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Abstract

We demonstrate that Dil and Rhodamine B, which are not easily distinguishable to one-photon
measurements, can be differentiated and in fact quantified in mixture via tailored two-photon
excitation pulses found by a genetic algorithm (GA). A nearly three-fold difference in the ratio of
two-photon fluorescence of the two dyes is achieved, without a drop in signal of the favored
fluorophore. Implementing an acousto-optic interferometer, we were able to prove that the
mechanism of discrimination is second-harmonic tuning by the phase-shaped pulses to the relative
maxima and minima of these cross-sections.
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INTRODUCTION

The ability to distinguish different fluorescent species is central to the simultaneous
measurement of multiple molecular targets. This capability is the cornerstone of diverse
applications of biomedical fluorescence in vitro and in vivo, including determining
karyotypes, monitoring gene expression and protein interactions, and identifying
metastasis1~6. Algorithms to deconvolve overlapping spectra7:8 are important to the
application of novel fluorescent probes9:10, but it remains a challenge to resolve different
fluorophores with significant spectral overlap, particularly in high throughput applications.
Laser pulse shaping has previously been employed to differentiate spectrally distinct
fluorescent species enhancing microscopy and spectroscopy11™~14; nevertheless several
years have elapsed since the proposal of optimal dynamic discrimination (ODD) using
shaped pulses15, with few demonstrated applications16. We demonstrate that Dil and
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rhodamine B, which are two common dyes not easily distinguishable to one-photon
excitation or emission spectral filtering, can be differentiated and quantified in a mixture via
tailored17 two-photon excitation pulses enhanced by a genetic learning algorithm. We
determine optimal pulse shapes for maximizing the fluorescence of one dye with respect to
the other, and achieve a three-fold discrimination without a significant drop in signal of the
favored fluorophore, a common side effect of adaptive shaping to control fluorescence.
Using an acousto-optic relative two-photon excitation cross-section spectrum measurement,
we show that the mechanism of discrimination is second-harmonic tuning to the relative
maxima and minima of the two-photon cross-sections. The ability of tailored laser pulse
shapes to differentiate and quantify spectrally overlapping dyes holds the key to facilitating
many biological applications of fluorescence.

Closed loop learning algorithms18 have become common to coherent control applications
that utilize optical or quantum interferences of shaped laser pulses to manipulate processes
such as electronic wave packet motion or isomerization. A shaped pulse is generated from a
random set of pulses by optimizing a desired experimental output (fitness parameter)
through the use of evolutionary improvement processes such as a genetic algorithm (GA).

EXPERIMENTAL SETUP

Samples

Ultrashort laser pulses from an amplified laser system were shaped using a Dazzler (Fastlite,
Palaiseau, France), which modulates the diffracted output pulse by way of an acousto-optic
interaction with an RF wave launched into a TeO, crystal19:20. A genetic learning
algorithm (GA) was used to find the optimal pulse shape, with implementation similar to
that already described by Pearson et al.21. Before each experiment, we scanned the incident
power to ensure quadratic scaling of all three signals (fluorescence of the two dyes and
SHG). This avoids trivial convergences which might hinder or mask discrimination.
Photobleaching with a recovery time of several seconds was also noted for repeated
measurements anywhere near the saturation region of rhodamine B or Dil.

Dil was purchased from Invitrogen Corporation (Carlsbad, CA) and diluted to 20 uM in
DMSO solvent. Rhodamine B (rhodamine 610) was purchased from Exciton (Dayton, OH)
and mixed to a 1 uM solution in water. The difficulty to distinguish Dil and rhodamine B by
one-photon absorption and emission are evident from their spectra22 in Figure 1.

