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Abstract:The interaction dynamics between the drug flurbiprofen (FBP) and human serumalbumin (HSA) has been
investigated by time-resolved fluorescence spectroscopy, combining femtosecond fluorescence upconversion
and picosecond time-correlated single photon counting. In order to obtain additional information on the drug/
protein interaction, several covalently linked model dyads, composed of FBP and tryptophan or tyrosine, were
also studied. For all systems, the main feature was a remarkable dynamic FBP fluorescence quenching, more
prominent in the dyads than in the protein complex. All systems also displayed a clear stereoselectivity depending
on the (S)- or (R)-form of FBP, that was strongly influenced by the conformational arrangement of the investigated
chromophores.
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1. Introduction

The binding of drugs to plasma
proteins constitutes an active research
field because of its importance in many
biological processes such as modulation
of drug solubility in plasma, toxicity and
in vivo half-life.[1] The strength of binding,
controlled by electrostatic, hydrogen-
bond and van der Waals interactions, is
determinant not only for drug action but
also for its transport and disposition.[2] The
extent of binding depends on a number
of factors such as pH of the medium,
nature of the protein, hydrophilicity and
concentration of the drug and its affinity
to the protein. Usually this process is
reversible and controls the therapeutic
action of the drug;[3] as only unbound
drugs are pharmacologically active, a high
protein binding affinity results in greater

solubility and increased half-life,whereas a
low binding affinity is normally associated
to limited ability to reach the site of action.

Common blood proteins that interact
with drugs are human serum albumin
(HSA), glycoproteins, lipoproteins and
globulins. Herein, we will focus on HSA,
whichis themostabundant transportprotein
in plasma; its main physiological function
is to carry endogeneous and exogeneous
agents (i.e. drugs, metabolites, fatty acids,
etc.) through the blood stream.[2b,4] Drug
binding to HSA normally occurs in the
so-called site I and site II binding sites,
following Sudlow’s classification.[5] Both
sites are composed of a number of amino
acid residues, however only some of them
play a key role in the binding process; thus,
the only tryptophan (Trp) moiety W214 of
HSA is located closer to site I, while site
II is mainly composed of tyrosine (Tyr),
histidine (His) and arginine (Arg).[1a] Due
to their fluorescence properties, Trp and
Tyr have become universal fluorescent
markers (see below) for protein studies.[6]

In view of the importance of the
drug/HSA binding process, a number
of techniques (HPLC, ultrafiltration,
calorimetry, circular dichroism, capillary
electrophoresis, NMR, etc.) have been
used to investigate this issue.[7] In this
context, optical spectroscopies (UV/VIS/
IR absorption, fluorescence), both steady-
state and time-resolved, have proven to be
particularly useful.

By observing changes of the shape
and the intensity of the drug’s steady-
state absorption spectrum in solution and
in the presence of HSA, information can

be obtained about ground state complex
formation.[8] Alternatively, by analysing
the changes of the HSA UV absorption
spectrum upon addition of a drug,
information regarding the alterations of
the microenvironment around the protein
chromophores (Trp, Tyr, Phe) due to the
complex formation can be obtained.[9]
In parallel, steady-state fluorescence
spectroscopy has become a widely used
technique to probe drug/protein inter-
actions. Fluorescence quenching measure-
ments by titration can bring valuable infor-
mation about the drug/protein complex
formation. The shape and the intensity of
the drug’s and or the protein’s fluorescence
spectrum are very sensitive indicators of
fundamental processes such as energy and
electron transfer, which can be directly
related to the drug/protein binding.[10]
We recall here that the HSA fluorescence
is completely dominated by its single
tryptophan W214,[10] emitting in the UV
spectral region. For UV emitting drugs this
may lead to a strong spectral overlap, pro-
ducing complex fluorescence spectra.[11]

Time-resolved spectroscopic measure-
ments add another dimension to the study
of drug/protein interactions, providing
rich dynamic information. Nanosecond
laser flash photolysis has proven to be ex-
tremely useful in the study of drug-binding
to HSA.[12] Time-resolved fluorescence
spectroscopy has been widely used to char-
acterise the singlet excited states dynamics
in the complex formation of the drug with
HSA, giving key information about the
strength of the interaction, conformational
restrictions within the binding cavities,
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vided with a monochromator in the
wavelength range 200–900 nm, with an
excitation wavelength of 267 nm at 22 ºC.
Solutions were placed into 10 × 10 mm
quartz cells. The absorbance of the
samples at the excitation wavelength was
kept below 0.1.

2.2UltrafastFluorescenceMeasure
ments

Time-resolved fluorescence measure-
ments were performed using the fluores-
cence upconversion (FU) and time-corre-
lated single photon counting (TCSPC)
techniques.[23] The same excitation source
was used for the two kinds of experiments:
the third harmonic (267 nm) of a mode-
locked Ti-sapphire laser, delivering ~120
fs pulses whose repetition rate was 76 and
4.75MHz for FU and TCSPC, respectively
(in the latter case set by a pulse-picker).

