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Two-Color Two-Photon Excitation Using Femtosecond Laser Pulses
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The use of two-color two-photon (2c2p) excitation easily extends the wavelength range of Ti:sapphire lasers
to the UV, widening the scope of its applications especially in biological sciences. We report observation of
2c2p excitation fluorescence piterphenyl (PTP), 2-methyl-&butyl-p-quaterphenyl (DMQ) and tryptophan

upon excitation with 400 and 800 nm wavelengths using the second harmonic and fundamental wavelength
of a mode-locked Ti:sapphire femtosecond laser. This excitation is energetically equivalent to a one-photon
excitation wavelength at 266 nm. The fluorescence signal is observed only when both wavelengths are spatially
and temporally overlapping. Adjustment of the relative delay of the two laser pulses renders a cross correlation
curve which is in good agreement with the pulse width of our laser. The fluorescence signal is linearly dependent
on the intensity of each of the two colors but quadratically on the total incident illumination power of both
colors. In fluorescence microscopy, the use of a combination of intense IR and low-intensity blue light as a
substitute for UV light for excitation can have numerous advantages. Additionally, the effect of differently
polarized excitation photons relative to each other is demonstrated. This offers information about different
transition symmetries and yields deeper insight into the two-photon excitation process.

Introduction of the same wavelength. Only very few attempts have been made
so far to extend these methods to two-color two-photon

has become an indispensable tool especially for biological excitation®2 This is surprising as the use of two photons at

science as the use of more than one photon provides numerougiﬁerem wavelengths for excitation oﬁerg the opportunity to
advantages. First, separation of excitation and fluorescence Iighteleend the wgvele][]gtlT ra:jnge where t?e T|.S:;Iaser can be. used
is much easier because of the larger difference in wavelengthUnder retention of all advantages of two-photon excitation.

compared to conventional confocal microscopy. Therefore better'o‘ccord'n_g to ??orfgcal cc(;r_w&deratll]ons,_spanal r_escl)lﬂiﬁand
signal-to-noise ratios and high-contrast pictures can be obtainedPenetration ability;* depending on the microscopical setup, are

Second, the usage of IR excitation light instead of UV/vis light expected to improve for_ 2¢2p excitation cgmpared to confocal
leads to reduced photo damage and higher penetration?depth©" conventional 2pm microscopy, respectively.
in biological tissue due to lower absorption coefficients in the ~ Using the fundamental and second harmonic of a Ti:Sa laser,
IR regior? than in the visible which is usually used for confocal 2€2p excitation in the UV can be achieved. As modern mode-
microscopy. Additionally, due to the quadratic dependence on locked femtosecond lasers offer a tunable range from about 700
the intensity, excitation in 2pm is limited to the focal area only. to 1000 nm, the conventional 1c2p technique excites fluoro-
Thus, out-of-focus excitation is avoided leading to limited photo Phores in a spectral range of about 3%D0 nm. With 2c2p,
damage and an intrinsic 3D resolution. Most common excitation an additional spectral window from about 230 to 330 nm is at
sources for 2pm are Ti:sapphire (Ti:Sa) lasers. The femtosecondhand extending the wavelength range of the Ti:Sa laser to the
(fs) pulses from these lasers are almost ideal for this purposeUV where, for example, tryptophan, a fluorescent amino acid
as they combine high excitation power during the pulse, which responsible for protein fluorescente can easily be excited.
is essential for a good excitation yieldwith low-energy Furthermore, this spectral window corresponds to the excitation
deposition to the sample preventing it from being photo wavelength of DNAY
damaged. Furthermore, pulsed excitation furnishes the basis for In addition, 2c2p excitation offers a unique opportunity for
excellent time resolution using time-gateat time-correlated getting a deeper understanding of two-photon absorption
single-photon-counting (TCSPT)etection systems. Hence, a processes. Here, in contrast to 1c2p experiments, it is possible
variety of time-resolved fluorescence techniques such as fluo-to manipulate the polarization of each of the absorbed photons
rescence lifetime imaging (FLIMY~° or fluorescence anisot-  independently. Theoretical consideratidtfsas well as 2¢2p
ropy imaging (Tr-FAIM} have been established. experiments conducted as absorption measurefiémigly that
Typically, 2pm and other spectroscopic two-photon methods there is a close relationship between the relative polarizations
are performed almost exclusively using two excitation photons of the two photons and the symmetry of the involved electronic
states. The absorption data published by McCfdifilead to

