
Multiphoton Intrapulse Interference 3: Probing Microscopic Chemical Environments

Johanna M. Dela Cruz, Igor Pastirk, Vadim V. Lozovoy, Katherine A. Walowicz, and
Marcos Dantus*
Department of Chemistry, Michigan State UniVersity, East Lansing, Michigan 48824

ReceiVed: July 23, 2003; In Final Form: September 3, 2003

Phase modulation, through its influence on the probability of two-photon excitation at specific frequencies,
is used to probe a molecule’s microscopic chemical environment. The spectral phase required is designed
according to the principles of multiphoton intrapulse interference. We show experimental results where phase
modulation of 20 fs pulses from a titanium sapphire laser oscillator controls the intensity of two-photon
induced fluorescence from the pH-sensitive dye 8-hydroxypyrene-1,3,6-trisulfonic acid (HPTS) in solution.
We show that the dependence of fluorescence yield on the phase can be utilized as a means of distinguishing
molecules in different environments. Consequently, this method can be used to achieve selective multiphoton
microscopy. To illustrate this capability, we show images where phase modulation was used to selectively
excite HPTS in acidic or basic microscopic regions.

1. Introduction

This work represents a continuing effort from our group
focused on the design of tailored femtosecond pulses to achieve
control of nonlinear optical excitation in large molecules based
on the concept of multiphoton intrapulse interference (MII).1-3

Our goal is to elucidate well-defined and reproducible pulse
shapes that can be used to enhance or suppress particular
nonlinear optical transitions in large molecules such as laser
dyes and proteins in solution. In this paper, we demonstrate
the use of MII to probe the local and microscopic environment
of molecules by selective two-photon laser induced fluorescence
(LIF).

There has been much interest in the use of tailored ultrafast
laser pulses to control the excitation of large molecules in
condensed phase.4-7 Coherent control of large molecules in the
condensed phase has been considered very challenging because
of the large numbers of intra- and intermolecular degrees of
freedom involved.8 Further complications arise from the ex-
tremely fast homogeneous (<100 fs) and inhomogeneous (<10
fs) electronic dephasing in these systems.9 Many of these studies
have been based on the concept of optimal pulse shaping,
whereby a learning algorithm optimizes the spectral phase of
the laser field.10-13 These methods have the advantage of
convergence to an “optimal” pulse shape. However, because
of the sensitivity of high-intensity multiphoton excitation to a
large number of experimental parameters (for example, pulse
intensity, saturation, transverse-mode quality, pulse bandwidth,
and spectral phase which is affected by transmission through
lenses and windows and reflection from dielectric mirrors), it
is difficult to learn principles from these experiments that can
be applied consistently to different samples in different labo-
ratories.

The influence of phase on two-photon excitation was explored
by Broers et al., who proposed that certain phase functions could
focus the second harmonic spectrum in the frequency domain
like a Fresnel lens focuses light in the spatial domain. They
demonstrated this principle by controlling the two-photon

excitation of Rb atoms.14 Meshulach et al. used the same
principle to demonstrate coherent control on the two-photon
excitation of Cs atoms.15 Their work focused on the narrow
two-photon absorption resonance; they showed that the coherent
two-photon enhancement was absent in the broadband excitation
of large molecules in solution.15 Work from our group has
demonstrated that the changes introduced by pulse shaping on
two- and three-photon transitions arise from destructive interfer-
ence and not on focusing in the frequency domain.2 The
theoretical framework developed by our group went beyond the
narrow resonance condition and allowed us to develop MII for
controlling multiphoton excitation in large molecules in solu-
tion.1,2 The fundamental advantage of our work was the early
realization that very short pulses, with concomitant large
bandwidths, would be needed to control the nonlinear excitation
of complex systems. We realized that in the condensed phase
inhomogeneous broadening would prevent the coherent ma-
nipulation of vibronic levels, as can be done in the gas phase.
Therefore, we developed a method to control the delivery of
energy to the molecule that was less dependent on intramolecular
dynamics. MII has now proven to be a robust method that is
amenable to a number of applications.3

The first application of phase tailored pulses for sensing pH
involved intense linearly chirped laser pulses that saturated the
one-photon resonant transition of a pH-sensitive dye.16 The ratio
between the LIF signal obtained for positively and negatively
chirped pulses was found to vary from 1.9 to 1.2 for different
pH values. However, this ratio did not vary monotonically, being
the same for pH 7 and pH 9.

