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Abstract. Human and animal stem cells �rat and human adult pan-
creatic stem cells, salivary gland stem cells, and human dental pulp
stem cells� are investigated by femtosecond laser 5-D two-photon mi-
croscopy. Autofluorescence and second-harmonic generation �SHG�
are imaged with submicron spatial resolution, 270 ps temporal
resolution, and 10 nm spectral resolution. In particular, the reduced
coenzyme nicotinamide adenine �phosphorylated� dinucleotide
�NAD�P�H� and flavoprotein fluorescence is detected in stem cell
monolayers and stem cell spheroids. Major emission peaks at 460 and
530 nm with typical long fluorescence lifetimes ��2� of 1.8 and
2.0 ns, respectively, are measured using spectral imaging and time-
correlated single photon counting. Differentiated stem cells produce
the extra cellular matrix �ECM� protein collagen, detected by SHG
signals at 435 nm. Multiphoton microscopes may become novel
noninvasive tools for marker-free optical stem cell character-
ization and for on-line monitoring of differentiation within a 3-D
microenvironment. © 2008 Society of Photo-Optical Instrumentation Engineers.
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INTRODUCTION
n stem cell research, there is a high demand on techniques for
he noninvasive, marker-free observation of growth, prolifera-
ion, differentiation, and stability of living stem cells under
hysiological conditions. The use of exogenous markers may
lter the metabolic balance, influences the cell life, and avoid
urther therapeutic application. Noninvasive multiphoton mi-
roscopes with near-infrared �NIR� femtosecond laser
ources1–4 have been applied to image living single cells and
ifferent tissues with a high spatial resolution without any
taining. Two-photon autofluorescence is obtained due to in-
rinsic fluorophores such as nicotinamide adenine �phospho-
ylated� dinucleotide �NAD�P�H�, flavins, porphyrins, elastin,
nd melanin. In addition, second-harmonic generation �SHG�
s induced by certain biomolecule structures such as
ollagen.5–9

In addition to the measurement of the fluorescence/SHG
ntensity by optical sectioning �3-D imaging�, fluorescence
ifetime imaging �FLIM, 4-D� and spectral imaging �5-D� can
e performed. In particular, the arrival times of the fluores-
ence photons with respect to the excitation of the molecule
nd the particular location �pixel� can be determined by time-
orrelated single photon counting �TCSPC� and the use of

ddress all correspondence to: Karsten König, Saarland University, Faculty of
echatronics & Physics, campus A5.1, 66123 Saarbrücken, Saarland
niversity. Tel.: +49 6813023451; Fax: +49 6813023090; E-mail:
arsten.koenig@mx.uni-saarland.de.
ournal of Biomedical Optics 054068-
photomultipliers with as short rise time. When using a photo-
multiplier tube �PMT� array in combination with a polychro-
mator, the “color” of the emitted photon per pixel can be also
determined �spectral imaging�.

Multiphoton imaging is very suitable for long term analy-
sis of living cells due to the absence of out of focus photo-
stress. The excitation volume is limited to a subfemtoliter fo-
cal volume. NIR femtosecond lasers enable deep light
penetration into tissues and provide the possibility of optical
sectioning of 3-D biological objects. Nondestructive imaging
of living specimens is restricted to a certain optical window
determined by the spectral range and the light intensities.10

Intrinsic cellular fluorophores deliver information on the cell
structure as well as on cell activities. Authors could distin-
guish certain cancer cells from normal cells,11,12 even malig-
nant from benign tumors,13 by optical properties of native
fluorescent molecules. Many studies on the intrinsic metabolic
state show that innate cellular fluorescence has the potential to
discriminate proliferating and nonproliferation cell
population,14 and also metabolic changes of self-renewing and
differentiating cells.15,16 The differentiation of human mesen-
chymal stem cells into an adipogenic pathway �formation of
lipid droplets, change of morphology and autofluorescence�
has been investigated recently by two-photon microscopy.17

A unique feature of stem cells is the extended self-renewal
of the cell population and their differentiation potency. The

1083-3668/2008/13�5�/054068/8/$25.00 © 2008 SPIE
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im of the present study was to investigate the two-photon
xcited autofluorescence of human stem cells and the onset of
ollagen production of differentiated cells by the detection of
HG signals. An interesting question arises as to whether it is
ossible to select differentiated cells from undifferentiated
ells without interfering with the native environment and
ithout the use of external markers.

