemicals such as RNA,
recombinant proteins, nanoparticles, and drugs into the living cell without destruc-
tive collateral effects. Very recently it has been demonstrated that the microscope
FemtOgen can be employed to deliver super quencher molecular beacon (SQMB)
probes into living cells [69].

Future engineering work may result in the development of fiber-based systems
with automatic miniaturized high-throughput femtosecond laser systems, for
example [70].

In conclusion,multiphoton femtosecond laser systems openupnewopportunities
in the investigation of human stem cells and their medical application. They can
providemorphological and biochemical information with singlemolecule sensitivity
of stem cells in their native environment and can be used to transfect, knock-out, and
sort the cells.
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