For the FUmeasurements, a home-built
setup was used. This has been described
in detail earlier[24] and a schematic view is
given in Fig. 3. Briefly, a Ti:sapphire laser
delivers the initial laser pulse (about 120
fs fwhm) at 800 nm. This is then separated
into two replicas by a beam-splitter. The
first replica is converted into the UV
‘pump’ pulse by frequency-doubling and
-tripling using two non-linear crystals
(CNL1 and CNL2). This ‘pump’ pulse

Due to the complexity of the FBP/HSA
system, the use of model dyads composed
of FBP covalently linked to one specific
amino acid has proven to be very useful
to get information about the fundamental
processes that may occur in the real
supramolecular complexes. The picture
obtained using such simplified model
systems can be compared to the more
complex drug/HSA systems.[7b,12h,12k,18,22]

In this respect, we will herein discuss
the photoreactivity of several model dyads
composed of FBP and Trp or Tyr, where
the two chromophores are directly linked
through an amide bridge or separated by
a cyclic spacer (see Fig. 1). The results
will be compared to those obtained on
the real FBP/HSA complex. We will in
particular emphasize the contribution of
time-resolved fluorescence measurements
and how dynamical information adds to the
global picture.

2. Experimental

2.1 Steadystate
Steady-state absorption spectra were

recorded with a Perkin-Elmer Lambda
900 spectrophotometer. Steady-state fluo-
rescence spectra were obtained using a
JASCO spectrofluorometer system pro-

stereoselectivity in the binding process,
etc.[12h,12k,13] Precise investigations need a
time-resolution that is compatible with the
rates of the processes involved, i.e. on the
sub-nanosecond or picosecond timescale.
By analysing the fluorescence decay time,
one can distinguish between static and
dynamical quenching processes, and the
fluorescence anisotropy provides a unique
means to detect the drug’s attachment to
HSA. Several picosecond fluorescence
studiesofdrug/HSAcomplexesusing time-
correlated single photon counting (TCSPC)
have been reported,[13b,13d,14] revealing de-
tailed information on the drug/HSA inter-
actions. An even more detailed picture has
been provided using the femtosecond time-
resolution offered by the fluorescence up-
conversion (FU) technique.[12k,13a,13e,15]
The unprecedented time-resolution of
FU has made it possible to distinguish
between different binding sites by a
dynamical decomposition of the emission
spectrum into different spectro-temporal
components.

Throughout the rest of this review
we will focus on the drug molecule FBP
(Fig. 1). FBP belongs to the class of
nonsteroidal anti-inflammatory drugs
(NSAIDs) which are therapeutic agents
widely prescribed for the treatment of
different diseases includingheadache,mig-
raine, osteoarthritis, rheumatoid arthritis,
fever, etc.[16] Other drugs belong to this
family are, for example, ibuprofen and
naproxen. In general, although these
drugs are prescribed as racemic mixtures,
the anti-inflammatory activity is mainly
attributed to the (S)-enantiomer.[17]

The binding of FBP to HSA has
been well-characterised by different
spectroscopic techniques.[7b,12d,12j,12k,18]
It has been reported that FBP binds
preferentially to HSA at site II, but other
low-affinity binding sites are possible.[19]

Molecular modelling, and in particular
molecular docking simulations, provides
an additional and very powerful tool to
examine the drug/protein binding in more
detail. The drug/protein interaction may
involve hydrogen bonding, electrostatic
interactions, hydrophobic interactions and
long-range van der Waals interactions. An
increasing number of docking simulations
have been reported on various drug/HSA
systems, informing on the precise docking
sites the binding modes and the binding
energies.[9,11,20] To our knowledge, no
detailed simulation study of FBP/HSA
binding has been reported to this date.
However, a precise modelling is outside
the scope of the present work, but in
order to illustrate the FBP/HSA binding
a possible docking situation is illustrated
in Fig. 2. We underline that this is only an
example; several other docking sites are
also possible.

Fig. 1. Chemical
structures of the
investigated systems.

Fig. 2. Artistic view
of a possible FBP
binding to HSA. In
this example, FBP
binds to the IB
subdomain of HSA.
While the single
tryptophan Trp-214
is fairly distant, two
tyrosines, Tyr-138
and Tyr-161, are in
close proximity. The
picture has been
prepared with the
AutoDock software
package[21] (http://
autodock.scripps.
edu/resources/
references).
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nonlinear fitting/deconvolution process
using the impulse responsemodel functions
(Eqn. (3) and Eqn. (4))

( ) ( )( ) ( )tftrtipar 21+= (3)

( ) ( )( ) ( )tftrtiperp -= 1 (4)

convoluted by the Gaussian instrument
response function, I(t) ∝ i(t) ⊗ G(t). The
model functions thus obtained were fitted
to the experimentally measured (I

par
)

and (I
perp

) signals. The full width at half
maximum (fwhm) value of a Gaussian
apparatus function was found to be about
375 ± 12 fs fwhm at 330 nm.

