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Abstract 

We examined the steady state and time-resolved emission of DNA stained with ethidium bromide (EB) when excited 
with 90 fs pulses from a mode-locked titanium sapphire laser. Over the wavelength range from 840 to 880 nm EB-DNA 
was found to display two-photon excitation, with a cross-section near 7 X 10P”” cm’s/photon. Frequency-domain intensity 
decay measurements revealed similar multi-exponential intensity decays for one- and two-photon excitation. Time-resolved 
anisotropy decay measurements revealed similar correlation times, but different amplitudes as has been observed previously 
for two- versus one-photon excitation. These results indicate that two-photon excitation of EB-DNA can be accomplished 
with the fundamental output of a Ti:sapphire laser without obvious heating or perturbation of the DNA. 0 1997 Elsevier 
Science B.V. 

Kew~wd.c: Fluorescence spectroscopy; Fluorescence microscopy; Imagin g; Time-resolved fluorescence; Two-photon excitation; Three-pho- 
ton excitation; DNA: Ethidium bromide: Chromosomes: Multi-photon microscopy 

1. Introduction photon [ 17,181 and three-photon [ 19-211 excitation 

Two-photon spectroscopy has been used to under- 
stand the symmetry of molecular excited states [l-3]. 
The increasing availability of fs laser sources with 
high peak power has resulted in a renewed interest in 
multi-photon excitation of biochemical fluorophores. 
Two- [4-l I] and three-photon [ 12- 161 excitation has 
been observed for a variety of fluorophores. Two- 

has been applied to microscopic imaging where the 
quadratic or cubic dependence on the light intensity 
results in strongly localized excitation and the equiv- 
alent of confocal imaging. The localized excitation 
obtained with multi-photon excitation has been used 
for localized photolysis in neuronal tissues [22] and 
for selective excitation of adjacent fluorophores in 
scattering media [23]. 

Abbreviations: DAPI. 4’,6-diamidino-2-phenylindole,hydro- 
chloride: EB, Ethidium bromide; Hoechst 33342, his-henLimide, 
2,5’-hi- IH-benzimidazole, or 2’.(4.ethoxyphenyl).5-(4.methyl-l- 
piperarinyl): I PE, 2PE or 3PE. one-, two- or three-photon excita- 
tion, respectively; FD, frequency-domain 

’ Corresponding author. 
’ Dedicated to Professor Alfons Kawski on the occasion of his 

70th birthday. 

Ethidium bromide (EB) is one of the most widely 
used stains for DNA in fluorescence microscopy. 
This widespread usage is the result of its favorable 
properties of being weakly fluorescent in aqueous 
solution, and highly fluorescent when intercalated 
into double helical DNA [24,25]. EB binding to 
DNA does not appear to be base pair specific, and 
the emission spectra, quantum yields and decay times 
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are similar irrespective of the adjacent base pairs. 
However, in spite of the widespread interest in 
multi-photon spectroscopy and imaging, no informa- 
tion is available on the spectral properties of EB- 
DNA with multi-photon excitation. The only report 
is the two-photon excitation spectrum recently re- 
ported by Webb and colleagues [26]. In the present 
report we describe the steady state and time-resolved 
fluorescent spectral properties of EB-DNA with 
two-photon excitation. 

2. Materials and methods 

Calf thymus DNA was obtained from Sigma and 
used without further purification. EB was obtained 
from Sigma, EB-DNA was prepared by mixing 
appropriate quantities of EB and DNA in aqueous 
buffer, 10 mM tris, pH 8, containing 100 mM NaCl. 
The concentration of EB was determined using a 
molar extinction coefficient of E = 5350 M- ’ cm-’ 
at 483 nm. The concentration of DNA base pairs was 
determined using E = 13 500 M- ’ cm- ’ at 259 nm. 
The EB to DNA base pair ratio was 1:50. 

