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Coherent manipulation of free amino acids fluorescence
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Coherent manipulation of molecular wavepackets in biomolecules might contribute to the quest

towards label-free cellular imaging and protein identification. We report the use of optimally

tailored UV laser pulses in pump–probe depletion experiments that selectively enhance or

decrease fluorescence between two aromatic amino acids: tryptophan (Trp) and tyrosine (Tyr).

Selective fluorescence modulation is achieved with a contrast of B35%. A neat modification of

the time-dependent fluorescence depletion signal of Trp is observed, while the Tyr transient trace

remains unchanged. The mechanism invoked for explaining the change of the depletion of Trp is

a less efficient coupling between the fluorescing state and the higher non-radiative excited states

by the optimally shaped pulse, than by the reference pulse.

1 Introduction

Considerable interest is currently dedicated to label-free detection

and identification of biomolecules from assays to living cells and

even organisms. A possible route towards this objective is the

coherent control of molecular excitation by using ultrafast

spectroscopic techniques. For instance, wavepacket manipula-

tion was achieved in fluorescing probe proteins such as the

green1 and blue2 fluorescent proteins in order to modulate

their fluorescence yield. Here we report on the first coherent

manipulation of molecular wavepackets in free amino acids

(AAs, tryptophan and tyrosine) that selectively modulates the

radiative relaxation of one AA versus the other.

The same approach, called Optimal Dynamic Discrimination

(ODD), was already successfully applied to the discrimination of

two flavins, riboflavin and flavin mononucleotide.3–5 A shaped

pump pulse prepares an optimally tailored wavepacket in the

excited hypersurface S1 of the biomolecule so that a second IR

probe pulse specifically transfers the population to higher lying

states SN at a specific time delay. If SN leads to a permanent

deactivation of themolecule (dissociation, ionization), fluorescence

is depleted. In the case of flavins fluorescence modulation, the

control field was a shaped near UV pulse centered at 400 nm,

which is unable to address AAs excited states.

As we discussed elsewhere,6 the choice of fluorescence depletion

is particularly convenient for deep UV phase-sensitive measure-

ments. Indeed, when addressing molecules in solution in the deep

UV, two-photon absorption of water and organic solvents7 is a

dominant process that hinders the effect of pulse chirp on the

target molecules. Specifically, at sufficiently high intensities,

chirped pulses are better transmitted than Fourier transform ones,

as nonlinear absorption by water molecules is favored for

shorter pulses with higher peak power. Fluorescence becomes

thus sensitive to pulse chirp exclusively via the number of

photons available for excitation through the sample. This

nonlinear interaction with solvent molecules, due to its

phase-sensitive nature, sets severe limitations to the possible

detection schemes applicable in coherent control experiments

employing shaped UV pulses. It prevents, for example, from

safely using transient absorption and fluorescence as observables.

On the other hand, fluorescence depletion remains a sound

approach: by computing the depletion signal, any phase-

dependent fluctuation of absolute fluorescence is inherently

removed, isolating the molecular response from pure solvent-

induced modulations.

2 Tryptophan and tyrosine as a model system for

coherent fluorescence modulation

Trp and Tyr are two of the 20 AAs that constitute proteins.

They are biochemical precursors to essential compounds such

as the neurotransmitters serotonin or dopamine. Their absorption

bands centered around 270 nm are associated with their aromatic

rings. In addition, the absorption band of Trp centered at 220 nm

is due to favorable p–p* transitions to the 1Ba and
1Bb states.8,9

Despite their scarcity in proteins (Trp represents only about

1 mole% in proteins), these two AAs are efficient spectroscopic

probes for proteins study, because of their high fluorescence

quantum yields. In particular, Trp fluorescence is very sensitive

to its local environment, and is often used as a reporter for

protein conformational changes, like binding to ligands,

protein–protein association, protein unfolding, or denaturation.10

With a quantum yield of 0.15, Trp fluorescence originates from

both 1La and 1Lb exited states, peaking near 350 nm in neutral

aqueous solutions. Tyr is generally insensitive to solvent polarity

or local environment, but it emits a strong fluorescence (f=0.14),
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centered at 303 nm in neutral aqueous solutions, that stems

from a single electronic state, 1La.

