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Abstract. Multiphoton microscopy is becoming a popular mode of
live and fixed cell imaging. This mode of imaging offers several ad-
vantages due to the fact that fluorochrome excitation is a nonlinear
event resulting in excitation only at the plane of focus. Multiphoton
excitation is enhanced by the use of ultrafast lasers emitting in the
near IR, offering better depth penetration coupled with efficient exci-
tation. Because these lasers, such as titanium:sapphire lasers, offer
tunable output it is possible to use them to collect multiphoton exci-
tation spectra. We use the software-tunable Coherent Chameleon la-
ser coupled to the Zeiss LSM 510 META NLO to acquire x-y images of
biological samples at multiple excitation wavelengths, creating exci-
tation lambda stacks. The mean intensity of pixels within the image
plotted versus excitation wavelength reveals the excitation spectra.
Excitation lambda stacks can be separated into individual images cor-
responding to the signal from different dyes using linear unmixing
algorithms in much the same way that emission fingerprinting can be
used to generate crosstalk free channels from emission lambda stacks
using the META detector. We show how this technique can be used to
eliminate autofluorescence and to produce crosstalk-free images of
dyes with very close overlap in their emission spectra that cannot be
separated using emission fingerprinting. Moreover, excitation finger-
printing can be performed using nondescanned detectors (NDDs), of-
fering more flexibility for eliminating autofluorescence or crosstalk
between fluorochromes when imaging deep within the sample. Thus,
excitation fingerprinting complements and extends the functions of-
fered by the META detector and emission fingerprinting. We correct
biases in the laser and microscope transmission to acquire realistic
multiphoton excitation spectra for fluorochromes within cells using
the microscope, which enables the optimization of the excitation
wavelength for single and multilabel experiments and provides a
means for studying the influence of the biological environment on
nonlinear excitation. © 2003 Society of Photo-Optical Instrumentation Engineers.
[DOI: 10.1117/1.1583734]

Keywords: confocal microscopy; multiphoton microscopy; fluorescent proteins;
fluorescence; multicolor imaging; excitation spectra.

Paper MM-13 received Mar. 5, 2003; revised manuscript received Mar. 25, 2003;
accepted for publication Mar. 28, 2003.
-

r

g

-

re
ser

tral
ton
e-

or
ith
ing

ver-
n
ive
g-
is

e-
1 Introduction
Multiphoton microscopy offers several advantages for imag
ing cells in living and fixed samples~see Refs. 1 and 2 for a
review!. The advantages of this technique result from the use
of a near-IR laser to excite fluorochromes via a nonlinea
process. Multiphoton excitation requires the quasi-
simultaneous absorption of multiple photons, usually two or
three, to fulfill the energy requirement for dye excitation. To
improve the efficiency of this process, ultrafast lasers emitting
rapid pulse trains have been coupled to microscopes. Usin
this approach, very large peak intensities can be achieved in
repeated pulse train to sustain fluorophore excitation exclu
sively at the focal plane where the density of the photon flux
is sufficiently high. While several laser sources have been
utilized, titanium:sapphire lasers have become the most com
mon light source for this application. Further developments in
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laser technology now include full automation and softwa
control of titanium:sapphire lasers, resulting in turnkey la
sources for multiphoton microscopy.

In experiments where multiple dyes are used, spec
crosstalk can be a significant factor when using multipho
excitation due to the relatively broad excitation spectra. R
cently, we showed that linear unmixing is a powerful tool f
eliminating spectral crosstalk between fluorochromes w
overlapping emission spectra using laser scann
microscopy.3,4 Using the LSM 510 META, it is possible to
produce crosstalk-free images of spectrally and spatially o
lapping fluorochromes.4–7 This method, known as emissio
fingerprinting uses linear algebra to determine the relat
contribution of individual overlapping spectral emission si
nals to the total signal in each pixel. The META detector
used to collectx-y images at a series of emission wav
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lengths. The known reference spectra for each of the multipl
labels enables straightforward linear unmixing of the relative
contributions using algorithms such as the singular value de
composition method. The characterization of the spectra
components within a cell provides information about how
emission signals can be collected most efficiently. In case
where considerable spectral overlap exists, this offers a mean
for crosstalk-free separation of fluorescent labels. In addition
using this approach it is possible to examine the effects of th
environment on the dye being used and exploit these differ
ences in experimental paradigms.