2.3 Docking Simulation
The native structure of HSA was taken

from the Protein Data Bank having PDB
ID 1A06. Docking studies were performed
with the AutoDock program suite. Auto-
dock Vina and PyRx programs were
employed to the virtual screening after
which the docked models with varying
binding energies were analysed using
PyMol.

3. Results

3.1 The Isolated Chromophores
In order to use fluorescence measure-

ments to draw any conclusions about
molecular interactions in the dyads or the
drug/protein complex, comparative data on
the isolated non-interacting chromophores
FBP (or amino acids) is needed.

Since we are here focusing on the
ultrafast dynamics on the picosecond time-
scale, the FU decays of, on the one hand,
FBP in acetonitrile, and, on the other hand,
HSA and its intrinsic chromophores Trp
and Tyr in PBS are shown in Figs. 4 and 5.

The fluorescence dynamics of FBP,
shown in Fig. 4, display a rapid rise,
limited by the temporal resolution,
followed by a constant level, showing the
absence of any rapid spectral evolution.
Only in the blue wing, at 310 nm, a slower
rise of several picoseconds (7.0 ± 0.6 ps)
is observed which is not present at the
other wavelengths. This ‘slow’ rise can
be assigned to a vibrational redistribution
in the excited state.[12k] The evolution of
the fluorescence on a longer time-scale is
characterized by a much slower decay on
the nanosecond time-scale as evidenced by
TCSPC measurements. This very ‘stable’
behaviour of the free FBP fluorescence
makes it ideal for comparing with the
behaviour in the dyad or the complex.

AscanbeseeninFig.5, thefluorescence
decays of HSA and Trp at 340 nm follow
each other closely during the first 10
picoseconds, characterized by a fast initial

mW at 4.75 MHz) was measured with a
Melles Griot broadband powermeter. The
irradiated area on the surface of the cell
was ca. 0.2 cm2 corresponding to a pulse
intensity of 2.4 kW/cm2. Solutions were
contained in a 10 mm × 10 mm quartz
cell and continuously stirred. Successive
recordings with the same sample gave
identical decays, which were eventually
merged to improve the signal-to-noise
ratio. Such a procedure allowed us to
ensure that the measured signals were not
altered during the measurements due to a
possible accumulation of photoproducts.

The time-resolvedexperiments (FUand
TCSPC) were performed either at magic
angle or under successive parallel (I

par
(t))

and perpendicular (I
perp
(t)) excitation/

detection conditions, defined as follows.
Since only the vertical component of the
emission was detected, in FU by the phase
matching conditions of the crystal and
in TCPSC by placing a Glan-Thomson
polarizer in front of the monochromator,
the parallel and perpendicular components
are defined only by the polarization of the
excitation beam. This was set to be either
vertical or horizontal using a zero-order
half-wave plate, mounted on a motorized
rotation unit, allowing an easy adjustment.

From the measurements of the parallel
and perpendicular components, the total
(corresponding to magic angle) fluores-
cence and the fluorescence anisotropy
were calculated from Eqns (1) and (2):𝐹𝐹 𝑡𝑡 = 𝐼𝐼 𝑡𝑡 − 𝐺𝐺𝐼𝐼 𝑡𝑡 (1)

𝑟𝑟 𝑡𝑡 =          (2)

The transmission of the excitation
beam was found to be identical under
parallel and perpendicular conditions so
the correction factor G was put to unity.

To evaluate the characteristic times
involved, instead of treating F(t) and
r(t) separately we performed a merged

excites the sample (E) at a time t = 0. The
fluorescence emitted from the sample is
collected and focused into a third non-
linear crystal (CNL3) where it is mixed
with the second replica, the ‘probe’ pulse.
The second replica, the ‘probe’ pulse,
is delayed with respect to the ‘pump’
pulse by means of a delay line before
being focused and superimposed with
the fluorescence in the CNL3 non-linear
crystal. In the present experiments a 1 mm
type I BBO sum-frequency crystal (CNL3)
was used for mixing the fluorescence and
the fundamental laser pulse, providing an
instrumental response function of about
350 fs (fwhm).

We judge that the time resolution of
our FU setup is better than 100 fs after
deconvolution, depending on the signal-
to-noise ratio. The average excitation
power used was 40mW.The power density
cannot be measured precisely within the
excitation volume but we estimate it to 0.2
± 0.1 GW/cm2 for a 40 mW output from
the tripler unit (assuming a 40 micron
diameter of the focused beam).