In recent years, two-photon laser scanning microscopy (2pm)
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Figure 1. Experimental setup. BB&- barium borate crystal for frequency doubling= lens, DC= dichroic mirror,A/2 = half wave plate /4
= quarter wave platei: = set of filters (Semrock NF01-405U, Semrock NF01-808U both &takijjle, Schott UG 11 and a interference filter
340/80 nm).

indication for this assumption is given by the work of Lakow- PTP
icz'% et al. where a different behavior of PTP and indole toward  3s0-
the excitation with perpendicularly polarized photons was found.

The effect of circularly polarized photons is still unclear. 300 -

To the best of our knowledge, we present the first observation
of 2c2p excitation fluorescence using a modern passive mode-5' 2501
locking Ti:Sa laser source emitting femtosecond pulses. The
fundamental and second harmonic of a Ti:Sa laser are focused‘a?'s' 200
confocally through a lens into a cuvette where fluorescence is &
observed as a result of 2c2p excitation. The phenomenon isg 150
observed for PTP, DMQ, and tryptophan.

Furthermore, we present the first fluorescence lifetime % 1907
measurements performed in the time domain studying 2c2p§ 50
excitation fluorescence and, in addition, the behavior for
different linearly and circularly polarized photons. ol ™

fwhm =226 +-9 fs

Material and Methods 0 100 200 300 400 500

. . lative delay [f
The femtosecond laser pulses are provided by a Ti:Sa laser relative delay [fs]

(Mira 900B, Coherent) which is pumped by a Nd:Yyeblid- ][Tigure 2. Cross co_rrelatiolr: curve sh(IJWinglthe dﬁpende?pe (;\fNLhe
sate aser (Verdi V10, coherent). The TiSa is operated at 800142751 Iensiy on the feora) overiap, The resuing fufm
nm with a pulse width of 200 fs. The initial 800 nm beam is

frequency doubled using A-barium borate (BBO) crystal
(Figure 1). The two colors, that is, the frequency-doubled and
the remaining fundamental light, are then separated by a dichroic
mirror so that blue and red light can be manipulated indepen-
dently in terms of power, polarization, and optical path length.
Power adjustment is realized using a set #fzaplate (all wave
plates: quartz, low-order, coated) and a thin layer polarizer (P)
for each beam. All states of linear and circular polarization

indicated by wave mixing of the 800 and 400 nm beams
resulting in 266 nm emission from the crystal.

Fluorescence is monitored in a perpendicular setup through
a set of filters consisting of UG 11 (Schott), a 340/80 nm
interference filter, and two 400 and 800 nm notch filters
(Semrock) and detected by a time-gated ICCD camera system
(picostar, LaVision GmbH, Gdtingen). The gate width of the
can be prepared for each color separately using a sé2@nd camgra §ystemhca3 llae adjusted from 200h ps to 1 ns an(?j, n
A4 plates. The degree of polarization for linear and circular combination with a defay generator (Kentec Ins_truments Ld),

. a time resolution as good as 10 ps can be achié¥ved.
cases are measured using an analyzer and a power meter for PTP and DMQ were purchased from Lamda Physik AG
the linear case and a set of Fresnel Rhomb, polarizer, and power d d 'thptf " ification. PTP yd DM !
meter for the circular case, respectively. All degrees of polariza- ermany, and used without further puritication. and L Q
were dissolved in cyclohexane to give 1 mM solutions.

tion used for the measurements are in the range ofo3%%. Tryptophan was purchased from Sigma-Aldrich to prepare a 1
The optical path length of the 800 nm light can be adjusted yptophan was p 9 prep
mM solution in PBS buffer.

using a delay line in the red path consisting of two mirrors
mounted to a precise linear stage to provide temporal overlap

: Results
(Figure 2).