It is interesting to note that although Tyr and Trp absorption

and fluorescence bands are not fully overlapped, the selective

excitation or discrimination between these two molecules is far

from being simple, especially when they are embedded in

proteins. In particular, it has been observed in proteins that

energy absorbed by Tyr is most of the time transferred, by

resonant energy transfer or peptide chain transfer, to neigh-

boring Trp residues.11 Therefore, emission in proteins is

dominated by Trp, while the detection of the Tyr residues

remains difficult. It is also known that upon excitation, the pKa

of Tyr decreases dramatically, from 10 to 4, and excited-state

ionization can occur, leading the formation of tyrosinate.11,12

The latter, featuring a fluorescence band peaking at 345 nm,

can be very easily mistaken for Trp.12,13 Applying fluorescence

modulation to these molecules could allow to enhance the

signal from one molecule with respect to the other, therefore

improving selectivity, and avoiding mistaken identifications.

Moreover, the present study can be seen as a benchmark

experiment that opens the possibility to extend the fluorescence-

based discrimination approach to Trp-based dipeptides and

eventually to polypeptides and proteins.

3 Experimental

3.1 Experimental setup

In order to study the selective modulation of the fluorescence

depletion of the two AAs, we adopted a real-time comparative

approach, previously used in ODD experiments.3 The main

advantage of this strategy is that trivial, nondiscriminating

solutions can be easily avoided.

The experimental set-up is reported in Fig. 1. The output of

a 1 kHz amplified Ti:Sapphire laser system delivering 2 mJ

pulses is separated into two arms by a 50/50 beamsplitter. The

transmitted arm is used to generate 266 nm pulses by successive

second harmonic and sum frequency generation in two BBO

crystals. The resulting pulses have a bandwidth of 3 nm

FWHM. Shaping of the UV pulse is carried out by an

acousto-optic programmable dispersive filter (AOPDF),

commercially known as Dazzler (Fastlite), specifically designed

for the UV spectral region.14 Although the Dazzler is capable of

both phase- and amplitude-shaping,15,16 for the present experiment

we limited ourselves to spectral phase modulation only. The UV

pulses characterization relies on a down conversion cross-FROG

(X-FROG) geometry, where the unshaped IR pulse, acting as

a reference, is mixed with the UV pulse in a 200 mm thick BBO

crystal to generate 400 nm.

The UV and IR arms, temporally overlapped by acting on a

delay stage placed on the IR path, are then recombined at a

dichroic mirror. An aluminium coated 50/50 beamsplitter with

flat spectral response is then used to produce two equal UV-IR

pulse pairs. A compensation plate is inserted in the reflected

arm to ensure equal dispersion on the pulses on both arms.

The pump–probe pairs are subsequently focused by f = 5 cm

fused silica lenses into two identical flow cells (1 mm optical

path, 200 mm thick windows), each containing 1 mM aqueous

solutions of Trp or Tyr (pH 7.0). Typical pulse energies

at the sample are 0.5 mJ UV and 5 mJ IR, corresponding to

B20 GW cm�2 and B200 GW cm�2 at the focal spot,

respectively. Fluorescence is imaged on two identical photo-

multiplier tubes by f= 2.5 cm and f= 5 cm lenses and filtered

by bandpass spectral filters tailored for the emission maximum

of each fluorophore (350 and 307 nm � 5 nm).

3.2 Fluorescence depletion

The fluorescence depletion signal di(t) is calculated as:

diðtÞ ¼
Fdepl
i ðtÞ � Fundepl

i

Fundepl
i

ð1Þ

where i = Trp, Tyr, t is the time delay between UV and IR,

Fundepl is the undepleted fluorescence (i.e. the fluorescence in

the absence of the IR pulse) and Fdepl(t) is the depleted

fluorescence (i.e. the fluorescence in the presence of the IR

pulse). The depletion signal is calculated on a single-shot basis,

by averaging typically 1000 laser shots. We ensured that the IR

pulse alone was of insufficient intensity to generate fluores-

cence from direct three-photon absorption.

