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Abstract We investigate the relative photo-damage effects
during one- and two-photon excitations and demonstrate
that there exist fundamental differences in the damage
induced by a high repetition rate laser as compared to that
of a CW laser. This difference is evident from the degree of
enhanced fluorescence intensity achieved by blanking the
excitation with an optical chopper. Such an enhancement in
fluorescence intensity provides better signal-to-noise ratio
that could have immediate applications in multiphoton
imaging of live specimens.

Keywords Two-photon cross-section - Photo-damage -
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Introduction

Although fluorescence microscopy is an indispensable tool
for imaging bio-samples for decades, it often suffers from
photo-damage induced by the excitation. By photo-damage
we mean any detrimental effect that leads to reduction in
fluorescence intensity. In the context of the advantages of
two-photon fluorescence microscopy over one-photon
confocal microscopy, photo-damage has been argued to
play a pivotal role; the confined fluorescence generation
from very small focal volume (~10'° | while using a tight-
focussing objective with high numerical aperture) within
the specimen during two-photon absorption (2PA) in
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contrast with the illumination over the whole optical depth
of the specimen during one-photon absorption (1PA) makes
the latter more suitable for live cell imaging [1, 2].
However, it has been shown that total exposure required
for generating same fluorescence intensity is an order of
magnitude more in two-photon absorption (2PA) than in
one-photon absorption (1PA) [3]. Photo-damage induced by
2PA has been studied in detail for many fluorophores [4—7].
In both types of excitations photo-damage is brought about
by various mechanisms, e.g. fluorophore saturation (and
subsequent bleaching), photochemical reactions, excited
state absorption efc. Also, environmental effects are known
to play significant role in molecular fluorescence. We have
shown in this paper that light-induced damage may also
arise from the temperature rise of the ‘transparent’ (i.e.
having linear absorption coefficient of 10 or less) solvent
which in turn affects the fluorescence from the solute
(chromophore) through complex solvent-solute interac-
tions, even when the solute concentration is appreciably
high (1072 M). This kind of ‘photo-thermal damage’
happens to be more prominent for 2PA; indeed we have
found that it is almost insensitive for 1PA. Thus, although
there are contrasting view-points in the literature regarding
whether to treat the photo-damage induced by a high
repetition rate (HRR) laser in the same way like that
induced by a CW source [8] or not [9], our results show
that they are quite different. In addition to this, the effective
removal of photo-thermal damage during 2PA and thereby
enhancement in fluorescence intensity at low average laser
power, simply by blanking the excitation with an optical
chopper, provides higher signal-to-noise ratio and offers
better condition for the viability of a living specimen under
observation in two-photon fluorescence microscopy.
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Experiments

The schematic of the experimental set-up is shown in
Fig. 1. In our experiment, the laser system was a mode-
locked Ti:saph laser (Mira900-F pumped by Verdi5,
Coherent) for two-photon excitation while we used a CW
Nd:vanadate laser (Verdi5, Coherent) in case of one-photon
excitation. We used ~150 fs pulsed excitation centered at
800 nm and having 76 MHz repetition rate for the former
case, while 532 nm CW excitation for the latter. For
blanking the excitation, a rotating-disk optical chopper
(MC1000A, Thorlabs) with 50% duty cycle (i.e. having 1:1
mark/space ratio) was introduced in the excitation path. The
average power of excitation was controlled by using an ND
filter wheel (Newfocus) and was measured by a power-
meter (FieldMate, Coherent). ~10 and ~10* M meth-
anolic and N,N'-dimethylformamide (DMF) solution of
rhodamine-6G (R6G) and ~10 M rhodamine-B (RB)
solution in methanol were used as the samples. The laser
beam was focused into the sample by an objective (20x
0.5NA, Olympus) and the fluorescence was collected in
perpendicular direction by another objective (10x 0.25NA,
Newport). The latter focused the fluorescence onto the tip
of a multi-mode fiber-optic cable connected to a spectrom-
eter (HR2000, Ocean Optics). The fluorescence spectral
data were acquired using LabVIEW programming.