Here we report on the application of a 5-D two-photon
icroscope for imaging different human and animal stem cell

ines by autofluorescence and SHG in monolayers and sphe-
oids.

Material and Methods
.1 Stem Cell Lines
he stem cell lines human salivary gland stem cells �hSGSC�,
uman pancreatic stem cells �hPSC�, rat pancreatic stem cells
rPSC�, and human dental pulp stem cells �hDPSC� were
sed18–21 for two-photon autofluorescence imaging. FLIM
easurements and spectral imaging were performed on

SGSC stem cells. The first three cell lines were cultured in
ulbecco’s modified Eagle’s medium �DMEM� �GIBCO,
ermany� containing 4.5 g /L glucose, L-glutamine, and

upplemented with 15% fetal calf serum Gold �FCS-Gold�
PAA Laboratories GmbH, Germany�, 100 U /ml penicillin,
nd 100 mg /ml streptomycin. hDPSC were cultured in
-MEM with 15% FCS, 100 �M L-ascorbic acid
-phosphate, 2 mM L-glutamine, 100 U /ml penicillin, and
00 �g /ml streptomycin. Cultures were maintained at 37°C
n a 5% CO2 humidified atmosphere.

For imaging, cells were transferred �confluence 80 to 90%�
nto sterile miniaturized cell chambers with two 0.17 mm

ig. 1 Experimental setup. PMT is the photomultiplier tube, NDD i
andpass filter, SP is the short pass filter, AOTF is the acousto optical
ournal of Biomedical Optics 054068-
thick glass windows with etched grids �MiniCeM-grid, Jen-
Lab GmbH, Jena� and additionally incubated for another day
until they were attached to the glass surface.

2.2 Pellet Culture and Chondrogenic Differentiation
For chondrogenic differentiation, a pellet culture was used.
Approximately 200,000 cells were placed in a 15 ml
polypropylene tube and centrifuged to a pellet for 5 min
�1000� /min�. The flattened pellet at the bottom of the tube
was cultured at 37 °C with 5% CO2 in the culture medium
for 5 to 6 days until a spherical form �spheroid� was formed.
For the differentiation, the spheroids were cultured in 1 ml of
the chondrogenic medium DMEM �GIBCO, Germany�
supplemented with 10 mg /ml transforming growth factor
�TGF�-�3, 100 nM dexamethasone, 50 mg /ml ascorbic
acid-phosphate, 4 mg /ml L-proline, 100 mg /ml natrium
piruvate, 15% FCS-Gold, 100 U /ml penicillin, and
100 mg /ml streptomycin. The medium was replaced every
3 to 4 days for a period of 4 to 5 weeks. For microscopy, the
pellets were transferred to dishes with 0.17 mm thick glass
coverslips.

2.3 Instrumentation and Measurements
A laser scanning microscope �LSM 510 Meta NLO, Zeiss,
Germany� equipped with a tunable 80 MHz Ti:sapphire laser
source �Chameleon, Coherent Inc., Santa Clara, California�
was used to study autofluorescence and SHG of stem cells.
For autofluorescence imaging, laser beams at 750, 850, and
900 nm �140 fs laser output� at 5 mW mean power were
used. The beamsplitter HFT KP 650 and the short pass filter
KP 685 were employed. The cells were scanned in a
512�512 pixel field at 25.6 �s pixel dwell time. Fluores-

ondescanned detector, DBS is the dichroic beam splitter, BP is the
e filter, and GaAsP is gallium arsenide phosphide.
s the n
tunabl
September/October 2008 � Vol. 13�5�2
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ence emission was recorded through a Plan-Neofluar
0� /NA 1.3 oil objective. The experimental parameters
uch as scanning time and the settings for contrast and bright-
ess were identical for all autofluorescence images obtained
rom different cell lines for comparison purposes.

For SHG detection, the external PMT-GaAsP �H7422P-40,
amamatsu, Japan� was mounted to the microscope in a for-
ard direction. A SP 610 filter was installed in front of the
etector to prevent scattered laser light onto the detector. SHG
ignals were collected through a 435 nm bandpass filter at an
xcitation wavelength of 870 nm.