With this in hand, we turned our attention to excitation
spectra. Excitation lambda stacks can be treated the same w
as emission lambda stacks, enabling linear unmixing based o
the variable excitation of fluorochromes at different wave-
lengths. Although multiphoton microscopy is now common in
many laboratories, determining the peak excitation wave
length for individual experiments usually requires some
guesswork. Two-photon cross-section data has been dete
mined for some fluorochromes,8–12 but for other commonly
used fluorochromes, trial and error has been the only way t
determine the best excitation wavelength for peak excitation
The development of software-controlled, automated laser
makes it possible to employ strategies for rapidly determining
the excitation spectra of a given dye. With these lasers
coupled to the microscope it is then possible to determine th
fluorescence produced at different excitation wavelength
within biological samples, offering another step toward under-
standing the relationship between dye structure, environmen
and fluorescence.

In this paper, we show that we have developed technique
to acquire multiphoton excitation lambda stacks from biologi-
cal samples on the microscope stage. Using a Coherent Ch
meleon laser controlled through the Zeiss LSM 510 META
NLO software, we acquired lambda excitation stacks and we
can unmix the relative components within these stacks usin
variations in the excitation spectra. Furthermore, we acquire
excitation spectra in two ways. First, we acquired data wher
no effort was made to correct for the changes in power an
pulsewidth at the sample as a result of tuning to differen
output wavelengths of the laser. These spectra show the op
mum fluorescence generated at a particular excitation wave
length considering the gain curve of the laser and the trans
mission of the optics. Second, we corrected for uneven powe
at the sample with varying excitation wavelength to produce
spectra that more faithfully reproduce data gleaned from tru
cross-section studies. Thus, the microscope user now has
way to optimize the excitation energy at the sample and ca
use the variations in excitation as a tool to eliminate crosstal
in samples with multiple labels.

2 Materials and Methods
2.1 Cell Culture
The tissue culture was HeLa cells~ATCC CL-2! and 3T3 cells
~ATCC CCL-92! obtained from American Type Culture Col-
lection ~Manassas, Virginia!. Cultures were maintained at
37 °C in a water-jacketed incubator in 5%CO2 . Cells were
grown in Dulbeccos Modified Eagles Media High Glucose
~Irvine Scientific #9031! supplemented with 13penicillin/
330 Journal of Biomedical Optics d July 2003 d Vol. 8 No. 3
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streptomycin, 1315Glutamine, and 10% heat-inactivated f
tal bovine serum. Cells were cultured on circular cover s
glass~#1! to 70 to 80% confluency.

2.2 Cell Transfection
Fluorescent proteins were introduced into cells by transfec
or viral infection. Transfection of GFP Expressing Plasm
~gWIZ, GTS, San Diego, California! using Lipomer transfec-
tion reagent was performed essentially as previou
described.13 The incubation media was replaced with med
containing 2ml/1 ml of transfection reagent and cells we
incubated for 12 to 14 h. H2B-CFP, H2B-GFP, and H2B-Y
fusion proteins were introduced into 3T3 cells via viral infe
tion as previously described in Ref. 1.

2.3 Cell and Tissue Staining
Drosophilaeyes were prepared as whole mount samples
fixed in 3% paraformaldehyde in phosphate buffer~0.1 M, pH
7.4! for 1 h at room temperature. Following three washes
PBS, samples were incubated with Alexa Fluor 56
Phalloidin ~A-12380 Molecular Probes! in PBS, 0.1% Triton
X100 for 16 h at room temperature. The samples were was
three times in PBS and mounted using Mowiol.