Optical layout

The laser system consisted of a regeneratively amplified Ti:sapphire system (RegA,
Coherent, Santa Clara, CA) providing up to 4-uJ, 50-fs pulses at 250 kHz with a center
wavelength of 800 nm and 27-nm FWHM bandwidth. The controlling electronics of the
Dazzler read the diffracted power, center wavelength, bandwidth, and polynomial phase to
fourth order from a text file, which in our experiments is automatically generated by the
algorithm. Additionally, an amplitude file could be read to spectrally shape the diffracted
beam. The phase in different frequency bins could be read from a phase file for complete
control of the pulse shape. The Dazzler was triggered by every twelfth RegA pulse for an
approximately 20 kHz repetition rate. SHG-FROG measurements confirmed that the
approximately 6 shaped pulses falling within the 50% duty cycle of the Dazzler gave
precisely the same average two-photon time-frequency characteristics as are obtained when
the RegA is operated at 20 kHz. Thus, the effective shaping of all 6 diffracted pulses per
launched RF waveform had the same effect in our experiment as if each were synchronized
to the center of separate identical acoustic waves in the TeO, crystal.
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A glass-coverslip beamsplitter enabled a reference reading of incident power It by a
photodiode (FFD-100, Perkin-Elmer Optoelectronics, Fremont, CA). We defined the
efficiency of each two-photon fluorescence signal S as the ratio S/l The excitation beam
was then divided into two arms with a beamsplitter, and the relative power in each arm was
controlled with a variable reflective attenuator. Each arm was focused into a cuvette holding
the dye sample, and the fluorescence signal FIrA or FIrB was collected in the perpendicular
direction through an appropriate bandpass filter for detection by a photomultiplier tube
(PMT) (H5784-01, Hamamatsu, Bridgewater, NJ). Immediately preceding the lens, the FIrA
arm additionally had another glass-coverslip beamsplitter to create a third arm of the
experiment. In the third arm, a 500-micron thick beta barium borate (BBO, -BaB,0g)
crystal was used for second-harmonic generation, which was read through a blue absorptive
filter by another PMT (R2066, Hamamatsu, Bridgewater, NJ) to give the SHG signal. All
four signals lef, FIrA, FIrB, and SHG were read in parallel as root-mean-square voltage for
2500 samples by a 250 kHz DAQ board (M-series, National Instruments, Austin, TX),
which was synchronized by the Dazzler trigger.

Power scaling

Before each experiment, the incident power was scanned to ensure quadratic scaling of the
discriminated two-photon processes, as shown in Figure 3, to ensure that apparent
discrimination of dyes is not merely an artifact which would disappear when the laser power
is changed. There are three possible causes for subquadratic behavior in the power law
scaling of the investigated two-photon signals: saturation of molecular transitions, detector
saturation, or scattered excitation light leakage into the detector. Shaped pulse energies after
the Dazzler used during experiments were typically on the order of 2 nJ. Assuming a
diffraction-limited beam waist, we estimated a typical fluence at the laser focus during
experiments on the order of 0.5 mJ/cm? (peak intensity on the order of a GW/cm? transform-
limited), which is too low to saturate the molecular transitions. Detector saturation was ruled
out by an independent calibration demonstrating linearity to much higher signal levels.
Scattered light was minimized with bandpass filters and beam dumps. As long as both
signals used in the fitness parameter have the same degree of deviation from quadratic
scaling, scattered light was not noted to affect the convergence of the algorithm. However, if
one dye for example is approaching saturation of the molecular transition while the other is
still in the quadratic region, this trivializes the convergence to mere pulse stretching.

Pulse search method

The polynomial controls and amplitude and phase file settings to the Dazzler were used as
genes of a single circular chromosome to define a specific individual laser pulse. After
measuring all four signals for an individual, the adaptive learning algorithm programmed the
next individual. Though each measurement of a specific pulse shape lasted only 50 ms,
about 500 ms were typically required for the electronics to implement the acoustic wave of a
novel pulse shape in the TeO, crystal of the Dazzler. (Once RF waves for the shapes have
been saved for the Dazzler, switching between them is possible in sub-millisecond time.) A
random population of 50 individuals was ranked via a fitness parameter, and the best 10
individuals were passed unmodified to the next generation. Remaining individuals of the
new generation were created by mating and mutation of fitness-preferenced individuals of
the preceding generation. In each generation, signals were also measured for the unshaped
pulse, which was obtained by programming the polynomial phase to exactly compensate the
dispersion from the Dazzler TeO, crystal (but not from elsewhere in the optical path).
Typically, only polynomial phase was adjusted until generation 30, after which amplitude
and phase were adjusted in 20 or more wavelength bins over 60 nm of programmed
bandwidth, with the constraint that the acoustic wave cannot be physically longer than the
Dazzler crystal.
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Pulse retrieval

We characterized pulses with a commercial SHG-FROG23 unit (Grenouille 8-50 from
SwampOptics, Atlanta, GA) and software (VideoFrog, MesaPhotonics, Santa Fe, NM).
SHG-FROG was performed as soon as possible after the end of the GA experimental run to
ensure maximum fidelity of the reproduced pulse to that actually measured in the course of
the experiment.