All fluorescence spectral measurements were per- 
formed in the apparatus shown in Scheme 1. The 
excitation source was a mode-locked Ti:sapphire laser 
from Spectra Physics, providing approximate 90 fs 
pulses at 80 MHz, with an average power near 800 
mW. The 840 to 880 nm excitation was passed 
through a Spectra Physics pulse picker to decrease 
the repetition rate to 4 MHz. This allows time-re- 
solved frequency-domain measurements at integer 
multiplies of the 4 MHz repetition rate [27-291. For 
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Scheme 1. Experimental apparatus for one- and two-photon exci- 
tation of EB-DNA. 

multi-photon excitation the pulse-selected Ti:sap- 
phire output was taken directly to the sample. For 
one-photon excitation the fundamental pulses were 
frequency-doubled using an Inrad doubler-tripler 
yielding an average power of 200 mW at 80 MHz 
and 10 mW at 4 MHz, respectively. The excitation 
was vertically polarized. For multi-photon excitation 
the laser fundamental was focused using a 2-cm 
focal lens, providing a spot size near 20 km in 
diameter, and a peak intensity near 3 X 10”’ W/cm’. 

Frequency-domain intensity and anisotropy de- 
cays were measured as described previously [29,30]. 
For IPE excitation the emission was isolated using a 
500 nm Andover cutoff filter to eliminate scattered 
light. For 2PE excitation the emission was isolated 
with a short pass filter transmitting below 750 nm 
(Coming heat filter 03FHA023). Intensity decays 
were measured using magic angle polarization condi- 
tions. Because of the poor response of our photo- 
multiplier tube above 800 nm, intensity decays were 
measured using a reference fluorophore of known 
lifetime [31]. We used DCM in ethanol as the refer- 
ence with an assumed single exponential decay time 
of 1.81 ns. DCM displayed two-photon excitation at 
820-880 nm and one-photon excitation at 4 10 to 440 
nm. 

Frequency-domain intensity and anisotropy data 
with multi-photon excitation were analyzed as de- 
scribed previously for one-photon excitation [30,32]. 
The intensity decay was assumed to be multi-ex- 
ponential 

II 
f(r) = c cY,e-r’T’ 

i= I 

where (Y, are the preexponential factors. 7, 
decay times, and II number of exponential 

are the 
compo- 

nents. The fractional intensity of each component in 
the steady state emission is given by 

(‘1 

The mean lifetime is given by ? = C, f, T,. In 
frequency-domain fluorometry, the sample is excited 
with an intensity-modulated light source, in the pre- 
sent case the output of a mode-locked Ti:sapphire 
laser. The phase angle ((3,) and the modulation (m,) 
of the emission are related to the intensity decay 



parameters, cri and T,, and modulation frequency w 

by 

~~,=arctan(N,/n,).nz,=(N,?+~~)‘j2 

where 

(3) 

.I = c afir, (4) 
i= I 

The values a, and T; are determined by minimiza- 
tion of the goodness-of-fit parameter 

(5) 
where the subscript c indicates calculated values for 
known values of (Y; and r,, &$ and 6m the experi- 
mental uncertainties in the measured phase and mod- 
ulation values, and v is the number of degrees of 
freedom. 

The hydrodynamics of DNA are complex, and 
analysis of the anisotropy decay of labeled DNA 
requires the use of appropriate models [33-351. The 
objective of the present report is not to advance this 
theory [33-351. Instead, we use the anisotropy de- 
cays to detect the effects of intense illumination on 
the conformation and dynamics of DNA. Hence, the 
frequency-domain anisotropy decays were analyzed 
in terms of the multi-correlation time model 

(6) 

where 0, is the rotational correlation time displaying 
an amplitude rir in the anisotropy decay. The sub- 
script k indicates the mode of excitation (1 PE, 2PE 
or 3PE). In the absence of optical effects on DNA 
dynamics we expect the correlation time (0,) to be 
independent of the mode of excitation. However, 
based on previous studies of DAPI [lo] and Hoechst 
33342 [I I] with 1PE and 2PE excitation the ampli- 
tudes (r,,) are expected to depend on the nature of 
the excitation process. The value of Y,~ and 0, are 
recovered by least squares analysis of the differential 
polarized phase angles and modulated anisotropies 