3-D two-photon autofluorescence and SHG images were
btained by optical sectioning with z-intervals of 5 to 10 �m.
luorescence lifetime imaging �FLIM� was performed by
ingle-photon counting �TCSPS� using the board SPC-830
Becker and Hickl GmbH, Germany� and the fast detector
MC-100 with an SP 610 filter.

The instrumental function �IRF� of the optical system was
easured using the second-harmonic generated signal from

ollagen II �Sigma-Aldrich, Germany�. SPCImage software
as used to analyze the fluorescence lifetime decay curves as
ell as the calculation of histograms �Becker and Hickl
mbH, Germany�. Spectral imaging was performed with the
2 channel PMT array �META, Hamamatsu�. The grating in
he polychromator provided a resolution of 10 nm per chan-
el. Typically, the spectral range of 382 to 714 nm was im-
ged. Figure 1 shows the experimental setup.

ig. 2 Autofluorescence images of �a� rat pancreatic stem cells �rPSC�,
nd �d� salivary gland stem cells �hSGSC�. Excitation wavelength wa
0� /NA 1.3 oil objective.

ig. 3 Autofluorescence image of rPSC cells. Note that some cells
�5% � exhibited a very intense fluorescence.
ournal of Biomedical Optics 054068-
3 RESULTS
3.1 Two-Photon Autoflourescence Imaging and

Spectral Analysis
The two-photon measurements showed that different stem cell
lines have an autofluorescence with different intensity.
hDPSC, hPSC, and hSGSC human stem cells exhibited an
intense autofluorescence compared to rPSC rat cells. Figure 2
demonstrates the differences in the fluorescence intensity be-
tween human and rat pancreatic cells. Also, we noted signifi-
cant fluorescence intensity variations between cells of the
same line �Fig. 3�. Intrinsic fluorescence from living cells was
detected at different NIR excitation wavelengths �750, 850,
and 900 nm� to separate different native fluorescence mol-
ecules. When using 750 nm, NAD�P�H as well flavins/
flavoproteins can be excited by a two-photon process. How-
ever, when changing to 850 or even 900 nm, flavins/
flavoproteins �e.g., FAD� only and not NAD�P�H can be
efficiently excited.22 Spectral measurements �Fig. 4� showed
that the detected fluorescence light was intense in the blue/
green spectral region. The maximum of the fluorescence was
found to be at 460 to 470 nm when excited with 750 nm

man pancreatic stem cells �hPSC�, �c� dental pulpa stem cells �DPSC�,
0 nm. Fluorescence emission was recorded through a Plan-Neofluar

Fig. 4 Spectral analysis of hSGSC stem cells obtained from 32 images
in the spectral range of 382 to 714 nm. Excitation wavelength was at
750 nm.
�b� hu
s at 75
September/October 2008 � Vol. 13�5�3
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ight, which is consistent with the emission behavior free and
rotein bound NADH. The maximum shifted to
30 to 535 nm when using 900 nm light, which is consistent
ith flavin emission �Fig. 5�. We have proven that the pres-

nce of the culture medium did not add significant back-
round to the autofluorescence signals from the cells.

Fig. 5 Spectral measurement of hSGSC stem cells.

Fig. 6 Data analysis win
ournal of Biomedical Optics 054068-
3.2 Fluorescence Lifetime Imaging Measurement
and Analysis

Fluorescence decay curves have been obtained by exciting at
750 and 900 nm. Figure 6 presents a typical 750 nm excited
FLIM image, a histogram, and a fluorescence decay curve of
hSGSC stem cells. The decay curve reflects the autofluores-
cence of one mitochondrium in a specific cell. 6740 photons
were detected for this curve. The biexponential fit with the
fitting parameter �2=1.00 reveals two components. A fast one
with a short lifetime ��1� of 0.17 ns and an amplitude of
a1=72%, and a second one with �2=1.8 ns and the amplitude
a2=28%.

To get a statistical information on the variance of intracel-
lular decay curves, we analyzed the curves of ten different
perinuclear fluorescence regions of the bright cell on the right
side within Fig. 6. The data are depicted in Table 1. Interest-
ingly, only one major short component with an average value
of 0.202 ns �standard deviation �SD� 0.019, amplitude 70.5%�
was found in this particular cell. The long component had an
average value of 2.014 ns �SD 0.077�.