Solutions (about 30 mL) were kept
flowing through a 0.4 mm or 1 mm quartz
cell, which was kept in continuous motion
perpendicular to the excitation beam in
order to minimize thermal effects. The
concentration of the sample was adjusted
to give an absorbance of about 0.5 at the
excitation wavelength.

For theTCSPCexperiments, aBecker&
Hickl GmbH SP-630 PC card was used.[26]
The fluorescence from a standard quartz
cell was collected and focused onto the
entrance slit of a small monochromator
(Jobin-Yvon HR250) using off-axis para-
bolic mirrors. In order to cut the laser light,
a Schott WG 295 filter was placed in front
of the slit. Moreover, a Glan-Thompson
polarizer ensured that only the vertical
component of the fluorescence was detec-
ted. The detector was a microchannel
plate (R1564 U Hamamatsu) providing
an instrumental response function of 60
ps (fwhm). The average laser power (0.1

CNL1
CNL3

CNL2
E

Fig. 3. Schematic
view of a
femtosecond
UV fluorescence
spectroscopy setup
based on the sum-
frequency technique.
(The drawing is not
to scale and very
simplified since many
optical elements such
as lenses, etc. are
omitted). Reproduced
by permission of the
Société Chimique de
France.[25]
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this band was higher for (R,S)-1 (see inset
Fig. 6B).

The efficient FBP quenching can be
explained by an energy transfer process
from 1FBP* to Trp,[12k,22d] which is in line
with the higher excited state energy of FBP
(99 kcal mol–1) compared to Trp (96 kcal
mol–1).[12a,27] Fluorescence decays were
recorded by FU and TCSPC at 310 and
340 nm (see Fig. 7). In general, the decay
kinetics of the dyads were much faster than
those of the isolated drug or amino acid;
the kinetic results are a clear indicative
of the dynamic nature of the fluorescence
quenching.

The FU decays at 310 nm, where
emission is dominated by FBP, displayed
an instantaneous rise followed by a
rapid decay on the picosecond time
scale. This behaviour can be attributed
to a strong drug–amino acid coupling.
Stereodifferentiation was noticed as the
kinetic trace of (R,S)-1 decayed faster than
that of (S,S)-1. By contrast, a rise of several
picoseconds (ca. 7.0 ± 0.6 ps), assigned to
a vibrational redistribution in the excited
state, and slower decay was detected for
FBP (see Fig. 7A).[12k] The FU decays at
340 nm, where Trp emission dominates,
were slower than those at 310 nm. The
kinetic traces of the dyads decayed faster
than that of Trp, and again exhibited a
clear stereodifferentiation, showing higher
quenching for the (R,S)-diastereomer (see
Fig. 7B). The kinetic results are in line with
the steady-state fluorescence data.

In order to further characterise the
dynamics of the investigated systems,
TCSPC measurements were performed.
The decays profiles at 310 and 340 nm
on the nanosecond time range followed
the same trend than the FU data, that is
faster decay for the dyads compared to the
isolated chromophores, the fastest being for
(R,S)-1. However, the kinetic traces at

1 were recorded at λ
exc

= 267 nm (see
Fig. 6B); at this wavelength, 60% of the
photons are absorbed by FBP and 40%
by Trp. Emission spectra clearly revealed
a dramatic 1FBP* quenching (λ

max
= 310

nm) and a residual emission assigned to the
Trp unit (λ

max
= 340 nm). Besides, a longer

wavelength band around 450 nm, assigned
to exciplex emission, was also detected;

decay before levelling off to a slower decay
rate. This is not surprising since the protein
emission is known to be completely
dominated by the tryptophan emission.
Beyond 10 picoseconds, however, the
HSA fluorescence intensity decays faster
than that of Trp but in a non-linear manner.
Beyond 150 picoseconds the two curves
seem to evolve with the same slope. The
tyrosine fluorescence decay at 310 nm,
on the other hand, is characterised by a
rapid rise before starting to decay with an
apparently similar rate as the protein and
Trp.

3.2 Model FBPTrp Dyads
Diastereomeric dyads composed of

(S)- or (R)-FBP covalently linked to (S)-
Trp through an amide bridge ((S,S)-1 and
(R,S)-1), see Fig. 1) were synthesised by
conventional methods.[22d] Experiments
were performed in acetonitrile due to the
low solubility of the linked systems in
aqueousmedia. The UV absorption spectra
of dyads 1 matches the added spectra of
the isolated chromophores at the same
concentration (see Fig. 6A), indicating
the absence of significant interactions
between the two partners in the ground-
state. Fluorescence measurements of iso-
absorptive solutions of FBP and dyads

Fig. 4. Fluorescence
decays of FBP in
acetonitrile obtained
by FU with λexc = 267
nm. The emission
wavelengths are from
top to bottom, 310,
320, 330, 340, 350,
360 and 370 nm.