[32], using an expression similar to Eq. (4). For the 
global analysis the same correlation times were used 
for each excitation wavelength (k), and the r,i val- 
ues were distinct for each wavelength. The sum in 
Eq. (5) extends over the excitation wavelengths, 
where it is understood that phase and modulation 
data are available for two excitation wavelengths. 
The time-zero anisotropy is given by the sum of the 
amplitudes, rol. = C, rik. 

3. Fluorescence anisotropy with multi-photon ex- 
citation 

The time-zero anisotropy is a measure of the 
displacement of the emission transition moment from 
the direction of the polarized excitation. The theory 
for the expected rok values for two-photon excita- 
tion is complex [36-391, and analogous theories for 
3 hv excitation are not yet available. However, we 
have found that for many fluorophores the anisotro- 
py behavior can be understood in terms of polarized 
photoselection with collinear transitions for the 2PE 
and 3PE transitions. In these cases the time-zero 
anisotropy is given by 

for IPE, 2PE and 3PE excitation, respectively. The 
24 2 

factors - 
5’ 7 

- and 5 originate with cos’H, cos% and 

cos% photoselection. where 0 is the angle between 
the excitation polarization and the transition moment 
of the molecule. The angle pL is the angular dis- 
placement between the absorption and emission tran- 
sition, and need not be identical for each mode of 
excitation (k). More specifically, if the effective p 
for one-, two- and three-photon excitation are identi- 
cal, then the time-zero anisotropies will be related by 
Eqs. (7)-(9). However, fluorophores can display 
more complex behavior, as has already been ob- 
served for tryptophan derivatives and proteins 
]7,8,361. 



For one-, two- and three-photon excitation the 
maximal anisotropies for pL = 0” are 0.40, 0.571 and 
0.667, respectively. Observation of a larger anisotro- 
py for three- versus two-photon excitation provides 
strong evidence for three-photon excitation. We note 
that the above description is somewhat simplified, 
and that multi-photon transitions are more correctly 
described as tensors [36-391. For the present data the 
simple theory described in Eqs. (7)-(9) is adequate 
for interpretation of the results. 

EXCITATION INTENSITY 

4. Results 

Emission spectra of EB are shown in Fig. 1 for 
one-photon excitation at 435 nm. In the absence of 
DNA the emission is weak, and the intensity of EB 
increases about 20-fold upon binding to double heli- 
cal DNA. Also shown in Fig. 1 is the emission 
spectra of EB-DNA for excitation at 870 nm. At this 
wavelength excitation must be the result of a multi- 
photon process as the energy of a single 870 nm 
photon is not adequate to reach the lowest singlet 
state of EB. The same emission spectra were ob- 
served for IPE at 435 nm and multi-photon excita- 
tion at 870 nm. This result agrees with the consistent 
observations to date of the same emission spectra for 
fluorophores independent of the mode of excitation 
[5- 11,261. 

To determine the mode of excitation of EB-DNA 
we measured the dependence of the emission inten- 
sity on laser power at 435 and 870 nm (Fig. 2). At 

WAVELENGTH (nm) 

Fig. 1. Emission spectra of ethidium bromide in water and bound 
to DNA for IPE at 435 nm [EB] = 40 )*M, [DNA base pairs] = 2 
mM. Also shown are the emission spectra observed for excitation 
at 870 nm C---j. 

Fig. 2. Dependence of the emission intensity of EB-DNA on laser 
power, normalized to the highest incident intensity. The maximum 
intensity at 870 nm was 40 mW. and 10 mW at 335 nm. and the 
pulse repetition rate wx 4 MHz. 

