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Two-photon fluorescence excitation cross
sections of biomolecular probes from 690 to 960 nm

Marius A. Albota, Chris Xu, and Watt W. Webb

We report on two-photon fluorescence excitation ~TPE! action cross sections for five widely used molecular
fluorophores. Measurements were performed by use of ultrashort ~;100-fs! Ti:sapphire pulsed excita-
tion over the range 690–960 nm. TPE spectra were obtained by comparison with a fluorescein calibra-
tion standard. Large cross sections were found for the cyanine reagent Cy 3 ~;140 GM! and for
Rhodamine 6G ~;150 GM!, both at 700 nm @1 GM 5 10250 ~cm4 s!yphoton#. Several fluorophores show
interesting and desirable blue shifts with respect to twice the one-photon absorption wavelength. Flu-
orophore fluorescence intensities showed no significant departure ~64%! from quadratic illumination
power dependence, indicating genuine two-photon processes. Implications of these measurements for
two-photon laser-scanning microscopy are discussed. © 1998 Optical Society of America
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1. Introduction

Two-photon laser scanning microscopy ~TPLSM!,
rst demonstrated by Denk et al.1 at Cornell Univer-

sity, Ithaca, New York, is based on the simultaneous
absorption by each fluorophore molecule of two pho-
tons in a single quantum event.2 As commercial
two-photon microscopes are currently available,
TPLSM is finding increasing applications in biologi-
cal research. One of the most important parameters
needed for quantitative fluorescence microscopic
studies is the excitation cross section of the fluoro-
phore. Here we report on five dyes that compose a
set of particular interest for biophysical applications
and are already popular for conventional one-photon
microscopy. For example, dextrans conjugated to
various fluorophores are retained well within cells,
which improves imaging, and are useful for deter-
mining membrane permeability and intercellular
communication in neuronal tracing and for the
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monitoring of endocytosis. The carbocyanine dyes
DiOC5 and DiOC6 have been used widely to stain
mitochondrial membranes and to measure mem-
brane potentials in fluorescence microscopy. The
cyanine reagent Cy 3 is a highly fluorescent and
highly water-soluble dye that is useful in a variety
of biological applications; Rhodamine 6G, although
widely used in confocal microscopy, has never, to
our knowledge, been investigated for two-photon
applications in the range of 690 to 960 nm.

Detailed knowledge of the two-photon excitation
spectra of molecular fluorophores is required for de-
termining which fluorophores are suitable for
TPLSM. High values of the two-photon absorption
~TPA! cross section render fluorophores efficient for
nonlinear microscopic studies because the ratio of the
energy absorbed to the input-energy flux through a
sample is then high, minimizing possible photodam-
age of the sample under investigation. A large cross
section is especially desirable when two-photon tech-
niques are used to image molecular activities in living
biological preparations.

In a continuation of our previous research,3,4 we
measured the two-photon fluorescence excitation
~TPE! spectra of five prevalent molecular fluoro-
phores with Ti:sapphire mode-locked laser excitation
over the spectral range from 690 to 960 nm. The
TPE cross section is proportional to the TPA cross
section @see Eq. ~1!, below#. Our motivation was to

rovide a reliable database of two-photon cross sec-
ions for quantitative nonlinear microscopic studies.
he absolute TPA cross sections and the TPE spectra
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of fluorescein were used as calibration standards
throughout our investigation. Experimental results
show insignificant departure from the quadratic de-
pendence of the fluorescence intensity on the incident
power, thus indicating that genuine two-photon pro-
cesses occur.

A brief review of the theory is given in Section 2.
The experimental procedure is described in Section 3.
In Section 4 the main results, along with a discussion,
can be found.

2. Two-Photon Excitation Theory

There are two ways of determining the two-photon
cross section of a molecular fluorophore. One way is
to measure the TPA cross section. This is done by
the measurement of the amount of light being ab-
sorbed as it passes through the sample. Because
high incident power is usually needed to generate a
measurable signal, saturation, excited-state absorp-
tion, and photobleaching can complicate the interpre-
tation of such measurements. Another procedure
for determining two-photon cross sections is to mea-
sure the fluorescence signal generated by TPA.
From the two-photon fluorescence signal a TPE ac-
tion cross section sTPE can be determined. The TPE
action cross section is linearly proportional to the
TPA cross section s2, with the constant of proportion-
ality being the fluorescence quantum efficiency of the
fluorophore:

sTPE 5 h2s2. (1)

he number of photons absorbed per unit time by a
wo-photon process @N~t!# in the focal volume of

strongly focused illumination is related to the num-
ber of fluorescence photons F~t! collected per unit
time by the experimental apparatus:

F~t! 5
1
2

fh2 N~t!, (2)

where f is the fluorescence collection efficiency of the
experimental setup. The factor of 1y2 accounts for
the fact that two photons are absorbed from the op-
tical field for each fluorophore excitation generated.
The quantity measured experimentally is the time-
averaged fluorescence emission ^F~t!&. Following
the analysis of Xu et al.,3 we find that, when the
incident optical field is in the form of pulses, the
time-averaged fluorescence detected can be ex-
pressed as

^F~t!& <
1
2

fh2s2 C
8p

ft
8^P~t!&2

plyn
. (3)

In expression ~3!, C is the fluorophore concentration
~in cubic centimeters!, n is the refractive index of the
sample, ^P~t!& is the time-averaged laser source power
~in photons per second!, and l is the excitation wave-
length ~in centimeters!. We have also written the
degree of second-order temporal coherence of the
light, g~2! [ ^I0

2~t!&y^I0~t!&2 ~where ^I0& is the average
intensity at the focal point inside the sample!, as
pyft, and where gp is a dimensionless parameter of
the order of unity that depends on the pulse shape, t
is the full temporal width at half-maximum ~FWHM!
f the excitation pulse, and f is the pulse-repetition

rate of the laser.3,4 The TPE action cross section,
defined herein as h2s2 @usually expressed in Goppert-
Mayer units: 1 GM 5 10250 ~cm4 s!yphoton#, can
hus be related to experimental variables by use of
xpression ~3!.
The fluorescence depends strongly on the temporal

oherence of the optical field. Thus accurate deter-
ination of TPE action cross sections requires knowl-

dge of g~2! in the focal region, which is a nontrivial
task.4 In these experiments the complications of the
g~2! measurement inside the sample5 were avoided by
use of a standard calibration sample of known TPE
action cross sections and spectra. Fluorescence sig-
nals from new molecular fluorophores were cali-
brated with respect to the fluorescence of the
calibration sample, so the ratio of these fluorescence
signals determines values of two-photon action cross
sections for new fluorophores.

For a given excitation wavelength, g~2! is the same
for both the calibration sample and the new fluoro-
phore. The ratio of the experimentally measured
fluorescence signals becomes

^F~t!&cal

^F~t!&new
5

fcalh2cals2calCcal^Pcal~t!&
2ncal

fnewh2news2newCnew^Pnew~t!&2nnew
, (4)

where ^Pcal~t!& and ^Pnew~t!& are the incident powers
for the calibration and the new fluorophores, respec-
tively. The TPE action cross section of a new molec-
ular fluorophore is then related to known
experimental wavelength-dependent parameters, in-
cluding the TPE action cross section of the calibration
standard, as described by

s2new~l!h2new 5

fcalh2cals2cal~l!Ccal

fnewCnew

^Pcal~t!&
2

^Pnew~t!&2

^F~t!&new

^F~t!&cal

ncal

nnew
. (5)

3. Experimental Procedure

A. Apparatus

The experimental setup is similar to that used by Xu
et al.3,4 The excitation source consists of a mode-
locked Ti:sapphire laser ~the Tsunami, Spectra-
Physics! pumped by an argon-ion laser ~the
BeamLok, Spectra-Physics!. Two sets of intracavity
mirrors are necessary to cover the spectral range
from 690 to 960 nm. The laser beam is expanded to
an approximately 1–1.5-cm diameter ~1ye2! and en-
ters a light-protected rig that contains the optical
components for the experiment. The light passes
through a red excitation filter and overfills an achro-
matic microscope objective ~Zeiss, Model Neofluoar
0.3 NAy103! that focuses the excitation light into the
ample and collects the fluorescence signal in an epi-
llumination configuration. Pulse dispersion, chro-

atic aberration, and spherical aberration have been
1 November 1998 y Vol. 37, No. 31 y APPLIED OPTICS 7353
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Table 1. TPA Cross Sections of Fluorescein at Selected Wavelengthsa

7

found to have negligible effects on two-photon molec-
ular excitation in the focal volume when these optics
are used with 100-fs pulses.6 The fluorescence sig-
nal is separated from the incident beam by a long-
wave dichroic mirror ~Chroma! with a reflectivity of