Fig. 5. Fluorescence decays of HSA/PBS at 340 nm (black), L-Tyr/PBS 310 nm (red) and L-Trp/
PBS at 340 nm (green) obtained by FU with λexc = 267 nm.

Fig. 6. UV absorption spectra (25 μM) A) and steady-state emission (λexc = 267 nm) of
isoabsorptive solutions B) of FBP (black), Trp (green), (S,S)-1 (red) and (R,S)-1 (blue) in deaerated
acetonitrile. The inset shows the normalised emission. Reproduced by permission of The Royal
Society of Chemistry (Phys. Chem. Chem. Phys. 2013, 15, 4727; DOI: 10.1039/c3cp43847c).[12k]
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450 nm, where exciplex emission was
detected in the steady-state experiments,
were much slower (see Fig. 7C). Interes-
tingly,thesetracesarecharacterisedbyarise
with time values ca. 115 ± 7 ps and 189 ± 6
ps for (S,S)-1 and (R,S)-1, respectively,[12k]
which is attributed to the formation of the
exciplex states. Their lifetimes were 5.34
± 0.02 ns and 3.63 ± 0.01 ns for the (S,S)-
and (R,S)-diastereomers, respectively.
Such exciplexes are intermediate states for
full electron transfer process,[28] consistent
with the electron donor character of Trp.[10]

Fluorescence anisotropy decays at 310
nm were longer for the dyads than for
the parent drug, and decayed following
a mono-exponential law. The anisotropy
lifetime for FBP was found to be ca. 26
± 1 ps, while for (S,S)-1 and (R,S)-1 were
ca. 42 ± 2 ps and 44 ± 4 ps, respectively.
This behaviour can be easily understood in
terms of the larger hydrodynamic volume
of the dyads. The anisotropy profiles at 340
nmwere also determined; the characteristic
times were 24 ± 1 ps and 32 ± 2 ps for
(S,S)-1 and (R,S)-1, respectively, which is
significantly faster than what was observed
at 310 nm; this can be the result of the direct
excitation of Trp (r

0
= 0.17 ± 0.01) without

the contribution from FBP (r
0
= 0.31 ±

0.01). Indeed, the zero time fluorescence
anisotropies for (S,S)-1 and (R,S)-1 at
340 nm were 0.25 ± 0.01 and 0.22 ± 0.01,
respectively, representing average values
of FBP and Trp.[12k] Finally, the anisotropy
decay lifetimes at 450 nm were found to
be zero at all times for both diastereomers,
contrary to those recorded at 310 and 340
nm. This points to the different nature
of the excited state emitting at 450 nm,
strengthening the assignment of the long
wavelength emission to exciplex states.

Regarding the Trp fluorescence quen-
ching mechanism, observed in the steady
state and time-resolved measurements, it
could involve either electron transfer (ET)

or exciplex formation (EXC). Application
of the Weller equations allowed us to
estimate the ΔG values corresponding to
the two possible pathways.[29]Both proces-
ses were found to be exergonic, with ΔG

ET
= –15 kcal mol–1 and ΔG

EXC
= –10 kcal

mol–1, respectively. Actually, exciplex-
like states were directly observed for both
dyads.

3.3 Model FBPTyr Dyads
Diastereomeric dyads 2 and 3 were

again synthesised following established
methods.[30] In dyads 2, FBP and Tyr were
directly linked while in dyads 3 they were
separated by a cyclic spacer. Following the
same methodology as for diastereomers
1, all measurements were performed in
acetonitrile. Like in the case of the FBP-
Trp dyads, the UV absorption spectra of
the FBP-Tyr dyads were identical to added
spectra of the isolated chromophores at the
same concentration (25 μM), indicative
of the absence of significant interactions
between the two units in the ground state.

Fluorescence spectra of isoabsortive
solutions of FBP, 2 and 3 at λ

exc
= 267 nm,

where 90% of the photons are absorbed
by the drug, are shown in Fig. 8. For the
dyads, the spectra are dominated by the
FBP emission. This is in line with its
lower singlet excited state energy (99 kcal
mol–1) compared to that of Tyr (100 kcal

Fig. 7. Normalised FU decays at A) λem = 310 nm and B) λem = 340 nm of FBP (black), Trp (green),
(S,S)-1 (red) and (R,S)-1 (blue). C) Normalised TCSPC decays at λem = 450 nm of (S,S)-1 (red) and
(R,S)-1 (blue); fitted curves are shown in black. All measurements were performed in acetonitrile.
Reproduced by permission of The Royal Society of Chemistry (Phys. Chem. Chem. Phys. 2013,
15, 4727; DOI: 10.1039/c3cp43847c).[12k]