Results

The fluorescence spectra of 1072 M R6G in the range from
550 to750 nm for different values of average laser power
are shown in Fig. 2. The total fluorescence intensity was
obtained by integrating the area under each spectrum using
a fixed base-line. The logarithmic plot of total fluorescence
intensity against average laser power and the linear fit to it
are shown in Fig. 3.

We investigated the modulation of fluorescence intensity
with changing the frequency of chopping the excitation
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Fig. 1 Schematic of the experimental set-up: the laser is either a
mode-locked Ti:saph laser or a CW Nd:vanadate laser. The excitation
beam path is shown in solid line, the fluorescence collection path in
dashed line, and the electrical cable connections in dotted line

@ Springer

1600
1400 +
1200 +

1000 +

800

600

400

fluorescence intensity (arb. unit)

200

T T T T T T T T T
550 600 650 700 750
wavelength (nm)

Fig. 2 Modulation of fluorescence spectra of R6G with average laser
power during two-photon excitation

beam. We performed both single- and two-photon excita-
tion and measured the spectra and intensity of fluorescence
that followed excitation. Due to 1:1 duty cycle of the
chopper, the average excitation power was halved during
the blanking. The fluorescence spectra of R6G under at
different chopping frequencies are shown in Fig. 4.

The plot of integrated fluorescence intensity obtained
from these spectra versus the chopper frequency in the
range 0.5-5 kHz is shown in Fig. 5, along with the
integrated fluorescence intensities with un-blanked excita-
tion having same (300 mW) and double (600 mW) average
laser power. This was repeated for much concentration
(10* M) of the solute (Fig. 6) and under four different
values of average laser excitation power (Fig. 7). Three
characteristic features were noted from these plots: firstly,
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Fig. 3 Logarithmic plot of total fluorescence intensity against average
laser power: the red line indicates the linear fit
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Fig. 4 Fluorescence spectra of R6G collected by a spectrometer:
fluorescence intensity is increased when the IR excitation beam is
chopped at the same average power as compared to the un-chopped
situation, also note the variation of fluorescence intensity when the
excitation was blanked at frequencies from 500 Hz to 5 kHz

by blanking the excitation total fluorescence intensity is
greatly enhanced (nearly two-fold, which is evident from
the square-dependence of absorption on the input intensity)
as compared to the un-blanked excitation with same
average power (300 mW); and secondly, the total fluores-
cence intensity gradually builds up with the blanking
frequency and then becomes almost constant when the
blanking frequency crosses a certain value (~3.5 kHz).
Also, the nature of this variation with chopper frequencies
depends neither on the solute concentration nor on the
average laser power.

Fig. 6 Variation of total fluorescence intensity of R6G at different
concentrations with chopper frequency

The similar time scale was observed when we changed
the solute (from R6G to RB) keeping the solvent
(methanol) the same as shown in Fig. 8 but almost no
modulation was seen while using solution of the same
solute (R6G) in a solvent (DMF) of low thermal conduc-
tivity as evident from Fig. 9.

Surprisingly, when the same experiment was repeated
with 532 nm CW excitation, a completely different result
was obtained. From Fig. 10, we see that even using a very
high excitation power as 100 mW (i.e. 50 mW during
blanking), upon blanking the excitation not only the
integrated fluorescence intensities remain almost same as
compared to the un-blanked excitation with same average
power (which is evident from the linear dependence of
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Fig. 5 Modulation of total fluorescence intensity of R6G with
chopper frequency during two-photon excitation. Also note the
fluorescence intensities in absence of the chopper
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Fig. 7 Variation of total fluorescence intensity of R6G with chopper
frequency during two-photon excitation under different values of
average excitation power
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Fig. 8 Variation of total fluorescence intensity of R6G and RB in
methanol with chopper frequency during two-photon excitation

absorption on the input intensity), the fluorescence intensity
shows little modulation with the blanking frequency also.