Unstained or GFP transfected cells grown on cover s
were fixed in 4% paraformaldehyde for 1 h atroom tempera-
ture prior to staining.

Hoechst 33342~H-3570 Molecular Probes, Eugene, O
egon! was used to stain cells at a concentration of 1mg/ml for
5 min, followed by three 10-min washes in PBS solutio
Cells were postfixed for 1 h with 4% paraformaldehyde a
room temperature followed by three washes with PBS.

Sytox Green was used to stain nuclei~S-7020 Molecular
Probes! at a concentration of 5 mM~a 1:5000 dilution from
stock! for 10 to 30 min, followed by three 5-min washes
PBS solution. Cells were postfixed for 1 h with 4% paraform-
aldehyde at room temperature followed by three washes w
PBS.

Fluorescent phalloidins conjugated to either Fluoresc
~F-432 Molecular Probes!, Rhodamine~R-415, Molecular
Probes!, Alexa Fluor 488~A-12379 Molecular Probes!, Alexa
Fluor 546~A-22283 Molecular Probes!, Alexa Fluor 568~A-
12380 Molcular Probes!, Alexa Fluor 594~A-12381 Molecu-
lar Probes!, or Alexa Fluor 633~A-22284 Molecular Probes!
were added to fixed cells at a concentration of 0.67mM ~a
1:10 dilution of the stock solution in PBS! for 30 min.
Samples were then rinsed in PBS and postfixed for 1 h at
room temperature before mounting.

All samples were mounted using ProLong mounting me
~P-7481 Molecular Probes, Eugene, Oregon! or a Mowiol/
glycerol mixture.

2.4 Image Collection and Analysis
All images and image stacks were collected using a Ze
LSM 510 META NLO mounted on an Axiovert 200M in
verted microscope~Carl Zeiss Microimaging, Inc., Thorn
wood, New York! and coupled to a Coherent Chameleon tu
able titanium:sapphire laser~Coherent Laser Group, Sant
Clara, California!. Images were collected using a Zeiss Pla
Neofluar 403/1.3 numerical aperture~NA! objective lens ex-
cept for the comparison data shown in Fig. 5~a! in Sec. 3.2,
of Use: http://spiedigitallibrary.org/ss/TermsOfUse.aspx
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Downloade
where a Zeiss IR-Achroplan 633/0.95 NA objective was
used. All images are 5123512 pixels in size and have a 12-bit
pixel depth. For image acquisition, linear unmixing was per-
formed using the Zeiss LSM 5 version 3.2 software. Excita-
tion lambda stacks were acquired using a macro to synchro
nize the task of tuning the laser and acquiring the image.

2.5 Measurements for Bias Correction
Several measurements were made to determine the origin a
extent of the bias effecting dye excitation. First, we examined
the reproducibility of the power of the laser by tuning to the
same wavelength series, 720 to 940 nm in 20-nm increment
Eleven trips were made through this tuning range on six dif-
ferent days over a month-long period. Power was measure
using a Coherent Fieldmaster GS with an LM-10detector hea
~Coherent Inc., Santa Clara, California!. The mean and stan-
dard deviations from these measurements are shown in Fi
4~a!. Power measurements taken in a similar way were re
corded at the objective. For these measurements, a semico
ductor power meter was used to accurately measure low
power levels@Field master GS with LM-2 VIS~400 to 1064
nm! detector head; Coherent Inc., Santa Clara, California#.
Six trips through the tuning range were made and the mea
and standard deviations from these measurements are sho
in Fig. 4~b!. For these measurements, single-direction scan
ning ~the beam is blanking on the flyback! was used at a
scanner zoom of 40 using 10% transmission through th
acousto-optic modulator~AOM!. The pulsewidth at the
sample was characterized using an autocorrelator designed
measure pulsewidth through the objective lens~Carpe, APE,
Berlin, New Jersey, and INRAD, Northvale, New Jersey!. The
laser was tuned through the 720 to 940-nm range in 20-nm
increments five times. Measurements through the objectiv
were fitted to a sech2 distribution to determine the actual
pulsewidth. Figure 4~c! shows the mean pulsewidth measure-
ment related to wavelength including the standard deviation