Fig. 8. Fluorescence spectra of A) (S)-FBP (black line), (S,S)-2 (red line) and (R,S)-2 (blue line), and
B) (S)-FBP (black line), (S,S)-3 (red triangles) and (R,S)-3 (blue circles) after excitation at 267 nm
in deaerated MeCN. The inset shows emission from exciplex states for dyads 3. Reproduced by
permission of Elsevier (J. Photochem. Photobiol. A 2016, 322, 95; http://dx.doi.org/10.1016/j.
jphotochem.2016.03.006).[30]

Fig. 9. Normalised FU decays at λmon = 310 nm for A) (S)-FBP (black line), (S,S)-2 (red line) and
(R,S)-2 (blue line), and B) (S)-FBP (black line), (S,S)-3 (red triangles) and (R,S)-3 (blue circles)
after excitation at 267 nm in MeCN. The insets show a zoom of the decay traces. Reproduced
by permission of Elsevier (J. Photochem. Photobiol. A 2016, 322, 95; http://dx.doi.org/10.1016/j.
jphotochem.2016.03.006).[30]
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Considering the relative absorbances
of drug and protein at the excitation wave-
length (18% of the photons are absorbed
by FBP and 82% by HSA at 267 nm),
and assuming independent emission,
the fluorescence spectrum of FBP/HSA
mixtures can be determined as:

A
F
(tot) = 0.18 ×A

F
(FBP) + 0.82

×A
F
(HSA)

(4)

where A
F
(FBP) and A

F
(HSA) are the

individual fluorescence spectra of
isoabsorptive solutions of FBP and HSA
at the excitation wavelength (267 nm).
However, this simulated spectrum (dark
red line in Fig. 11A) did not match the
experimental one (red line in Fig. 11A).
Instead, a ‘best’ reproduction of the real
drug/protein fluorescence spectrum (violet
line in Fig. 11A) was achieved using the
relation:

A
F
(tot) = 0.074 ×A

F
(FBP) + 0.746

×A
F
(HSA)

(5)

indicating a noticeable quenching of the
FBP emission as well as a slight quenching
of the protein emission.

Fluorescence decays were recorded for
FBP, HSA, (S)-FBP/HSA and (R)-FBP/
HSA in PBS with λ

exc
= 267 nm using

both FU and TCSPC. In analogy with
what was observed in acetonitrile, the
fluorescence of FBP in PBS measured by
FU at 310 nm shows a slight rise during the
first few picoseconds. This is in line with
an intramolecular vibrational relaxation
process. For the FBP/HSA mixtures,
on the other hand, the traces measured
at 310 nm, where the FBP emission is
dominating, displays an instantaneous rise.
This can be attributed to encapsulation
of the drug within the protein cavities,
resulting in a reduced coupling of its
vibrational modes. During the first few

or exciplex formation were calculated
to determine the mechanism of 1FBP*
quenching for dyads 2 and 3. Both
processes were found to be exergonic
with ΔG

ET
= –9 kcal mol–1 and ΔG

EXC
= –4

kcal mol–1. However, as mentioned above,
exciplex emission was detected for dyads
3, implying that electron transfer is at least
partly responsible for the 1FBP* quenching
in this case.

Finally, PM3 molecular modelling was
performed with the aim of clarifying the
differences in thestereoselectivequenching
observed in dyads 2 and 3. The higher
fluorescence quenching for 2 compared to
3 was evident due to the better coupling
between FBP and Tyr in the directly
linked systems (see Fig. 10). Besides, a
better alignment was observed for (R,S)-
2 compared to the (S,S)-analogue, which
is in line with its stronger quenching. By
contrast, the geometrical arrangement for
(R,S)-3 was much more distorted than that
of (S,S)-3, in agreement with its lower
quenching.

3.4 FBP/HSA Complexes
Spectroscopic measurements were

performed on mixtures of (S)- or (R)-
FBP (25 μM) and HSA (36 μM) in
PBS;[12k] under these conditions, all the
drug is bound to the protein.[12d,19] The
fluorescence spectra obtained with λ

exc
=

267 nm of the isolated (S)-FBP and HSA
as well as the (S)-FBP/HSA mixtures are
shown in Fig. 11A (similar results were
obtained for the (R)-enantiomer; data not
shown). The results reveal that both drug
and protein contribute to the emission
after the complex formation. A significant
fluorescence quenching was detected for
FBP/HSA, but to a lower extent and with a
lower stereoselectivity than for the dyads,
probably due to the weaker interaction
in the non-covalent supramolecular com-
plexes.

mol–1).[12a,29a] Interestingly, quenching of
1FBP* was noticed for all dyads, being
more efficient for 2 than for 3 (see Fig.
8). The process was stereoselective, being
higher for the (R,S)-diastereomer in the
case of the directly linked chromophores
while the opposite trend was observed
for the separated ones. Strikingly, a
tiny but significant emission tail at long
wavelengths (>350 nm) which can be
assigned toexciplexemission,wasdetected
for the spacer separated dyads 3, but not
for the directly linked dyads 2.[31] In line
with the 1FBP* quenching, this emission
is higher for the (S,S)-derivative.