Discussions

As shown in Fig. 3 a slope of ~2 for the log—log plot
indicates the quadratic dependence on the average laser
power, as expected for a two-photon process. This shows
the robustness of the present method of calculating the total
fluorescence intensity as compare to the other methods (e.g.
photomultiplier-based methods). Also the ~2 slope indi-
cates that the power levels used in the experiments are
below the damage threshold (for two-photon photo-bleach-
ing this slope is >2 [5]). To further check this issue we
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Fig. 9 Modulation of total fluorescence intensity of R6G in DMF
with chopper frequency during two-photon excitation. Also note the
fluorescence intensities in absence of the chopper
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calculate the probability of 2PA at wavelength )\ is given by
(under paraxial approximation) [1]

n o<52—p2 ﬂNAZ 2
a7 g2 hcl

where §, is the 2PA cross-section, P is the average laser
power, T is the pulse width, f'is the pulse repetition rate and
NA is the numerical aperture of the focusing objective with
h and ¢ having their usual meaning. For P=500 mW using
0,=15.3 GM for R6G at 800 nm [10] yields n,~0.01 ie.
the power levels used are far from photo-bleaching [11].
Although the repetition rate of the laser may be a serious
problem in some cases, the ~10 ns time lapse between the
pulses fits well with the excited state lifetime of most of the
chromophores [11] (e.g. R6G has an excited state lifetime of
4 ns in water [12]). Since molecular de-excitation dynamics
are much slower compared to the pulse duration (with
FWHM ~100 fas), the fluorescence that follows has a 6-
pulse response’ with single exponential decay [13]; hence one
pulse contributes little to the induced photo-thermal damage.
The main source of heating is the accumulative effect arising
out of small incremental rise in temperature due to each
single pulse in the pulse-train [8] (also, in the context of
thermal lensing due to 1PA, the induced change in refractive
index has been shown to be dependent on the average laser
power rather than the instantaneous pulse power [14]).
Chopping a train of pulses at few kHz frequency creates
an envelope over a train of pulses (Fig. 11) resulting in a
‘bunch of pulses’ followed by a ‘dark phase’; the duration
of this ‘bunch of pulses’ being equal to that of the ‘dark
phase’ due to the 50% duty cycle of the chopper. Therefore,
blanking involves two widely different time-scales: one is
associated with the time lag between the pulses (~10 ns)
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Fig. 10 Modulation of total fluorescence intensity of R6G with
chopper frequency during one-photon excitation. Also note the
fluorescence intensity in absence of the chopper
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Fig. 11 Comparison of un-blanked and blanked excitation having the
same time-averaged power. Each pulse (of nearly 100 fs duration) is
shown as a spike

which is very small compared to the other time-scale
(~1 ms) associated with kHz blanking.

Now during one ‘dark phase’ while blanking the
excitation, the excited molecules have sufficient time for
non-radiative relaxation via both intra- (e.g. internal
conversion, intersystem crossing etc.) and inter-molecular
(i.e. conduction and convection) processes; thus fluores-
cence intensity is enhanced compared to the un-blanked
excitation as long as the average power remains the same (it
must be noted here that for blanked excitation the peak-
power is twice than that for un-blanked excitation due to
50% duty cycle of the chopper as shown in Fig. 11). With
the increase in chopper frequency, both the duration of the
‘bunch of pulses’ and the ‘dark phase’ get reduced to the
same extent, but the duration of the ‘dark phase’ still
remains long enough for molecular relaxation even at high
chopper frequencies (above 5 kHz). Therefore, it is intuitive
to understand that the effect of blanking arises due to the
reduction of duration of the excitation time and not the de-
excitation time. Also, since the integration time of the
spectrometer (134 ms) was much slower than the slowest
blanking period (2 ms i.e. when the chopper operates at
500 Hz), any modulation in fluorescence (that resulted from
this blanking) is actually time averaged signal.