870 nm the dependence is obviously quadratic. A 
plot of log emission intensity versus laser power 
yield a slope of 2.0. Hence, EB-DNA displays 
two-photon excitation at 870 nm. Similar results 
indicating 2PE excitation were observed from 820 to 
880 nm. 

We estimated the cross-section for two-photon 
excitation of EB-DNA by comparison of its inten- 
sity with that of Rhodamine B (RhB) in water. For 
this comparison we used a RhB two-photon cross- 
section of 40 X 10~“” cm’ s/photon at 870 nm [26]. 
Using estimated quantum yields of 0.13 for EB-DNA 
and 0.48 for RhB we estimated the two-photon 
cross-section of EB-DNA to be 6.7 X lO-5” cm4 
s/photon. 

The intensity and anisotropy decays of fluoro- 
phores are known to be sensitive indicators of the 
conformation of biomolecules. This is particularly 
true for EB-DNA. In this case disruption of the 
DNA double helix due to the intense illumination 
used for 2PE would be expected to displace EB from 
the helix, resulting in shorter lived components in the 
intensity and/or anisotropy decays. Frequency-do- 
main intensity decays are shown in Fig. 3, and the 
parameters of the multi-exponential analysis are 
summarized in Table 1. The frequency domain data 
are visually nearly identical (Fig. 3), an impression 
confirmed by the least squares analysis. Similar am- 
plitude and decay times were obtained for IPE and 
2PE (Table 1). 
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Fig. 3. Frequency-domain intensity decay of EB-DNA for 2PE at 
870 nm (top) and for IPE at 435 nm (bottom). 

To further test the similarity of the intensity de- 
cays we analyzed the 435 and 870 nm data globally 
using the same intensity decay law. This analysis 
(Table 1) resulted in a good fit to both sets of data, 
without a significant elevation of the goodness-of-fit 
parameter xi. This result indicates that within our 

Table I 
Multi-exponential intensity decays of ethidium bromide-DNA, 
pH = 8.0, 20°C 

Excitation (nm) 7, (ns) Range (nsY ,f; Xk 

435 nm I .54 1.10-1.93 0.01 
22.86 22.67-23.05 0.99 2.8” 

870 nm 2.31 2.1 I-2.53 0.02 
23.54 23.26-23.X3 0.98 I .3b 

435 and 870 nm I .96 1.74-2.19 0.02 

Global 23.89 22.7 1-23.64 0.98 2.5 

’ The values of Xi for the single and triple exponential fit were 
28.2 and 2.2 respectively. The errors in phase and modulation 
were taken as 0.3” and 0.007 for all analyses. 
b The values of Xi for the single and triple exponential fits were 
61.4 and 1.4 respectively. 
‘The range of values consistent with the data were calculated 
according to [41]. 

experimental resolution the same decay law de- 
scribes the intensity decay with 1PE and 2PE excita- 
tion. 

Anisotropy decays provide a sensitive indicator of 
the hydrodynamics and flexibility of biomolecules. 
Hence we examined the anisotropy decay of EB- 
DNA with 435 and 870 nm excitation (Fig. 4). These 
data reveal a similar shape to the differential polar- 
ized phase (top) and modulated anisotropy data (bot- 
tom), but different magnitudes. Least-squares analy- 
sis reveals that the time-zero amplitudes are elevated 
for excitation at 870 nm as compared to 435 nm 
excitation (Table 2). The total time-zero anisotropies 
are 0.22 and 0.28 for 1PE and 2PE, respectively. In 
previous studies [40] we have shown that for similar 
orientation of the 1PE and 2PE one can expect the 
anisotropies to be in the ratio of 1:1.43. In the case 
of EB-DNA we observed a ratio of 1:1.27. Hence it 
appears that these are somewhat different orienta- 
tions of the excitation moment relative to the emis- 
sion moment for 1PE and 2PE excitation, or that 
there are non-zero off diagonal elements in the two- 
photon transition tensor. The 2PE transition are more 
properly described as tensors [36], and the orienta- 
tion and nature of the 2PE tensors can affect the 
time-zero anisotropy. 