2.6 Correction for Power at the Sample
To determine the attenuation settings required to produce th
same power at the sample for each wavelength, power me
surements were taken at the sample from 0 to 10% attenuatio
in 1% increments. The power measurements were plotted wit
respect to percentage of attenuation and fitted to a polynomia
regression, which provided the best fit for these values. Fo
each fluorochrome, an excitation lambda stack was acquire
with no bias correction to get a general idea where the pea
would be. This peak wavelength served as a starting point fo
determining the best power level and detector gain setting fo
efficient detection of fluorescence. For each of the other 11
wavelength points, the percentage of attenuation required fo
equivalent power was calculated using the curves generate
from the power measurements taken at each wavelengt
Once the power measurements are established, a look-up tab
can be used to adjust laser attenuation to acquire correcte
excitation stacks for any dye. To determine the efficacy of this
approach the power was directly measured at the calculate
percentages of attenuation derived for each wavelength. W
found that the power measured at these settings was with
4% of the target power value~data not shown!. Using the
attenuation values established for each wavelength,x-y im-
d From: http://biomedicaloptics.spiedigitallibrary.org/ on 12/31/2015 Terms 
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ages were acquired maintaining the same detector gain
ting. Shifts in the focal plane due to spherical aberratio
were corrected either by using an autofocus macro or by
justing the collimator lens to predefined settings for ea
wavelength. For each dye, a minimum of three fields of vi
was imaged for each wavelength series. The average inte
ties from 10 regions of interest~ROIs! were determined to
produce the curves shown in Fig. 5 in Sec. 3.2. To prev
bleaching, we minimized the amount of power required
collect each series and then collected data in both the 720
940-nm direction and then from 940 to 720 nm. For all t
data that were acquired, bleaching was limited to less than
of the average intensity~data not shown!.

3 Results and Discussion
3.1 Eliminating Spectral Crosstalk Using Excitation
Eingerprinting
Previously, we and others have shown that the LSM 5
META can be used to resolve overlapping emission spectr
laser scanned images using linear unmixing, a process kn
as emission fingerprinting.4–7 In fact, using the LSM 510
META, dyes with as little as a few nanometers of separat
in emission profiles can be unmixed.4,5 Given the success o
this approach, we were eager to establish a means to
excitation spectra in a similar way. To accomplish this go
we utilized the Coherent Chameleon laser as a tunable e
tation source. This laser can be controlled via software co
mands conveyed through an RS232 connection. This ena
us to synchronize the computer-controlled LSM 510 MET
scan head with the laser via a simple macro. The wavelen
range and interval are specified in the macro control wind
and as the laser tunes to each wavelength an image is cap
producing an excitation lambda stack. Figure 1~see Color
Plate 1! shows a comparison between excitation and emiss
fingerprinting for two commonly used green dyes, eGFP a
Alexa Fluor 488. In this example, eGFP is localized to t
nucleus using a construct expressing a histone 2B-eGFP
sion. Cells are then fixed and counterstained with Alexa Fl
488 Phalloidin, which binds actin. Figure 1~a! shows the ex-
citation lambda stack where images were collected in 20-
intervals from 720 to 940 nm of excitation. Figure 1~b! shows
the emission lambda stack for images collected in 10-nm
tervals from 500 to 580 nm of emission using 780-nm ex
tation. Figure 1~c! shows the reference spectra defined
eGFP and Alexa Fluor 488 for both excitation~solid line! and
emission~dashed line! fingerprinting. As expected, the multi
photon excitation curves are broad and the peaks do not
respond to twice the single-photon excitation peaks. Sim
results were obtained using both excitation@Fig. 1~d!# and
emission@Fig. 1~e!# fingerprinting. Thus, the same linear un
mixing algorithms applied to emission fingerprinting usin
META detection can be used for crosstalk elimination usi
excitation fingerprinting.