FU decays (λ
exc

= 267) nm are shown
in Fig. 9. A rise in the first picoseconds
was detected for dyads 3, similar to that
previously observed for FBP (see Fig. 9B)
and assigned to vibrational relaxation.
However, no such rise was observed for
dyads 2 (see Fig. 9A). The reason for this
relatively minor difference is not clear, but
it only concerns a smaller part of the excited
dyads.On the one hand, itmay be attributed
to a stronger drug–amino acid coupling in
the directly linked systems 2, leading to a
fast quenching that compensates the rise of
the 1FBP* emission. On the other, it may
be rapidly quenched tyrosine fluorescence,
compensating the rise of the 1FBP*
emission. Geometry considerations (see
below) lead us to favour the first possibility.
No stereoselectivity was detected at early
times, but appears after about 10 ps.

The kinetic of (R,S)-2 starts to decay
faster than its (S,S)-analogue after 10 ps;
by contrast, for the dyads 3 the opposite
behaviour is observed. This trend persists
at longer time scales. Indeed, TCSPCmea-
surements showed that the 1FBP* lifetime
decreased from 1.67 ns for the isolated
drug to 0.90 and 0.36 ns for (S,S)-2 and
(R,S)-2, respectively. By contrast, dyads 3
showed lifetimes ca. 0.93 and 1.20 ns for
(S,S)-3 and (R,S)-3, respectively; the fluo-
rescence lifetimes of the exciplex emis-
sion at 420 nm were also measured.[12k,32]
It turns out to be much more longer-lived
than at 310 nm. The fluorescence profiles
are characterised by a rise of 0.38 ± 0.01
ns and 0.69 ± 0.01 ns and a decay of 3.27
± 0.01 ns and 3.05 ± 0.01 ns for (S,S)-3 and
(R,S)-3, respectively.

Fluorescence anisotropies measured
at 310 nm displayed longer decays for
dyads 2 and 3 (ca. 50 ± 4 ps) compared to
FBP (26 ± 1 ps). This is in full agreement
with the larger hydrodynamic volumes of
the dyads compared to the isolated drug.
The high r

0
values for all dyads (ca. 0.35

± 0.02) indicate that the emission arose
from the directly excited state of the drug
(r

0
= 0.34 ± 0.02), with no change in their

electronic nature.
Following the same procedure as for

dyads 1, ΔG values for electron transfer

Fig. 10. Geometry
optimised
(HyperChem Release
8.0.3 for Windows
Molecular Model
System, PM3)
structures for all
investigated dyads.
Reproduced by
permission of Elsevier
(J. Photochem.
Photobiol. A 2016,
322, 95; http://dx.doi.
org/10.1016/j.jphoto-
chem.2016.03.006).[30]
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picoseconds the fluorescence decays of the
FBP/HSA complexes are similar to that of
FBP, and after several tens of picoseconds
they started to decay faster than that of
the free drug. A certain stereoselectivity
was observed, with the (S)-FBP/HSA
fluorescence decaying faster than its (R)-
analogue.

Thisstereoselectivedynamicquenching
persists at longer times, as evidenced
by the TCSPC fluorescence profiles
shown in Figs. 11B and 11C. While the
kinetic profile of FBP decayed following
a monoexponential function, those of
HSA and FBP/HSA were highly non-
exponential and wavelength dependent;
a three-exponential model function (f(t)
= a

1
·exp(-t/τ

1
) + a

2
·exp(-t/τ

2
) + a

3
·exp(-t/

τ
3
)) was necessary to get a good fit of the

kinetic traces. This is not surprising due
to the complex protein structure. Thus,
the average lifetime (<τ> = a

1
τ
1
+ a

2
τ
2
+

a
3
τ
3
), was used to make the comparisons

easier. At 310 nm (Fig. 11B), the FBP
fluorescence decayed with a lifetime
of 0.78 ns, while the HSA fluorescence
decayed with an average lifetime of 1.22
ns. The fluorescence kinetics of the FBP/
HSA mixtures at 310 nm were slightly
faster than those of FBP or HSA at their
maximum emission. This quenching was
more pronounced for the (S)-enantiomer
(<τ>=0.54 ns) than for (R)-FBP/HSA(<τ>
= 0.70 ns). At 380 nm (Fig. 11C), where
only HSA emits, the fluorescence decays
become substantially longer. Still, the <τ>
values were shorter for the complexes
(3.69 ns for (S)-FBP/HSA and 4.14 ns (R)-
FBP/HSA) compared to that of HSA (5.78
ns). Again, a clear stereoselectivity was
detected. Interestingly, both FBP and Trp
emissions were quenched in the FBP/HSA
complex, but less than in the covalently
linked dyads.