After reunion of the two colors by a second dichroic mirror, Two-color two-photon fluorescence was studied for different
both beams are focused in a confocal setup through andyes. First, observations were made for PTP in order to have
achromatic lens wht a 5 cmfocal length into the sample located comparable results with respect to previous publicatfomsing
in a 5 x 5 mn? cuvette. For adjustment, this cuvette can be picosecond dye lasers. After this comparison, we studied other
replaced by a pinhole or a second BBO crystal for accomplishing dyes where 2c2p fluorescence is unknown. We found clear
spatial and temporal overlap, respectively. Temporal overlap is evidence for 2c2p excitation to be the origin of the detected
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Figure 3. Fluorescence intensity for irradiation by one or two laser
beams at different power ratios of the 400 and 800 nm light. Highest
fluorescence intensities are observed for irradiation with both colors.
Alone, 400 nm produces a fluorescence signal from 1c2p excitation.
This can be suppressed by using less 400 nm light and more 800 nm
light, as 800 nm light alone produces no signal even at high intensities.
Each data point represents the mean value efZDmeasurements,
and the error bars show the standard deviation.
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fluorescence of PTP, DMQ, and tryptophan. The most straight-
forward observation is that the full fluorescence signal is present
only when the sample is illuminated by both laser beams and oor slope 1.93 +/- 0.13
only when they temporarily overlap. : 1

As shown in Figure 3, strong fluorescence is observed only excitation power (400 nm)
when both beams are irradiated into the sample. The columnS;y e 4 pependence of the fluorescence intensity on the excitation
labeled 800 nmt- 400 nm represent the 2¢2p fluorescence signal power when only 400 nm light is irradiated. The quadratic dependence
which is obtained by subtracting the signals for each color alone indicates a one-color two-photon excitation (1c2p).
from the signal which is present when both beams are irradiated.
For better comparison the data were normalized to the 2c2p
signal. Using 400 nm exclusively, we observe a weak fluores-

fluorescence intensity

rate is linearly dependent on the product of the intensities of
each color.

cence signal. Further investigations of the fluorescence from dN

the blue excitation light alone showed a quadratic dependence G = 9'soonnd a00mN 1)
of the fluorescence intensity on the excitation power (Figure

4). whereN = number of molecules in the ground stades two-

This indicates a one-color two-photon (1c2p) absorption being photon absorption cross section, adng photon flux.
the origin of that fluorescence. This assumption is in good Therefore the fluorescence intensity is expected to be linearly
agreement with the one-photon absorption spéktfavhich all dependent on each of the excitation intensities providing the
show a strong second absorption band around 200 nm. Howeverpther is held constant. If the power of the 400 nm beam is
in all cases, almost no signal is detected for irradiation of 800 attenuated, the 2c2p signal will decrease proportionally while
nm only. As can be seen from Figure 3, attenuation of the blue the 1c2p signal will decrease more rapidly because of its
beam with simultaneous increase of the power of the red beamquadratic dependence. If the power of both colors is adjusted,
easily allows suppressing the undesired 1c2p signal with one expects a quadratic dependence on the total power of both
retention of the 2c2p fluorescence intensity. This is possible colors. The data shown in Figure 5 indicate that our experimental
because in the case of a two-photon absorption the absorptiorresults are in very good agreement with these considerations.
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The effect of differently polarized excitation photons on the
fluorescence intensity is also investigated. As shown in Figure
7, a change from two parallel polarized photons (r Is b Is) to
two perpendicular photons (r Is b Ip) results in a reduction of
fluorescence intensity to approximately 40% of the parallel case.
For excitation with two circular polarized photons (r cr b cl
and r cr b cr) we also find reduced fluorescence intensities. As
can be seen from Figure 7, the intensities resulting from circular
polarization are higher than those from linear polarized photons
being oriented perpendicular to each other but still smaller than
from the parallel case. We could not find a significant difference
for circular polarized photons with same (r cr b cr) or opposite
(r cr b cl) sense of rotation. The differences in fluorescence
intensities are influenced by the symmetry of all involved
electronic states. In the case of a two-photon absorption, this
means that the virtual states have a contribution to this effect,
too. A detailed theory allowing conclusions from the measured
polarization dependency on the symmetry of the molecule
requires advanced theoretical analysis which needs to be done.