3.3 Optimization procedure

Phase shaping of the pulse is obtained by letting a genetic

algorithm17 drive the UV AOPDF and vary the first to fourth

order derivatives of the spectral phase. Although presenting great

advantages in terms of ease of alignment and size, making them

particularly suitable for a pump–probe set-up, it has been reported

that Dazzlers suffer to a certain extend from phase–amplitude

coupling.18,19 Form et al. in particular calculated the minimum

and maximum values allowed for the linear chirp, in order to

ensure a constant diffracted energy.19 The same kind of

boundaries were set in our case. This of course limited the

Fig. 1 Experimental set-up for AAs fluorescence modulation. SHG:

800 nm- 400 nm. HWP: half-wave plate. SFG: 400 nm+ 800 nm-

266 nm. DS, delay stage; DM, dichroic mirror; CP, compensation

plate; F, bandpass filter; PMT, photomultiplier tube. The optical

chopper is synchronized at half the repetition rate of the laser in order

to block every second IR pulse.
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complexity of the pulse shapes that could be explored by the

shaper during the closed-loop optimization procedure, and

possibly the extent of control achievable.3

The learning algorithm feedback function J(t) was

defined as:

JðtÞ ¼ dTrpðtÞ
dTyrðtÞ þ e

þ a � dTrpðtÞ ð2Þ

where e and a are user-defined real parameters. Indeed, in

discrimination experiments the target objective is typically

defined as the ratio between the depletion signals simultaneously

generated by the two systems.20–22 To avoid numerical artifacts,

division by zero, or convergence to solutions yielding very small

signal intensities, the offset e is added to the denominator, while

the a parameter allows us to include a term proportional to the

quantity to maximize.

4 Results

One can see from the depletion curves with reference pulses

(black traces in Fig. 2) that the time-resolved dynamics of the

two AAs are different. Trp undergoes a rapid fluorescence

decrease reaching a minimum at B600 fs before increasing

again and assuming a constant value after approximately 2 ps.

The observed timescales are in agreement with the fluorescence

up-conversion results and molecular dynamics calculations

by Bräm et al.,23 who have identified a bi-phasic relaxation

(160 fs, 1 ps) for Trp in bulk water, related to solvent

relaxation.24 The dip at 600 fs can be attributed to the

sampling of a transient dynamical configuration explored by

the molecular wavepacket after the first fast relaxation but

before reaching the minimum of the excited state surface,

indicated by the onset of the steady behavior for t 4 2 ps.

On the other hand, Tyr fluorescence appears to reach a first

minimum after B600 fs, and then continues decreasing less

steeply until t E 7 ps. After this delay, depletion remains

constant.

The optimizations were run at a fixed delay topt = 600 fs

between pump and probe, chosen to match the dip in the

depletion curve of Trp as indicated by the dashed vertical line

in Fig. 2. This is the delay for which discrimination has proven

most effective. We present here the exemplary result of an

optimization for which the parameters of the fitness function

J were e = 1 and a = 0.2.

After the optimization procedure, the depletion traces of

both molecules were simultaneously acquired using the most

discriminating shaped UV pulse found by the algorithm. By

comparing these depletion curves (red traces in Fig. 2) with

those obtained from unshaped pulses (black traces), it is

clearly visible that, while the depletion curve of Tyr has not

changed in a significant way, the dip in the Trp depletion curve

has been ‘‘filled in’’.

Fig. 3 shows the ratio of the depletions dTyr/dTrp for the

optimized and for the reference pulses, as a function of the

delay. The optimized ratio doptTyr/d
opt
Trp is higher than the reference

ratio drefTyr/d
ref
Trp, consistent with the fact that the optimization has

decreased the absolute value of Trp depletion. The difference

between optimized and reference ratios starts at t = 0 ps,

reaches a maximum at the delay fixed for the optimization

topt = 0.6 ps, and decreases until t = 2 ps.

Fig. 4 reports the X-FROG measurement of the optimized

UV pulse. One can see that the pulse is asymmetric: it presents

an important positive chirp, and it shows an elongated tail

formed by the blue components of the spectrum. The spectral

phase of the optimized pulse could be retrieved by inversion of

the X-FROG (Fig. 4, inset). As shown by the superimposed

quadratic polynomial fit, the dominant trend is associated to

a B5100 fs2 positive linear chirp. The agreement on the

spectral phase at shorter wavelengths can be improved by

expanding the polynomial fit to the third order. This discrepancy

corresponds to the long tail that can be seen on the X-FROG

trace at 397 nm.