We consider the heating effects arising only from the
focal volume since two-photon fluorescence is generated
only in that region and approximate this volume to be
spherical. To explain the gradual increase and subsequent
saturation of the fluorescence intensity with gradually
increasing blanking frequency, we need a quantitative
estimate of the thermal time constant (which is a measure
of the time taken for the building up of steady-state
conditions at the focal volume) given by [15]

2
_ PD%

T Ay

where p is the heat capacity at constant volume, wy is the
beam-radius at the focal plane and k7 is the thermal
conductivity. To calculate w, we use the following relation
[16]

where w is the Gaussian beam waist falling on the lens
with focal length f and z, is given by

e’
zZy) = 7

Using w=1 mm [17] and assuming the objective to act
like a single convex lens of focal length 25 mm yields wy~
10 pum. For methanol at 20 °C using p=2.5x10° Jm *K '
and k7=0.21 Wm 'K [18] yields 7.~0.30 ms. Therefore,
blanking the excitation with an optical chopper above a
frequency ~3.3 kHz should, in principle, remove this
accumulative heating effect induced by the pulsed excita-
tion. The thermal time constant (7.) is a property of the
solvent only and does not depend on the average laser
power. This is exactly what we have explored experimen-
tally; we have demonstrated that this kind of fluorescence
enhancement is independent of the solute concentration
(Fig. 6) as well as of the average excitation power (Fig. 7).

We also double-checked our conclusion regarding the
nature of steady-state temperature rise by changing the
chromophore (rhodamine-B instead of rhodamine-6G)
keeping the solvent the same (methanol). This also yields
similar optimal chopping frequency (~3.5 kHz) required to
reach an asymptotic increase in total fluorescence intensity
(Fig. 8). Using R6G in a different solvent (DMF) renders
almost no modulation with chopper frequencies as is
evident from the very low thermal conductivity of DMF
from methanol (Fig. 9). This unambiguously proves that the
nature of two-photon photo-thermal damage can be easily
understood by considering the heat-transfer properties of
the solvent only.

Since fluorescence emission occurs from the same
excited states of the fluorophore irrespective of the mode
of excitation (1PA versus 2PA) [19], any difference in
fluorescence intensity for single-and two-photon processes
arises from the nature of excitation only. The nearly
complete absence of any modulation with blanking frequen-
cy (Fig. 10) in fluorescence intensity during 1PA arises from
the fundamental difference between 1PA and 2PA; for 2PA
only one among ~10° photons are absorbed and the rest huge
number of photons interacts with the solvent while a large
fraction of the photons are absorbed during 1PA. Particularly
in the present case, R6G has a very high 1PA at 532 nm
(molar extinction coefficient of 114,441 M 'em ' [20]
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compared to a relatively low 2PA at 800 nm (4,=15.3 GM
[10]). This, in turn, means that during 1PA the photo-thermal
damage arises due to strong light-chromophore interaction
while during 2PA it is the solvent that undergoes photo-
thermal damage and passes it to the chromophore.

To get more insight into the nature of blanking, consider
Fig. 11; optically chopping the excitation (lower legend)
reduces the average power to half, but the effect is
completely different from that of an un-blanked excitation
(upper legend) with the same average power. The enhance-
ment of fluorescence with blanking promises to have
potential application in two-photon fluorescence microsco-
py by better signal detection; particularly the low average
power ensures less photo-thermal damage of any live
specimen under observation also. For practical purposes,
e.g. in laser-scanning two-photon fluorescence microscopy,
the nearly diffraction-limited focal volume lowers the value
of the thermal time constant (7.) down to ~100 ns [8].
Therefore, it can be logically anticipated that applying the
above prescription of fluorescence enhancement will
require high frequency (~10 MHz) optical chopping.
However, it should be kept in mind that high-speed
(~10 MHz) optical chopping (i.e. amplitude modulation)
of a train of pulses introduces new optical side-band
frequencies via self-phase modulation [10], but we do not
take into account of such effects.

Conclusions

To summarize, we have demonstrated that the nature of
photo-thermal damage induced by an HRR laser and a CW
source are fundamentally different; in case of an HRR laser
it is due to the accumulative heating of the solvent while for
a CW laser heating effect is less pronounced due to very
high relative 1PA by the solute compared with 2PA.
However, to understand the mechanism of the temperature
rise of the ‘transparent’ solvent in detail, further inves-
tigations need to be followed. During 2PA, the effective
removal of photo-thermal damage and thereby enhance-
ment in fluorescence intensity at low average laser power
provides higher signal-to-noise ratio and offers better
condition for the viability of a living specimen under
observation with laser illumination. Further studies regard-
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ing the implementation of this idea in multiphoton laser
scanning microscopy are presently being pursued in the
authors’ laboratory.