= 800 nm+400 nm; slope: 1.94 +/- 0.06 H i
o 400 nm; siope: 1.03 +/- 0,01 Discussion
;ﬁgga?’a siope: 0.99 +-0.02 Two-color two-photon excitation is a powerful tool for
0.01 . enlarging the spectral range of nowadays femtosecond Ti:Sa
1 .
excitation power laser systems being used for spectroscopy and two-photon

Figure 5. Dependence of 2c2p fluorescence intensity on variation of MICroscopy. We- demonstrate measurements of..202p eXC|taF|0n
the power level of one or both colors. If the power of only one color fluorescence_ using femtosecqnd pulses_from a Ti:Sa laser. Since
is changed, a linear dependence is found. For simultaneous variation"€S€ experiments were carried out using a time-gated camera
of the power of both colors a quadratic dependence on the total System as a detector which is normally used for fluorescence
excitation intensity is found. lifetime imaging, we believe that applications of 2c2p excitation
. to microscopy are now within reach. The use of femtosecond
For all dyes and different power levels, a three-photon pyises instead of picosecond pulses has several advantages,
eXCitatiOn iS not Observed although fOI’ 800 nm irradiation th|S a|th0ugh the securing of a tempora' over|ap |S deflnne'y more
would be energetically equivalent to a 2¢2p excitation with 800 challenging the shorter the pulses become. For multiphoton
and 400 nm. It seems that much higher intensities would be processes, high excitation powers are desired as the rate of
necessary because of the extremely small three-photon absorpapsorption is dependent on the square of the total photon flux
tion cross sections. used for excitation in combination with very small multiphoton
Another confirmation for the presence of 2¢c2p excitation is apsorption cross sections. On the other hand, the amount of
a cross correlation experiment where the time delay betweenenergy introduced into the sample should be as low as possible
both laser pulses is varied. As both photons are required for o avoid damage. The solution for this dilemma is the use of
the 2c2p excitation, the maximal fluorescence intensity is pylses as short as possiBihe ideal light source for ultra short
expected only when both laser pulses are exactly temporally py|ses today is the Ti:Sa laser emitting femtosecond pulses in
overlapping. As expected, this experiment renders a crosshigh repetition and high power output. Our experiments show
correlation curve (Figure 2) whose fwhm value of 2269 fs that even with femtosecond pulses it is possible to have stable
is in good agreement with the pulse width of the Ti:Sa laser in spatial and temporal overlap in an experimental setup. Further-
this experiment. ) more, it is worth mentioning that the implementation of 2c2p
The pulse width of the 800 nm light was measured after the excitation into a microscope will lead to a much higher photon
second dichroic mirror rendering an autocorrelation curve with efficiency. First, the higher focusing of a high numeric aperture
an fwhm value of 260 fs. Assuming a Gaussian pulse shape,gpjective will result in increased photon fluxes in the focal
this corresponds to a pulse width of (260 {)/= 184 fs. Hence  region. As the excitation rate is quadratically dependent on the
the pulse width of the blue light can be expected to have a pulse photon flux, this will lead to a much more efficient excitation.
width of (184 fs)d/2 = 130 fs for a quadratic dependence second, a higher fraction of the occurring fluorescence photons
of the SHG on the 800 nm power. Therefore, the expected js collected again, due to the high numeric aperture. Considering
value for a cross correlation of these two pulses is poth effects, one can conclude that observation of 2c2p
x/((130fs)2 + (184fs¥) = 225 fs endorsing the measured value excitation fluorescence in a microscope will be about 2 orders
of 226+ 9 fs. of magnitude more efficient than in the present experimental
To confirm that the 2c2p excitation leads to fluorescence setup. In other words, for achieving the same signal intensity
emission from the Sstate, fluorescence lifetimes were measured only about one percent of the excitation power is required.
(Figure 6) using a time-gated intensified camera system. The results of 2c2p excitation of PTP were in good agreement
All observed lifetimes are in good agreement with those with those from previous publications where measurements have
known from literaturé®2> for a one-photon excitation. Ad-  been performed using cavity-dumped picosecond dye lasers.
ditionally, we found no difference in the fluorescence lifetime In addition, with DMQ and tryptophan we found two other dyes
for 1c2p or 2c2p excitation. Thus, it can be concluded that the suitable for 2c2p excitation using 800 and 400 nm for excitation
origin of the fluorescence is the same electronic state, that is,which have not been studied with 2c2p excitation yet. All
the § state. fluorophores show good 2c2p excitation fluorescence. They also
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Figure 6. Fluorescence lifetimes of PTP, DMQ, and tryptophan for 2c2p and 1c2p excitation. For both modes of excitation, similar lifetimes are
found indicating that fluorescence emission occurs from the same excited state for both types of excitation. A mono exponential decay is used for
fitting the data.