0.30 

0.15 

0 
1 3 10 30 100 

FREQUENCY (MHz) 

Fig. 4. Frequency-domain anisotropy decay of EB-DNA for 2PE 
at 870 nm (0) and for IPE at 435 nm (0). 



Table 2 
Multi-exponential anisotropy decay analysis of ethidium bro- 
mide-DNA, pH = X.0, 20°C 

Excitation (mn) 0, (ns) Range (ns)‘ r, XZ 

435 nm 8.8 8.4-9.3 0.10 
217 I IS-261 0.12 1.3” 

870 ntn 9.1 8.1-10.6 0.12 
126 83-192 0.16 3.9h 

435 and 870 mn IO 9.4-l I.0 0.1 I 2.5 

Global 248 157-390 0.1 I 

“The values of Xi for the single and triple exponential fit were 
2.6 and 4.7 respectively. The errors in phase and modulation were 
taken as 0.3” and 0.007 for all analyses. 
hThe values of Xi for the single and triple exponential fits were 
42.5 and 4.2 respectively. 
‘The range of values consistent with the data were calculated with 
consideration of parameter correlation [41]. 

Close examination of the FD anisotropy decays of 
EB-DNA (Fig. 4) reveals a modest shift of the 
differential phase data (top) to lower frequencies. 
However, least squares analysis reveals similar corre- 
lation times for one- and two-photon excitation (Ta- 
ble 2), particularly if one considers the uncertainties 
in the recovered correlation times. Global analysis of 
the FD anisotropy decays with the same correlation 
time, but different time-zero amplitudes, resulted in a 
good fit (Table 2). Hence the data suggest a modest 
heating effect in DNA with 2PE excitation. but the 

lPE:4000 1 410 , 420 I 430 I 440 I 450 I 

2PE 800 820 840 860 880 900 

EXCITATION WAVELENGTH (nml 

Fig. 5. Steady state anisotropy of EB-DNA with IPE and 2PE 
excitation. 

results do not unequivocally demonstrate such an 
effect. 

To further examine the relationship of the IPE 
and 2PE anisotropies we examined the wavelength- 
dependent steady state anisotropies of EB-DNA. 
The measured anisotropy for two-photon excitation 
was higher than for one-photon excitation (Fig. 5). 
The wavelength-dependent steady state anisotropies 
appear to be dependent on excitation wavelength and 
changes in the same manner for one- and two-photon 
excitation of EB-DNA. 

5. Discussion 

In recent years we have observed the increased 
experimental possibilities resulting from high repeti- 
tion rate dye lasers. This trend has continued with 
the introduction of mode-locked Ti:sapphire lasers, 
which are simpler to operate than dye lasers and 
provide shorter pulse widths near 100 fs. However, 
the fundamental output of the Ti:sapphire lasers is 
maximal from 800 to 900 nm, which is too long for 
one-photon excitation of many biochemical fluoro- 
phores. 

The Ti:sapphire laser can be operated at its most 
efficient wavelength near 850 nm which is suitable 
for multi-photon excitation of the DNA stains as EB, 
DAPI and Hoechst 33342. The mode of excitation 
for these last two stains can be changed from 2PE to 
3PE with modest changes in wavelength [21]. The 
possibility of three-photon excitation in bioimaging 
has already been accomplished for a DAPI at 970 
nm by using a Ti:sapphire laser [21]. Remarkably, 
images were obtained without dielectric breakdown 
of the samples. Hence it appears that multi-photon 
imaging is possible with modem fs lasers. 

The data in this report suggests that two-photon 
excitation of EB can be used to study DNA dynam- 
ics and to study chromosomes. The observed higher 
anisotropy of EB for two-photon excitation com- 
pared to one-photon excitation allows for greater 
accuracy in measurements of DNA dynamics and an 
increase in sensitivity of biochemical polarization 
assays. 
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