When calculating the mean fluorescence lifetime �2 of the
long-lived component within this frame of about ten cells in
Fig. 6, we obtained a major value of 1.87 ns, as depicted in
the histogram. When analyzing ten frames of about 100 cells
in total of the same cell line, we obtained a mean �2 value of

the SPCImage software.
dow of
September/October 2008 � Vol. 13�5�4
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1.82�0.02� ns. In contrast, when changing the excitation
avelength to 900 nm, an average value �2 of 100 cells of
.00�0.03 ns was obtained.

When calculating the mean lifetime �m= �a1�1+a2�2� / �a1
a2�, per pixel we obtained an average value of 0.7 ns for the

mage in Fig. 6. Considering 100 cells within ten frames, the

Table 1 Intracellular FLIM data obtained from t
on the right in Fig. 6.

�1 �ns� �2 �ns�

1 0.193 1.892

2 0.244 2.004

3 0.202 2.089

4 0.208 2.087

5 0.197 2.060

6 0.169 1.933

7 0.203 1.979

8 0.211 2.128

9 0.214 2.025

10 0.186 1.945

Average 0.202 2.014

SD 0.019 0.077

able 2 Average FLIM data calculated from ten regions of interest cov

cell �1a �ns� �1b �ns� �2 �ns� �m

1 0.208 x 2.059 0

2 0.215 x 2.118 0

3 0.216 0.687 2.103 0

4 0.201 0.673 2.118 0

5 0.241 0.695 2.133 0

6 0.283 0.708 1.952 0

7 0.230 x 1.977 0

8 0.181 0.696 1.941 0

9 0.197 0.764 2.046 0

10 0.226 0.730 2.097 0

Average 0.220 0.708 2.054 0

SD 0.028 0.031 0.073 0
ournal of Biomedical Optics 054068-
mean value was found �0.680�0.04� ns. The employment of
the 900 nm excitation wavelength resulted in a longer value
of �0.820�0.05� ns.

Interestingly, when analyzing the short fluorescent compo-
nents within these FLIM images �frames�, we obtained up to
three maxima in the �1-histogram �Fig. 7�. The first one at

ay curves within the cytoplasm of the bright cell

�m �ns� a1 �%� �2

0.729 68.5 1.01

0.778 69.7 1.14

0.722 72.4 1.44

0.736 71.9 1.40

0.721 71.9 1.22

0.731 68.1 1.48

0.717 70.5 1.08

0.776 70.5 1.59

0.729 71.6 1.65

0.722 69.6 1.56

0.736 70.5 1.36

0.022 1.5 0.2

ne single cell in each region. “x” means no component was detected.

a1a �%� a1b �%� ratio a1a :a2b �2

72.1 x x 1.02

72.9 x x 1.08

71.9 79.7 2.216 1.13

71.9 79.9 1.792 1.11

72.3 79.9 1.367 1.10

73.3 79.9 1.815 1.13

72.9 x x 1.13

73.9 79.9 1.244 1.13

72.9 79.7 1.219 1.17

71.1 79.3 5.834 1.31

72.5 79.8 2.212 1.13

0.8 0.2 1.638 0.07
en dec
ering o

�ns�

.795

.781

.798

.785

.781

.785

.708

.661

.701

.768

.756

.048
September/October 2008 � Vol. 13�5�5
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Fig. 7 Histograms for the distribution of the fluorescent components �a� �1, �b� �2, and �c� �m at 750 and 900 nm of hSGSC stem cells.
ig. 8 �a� Average FLIM data of a particular cell were obtained from a region of interest �white rectangle�.The histogram reveals two short-lived
omponents with two fluorescence lifetime maxima at 0.238 and 0.783 ns, respectively. The fluorophores with a lifetime in the range of 0 to 0.5 ns
re depicted red, and the fluorophores with a lifetime of 0.5 to 1.4 ns are shown green in the false color t1 image. �b� The measured instrumental
esponse function with a full width half maximum of 0.247 ns was obtained as SHG signal from collagen II.
ig. 9 Multiphoton autofluorescence and SHG images of hSGSC stem cells after chondrogenic differentiation. �a� Image taken with the short-pass
lter SP 610 autofluorescence �green� and SHG �red-yellow fibrils�, and �b� imaging with the bandpass filter BP 435/5 �mainly SHG signals�.
ournal of Biomedical Optics September/October 2008 � Vol. 13�5�054068-6
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round 0.07 ns reflects the influence of backscattered laser
ight, which was able to transmit through the beamsplitter and
he short pass filter �SP 610�. When adding a second short
ass filter, this peak nearly disappeared. The other two peaks
ccurred around �0.170�0.015� ns and �0.660�0.05� ns at
50 nm excitation wavelength and shifted to �0.200�
.015� ns and �0.800�0.05� ns, respectively, at 900 nm.
ontrol measurements were done in culture medium as well
s after washing the cells with phosphate buffer saline �PBS�.
he bands were therefore not background signals from the
ystem such as autofluorescence of optics, etc., but of biologi-
al origin. We analyzed these two short components in more
etail. For that purpose, we performed a statistical analysis of
he histograms �Table 2� on ten bright fluorescent cells out of
ig. 6 and 8. Rectangular regions of interest �ROI� were cre-
ted as depicted in Fig. 8. Each ROI covered one cell. Ac-
ording to the table, just three cells exhibited only one short
uorescence lifetime of about 0.2 ns, whereas seven out of