Acknowledgements AKD thanks CSIR, India for graduate fellow-
ship. The authors thank MCIT and DST, India and Wellcome Trust
Foundation, UK for funding. We acknowledge Debjit Roy for his
assistance.

References

1. Denk W, Strickler JH, Webb WW (1990) Science 248:73-76
doi:10.1126/science.2321027
2. Denk W, Svoboda K (1997) Neuron 18:351-357 doi:10.1016/
S0896-6273(00)81237-4
3. Brakenhoff GJ, Muller M, Ghauharali RI (1996) J Microsc
183:140-144 doi:10.1046/j.1365-2818.1996.870647.x
4. Koester HJ, Baur D, Uhl R, Hell SW (1999) Biophys J 77:2226—
2236
5. Patterson GH, Piston DW (2000) Biophys J 78:2159-2162
6. Hopt A, Neher E (2001) Biophys J 80:2029-2036
7. Chirico G, Cannone F, Baldini G, Diaspro A (2003) Biophys J
84:588-598
8. Denk W, Piston DW, Webb WW (2006) In: Pawley JB (ed)
Handbook of biological confocal microscopy, ch. 28, 3rd edn. pp
535-549
9. Konig KU, Tirlapur UK (2002) In: Diaspro A (ed) Confocal and
two-photon microscopy: foundations, applications and advances,
ch. 9. Wiley-Liss, New York, pp 191-205
10. Tian P, Warren WS (2002) Opt Lett 27:1634-1636 doi:10.1364/
OL.27.001634
11. Diaspro A, Sheppard CJ (2002) In: Diaspro A (ed) Two-photon
microscopy: foundations, applications and advances, ch 3. Wiley-
Liss, New York, pp 39-73
12. Zimmerman HE, Penn JH, Carpenter CW (1982) Proc Natl Acad
Sci USA 79:2128-2132 doi:10.1073/pnas.79.6.2128
13. Valeur B (2002) In: Molecular fluorescence: principles and
applications. Willey-VCH, Weinheim, pp 167
14. Priyadarshi S, Tech M (2007) Thesis, Indian Institute of
Technology Kanpur
15. Whinnery JR (1974) Acc Chem Res 7:225-231 doi:10.1021/
ar50079a003
16. Goswami D (2007) In: Larkin SB (ed) Lasers and electro-optics
research at the cutting edge, ch. 2. Nova, New York, pp 44-49
17. Operator’s Manual: The Coherent Mira Model 900-f Laser,
Coherent Laser Group, CA, pp. 2.6.
18. http://www.hukseflux.com/index.htm
19. Lakowicz JR (2006) In: principles of fluorescence spectroscopy,
3rd edn. Springer, New York, pp 607-608
20. Du HR, Fuh RA, Li J, Corkan A, Lindsey JS (1998) Photochem
Photobiol 68:141-142


http://dx.doi.org/10.1126/science.2321027
http://dx.doi.org/10.1016/S0896-6273(00)81237-4
http://dx.doi.org/10.1016/S0896-6273(00)81237-4
http://dx.doi.org/10.1046/j.1365-2818.1996.870647.x
http://dx.doi.org/10.1364/OL.27.001634
http://dx.doi.org/10.1364/OL.27.001634
http://dx.doi.org/10.1073/pnas.79.6.2128
http://dx.doi.org/10.1021/ar50079a003
http://dx.doi.org/10.1021/ar50079a003
http://www.hukseflux.com/index.htm

	Exploring the Nature of Photo-Damage in Two-photon Excitation by Fluorescence Intensity Modulation
	Abstract
	Introduction
	Experiments
	Results
	Discussions
	Conclusions
	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