The method presented here is completely different from the
early experiments of Buist et al.16 Our method involves very
weak pulses inducing two-photon transitions. The samples are
thus transparent at the carrier wavelength of the pulse, the
transitions are not saturated, and the results are independent of
probe molecule concentration. The mechanism we used for pH
probing is understood and theoretical simulations are in close
agreement with the data.

The probability for two-photon excitation,S(2), using phase-
modulated pulses at frequencyω ) ∆ + ω0, whereω0 is the* To whom correspondence should be addressed. E-mail: dantus@msu.edu.
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carrier frequency, can be calculated from the expression2

whereE(ω) ) |E(ω)|eiφ(ω) is the electric field of the laser. In
this expression, we assume a broad nonlinear two-photon
absorption spectrum,g(2)(2ω), and ignore intramolecular dynam-
ics to simulate our experimental results. Consequences of this
assumption are addressed later.

Here we demonstrate how the MII method, which couples
the sensitivity of multiphoton excitation on the spectral phase
of the laser pulses is used to probe microscopic chemical
environment-induced changes in reporter molecules. We carry
out the optimization of the required phase functions in solution
and provide theoretical simulations. We show experimental
images whereby pH-selective two-photon microscopy is achieved
and demonstrate how selective excitation can be used to enhance
contrast and, consequently, to achieve functional imaging, using
fluorescent probes sensitive to changes in their local environ-
ment.

2. Experimental Section

Experiments were performed using a titanium sapphire laser
oscillator (K&M Labs) capable of producing pulses with
bandwidths up to 80 nm fwhm. The output of the oscillator
was evaluated to make sure there were no changes in the
spectrum across the beam and was compressed with a double
prism pair arrangement shown in Figure 1. The pulse shaper
uses prisms as the dispersive elements, two cylindrical concave
mirrors, and a spatial light modulator (CRI Inc. SLM-256),
composed of two 128-pixel liquid crystal masks in series. The
SLM was placed at the Fourier plane.17 Because the retardance
introduced by the liquid crystal is frequency dependent, pulse
shaping of ultrashort pulses (with>100 nm total bandwidth)
requires calibration of each pixel element. At the end of the
calibration, our data acquisition program maps the spectrum of
our laser on the SLM in a frequency rather than wavelength
scale. An algorithm has been programmed to independently
control amplitude and phase at each frequency with the SLM.
This allows us to define a Gaussian shape or spectrum in the
frequency domain using an amplitude mask and then to scan
the phase function without affecting the spectrum of the pulse.
After compression and pulse shaping,∼200 pJ pulses were used
to interrogate the samples.

The reproducibility of pulse shaping experiments depends on
accurate characterization of the phase of the laser pulses. For

this task, we use a single beam method, called multiphoton
intrapulse interference phase scan (MIIPS),18 to measure both
the sign and magnitude of phase distortions in the pulse. In
MIIPS, a well-known reference function is scanned across the
spectrum of the pulse to reveal the unknown phase across the
pulse. For each phase in the scan, the second harmonic spectrum
obtained from a thin 0.015 mmâBBO crystal is recorded.
Changes in the SHG spectrum are then used to obtain the
spectral phase of the laser pulses. The MIIPS measurement takes
place at the location of the sample; therefore, the exact phase
at the sample is obtained.