en cells possessed two short components with lifetimes of 0.2
nd 0.7 ns, respectively.

.3 Second-Harmonic Generation Detection
e monitored the biosynthesis of collagen in 3-D salivary

land and pancreatic stem/progenitor cell cultures by monitor-
ng the occurrence of SHG signals for a long time period up to

weeks. The spheroids had dimensions of 0.2 to 2 mm in
iameter. The two-photon autofluorescence and SHG images
f spheroids were obtained by optical sectioning in z-steps of
to 10 �m. The occurrence of the first SHG signal was de-

ected after eight days after the introduction of the stimulating
gent TGF-�3 �Figs. 9�a� and 9�b��.

Conclusion
etected two-photon autofluorescence with emission maxima

t 460 to 470 nm and 530 to 535 nm, and the long fluores-
ence lifetimes of 1.8 and 2.0 ns, respectively, prove the pres-
nce of the biomolecules NAD�P�H and flavins/flavoproteins
uch as FAD in stem cells and stem cell clusters. The occur-
ence of some extremely bright cells shows the heterogeneity
ithin a cell population of the same culture dish.

Interestingly, the analysis of the short-lived component of
uman salivary gland stem cells was found to be even more
omplex. Some cells exhibited only one short-lived fluoro-
hore with a fluorescence lifetime of about 0.2 ns only �ex-
ellent biexponential fit with �2 of 1.00, Fig. 6�, whereas the
ajority of cells revealed an additional short-lived component
ith 0.7 ns fluorescence lifetime.

The interpretation of these two short fluorophores is com-
licated. Free NAD�P�H has a short lifetime around
.200 to 0.300 ns, whereas a variety of flavoproteins have
hort picosecond lifetimes. The free flavin mononucleotide
FMN� has a typical lifetime of 4.7 to 5.2 ns,23,24 while fla-
in adenine dinucleotide �FAD� has a lifetime of
.3 to 2.8 ns.24–26 When binding to a variety of proteins, the
uorescence lifetime of NAD�P�H in a variety of cells and
olutions shifts to higher values of about 2 ns.23 Chia et al.27

eported on the presence of three NAD�P�H fluorophores in
at brain tissue. A very short one of 0.48 ns for the free �non-
ound� coenzyme, a second short one of 0.77 ns and a long
ifetime of 3 to 6 ns for bound NAD�P�H.
ournal of Biomedical Optics 054068-
Future work needs to be done for the interpretation of the
cellular FLIM data and spectra with regard to the specific
cellular metabolism and differentiation value. For that pur-
pose, the particular imaged cell of interest should also be
characterized with selective biochemical means, such as anti-
body staining of the cell as well as the surrounding cells.

Very interestingly, SHG can be used to detect the biosyn-
thesis of collagen as a result of the differentiation process.28,29

We performed long-term studies of up to 35 days on 3-D stem
cell spheroids and were able to monitor the expression of the
extracellular matrix protein. The possibility of nondestructive
marker-free imaging allows the study of the organization and
development of the ECM structure, and of feedback mecha-
nisms. Recently it was shown that collagen influences the
differentiation of stem cells.30

Femtosecond laser microscopes with their capability of
nondestructive two- and three-photon excited autofluores-
cence and SHG/THG imaging may become novel noninvasive
multidimensional tools for marker-free optical stem cell char-
acterization and for on-line monitoring of differentiation of
living cells in a 3-D environment, including ECM compo-
nents.
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