95% for l , 610 nm. The fluorescence signal is
ltered by the 2-cm path length of a 1-M CuSO4

solution with an optical density of O.D. . 10 for l .
90 nm to prevent any residual excitation illumina-
ion from reaching the detector, which is a photomul-
iplier tube ~Hamamatsu, Model R1924!. The
uorescence emission is recorded and averaged for
0–20 s by a computer-controlled photon counter
Stanford Research Systems, Model SR400!. Back-
round photon levels of a few percent of signals are
ecorded and subtracted from the fluorescence signal.
he power of the incident beam is monitored by
eans of a power meter, and we minimize any power
uctuations ~,3%! by allowing the laser to warm up

for several hours prior to all measurements. A
computer-controlled spectrometer accurately selects
the excitation wavelength and observes the pulse
spectra with a FWHM of ;10 nm. Linearly polar-
ized radiation was used throughout the experiments.

B. Calibration

We calibrated our TPE action cross-section measure-
ments with respect to the absolute TPA cross sections
of fluorescein as a function of wavelength.4 The TPA
ross-section data for fluorescein are listed in Table 1.
oting that the refractive indices are approximately

qual and using fluorescein as our standard, we find
hat relation ~5! becomes

s2new~l!h2new 5
fFL0.9s2FL~l!CFL^PFL~t!&2^F~t!&new

fnewCnew^Pnew~t!&2^F~t!&FL
, (6)

where 0.9 is the fluorescence quantum efficiency of
fluorescein.7 We assumed herein that the one-
photon and the two-photon quantum efficiencies of

Wavelength ~nm! TPA Cross Section ~GM!b

691 16
700 19
720 19
740 30
760 36
780 37
800 36
820 29
840 13
860 8
880 11
900 16
920 26
940 21
960 15

aFluorescein in H2O ~pH > 13!. A TPE cross section is the
product of the TPA cross section times 0.9.

b1 GM 5 10250 ~cm4 s!yphoton.
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fluorescein are equal, i.e., h1 5 h2, and that the fluo-
rescence quantum efficiency is constant over the
spectral range of the experiment. The fluorescence
detection efficiencies of our apparatus were calcu-
lated for each molecular fluorophore, taking into ac-
count the spectral responses of the filters, the dichroic
beam splitter, the photomultiplier tube, and the fluo-
rescence emission spectra of the fluorophores. The
systematic uncertainty in the absolute cross-section
values, which was estimated at 630%, is mostly due
to the uncertainty in the fluorescence collection and
detection efficiencies. Relative values and shapes of
excitation spectra are substantially more precise.

C. Sample Preparation

Throughout our experiments we used a 14.5-mM solu-
ion of fluorescein in H2O ~pH ; 13! as our standard

calibration sample. Four dyes—dextran–fluorescein
~with a molecular weight of 10,000 for the Dextran!,

hodamine 6G, DiOC5 ~3,39-dipentyloxacarbocyan-
ine iodite!, and DiOC6 ~3,39-dihexyloxacarbocyanine
iodite!—were purchased from Molecular Probes. The
fifth dye, Cy 3, was purchased from Amersham Life
Science. Stock solutions were first prepared and then
diluted to 50–100 mM. The concentrations were cal-
culated from the one-photon absorption ~OPA! spectra
by use of a spectrophotometer ~Hewlett-Packard,
Model HP8451A diode array spectrometer!. The dye
concentrations and the solvents used are listed in the
captions of the figures, below. Deep-well slides ~Fish-
er Scientific! and cover slips were used to assure that
two-photon experiments were performed in the thick-
sample limit.

4. Results and Discussion

The measured TPE action spectra are presented in
Figs. 1 and 2. The TPA cross sections of fluorescein
are presented in Table 1.3 The dependence of the
fluorescence signal on the incident power was inves-
tigated for all fluorophores at each excitation wave-
length. Table 2 presents the measured exponent at
several wavelengths for a typical dye, DiOC5. We
note that the departure from perfect power-squared
dependence was within 64% for all fluorophores, in-
dicating genuine two-photon events.