Time-domain two-photon excitation cross-section spectrum measurement

RESULTS

Using the same experimental setup of Figure 2, we acousto-optically implemented a time-
domain measurement of the two-photon excitation cross-section spectra of Dil and
rhodamine B in the region of interest. The measurement was performed analogously to the
description by Ogilvie and colleagues24. However, rather than physically delaying a beam-
split replica of the pulse, a virtual Michelson interferometer was programmed into the
Dazzler via a changing cosine amplitude mask. In order for the Dazzler to produce delayed
replicas of a pulse, we use an amplitude mask cos(wtg/2) in the frequency domain for 150
intervals in an 80 nm bandwidth, corresponding in the conjugate Fourier domain to a time
delay of tg. We only used binary coding of the phase file to be at 0 or corresponding to the
sign of the cos function, as absolute and linear phase (absolute time delay) are physically
irrelevant when the information is actually contained in the interarrival period of the two
pulses25. When the data is Fourier transformed, the two-photon excitation cross-section is
extracted with relatively good accuracy in the frequency domain as the divisor of the
fluorescent signal by the second-harmonic signal in the region of the2my component. For
detailed mathematical proof of this, the reader is referred to Naganuma et al.26 or Trebino’s
discussion23.

For maximum concurrence of experimental conditions, as many as four different
populations were interleaved into the experimental sequence and tracked with different
fitness parameters independently to allow parallel processing of multiple experiments.

Evolutionary search

In our experimental setup (Figure 2), we acquire the fluorescence of two dyes along with
measurements of the reference input power and second harmonic generation (SHG, which
primarily indicates the proximity of the pulse to its transform-limited duration). Our goal is
to discriminate the two dyes, despite the fact that they are indistinguishable by spectral
filtering of either the excitation or detection wavelength; hence we attempted to optimize the
ratio A/B (or B/A), where A and B are the fluorescence signals normalized to the input
reference power. Choosing a fitness parameter of A/B, however, can bias the experiment
towards a value of B near zero. At the same time, either increasing A or decreasing B alone
should improve the assigned fitness monotonically. This can be accomplished via the
multiplicative fitness parameter (A—c)(c™1-B), where values of A and B are normalized to
the unshaped pulse measurement (obtained when the Dazzler performs no phase or
amplitude shaping beyond compensation of its own dispersion). We have found that setting
the constant c to 0.8 yields better convergence in our experimental conditions, relative to the
original implementation of unity for c27, as this enables the GA to explore a broader range
of signal strengths.

Figure 4a shows the convergence of the GA for parallel experiments maximizing (closed
markers) and minimizing (open markers) the ratio of two-photon fluorescence signals as
measured by the multiplicative fitness parameter. The highest achieved ratio of Dil to
rhodamine B fluorescence is 1.77 (normalized to the unshaped pulse) whereas the minimum
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in the parallel experiment is 0.61. If we define the numerical discrimination as the divisor of
these two ratios, we note discrimination of the two dyes by 2.83 while maintaining the
fluorescence of the favored fluorophore at comparable or higher levels than that with the
unshaped pulse. This is important for most biological applications where signal-to-noise is a
typical limiting factor. For the first 30 generations of the GA, the pulse shaper only varied
the polynomial phase up through 4™ order and achieves the numerical discrimination of only
1.80. For subsequent generations, arbitrary phase and amplitude modulation were allowed,
with typically 20 wavelength bins over 60 nm of programmed bandwidth. The transition
from 4t order polynomial to binned spectral control enables a factor of 1.57 improvement in
discrimination after generation 30. When the frequency resolution was increased from 20 to
100 frequency bins, a similar level of control (1.77 and 0.65) resulted. Thus, the result is not
dependent on high frequency resolution in the pulse shaping. Any possible detector-specific
bias of the experiment is excluded by repetition with swapped samples, which again yielded
the same level of control (1.68 and 0.68). In addition, when we reduced the search space by
excluding amplitude modulation and performing phase-only pulse shaping, the GA
converged on a comparable result (1.86 and 0.72).

Insight into the mechanism responsible for the fitness optimization in feedback control can
be obtained by examining the correlation with SHG. It is often assumed that presence or
absence of correlation is a measure of the complexity of the control problem. For example,
optimization of the multiphoton ionization of a molecule might result from maximizing the
peak pulse intensity; as SHG is maximized the same way, a strong correlation is seen
between multiphoton ionization and SHG in an adaptive search to maximize either28:29.
Figure 4b shows this analysis for the Dil/rhodamine B discrimination. No noticeable
correlation is evident between the degree of discrimination of the pulse shapes and the SHG
efficiency. This demonstrates that the discrimination mechanism does not map directly onto
the simple problem of maximizing peak laser intensity.