For the experiments in this study, we started with very broad
bandwidth pulses (∼80 nm fwhm). We then defined Gaussian
spectra of the desired width and center wavelength by amplitude
shaping. Second, we measured the quadratic and cubic phase
distortions in the pulse by scanning a phase function defined
by

where the amplitudeR was set to 1.5π rad,γ was set to 20 fs
(approximately the pulse duration),∆ is the frequency detuning
from the center of the pulse, andδ is a parameter that determines
the position of the maximum retardance (or the relative position
of superimposed phase function). The MIIPS data is a two-
dimensional collection of SHG spectra as a function ofδ (as
shown in Figure 2). For transform-limited pulses, the MIIPS
data shows equally spaced parallel linear features given by

deviations from these parallel lines indicate distortions in the
spectral phase. For example, the spacing between the lines
depends linearly on quadratic chirp according to

wherex1 - x2 is the difference between the distances of the
lines (see Figure 2a,b). The cubic phase modulation is deter-
mined by the slope dδ/dλ that the maximum SHG features make
in the λ-δ plane. Cubic phase modulation is given by

where the slopes dδ/dλ are measured in rad/nm (see Figure
2a,b). The expression required to retrieve arbitrary spectral
phases, not only the quadratic and cubic components, is given
elsewhere.18

The third step involves correction for phase distortions to
yield transform-limited pulses. The spectral phase of the pulses
φ(λ) was determined, and its complement,-φ(λ), was intro-
duced in the shaper to render transform-limited pulses. When a
subsequent MIIPS scan reveals a residual phase deformation
(by deviation from the equidistant parallel lines required for
transform-limited pulses), a second or third measurement and
compensation iterations are required to obtain transform-limited
pulses. The MIIPS of compensated pulses is shown in Figure
2b. To corroborate phase information retrieved from MIIPS,
phase characterization was also done using second harmonic
generation frequency resolved optical gating (SHG-FROG).19

SHG-FROG traces of the pulses before and after compensation
are shown in Figure 2c,d. We found that, for small phase
distortions (quadratic phase less than 200 fs2 and cubic phase

Figure 1. Schematic of the laser setup for MII experiments. The output
of the titanium sapphire oscillator is compressed by the prism pair
compressor before arriving at the pulse shaper. Phase and amplitude
shaping take place at the spatial light modulator (SLM) which
incorporates a polarization optic at its input and output windows. Once
shaped, the pulses are directed toward the experimental cell. Charac-
terization of the pulses by MIIPS requires replacing the sample cell by
a thin SHG crystal; alternatively, the pulses are directed to an SHG-
FROG.

f(∆) ) R cos(γ∆ - δ) (2)

δTLmax(λ) ) (λ - λ0) γ ω0
2/πc ( π/2 (3)

φ′′ ) Rγ 2 (x1 - x2)/4 (4)

φ′′′ ) Rγ2πc/ω0
2 [(dδ/dλ)1 - (dδ/dλ)2] (5)

S(2) ∝ ∫g(2)(2ω)|∫E(ω + Ω)E(ω - Ω) dΩ|2 dω (1)

54 J. Phys. Chem. A, Vol. 108, No. 1, 2004 Dela Cruz et al.



less than 1000 fs3), MIIPS was more accurate and reproducible
(down to 20 fs2 and 100 fs3) or 0.1 rad across the spectrum of
the pulses.

The final pulse shaping step involved the controlled phase
modulation of transform-limited pulses. This step involved
introducing phase functions determined by eq 2. The laser was
focused by a 50 mm focal length lens onto a 10 mm path length
quartz cell containing the dye solution. Fluorescence perpen-
dicular to the excitation beam was collected near the front face
of the cell to minimize dispersion in the sample. We took
advantage of the narrow acceptance angle of the optical fiber
for spatial filtering and imaged the signal onto an Ocean Optics
spectrometer (S2000). The experiment involved scanning the
parameterδ and detection of the fluorescence of the sample
(spectrally integrated). Signal integration time was typically 500
ms per spectrum for each value ofδ, and the data scan, with
256 different phase positions, was averaged over 3 cycles ofδ
from 0 to 4π rad.