The time-dependent fluorescence
anisotropies were also recorded for FBP,
HSA and FBP/HSA under the same
conditions as above using FU and TCSPC.
The resulting fluorescence anisotropy
decays are shown in Fig. 12.

The initial fluorescence anisotropy of
HSA (r

0
= 0.18 ± 0.02), is much lower

than the theoretical limit of 0.4 for parallel
absorption and emission transition dipoles.
This can be taken as an indication for
complex internal relaxation processes
and/or energy transfer preceding the
tryptophan emission. The fluorescence
anisotropy remained practically constant
during the first hundreds of picoseconds,
in line with a slow rotational diffusion of
the voluminous protein.

The initial fluorescence anisotropy
of free FBP is high, r

0
= 0.36 ± 0.02, and

decays rapidly, with a characteristic time
of 65 ± 6 ps, in accordance with free
diffusional rotation.

In contrast, when FBP is complexed
with the protein, the initial fluorescence
anisotropy dropped to 0.29 ± 0.02 and the
kinetics remained constant in the first 150
ps. This can be explained as due to a more
constrained environment provided by the
protein binding sites, limiting the degrees
of freedom for conformational relaxation
of the drug.

Interestingly, at longer times the
fluorescence anisotropy decays of the
FBP/HSA complexes revealed a clear
stereoselectivity (Fig. 12B). They decay
monoexponentially, with characteristic
lifetimes of 0.44 ± 0.03 ns and 0.62 ±
0.07 ns for (S)-FBP/HSA and (R)-FBP/
HSA, respectively, but to a constant level
r∞ > 0, indicating a restricted rotational
motion (cf. wobble-in-a-cone model). The
different lifetimes and level r∞ values can
be related to the different dynamics of the
two enantiomerswithin the binding pocket.
One can deduce that the reorientational
relaxation is more efficiently restricted for
the (R)-enantiomer than for (S)-FBP.

4. Conclusions

The photoreactivity of the nonsteroidal
anti-inflammatory drug flurbiprofen to
human serum albumin has been studied in
terms of different covalent model dyads
composed of FBP and Trp or Tyr, two
amino acids that play a key role in the
interaction of a drug to HSA, and in the
real supramolecular system. In general,
dynamic fluorescence quenching has been
detected, with a clear stereoselectivity that
varied depending on the conformation

Fig. 11. A) Fluorescence spectra of (S)-FBP (black), HSA (green), and (S)-FBP/HSA (red) in PBS,
under air, using isoabsorptive solutions at the excitation wavelength (267 nm). The simulated
fluorescence spectrum, considering only the percentage of light absorbed by each subunit,
is shown in dark red. The ‘best’ simulated fluorescence spectrum, as explained in the text, is
shown in violet. B) Normalised TCSPC decays of (S)-FBP (black), HSA (green), (S)-FBP/HSA (red)
and (R)-FBP/HSA (blue) in PBS at the maximum emission (λem = 310 nm for FBP and FBP/HSA
mixtures, and λem = 340 nm for HSA). C) Normalised TCSPC decays as in B) but at λem = 380 nm.
Reproduced by permission of The Royal Society of Chemistry (Phys. Chem. Chem. Phys. 2013,
15, 4727; DOI: 10.1039/c3cp43847c).[12k]

Fig. 12. Fluorescence anisotropy decays of (S)-FBP (black), HSA (green), (S)-FBP/HSA (red) and
(R)-FBP/HSA (blue) in PBS at λem = 310 nm. A) FU and B) TCSPC after excitation at 267 nm (the
best fit is shown in black solid line). Reproduced by permission of The Royal Society of Chemistry
(Phys. Chem. Chem. Phys. 2013, 15, 4727; DOI: 10.1039/c3cp43847c).[12k]
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arrangement of the investigated system.
The (R,S)-diastereomer evidenced higher
quenching than its (S,S)-analogue in
FBP-Trp dyads. A similar tendency was
detected for the directly linked FBP-Tyr
models, while the opposite behaviour
was observed when FBP and Tyr were
separated by a cyclic spacer.Application of
theWeller equation was in agreement with
electron transfer and exciplex formation as
the thermodynamically favourable routes
for the fluorescence quenching. Molecular
modelling results were in agreement with
the stereoselectivity observed for FBP-
Tyr dyads. Finally, the same fundamental
processes occurred in the dyads and in the
real FBP/HSA complexes, although on
different rates and time scales; thus, the
dynamic quenching rates were slower in
the supramolecular system most probably
due to the weaker non-covalent drug/
protein interactions compared to the
dyads. In order to get a clearer picture
of the FBP/HSA interaction, molecular
docking simulations could bring valuable
information about the actual binding sites,
where FBP may interact locally with
several other residues. Studying covalently
bound dyads formed by FBP and the amino
acids involved at the binding sites by time-
resolved fluorescence spectroscopy would
surely bring a more detailed understanding
of the structure and the dynamics of the
FBP/HSA complex.
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