Despite the lack of correlation of the discrimination problem with SHG, second harmonic
spectral tuning can account for the effect of optimal pulse shapes. The optimal and anti-
optimal pulses to control the Dil to rhodamine B two-photon fluorescence ratio are shown in
Figure 5. The complementary nature of pulses converged upon in parallel experiments is
consistent with our previous investigations in laser pulse-shaping30. To obtain the second-
harmonic spectrum Sy(w) of the shaped pulse, we examine the time-zero delay in these
traces and we compare this to the spectrum of the two-photon excitation cross-section
o(w). Assuming no intermediate resonant levels between the ground and excited state, the
two-photon fluorescent signal will be proportional to the overlap integral of 6(® () and
So(w). This can be derived in second-order perturbation analysis of a two-level system29,
and is in excellent agreement with experimental results24. Using the novel acousto-optic
time domain measurement described in the Methods, we obtained the ratio of 6(®)(w) for
Dil/rhodamine B shown in Figure 6. Overlaying the second harmonic spectrum of the
optimal pulses for maximization and minimization of the two-photon fluorescence ratio of
the two dyes, we see that maximization tunes Sy(w) to regions where the Dil/rhodamine B
cross-section ratio is maximal, whereas the minimization algorithm converges in the
opposite direction. As the photon-photon interferences for second-harmonic tuning are best
accessed with arbitrary, rather than mere 4™ order polynomial phase control, it becomes
clear why the GA result improves drastically at the algorithmic switch at generation 30
(Figure 5a).

The 6(@(w) interpretation also explains our finding that the discrimination result closely
follows the two-photon fluorescent signal of Dil. Published excitation spectra show a sharp
spectral feature in the two-photon excitation cross-section for Dil near 800 nm31, whereas
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o(w) varies little for rhodamine B in this region. Thus, tuning Sy(») will affect the Dil
two-photon fluorescence far more significantly. Indeed, in additional experiments we have
observed significantly improved ability to control the ratio of two-photon fluorescence of
Dil to SHG when compared to the same experiment in rhodamine B, and we have confirmed
this interpretation in a similar series of experiments to differentiate Dil from fluorescein
isothiocyanate fluorescence32.

Quantitative measurement

Now consider the optimal discriminating pulses 1 and 2 found by the algorithm. Under pulse
1, let S1pj; be the signal from the pure solution of Dil, and let S1rnogg b€ the signal from the
pure solution of rhodamine B. Similarly, under pulse 2 we have signals Sypj; and Sornhodi-
Barring chemical reaction between the dyes, the total signal S; under pulse 1 or S, under
pulse 2 from a mixture of these two solutions is simply the linear superposition of signals
from the unmixed solution, weighted by the concentration in the mixture (measured relative
to the pure solution):

S,=S,,, X[ Dil]+S , ., X[ RhodB]
S,=S,,, x[Dil]+S,,, X[ RhodB] &)
This may be rewritten in matrix format:
S=M x C, with
_ Sy _ SlDil SIRhndB _ [Dil] 2)
S_( Sz ) M_( S:Dn SZRhodB = [RhodB]

From this we can extract the concentrations of the dyes by simple matrix inversion:

c=M"'xS ®3)

Thus it is possible to use tailored pulses to perform quantitative measurements by first
measuring reference solutions. Note that this analysis can be extended to an arbitrary
number of dyes and pulse shapes by using the pseudoinverse rather than the inverse of M.
We performed precisely this experiment using the Dil and rhodamine B solutions as the
reference. We then repeated eight measurements of a mixture of 75% of the Dil solution and
25% of the rhodamine B solution with each pulse from Figure 6. This indicated a fractional
mixture of 0.64 of Dil and 0.27 of rhodamine B, with standard deviations of 0.54 and 0.08,
respectively. The standard deviation of the recovered concentrations results from the error
amplification of uncertainty in S by the condition number of M.

CONCLUSION

In summary, using feedback control pulse shaping, we have demonstrated the ability to
control the relative two-photon fluorescence of rhodamine B and Dil by nearly a factor of
three, and thereby distinguish this dye pair which is difficult to discern with traditional one-
photon excitation and emission spectroscopy. The result does not map in a correlation
analysis to the simple problem of SHG optimization; however the pulse optimization can be
understood as the maximization of the overlap of the second harmonic spectrum and the
relative two-photon excitation cross section of the dyes. Thus, photon-photon interferences
are the predominant mechanism of control, and the evolution of wavepackets on the
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molecular potential energy surface does not appear to play a fundamental role in the
selective two-photon fluorescence excitation of these two dyes.