The samples used were 10-5 M aqueous solutions of
8-hydroxypyrene-1,3,6-trisulfonic acid trisodium salt (HPTS or
3sPyOH) (Sigma-Aldrich) in different pH buffers. The pH 6
buffer solution was prepared from 0.1 M KH2PO4 (250 mL) in
0.2 M NaOH (14 mL); pH 8 buffer was prepared from the same
solutions but with more (115 mL) of the NaOH; whereas the
pH 10 buffer solution was prepared from 0.025 M Na2B4O7

(250 mL) in 0.2 M NaOH (27 mL). The buffer solutions were
diluted to 500 mL with distilled water. UV-vis absorption
spectra of the dye solutions at different pH environments were
obtained with a Hitachi U-4001 UV-vis spectrophotometer.

For the imaging experiment, shaped laser pulses, with an
energy of 0.2-1 nJ per pulse and 87 MHz repetition rate, were
mildly focused to a spot size of∼200 microns in diameter on
the sample. Two-photon induced fluorescence was collected by
an infinity corrected apochromatic microscope objective (APO
100X, Mitutoyo) and imaged into a liquid-nitrogen-cooled CCD
detector using an InfiniTube (Proximity Series, Infinity Photo-
Optical). The sample was prepared by mixing 1 mL of

acrylonitrile-vinylidene chloride polymer with 100µL of 10-2

M aqueous HPTS. For the acidic medium (pH 6), 20µL of 1
M HCl was added to the HPTS-polymer mixture, and for the
basic medium (pH 10), 140µL of 1 M NaOH was added. The
pH of each mixture was checked; both mixtures were then
smeared to an approximate thickness of 0.07(0.03 mm on
contiguous regions of a microscope glass slide and then allowed
to cure for 20 min. Some mixing of the solvent water may have
occurred at the interface between the two regions. Local changes
in the fluorescence intensity observed for transform-limited
pulses may reflect changes in the local sample thickness. The
images were captured without optical filters in the collection
optics or post image manipulation; they are shown in false color
(both regions fluoresce at 515 nm). The background counts,
obtained when the laser is off, were subtracted.

3. Results

In Figure 3, we show the dependence of two-photon LIF on
phase modulation. These measurements were obtained using 23
fs transform-limited pulses that were shaped to have a Gaussian
spectrum centered at 842.6 nm with a bandwidth of 48 nm fwhm
and spectral phase defined by eq 2. Figure 3a shows the
experimental two-photon LIF intensity from HPTS in a pH 10
solution (dots) as a function ofδ. The signal shows a sinusoidal
modulation. Figure 3b shows the experimental two-photon LIF
intensity from HPTS in a pH 6 solution (dots) as a function of
δ. The signal is modulated, however, and there is a clear phase
shift compared to pH 10. The shift comes about from pH-
induced changes in the two-photon absorption spectrum. Experi-
ments obtained for pH 8 were similar to those obtained at pH
10, but they contained a small shift that made them distinguish-
able. It is crucial to underline that the laser spectrum and
intensity remain unchanged throughout the experiments and that
the emission spectrum from the dye is independent of pH.

Simulations of the experimental signal were performed using
eq 1 without adjustable parameters. The spectrum of the pulse
and the absorption spectrum of HPTS were measured experi-

Figure 2. Compensation of spectral phase modulation in the femtosecond pulses. Spectral phase modulation in the femtosecond pulses is characterized
(a) and compensated (b) using the MIIPS method. Quadratic phase distortions are determined by differences in the distances between the SHG
features in the MIIPS scans. Cubic phase distortions are determined by differences between the slopes of the SHG features. Notice that after
compensation differences in the distances and slopes (panel a) are greatly diminished (panel b). SHG-FROG traces for the pulses in panels a and
b are shown in panels c and d. Note that the SHG-FROG trace becomes circular. The pulses before compensation had-1000 fs2 and-19 750 fs3

of quadratic and cubic spectral phase, after compensation they were 5( 20 fs2 and 42( 100 fs3.