Since multiphoton excitation results in broad curves w
unpredictable peaks, it is possible that dyes with very sim
and overlapping emission curves will have distinct multiph
ton excitation curves with less overlap than in the emiss
curves. Therefore, it may be possible to use excitation fing
printing to separate dyes that have too much spectral ove
for reliable unmixing using emission fingerprinting. We foun
Journal of Biomedical Optics d July 2003 d Vol. 8 No. 3 331
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Fig. 1 Comparison of excitation and emission fingerprinting of 3T3 cells labeled with H2B-eGFP and Fluorescein Phalloidin: (a) the excitation
lambda stack from 720 to 940 nm taken at 20-nm intervals using channel 2 and a BP500-550IR filter, (b) the emission lambda stack acquired with
the META detector from 495 to 580 nm at 10.7-nm intervals, (c) the emission reference spectra for eGFP (dashed green line) and Alexa Fluor 488
(dashed red line) and the excitation reference spectra for eGFP (solid green line) and Alexa Fluor 488 (solid red line), and results of (d) excitation
fingerprinting and (e) emission fingerprinting. In each case the first panel (green) is the H2B-GFP signal, the second panel (red) is Alexa Fluor 488
Phalloidin, and the third panel (red and green) is the overlay image.
332 Journal of Biomedical Optics d July 2003 d Vol. 8 No. 3
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Fig. 2 Excitation fingerprinting of 3T3 cells labeled with Sytox Green, Fluores-
cein Phalloidin and eGFP: (a) the excitation lambda stack containing images
taken from 720 to 940 nm in 20-nm increments using channel 2 and a BP500-
550IR filter; (b) the emission spectra for Sytox Green (red dashed line), Fluores-
cein Phalloidin (green dashed line), and eGFP (blue dashed line) and the exci-
tation spectra for Sytox Green (red solid line), Fluorescein Phalloidin (green
solid line) and eGFP (blue solid line) used for excitation fingerprinting; and (c)
the result of the linear unmixing algorithm using excitation fingerprinting,
crosstalk-free separation of the three fluorochromes, Sytox Green (red), Fluores-
cein Phalloidin (green), and eGFP (blue). Emission fingerprinting with these
three dyes leads to unreliable results (data not shown).
d From: http://biomedicaloptics.spiedigitallibrary.org/ on 12/31/2015 Terms 
Fig. 3 Excitation fingerprinting of a highly autofluorescent sample, the
Drosophila retina, which is also labeled with Alexa Fluor 568 Phal-
loidin: (a) the excitation lambda stack containing images taken from
720 to 820 nm in 10-nm increments; (b) the reference spectra for
Alexa Fluor 568 Phalloidin (green) and the autofluorescence (green)
used for linear unmixing; and (c) the result of the linear unmixing
algorithm, crosstalk-free separation of the specific label Alexa Fluor
568 Phalloidin (green) and the autofluorescence signal (red).
Journal of Biomedical Optics d July 2003 d Vol. 8 No. 3 333

of Use: http://spiedigitallibrary.org/ss/TermsOfUse.aspx



Dickinson et al.