We have also demonstrated that a search in the minimal parameter space of fourth-order
polynomials over thirty generations results in significantly lower discrimination than
achieved with the extended algorithm. It is theoretically impossible for polynomial phase
less than third order to tune the second harmonic spectrum of the excitation pulse33, and
thus in a properly balanced experiment, adjustments to at most two parameters contribute to
improvements over this initial search. We have found in previous investigations of our
graded search algorithm for SHG maximization that even a few generations are sufficient to
discover optimal polynomial coefficients in such a low-dimensional search30. We conclude
that a low-order polynomial search is unlikely to ever perform to the level of a spectrally-
binned genetic algorithm. It is possible that a reduced search space employing sinusoidal
phase functions would have performed better than a polynomial search, but genetic search
algorithms such as prime-number-inspired binary phase shaping have been demonstrated to
achieve superior second-harmonic spectral tuning relative to sinusoidal phase functions as
well33.

The ability to quantify spectrally overlapping dyes in a mixture by pulse shaping is a simple
application, but may be expected to provide a powerful tool to address broader problems in
multiphoton fluorescence. For example, the need to select fluorescent biomarkers with
widely separated spectra may be significantly relaxed, allowing for multiple signal-
generating species in complex biological solutions. Endogenous fluorescence, inherent in
biological specimens, causes background that could be suppressed to detect the signal from
a fluorescent tag. In contrast, the potential for exploiting endogenous fluorescence to
monitor biological processes such as cell viability may be enhanced through pulse-shaping-
based signal enhancement. The implementation of pulse shaping with an acousto-optic filter
as performed here further has the advantage of rapid switching capabilities between optimal
pulse forms, which may enable applications in flow cytometry, including in vivo
cytometry6.
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Figure 1.

One-photon absorption and emission spectra for Dil and Rhodamine B.22
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Figure 2.

Experimental Setup. Dye samples are contained in quartz cuvettes. The incident laser power
Iref is measured by a photodiode. After filters to remove the exciting light, the two-photon
fluorescence signals A and B are measured in the perpendicular direction by photomultiplier
tubes. Second harmonic generation from the BBO crystal is detected by another PMT.

Lenses are depicted as ovals.
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Figure 3.

Power scaling of two-photon signals relative to Iref. Blue circles show the SHG signal
(typically 0.08 Vrms in the experiments), green downwards triangles show the Dil signal
(typically 0.06 Vrms), cyan upwards triangles show the rhodamine B signal (typically 0.37
Vrms), and the red line shows Iref (typically 0.39 Vrms). Axes are in the log scale. Filled
black squares show the dependence of the ratio Dil/rhodamine B fluorescent signal on
power. Slopes of the shown least-squares linear fit through the center of the data are: 1.92
for SHG, 1.95 for Dil, and 1.85 for rhodamine B.
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Figure 4.

Control of the fluorescence ratio of Dil to rhodamine B. (2) Filled black squares show the
best individual of the ratio Dil/rhodamine B fluorescence (normalized to the unshaped
pulse) for each generation of the genetic algorithm. Open squares show the ratio for the
parallel minimization experiment. The discrimination between the dyes is the ratio between
the signal obtained using the pulse which maximizes the Dil/rhodamine B ratio to the signal
which minimizes the ratio; a maximum discrimination of approximately a factor of three is
attained. (b) Normalized fluorescent ratio for the same individuals, plotted against SHG
signal.
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Figure 5.

Experimental pulse shapes measured by SHG-FROG.23 (a,b) are the optimal pulses
maximizing the Dil/rhodamine B fluorescence ratio from separate runs of the GA on
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different days; (c,d) are the pulses obtained by the GA minimizing the ratio. Overlaying the
two traces (e,f) shows the complementary nature of the two pulse shapes. Abscissa is delay

in fs and ordinate is the second-harmonic wavelength.
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Figure 6.

Rglation of two-photon cross-section 6(@(w) and second harmonic power-spectrum Sy(w).
The red line with crosses shows the time-domain measured relative (2(w) * of Dil versus
rhodamine B; Sy(w) for the optimal pulses maximizing (black line) and minimizing (blue
asterixes) the two-photon fluorescence ratio are also shown.
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