Y DMQ to biological samples. The IR can easily penetrate through
PTP biological tissue without being absorbed, and therefore it will
1,04 NN Y tryptophan not inflict much damage, as experiences with common 2pm
show.
2 0,84 N\ To study the proposed influence of different relative polariza-
g % ﬁ § ﬁ tions on the excitation of molecules with different symmetries
€ 064 § § I it is crucial to have a good variety of different dyes.
ol ’ \ \ So far, we found no evidence for such an influence for the
§ \ N \ studied molecules. The reason might be the similar symmetry
a 041 § \ of the involved transitions. Future time-and polarization-resolved
§ \ \ measurements will render more detailed information on the
& 0.2 \Q § anisotropic character of the fluorescence decay. So one can
\ \ expect that two photons being not parallel polarized, as in the
0,0- 1 % N7 case for 1c2p excitation, will give a significantly different photo
risbls  rabd  rorber selection. This will influence the observed initial anisotropy after
Polarization of Excitation excitation.

Figure 7. Influence of the relative polarization of the exciting photons ~_ B€Sides these theoretical considerations, the demonstration
on the fluorescence intensity. Two linearly polarized photons which Of tryptophan as a suitable fluorophore for 2c2p excitation will
are parallel lead to maximum fluorescence, whereas two linearly offer a good variety of possible applications. Tryptophan can
polarized photons with an angle of 9between the polarizations lead  be found in many different proteins, and 2c2p excitation will
to the weakest fluorescence signal. Circularly polarized photons lead gjow it to be used as a natural fluorescent tag as well as a
also to a reduced fluorescence signal compared to two parallel phOtons'ﬂuorescent probe inside the protein without applying UV to

r = red light,b = blue light, Is= linear perpendicular polarized, #p .
linear parallel polarized, cr circular polarized with a right sense of proteins. Hence, the advantages of label-free measurements and

rotation, and cl= circular polarized with a left sense of polarization. ~high time resolution resulting from pulsed excitation with the
Ti:Sa will be combined and additionally enriched by the fact

that direct UV irradiation is avoided and therefore photo damage
can be reduced. Although 2c2p fluorescence from tryptophan
is roughly 20 times weaker than from the other dyes, it is still

sufficient for fluorescence analysis. Experiments concerning
protein bioassays are in progress.

show some 1c2p excitation fluorescence; however, this occurs
only when strong blue light is applied. Therefore it seems crucial
to use an excess of red light with less of the blue component.
What on first sight looks like a disadvantage turns out to be
concurrent with one of the big advantages of 2c2p excitation.
In fact, for most applications it will be highly desired to use
only low-level 400 nm light to keep photo damage low. The
fact that the fluorescence intensity is linearly dependent on the We demonstrated that 2c2p excitation with femtosecond lasers
product of the intensities of both colors offers the possibility is an option for extending their spectral range in combination
of maintaining a high penetration depth in combination with with advantages arising from the use of multiphoton excitation.
low photo damage compared to one-photon UV excitation. The The ultra short femtosecond pulses are an ideal basis for later
low power of the blue light can easily be compensated for by application in microscopy. Within the newly gained spectral
increasing the power of the IR light which is much less harmful range, tryptophan can be 2c2p-excited and used as a fluorophore.

Conclusion
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