Downloade
Fig. 4 Characterization of the power and pulsewidth of the excitation source: (a) the mean power at the laser head from 720 to 940 nm taken in
20-nm increments, where measurements were made repeated over several days to establish the reproducibility of laser power (see Sec. 2); (b) the
mean power at the sample through the Plan-NeoFluar 4031.3-NA objective lens measured as described in Sec. 2; and (c) the mean pulsewidth
measured at the sample with the Carpe autocorrelator using the Plan-NeoFluar 4031.3-NA objective lens. Less than 100 fs difference in the
average pulsewidth is seen at the sample.
334 Journal of Biomedical Optics d July 2003 d Vol. 8 No. 3
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this to be true when using Sytox Green, Fluorescein, an
eGFP. Figure 2~a! ~see Color Plate 2! shows an excitation
lambda stack where images were collected in 20-nm interval
from 720 to 940 nm of excitation. These three dyes, Sytox
Green, GFP and FITC, have very closely overlapping emis
sion spectra5 @Fig. 1~b! dashed lines#, but the two-photon ex-
citation spectra show distinct curves@Fig. 2~b!, solid lines#.
Although it was not possible to use linear unmixing to sepa-
rate these three dyes reliably using emission fingerprinting5

~data not shown!, crosstalk-free images of dye localization
could be easily produced using excitation fingerprinting@Fig.
2~c!#. Sytox Green is shown in the red channel, FITC in the
green channel, and GFP in the blue channel. Thus, we sho
that it is possible to extend the capabilities offered by emis
sion fingerprinting when excitation fingerprinting is used.

Excitation spectra are also useful in separating a fluores
cent label from autofluorescence in a sample. Autofluores
cence is often strongly excited using multiphoton microscopy
We used wildtypeDrosophila, which show a strong autofluo-
rescent signal when excited with a near-IR~NIR! source, to
demonstrate the feasibility of excitation fingerprinting for this
application. Retinae stained for actin using Alexa Fluor 568
Phalloidin showed both strong autofluorescent and fluoresce
signals. An excitation lambda stack was acquired tuning the
laser from 720 to 820 nm in 10-nm steps. Figure 3~a! ~see
Color Plate 2! is the excitation lambda stack, indicating dif-
ferent intensity values for the autofluorescence and the fluo
rescent label. Excitation spectra were defined manually b
choosing the appropriate points in the image stack@Fig. 3~b!#.
These spectra were then used to perform linear unmixing. Th
result is shown in Fig. 3~c!. There is a clear separation of
autofluorescence~shown in red! and the stained actin fila-
ments in the rhabdomeres of the photoreceptor cells~green!.

Similar to the results obtained using emission fingerprint-
ing, we were able to use excitation fingerprinting to selec-
tively separate the fluorescent signal from overlapping fluoro
chromes or autofluorescent signals. For emission
fingerprinting, we have utilized the LSM 510 META, which
enables the simultaneous acquisition ofX-Y images at mul-
tiple wavelength intervals. For excitation fingerprinting, we
have taken advantage of the software-controlled tuning of th
Chameleon titanium:sapphire laser. For this approach, our a
quisition is sequential and, therefore, slower than lambda
stack acquisition for emission signals using the META detec
tor. An excitation lambda stack consisting of data from 12
different wavelengths across the tunable spectrum of the las
was acquired in less than 2 min. This makes it a reasonab
approach for crosstalk separation in many samples. In add
tion, excitation lambda stacks can be acquired using any de
tector on the system, including the descanned detectors, no
descanned detectors, or even the META detector. Thus, th
represents an approach that can be used for efficient crossta
separation in deep scattering tissue, in conjunction with emis
sion bandpass filters, or over a specified range of the META
detector.

3.2 Acquiring Unbiased Multiphoton Excitation
Spectra from Biological Samples Using the
Laser Scanning Microscope
We already showed that a tunable titanium:sapphire laser ca
be used to acquire excitation lambda stacks that can be us
d From: http://biomedicaloptics.spiedigitallibrary.org/ on 12/31/2015 Terms 
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for excitation fingerprinting to eliminate spectral crossta
However, spectral information acquired in this way is subj
to considerable bias. This results from three factors. Fi
titanium:sapphire lasers have variable power output across
tuning spectrum. Second, the pulsewidth across this tun
range varies with respect to wavelength. Last, the transm
sion of many microscope optics are not uniform over th
range of the laser. Most objectives decrease in transmis
with increasing wavelength, further influencing the bias
excitation energy at the sample with respect to wavelen
Multiphoton excitation is a nonlinear process. The relatio
ship between power, pulsewidth, and excitation probabi
can be stated as

naad @~Pav
2 /t! f 2#@p~NA2/hcl!#2, ~1!