Probing Microscopic Chemical Environments J. Phys. Chem. A, Vol. 108, No. 1, 200455



mentally. An examination of the molecular structure of HPTS
shows that it has no center of symmetry. Because parity
restrictions may be relaxed in this case, the similarity between
one-photon and two-photon absorption spectra is expected. The
spectral phasef(∆) imprinted by the phase mask was the same
used for the simulations. Both experimental and theoretical data
were normalized such that the signal intensity is unity and the
background observed is zero. The experimental data (dots)
generally agree with the calculated response (continuous line)
of the dyes in all pH environments (see Figure 3). Differences
found for pH 6 are discussed below.

We repeated our experiments with 50 fs pulses centered at
760 nm. No differences in phase dependence were observed
for the three different pH solutions, as expected and as
corroborated by simulation. The absorption spectrum of HPTS
in the three different pH environments (pH 6, 8 and 10) is
relatively flat near 380 nm. These control measurements indicate
that the phase dependence arises primarily from differences in
the two-photon excitation spectrum and not from intramolecular
dynamics.

4. Discussion

The MII method is used in this experiment to control two-
photon excitation. More specifically, the interference process,
which is controlled by the phase introduced in the pulse,
suppresses two-photon transitions at specific frequencies within
the two-photon bandwidth.2 In other words, the interference can
be used to tune multiphoton transition probability at specific
frequencies. This effect can be envisioned using a thin second
harmonic crystal, as shown in the MIIPS traces in Figure 2.
Notice that asδ is scanned the maximum intensity in the second
harmonic signal scans as well from longer to shorter wave-
lengths.1,2 By considering this effect together with the two-
photon absorption spectrum, we are able to calculate the
expected signal using eq 1 with very good agreement.

HPTS is a highly water-soluble, pH-sensitive dye with a pKa

of ∼7.5 in aqueous solution.20 The photochemistry of this system
is shown in Figure 4. When in alkaline medium, pH> 7.5, the
acid-base equilibrium is totally displaced toward the anion form

(3sPyO-) of the dye. The electronic character of 3sPyO-

remains unchanged after photoexcitation and corresponds to a
singlet-excited state.21 Fluorescence from this state undergoes
a fast 0.4 ps Stokes shift and has a maximum at 515 nm and a
lifetime of 5.3 ( 0.1 ns.22

In acidic medium, pH< 7.5, the conjugate acid form
(3sPyOH) dominates in the ground state. Two-photon excitation
yields the excited state (3sPyOH*). Fluorescence from this state
undergoes a fast 0.3 ps Stokes shift and has a maximum near
450 nm. HPTS has a very high fluorescence quantum yield
(almost 100% in both alkaline and acidic solution, when excited
with light of wavelengths shorter than 400 nm).23 Proton transfer
in the excited state takes place in 87.5 ps,21,22 to yield the
conjugate base (3sPyO-*) (see Figure 4), with a fluorescence
maximum at 515 nm and a lifetime of 4.8( 0.5 ns. Therefore,
in both acidic and basic environments, the emission spectrum
is unchanged. The nature of the excited-state dynamics involves
a three-step mechanism of the proton-transfer reaction, whereby
an intermediate state (un-ionized acid form) with significant
charge-transfer character converts to the fluorescent excited
anionic state.22

There has been speculation about the manipulation of
intramolecular dynamics of large molecules in condensed phase.
In Figure 5, we show the spectrum, phase and time profiles for
the shaped pulses withδ ) π/4 (dotted line) and 3π/4 (dashed
line). Notice that both of the pulses show identical time structure.

Figure 3. Experimental MII results and simulations for HPTS in basic
and acidic solutions. Intensity of the two-photon induced fluorescence
of HPTS solution at pH 10 (a) and pH 6 (b) are plotted as a function
of the phase parameterδ, according to eq 2. Simulations (continuous
lines) based on eq 1 are in good agreement with the experimental data
(dots). The arrows atδ ) 1/4π (dotted) andδ ) 3/4π (dashed) represent
phase functions for which the intensity of two-photon fluorescence from
HPTS at pH 10 is similar but shows large differences for pH 6. The
optimum two-photon excitation of HPTS is indicated by vertical lines
for the acid and basic solutions.