It is interesting to compare our TPE spectra with
the two-photon spectra of other widely used fluoro-
phores. The peaks in the TPE spectra of dextran–
fluorescein and fluorescein are the same, as is shown
by comparison with the plot of the TPE spectra of
fluorescein also included in Fig. 1~a!. Our results
hus show that binding fluorescein onto dextrans
oes not affect the relative TPE spectra of the pair,
lthough the magnitude of the action cross section is
educed, most likely as a result of self-quenching.
nother interesting comparison is that between the

ross sections of Cy 3 and those of the similar but
ymmetric molecule DiIC18~3!. We found the TPE

spectrum of Cy 3 @Fig. 1~b!# to be very similar to that
of DiIC18~3!. The action cross section of Rhodamine
G @Fig. 1~c!# resembles that of Rh B, but its short-
avelength peak is even more accentuated. In Fig.
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2 we show only the spectra of DiOC5 because its TPE
cross sections are identical, well within experimental
error, to those of DiOC6.

An interesting feature of the results is that the
TPE peaks are blue shifted with respect to the OPA
peak at twice the wavelength. The widely used car-

Table 2. Slope in the Logarithmic Plot of Fluorescence Versus the
Incident Intensity at Several Excitation Wavelengths for DiOC5a

Wavelength l ~nm!

690 720 740 820 860 880 900 960

Slope 1.98 1.96 1.98 1.98 1.96 2.04 1.98 1.96

aThe deviation of the fluorescence signal from the power square
dependence is within 64% for all fluorophores investigated. The
slope is given by

logFF1~I1!

F2~I2!
G5 m log

I1

I2
,

here F1 and F2 are the fluorescence signals at intensities I1 and
2, respectively.

Fig. 2. TPE action spectra ~filled circles! compared with the OPA
pectra ~dashed curve! of DiOC5 at a concentration of 81 mM

dissolved in MeOH. Vertical-axis units: arbitrary for the OPA
spectra and GM for the TPE spectra. Horizontal-axis units:
wavelengths as shown for the TPE spectra; the OPA spectra wave-
lengths have been doubled as plotted. The TPE spectrum of
DiOC6 is identical to the DiOC5 TPE spectrum within the limits of
the experimental error ~see text!.
Fig. 1. Plots of the TPE action cross sections ~filled circles! for ~a!
dextran–fluorescein ~dextran MW of 10,000! at a concentration of
123 mM and dissolved in H2O at pH ; 11 ~compare the curve with
the TPE cross sections for fluorescein listed in Table 1!, ~b! Cy 3 on
a logarithmic scale at a concentration of 65 mM dissolved in Na2CO3

buffer at pH ; 9.3, and ~c! Rhodamine 6G on a logarithmic scale at
a concentration of 110 mM dissolved in MeOH. The TPE cross
ection is defined as h2s2 ~see text!. 1 GM 5 10250 ~cm4 s!yphoton.
1 November 1998 y Vol. 37, No. 31 y APPLIED OPTICS 7355
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bocyanine dyes, DiOC5 and DiOC6, display this be-
havior. Figure 2 shows the blue shift for DiOC5,
and a similar blue shift was found for DiOC6. The
explanation for these blue shifts for two-photon-
induced transitions is that the parity selection rules
favor excitation to higher energy levels than do the
respective one-photon-induced transitions. The
strong peaks of the apparently blue-shifted TPE spec-
tra tend to appear at wavelengths corresponding to
twice the wavelengths of weak peaks in the one-
photon excitation spectra. The 700-nm peak of Rho-
damine 6G is even more enhanced relative to the
longer-wavelength peaks around 800 and 1000 nm
than had been found in Rh B. Vibrational coupling
between the S1 and the S2 excited states, however,
favors internal conversion to S1 before fluorescence
emission, so the emission spectra excited by OPA and
TPA coincide. The blue shifts are a desirable prac-
tical consequence of parity selection rules. This per-
mits a higher spatial resolution for TPLSM than
would be predicted by the assumption that TPE oc-
curs at twice the wavelength of OPA. These blue
shifts allow the fluorophores to be excited efficiently
with widely available and benign near-infrared wave-
lengths that are short enough to avoid absorption by
water and long enough to reduce the risk of photo-
damage in biological samples.

We have determined the TPE action cross sections
of five frequently used molecular fluorophores over
the excitation range from 690 to 960 nm by using
mode-locked Ti:sapphire excitation. Large TPE ac-
tion cross sections were found for Rhodamine 6G
~;150 GM! and Cy 3 ~;140 GM!, both at 700 nm.

e confirmed the quadratic dependence of the two-
356 APPLIED OPTICS y Vol. 37, No. 31 y 1 November 1998
photon excited fluorescence on the incident power at
all wavelengths within 64%. On the basis of molec-
ular structure, theoretical prediction of fluorophores
with high multiphoton cross sections remains a chal-
lenge.
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