where thena is the probability of excitation,d is the excita-
tion crosssection of a dye,Pav is the average power,t is the
pulsewidth, f is the repetition frequency of the pulse tra
from the laser, NA is the NA of the lens,h is Planck’s con-
stant,c is the speed of light, andl is the wavelength~see also
Ref. 14!. Although spectral information biased by these fa
tors is useful, proper experimental optimization requires be
able to resolve nonbiased spectra. Moreover, the drop-of
power as the laser wavelength increases, limits the ability
resolve peaks at higher wavelengths.

To acquire nonbiased excitation spectra, we reasoned
if the laser power and pulsewidth values were reproducib
we could vary the power at the sample with respect to wa
length to normalize the bias imposed by the source and
optics. Thus, we measured power and pulsewidth through
peated tunings across the extent of the wavelength rang
the Chameleon to determine reliability and to gather meas
ments for corrections~Fig. 4!. These data show that powe
levels with respect to wavelength are very reproducible, b
at the laser head@Fig. 4~a!# and at the objective@Fig. 4~b!#.
Clearly, there is a distinct bias with maximum power at t
sample around 770 nm and decreasing over 70% between
and 940 nm. Pulsewidth measurements made at the sa
were also highly reproducible with repeated tuning@Fig. 4~c!#.
Interestingly, the average variation in pulsewidth across
tuning range at the sample is less than 100 fs. Given
relationship between pulswidth and power, and the sm
variation in pulsewidth, the changes in power at the sam
that would be required to compensate for the variation
pulsewidth are very small. Therefore, we neglected this c
rection in our calculations at present. Clearly the greatest
fluence on dye excitation is the variation in power with r
spect to wavelength.

To compensate for power at the sample we measu
power at each wavelength with different levels of laser atte
ation. The LSM 510 META NLO utilizes an AOM to attenu
ate laser power. The transmission through the AOM~percent-
age of diffraction into the first order! is linear over the entire
range of attenuation values. Since we are using only a sm
fraction of the laser power for excitation, we measured
power at the sample between 0 and 10% attenuation.
power versus attenuation values for this range best fit a p
nomial regression~data not shown!. Using these data we ca
easily calculate the percentage of transmission needed at
wavelength to normalize power at the sample~see Sec. 2!.
Journal of Biomedical Optics d July 2003 d Vol. 8 No. 3 335
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With power normalized at the sample, excitation spectra
are quite different from nonnormalized spectra. Figure 5~a!
~see Color Plate 3! compares the excitation spectra measured
for eGFP with and without correction. The blue curve shows
eGFP fluorescence as the laser is tuned from 720 to 940 n
using the Zeiss Plan-NeoFluar 403/1.3-NA objective lens.
The pink curve is the eGFP spectra taken from 720 to 940 nm
using the IR-Achroplan 633/0.95-NA water immersion ob-
jective lens. This lens has more even transmission over thi
range~see Ref. 15!, and as a result, the eGFP excitation peak
shifts more into the red, but is still biased by lower power
output from the laser over this range. The green curve in Fig
5~a! shows the eGFP spectra taken from 720 to 940 nm usin
the Plan-NeoFluar 4031.3-NA objective lens but correcting
for power at the sample. With this correction, the peak exci-
tation wavelength is clearly red-shifted as compared to the
biased value. The corrected spectrum more closely matche
previous data acquired using more quantitative methods t
measure the cross-section value10,12 of eGFP.