Figure 4. Photochemistry of HTPS in basic (pH> 7.5) and in acid
solutions (pH< 7.5) according to Reference 20. The equilibrium species
in basic solution (3sPyO-) upon two-photon excitation reaches an
excited state that is solvated within 0.4 ps. Fluorescence from 3sPyO-*
has a lifetime of 5.3 ns and is centered at 515 nm. The equilibrium
species in acidic solution (3sPyOH) upon two-photon excitation reaches
an excited state that is solvated within 0.3 ps. Fluorescence from
3sPyOH* is near 450 nm; however, deprotonation to yield (3sPyO-*)
takes place within 87 ps and is followed by fluorescence centered at
515 nm with a 4.8 ns lifetime.
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The periodicity of the structure has an average period of∼50
fs and lasts for about 200 fs. Given the similarities between the
two pulses, the control mechanism does not depend on temporal
differences. The typical electronic dephasing time of laser dyes
in solution is shorter than∼100 fs, preventing coherent
manipulation by these shaped pulses. Based on these observa-
tions and the fact that the simulations, which neglect intra-
molecular dynamics, are in excellent agreement with the
experimental data (especially pH 10), we conclude that intramo-
lecular dynamics plays a minimal role in the control that is
observed.

Some discrepancy between experiment and simulation is seen
for the data obtained under acidic conditions. The simulations
were obtained using the measured linear absorption spectrum
of HPTS at pH 6 (see Figure 6). It is possible that the two-
photon spectrum is significantly different from the one-photon
absorption spectrum. Alternatively, fast dynamics may be
causing the difference. However, the time scale for proton
transfer is much slower than the shaped pulses. The difference
between result and simulation for pH 6 will be explored in more
detail in a future study.

In Figure 6, we show the absorption spectrum of HPTS at
pH 6 and pH 10. The spectrum of the electric field E2(t) is
proportional to|E(2)(λ)|2 and is shown for a transform-limited
pulse (thin line) and for phase modulated pulses withδ ) π/4
(dotted line) and 3π/4 (dashed line). Notice that two-photon
transitions at 410 nm take place preferentially whenδ ) π/4,
favoring probe molecules in a pH 10 environment. Two-photon
transitions at 430 nm take place preferentially whenδ ) 3π/4,
favoring probe molecules in a pH 6 environment. This explana-
tion in the frequency domain is consistent with the observed
results and simulations. Note that phase shaping, as shown in
our experiments, does not tune the wavelength of the laser pulse.
The changes in the two-photon probability for different frequen-
cies arise from the interference, which is controlled by the
spectral phase imprinted in the pulses.1,2

Recently, two-photon microscopy has gained acceptance for
biological imaging applications, given the method’s higher
resolution, background-free signal, lower background scattering,
greatly improved depth of focus, and reduced photon induced
damage.24-27 Two-photon microscopy has also been valuable
in multiple-probe staining, where two-photon transitions excite
different probe molecules that emit at different wavelengths,27,28

and in functional imaging of living cells.29-32 The only drawback
to multiphoton microscopy is that selective excitation cannot
be realized. Experiments based on dual channel fluorescence
detection33,34 bring about selective detection, provided very
different wavelengths are used, typically green and red. This
selectivity cannot be achieved when the reporter molecules have
a similar fluorescence spectrum. For example, in the case of
HPTS, the fluorescence spectrum is independent of pH.

In Figure 7, we show selective two-photon microscopy images
using shaped femtosecond laser pulses. In this experiment, we
selectively excite regions that differ in pH using HPTS as the
fluorescent probe. Here selective imaging is achieved with a
fluorescent probe that emits at 515 nm in both acid and basic
pH, making it incompatible with dual fluorescence detection.
Figure 7A shows an image obtained with transform-limited
pulses (time duration is 23 fs at 842.6 nm), where fluorescence
from HPTS under both acidic and basic conditions occurs
without selectivity. However, when laser pulses are optimally
shaped for selective excitation, fluorescence switches on and
off depending on whether the chemical environment of the
molecule is acidic or basic. The pulses were shaped withR )
1.5π rad andγ ) 20 fs. For the acidic probe,δ was optimized
to 0.75π rad; for the basic probe,δ was 0.25π rad. Figure 7B,C
shows images obtained under these conditions. Very high
contrast is observed between the two different pH regions.