Fig. 2 Result of the optimization for (a) Trp and (b) Tyr. Black

triangles: depletion curves obtained from an unshaped UV pulse. Red

circles: depletion curves obtained from the optimized UV pulse. Solid

lines are moving averages of the data over 5 points. The vertical

dashed line shows the time delay topt chosen for the optimizations.

Fig. 3 Fluorescence depletion ratio dTyr/dTrp, calculated from the

depletion curves obtained with the optimized pulse (red circles) and

with the reference pulse (black triangles) plotted in Fig. 2. Solid lines

represent moving averages of the data over 5 points. The vertical

dashed line shows the time delay topt chosen for the optimization.
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Further insight in the interaction process can be obtained by

directly plotting the discrimination ratio DR, defined as

DRðtÞ ¼
doptTyr=d

opt
Trp

drefTyr=d
ref
Trp

ðtÞ; ð3Þ

as a function of pump–probe time-delay. DR(t) represents the
ratio of the two curves in Fig. 3, i.e. the depletion ratio

normalized by the reference one. In Fig. 5(a), the optimal

DR is plotted along with the DRs associated with positively

and negatively chirped pulses, with GVD values ranging from

�30 000 to +42 000 fs2. The Trp and Tyr depletion traces

measured with reference (black) and optimal pulse (red) used

for the optimal DR calculation are reported above on the same

time axis for comparison. One can see that, for t o 600 fs,

chirped pulses do actually provide a positive DR comparable

in some cases with that of the optimal pulse. This discrimina-

tion capability, however, is limited to the pump and probe

pulse overlap time. On the other hand, the optimal pulse,

although its GVD is roughly equivalent to +5000 fs2, keeps

on influencing the dynamics of the two molecules for a time

range extending up to 2 ps, well beyond the end of the actual

interaction. In Fig. 5(b), we summarize the preceding observa-

tions, directly comparing the values of the DRs extracted for

the different pulses and averaged over different time intervals.

Circles correspond to averaged hDRi obtained for linearly

chirped pulses at early times (100 o t o 400 fs), while crosses

at later times (600 fs o t o 900 fs). The dashed line indicates

the hDRi value retrieved by the optimal pulse in the 600–900 fs

range, and it corresponds to hDRi= 1.37. The corresponding

optimization, aiming at maximizing dTyr/dTrp, was run several

times, yielding repeatedly the same result. We also performed

several times the opposite optimization, with the goal of

minimizing the ratio. In this case, the algorithm did not

succeed in finding viable solutions.

5 Discussion

As a first observation, we notice that the discrimination power

of linearly chirped pulses at short times is mostly related to the

different time behavior of the two molecules. In fact, any

modification in the duration of pulses affects in a different way

the pump–probe signal of all features with duration comparable

to the experimental cross-correlation. In the present case, this

simple ‘‘dynamical’’ discrimination plays a role at early time

delays (open circles in Fig. 2(b)): pulse lengthening alters more

the faster onset of Trp depletion than that of Tyr. Incidentally,

the same way of reasoning also explains why our efforts towards

an optimization in the opposite direction (i.e. minimizing

dTyr/dTrp) did not work efficiently: any shortening of the pump

pulse cannot affect the measured Trp and Tyr depletion traces,

as neither one is limited by the temporal resolution of the

experiment. On the other hand, the optimal pulse, although its

time-correlation is roughly comparable to that of a 5000 fs2

chirped pulse, clearly keeps on influencing Trp behavior for a

time span extending up to 2 ps. Such a prolonged effect cannot

be merely attributed to a temporal sampling effect and it

requires the coherent manipulation of the wavepacket dynamics

on the excited state. Coherence completely vanishes after 2 ps,

in agreement with the onset of the steady state in Trp (Fig. 2).

The process leading to fluorescence depletion can mainly be

attributed to ionization.25,26 Indeed, the IR pulse promotes the

molecule to higher ionizing states SN, namely 1B states corres-

ponding to the deep UV absorption band of Trp centered at

220 nm (Fig. 6).8,9 The fluorescent S1 state is therefore

efficiently depopulated. In addition, numerical simulations

have shown that crossings between S1 and other repulsive

Fig. 4 X-FROG of the optimized pulse. Inset: Retrieved spectral

phase f of the optimized pulse plotted as a function of the wavelength

(solid white line) and quadratic polynomial fit (blue dashed line).