With this data in hand, we then proceeded to acquire cor
rected excitation spectra for several commonly used fluoro
chromes. The eCFP, eGFP and eYFP spectra are shown in F
5~c!; Sytox Green, Hoechst 33342 and Rhodamine Phalloidin
spectra are shown in Fig. 5~b!; and several dyes from the
Alexa Fluor series are shown in Fig. 5~d!. In some cases, we
suspect that some of these dyes may have significant singl
photon excitation in this range that may contribute to our data
because of the strong response of some fluorochromes at lo
wavelengths. Interestingly, many of the Alexa Fluor com-
pounds have Rhodamine-like structures, yet have multiphoto
excitation peaks that are more blue-shifted than Rhodamine

4 Conclusion
The results show that multiphoton excitation spectra are use
ful for excitation fingerprinting and that it is possible to obtain
realistic multiphoton excitation spectra using a laser scannin
microscope. Here, we have used the software-tunable Cohe
ent Chameleon laser coupled to the LSM 510 META NLO to
acquirex-y images of biological samples at multiple excita-
tion wavelengths, creating excitation lambda stacks. The
mean intensity of pixels within the image plotted versus ex-
citation wavelength reveals the excitation spectra. The excita
tion lambda stacks can be separated into individual image
based on linear unmixing using these excitation spectra. Thu
we have added a new tool for fluorescence crosstalk elimina
tion for multiphoton excitation. This approach does not de-
pend on the use of a particular detector and excitation lambd
stacks can be acquired using nondescanned detectors, e
abling more sensitive detection of scattered photons in dee
tissue combined with the most advanced methods fo
crosstalk separation. Althoughx-y images are collected se-
quentially as the laser tunes to different wavelengths, 12 im
ages were acquired at wavelengths all across the tunable spe
trum of the laser in less than 2 min, and in many cases it ma
not be necessary to collect data from as many wavelengths
shown here.

Excitation fingerprinting complements and extends the ca
pabilities currently offered using the META detector for emis-
sion fingerprinting, adding to the arsenal of tools available for
spectral flexibility. We show here that excitation and emission
d From: http://biomedicaloptics.spiedigitallibrary.org/ on 12/31/2015 Terms 
s
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s

fingerprinting can yield similar results using dyes such
eGFP and Alexa Fluor 488 and that dyes that cannot be
ably separated using emission fingerprinting, such as Sy
Green, Fluorescein, and eGFP, can be faithfully unmix
based on their multiphoton excitation spectra. Interestin
this may also have implications for fluorescent resonance
ergy transfer~FRET!, particularly when using CFP and YFP
It is clear from our corrected data that CFP and YFP have v
distinct excitation spectra, ideal for excitation fingerprintin
The clear separation of the excitation spectra has already
useful for eliminating spectral crosstalk as some investiga
choose to excite CFP at or near 800 nm, where there is m
mal multiphoton excitation crosstalk.16–18 We are currently
investigating the use of excitation fingerprinting in FRE
studies.

In addition to showing that excitation fingerprinting can b
used to eliminate spectral crosstalk, we also demonstrated
nonbiased excitation spectra can be acquired to provide r
istic information about multiphoton excitation maxima. Th
greatly aids in choosing the best excitation wavelength
imaging samples with multiple fluorescent labels. The co
parison of the biased and nonbiased data enable the best
promise to be made between the available power at
sample and the excitation maxima of the dye. This is parti
larly important in experiments where multiple dyes are us
Also, by directly measuring the excitation of autofluoresce
species, one can also quickly determine if it is possible
avoid or minimize this signal by choosing another excitati
wavelength or if linear unmixing will be necessary. In add
tion to experimental optimization, generating multiphoton e
citation spectra directly from biological samples enables o
to study environmental factors that influence nonlinear ex
tation events. Multiphoton microscopy is still in its infanc
and many groups are engaged in dye optimization by tes
structural permutations.19,20 The tools presented here provid
a rapid method for determining the compatibility of new com
pounds with biological media and for determining the be
excitation criteria for new dyes.
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