Pulse shaping and, in particular, the use of MII provide a
number of advantages for multiphoton microscopy. (a) A very
short pulse laser is set up once and optimized once (no
subsequent tweaking). (b) The short pulse duration has the
advantages of higher multiphoton excitation efficiency and
broader bandwidth. (c) As the phase is optimized for selective
excitation, maximum efficiency is maintained; there is no need
for tuning, realigning, tweaking, compensating for chirp, and
renormalizing. (d) The system is computer-controlled and can
take advantage of phase compensation at the sample using
MIIPS as described here. (e) MII can be used to control two-
or three-photon excitation. (f) During the selective excitation
experiments, the intensity and spectrum of the laser remain
constant; therefore, one-photon processes such as absorption,
reflection, and scattering remain constant as well. (g) Selective
photochemistry can be realized through shaped pulse excitation
and this can be used for selective multiphoton microlithography.

Figure 5. Laser pulse characteristics in the time and spectral domain.
The insert shows the measured spectrum of the pulseI(λ) and the phase
f(λ) programmed by the light modulator. The pulses have a Gaussian
shape with center wavelength,λ0 ) 842.6 and 48 nm fwhm. The
temporal profile for two pulses (dotted and dashed lines) is calculated
from the experimental parameters forδ ) 1/4π and δ )3/4π,
respectively; see text. Notice that the two pulses have the same temporal
profile.

Figure 6. Absorption spectrum of HPTS in acidic and basic solution
(bold lines). The thin line is the calculated spectrum of the square of
the electric field, proportional to|E(2)(λ)|2 of the laser pulse without
phase modulation (transform-limited). The square of the electric field
of the laser pulse is also calculated for shaped pulses withδ ) 1/4π
(dotted) and 3/4π (dashed), respectively. The two spectra are very
different because of MII (see refs 1 and 2). Notice that, in the frequency
domain, it is clear that shaped pulses withδ ) 1/4π favor two-photon
excitation of HPTS in pH 10, whereas pulses withδ ) 3/4π favor
two-photon excitation of HPTS in pH 6.
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5. Conclusion

Selective two-photon excitation is achieved by optimizing
the overlap between the power spectrum of the electric field-
squared (by spectral phase modulation) and the two-photon
absorption spectrum of the molecule. Phase modulation of
ultrashort pulses through multiphoton intrapulse interference can
be used to probe chemical changes that take place within cells
as they respond to external changes in their environment. The
effect can be further enhanced using even shorter (larger
bandwidth) fs pulses. The quantification of changes in intrac-
ellular ion concentration can be accomplished with the use of
fluorescent indicator dyes35 based on shifts in their two-photon
excitation spectrum. MII has demonstrated applicability in the
study of biochemical phenomena, and this is validated by its
significant role in selective microscopy.3 Practically all of the
cellular processes can potentially be affected by changes in
intracellular pH. The absorbance and/or emission properties of
fluorescent dyes are affected by their environment, including
solvent, pH, and conjugation to other macromolecules (e.g.,
nucleic acids). Changes in intracellular pH are often one of the
responses of cells to externally applied agents, including growth
factors and pathogens.36 The principles of MII can be similarly

applied to other biologically relevant local environment param-
eters, like sodium or calcium ion concentration.
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Figure 7. Experimental demonstration of two-photon selective mi-
croscopy. The HPTS-labeled sample being imaged has an acidic (left
side of frame, at pH 6) and a basic (right side of frame, at pH 10)
region. Images were obtained with (A) 23-fs transform-limited pulses
centered at 842 nm and (B and C) phase shaped pulses optimized for
selective excitation. The image is presented in false color; the
fluorescence wavelength is centered at 515 nm.
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