Fig. 5 (a) DR(t) as a function of time delay for different chirped

pulses (color lines) and for the optimal pulse (dashed black line). The

corresponding optimal (red) and reference (black) depletion traces

used for the computation of optimal DR are also shown. (b) hDRi as a
function of pulse GVD. Crosses and open circles represent the value of

discrimination obtained by linearly chirped UV pulses by averaging

DR(t), respectively, over 0.6 ps o t o 0.9 ps (open circles) and 0.1 ps

o t o 0.4 ps (crosses). The dashed line represents hDRi by the

optimal UV pulse averaged over 0.6 ps o t o 0.9 ps.
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excited state surfaces also exist.27 This leads to other ionization

and non-radiative de-excitation pathways, also contributing to

fluorescence depletion (Fig. 6, inset).

Within this scenario, and in presence of an unshaped laser

pulse, we can tentatively attribute the dip of fluorescence

depletion around t = 600 fs to the opening of a Franck–

Condon window toward these higher ionizing and dissociative

states. This window, corresponding to a high S1–SN dipole

moment, becomes less favorable at longer delays and therefore

the absolute value of the depletion tends to an asymptotic

constant value after approximately 2 ps. The optimally shaped

UV pulse could lead to the creation of a wavepacket evolving

differently, leading to a less efficient coupling between the S1
vibrational states with the vibrational states of 1Ba and 1Bb.

On the basis of the spectral phase of the retrieved optimal

pulse, showing a nonlinear positive chirp, we can derive a

tentative explanation of the process involved in the optimization.

When excited from S0 to S1, the vibrational wavepacket finds

itself in a nonequilibrium position and starts moving down

towards the S1 equilibrium configuration, as indicated by the

large absorption–emission Stokes-shift. If the pulse redder

components come in earlier, lower vibrational levels on S1
are excited at shorter time delays. In this case, the wavepacket

temporal broadening is more pronounced, because the lower

frequency tail starts moving before the upper one, excited later

by the bluer pulse components. Such a wavepacket spreading

might lead to a less efficient population transfer by the short

IR pulse via the transient pump–probe window to SN, which

remains open during the first picosecond. The decrease of

population transfer to SN is reflected in the disappearance of

the sub-picosecond dip in the depletion trace. This argument is

also consistent with the fact that positively chirped pulses yield

higher DRs at short times, comparable or even exceeding the

discrimination power of the optimal pulse in this time-window.

This coherent wavepacket manipulation effect is superimposed

to the ‘‘temporal sampling’’ mechanism described above.

However, second-order phase function seems not sufficient

to create long-standing coherences like those observed for the

case of the optimal pulse. As a side remark, we note here that

the very way of addressing the dazzler, by acting on the

coefficients of a polynomial phase-function, naturally tends

to favor optimization solutions principally based on the effect

of lower orders of the phase-development (i.e. 2nd order,

linear chirp). To get further insight on the effects of higher

orders and their paramount importance to keep the discrimina-

tion active at longer time delays, a more quantitative explanation

of the process obviously requires a precise knowledge of the S1
and SN adiabatic surfaces and their associated transition

dipole moments. In this regard, transient absorption measure-

ments might be of help.28,29 Within this interpretation, the

dynamic discrimination strategy between the two AAs makes

efficient use of the absence of a sharp Franck–Condon

pump–probe window at short time-delays in Tyr.

6 Conclusion

We have applied coherent optimal control to the dynamical

modulation of the fluorescence in Tyr and Trp. A signal

change of B35% was obtained on Trp, by optimally shaping

the UV pulse, while Tyr depletion remained unchanged. We

attribute this neat modification of the Trp depletion curve to a

less efficient transfer by the IR probe pulse of the coherent

population created by the shaped UV pulse on the fluorescing

state on a sub-picosecond time scale. This proof-of-principle

work based on deep UV pulse-shaping paves the way to future

discrimination experiments on biomolecules structurally and

spectroscopically similar, like tryptophan dipeptides.30 The

approach can eventually be extended to complex systems, like

polypeptides and proteins. Complex pulse shaping should also

be facilitated by a new reflective spatial light modulator that

we developed, expressly suited for UV shaping.31–33
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