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Topological effects in ultrafast photoinduced
processes between flurbiprofen and tryptophan
in linked dyads and within human serum albumin†

Lorena Tamarit, Laura Garcı́a-Gabarda, M. Consuelo Jiménez,
Miguel A. Miranda * and Ignacio Vayá *

The interaction dynamics between flurbiprofen (FBP) and tryptophan (Trp) has been studied in covalently

linked dyads and within human serum albumin (HSA) by means of fluorescence and ultrafast transient

absorption spectroscopy. The dyads have proven to be excellent models to investigate photoinduced

processes such as energy and/or electron transfer that may occur in proteins and other biological

media. Since the relative spatial arrangement of the interacting units may affect the yield and kinetics of

the photoinduced processes, two spacers consisting of amino and carboxylic groups separated by

a cyclic or a long linear hydrocarbon chain (1 and 2, respectively) have been used to link the (S)- or

(R)-FBP with the (S)-Trp moieties. The main feature observed in the dyads was a strong intramolecular

quenching of the fluorescence, which was more important for the (S,S)- than for the (R,S)- diastereomer

in dyads 1, whereas the reverse was true for dyads 2. This was consistent with the results obtained by

simple molecular modelling (PM3). The observed stereodifferentiation in (S,S)-1 and (R,S)-1 arises from

the deactivation of 1Trp*, while in (S,S)-2 and (R,S)-2 it is associated with 1FBP*. The mechanistic nature

of 1FBP* quenching is ascribed to energy transfer, while for 1Trp* it is attributed to electron transfer

and/or exciplex formation. These results are consistent with those obtained by ultrafast transient

absorption spectroscopy, where 1FBP* was detected as a band with a maximum at ca. 425 nm and a

shoulder at B375 nm, whereas Trp did not give rise to any noticeable transient. Interestingly, similar

photoprocesses were observed in the dyads and in the supramolecular FBP@HSA complexes. Overall, these

results may aid to gain a deeper understanding of the photoinduced processes occurring in protein-bound

drugs, which may shed light on the mechanistic pathways involved in photobiological damage.

Introduction

Binding of photoactive drugs to biomolecules has received
considerable attention since disorders including photogeno-
toxicity or photoallergy may arise from interaction of the
resulting complexes with UV light.1,2 In this context, photo-
induced energy or electron transfer, as well as exciplex formation,
can be responsible for the biological damage. These processes are
known to be highly influenced by the surroundings of the drug,3

especially when bound to a protein, where the conformational

arrangement of the excited chromophore is determinant for its
photoreactivity.4,5

Molecular dyads consisting of a drug moiety covalently
linked to an amino acid derivative have proven to be useful
models to investigate in detail the photoprocesses that occur in the
real protein-bound drug complexes.6–9 As an example, marked
similarities have previously been observed between the funda-
mental photoprocesses occurring in fenofibric acid, the active
metabolite of the hypolipidemic drug fenofibrate,10 upon binding
to human serum albumin (HSA),11 the most abundant transport
protein in plasma,12 and the photobehavior of model dyads
composed of fenofibric acid linked to tyrosine (Tyr) or tryptophan
(Trp). Likewise, the photophysical properties of HSA-bound flurbi-
profen (FBP), a non-steroidal anti-inflammatory drug used for
the treatment of different diseases,13–17 are comparable to those
observed for diastereomeric dyads where the drug and Trp are
directly linked (FBP-Trp) through an amide bond.18

In the particular case of FBP-Trp, fluorescence spectroscopy
reveals a strong stereodifferentiation in the quenching of the
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singlet excited state for both the drug (1FBP*) and the amino
acid (1Trp*); the latter has been attributed to an electron
transfer process and/or exciplex formation, whereas the drug
quenching has been proposed to occur through an energy
transfer process from 1FBP* to Trp, although this hypothesis
has not been confirmed.8,18 In this regard, even though fluores-
cence spectroscopy, both in the steady-state and time-resolved
modes, is a powerful tool to investigate the photoinduced
processes operating in these photoactive systems,18–22 there
are some limitations to analyze them in detail due to the strong
overlap of FBP and Trp emission.

An alternative technique that can in principle be used to
investigate the behavior of drugs in solution and in biological
media is femtosecond transient absorption spectroscopy.23–31

This technique has proven to be a very sensitive, selective and
precise tool that allows investigating processes occurring at the
very early stages after excitation, including ultrafast energy and
electron transfer or charge separation.32,33 In this context, it
has recently been observed an ultrafast energy transfer from
HSA to bound lapatinib (LAP),25 a drug currently used to treat
breast and lung cancer.34–37 It has also been proven that
ultrafast electron transfer is markedly influenced by the relative
orientation and the distance between the individual chromophores
in bichromophoric linked systems.38–40 In general, the location and
spatial arrangement of a linked or bound drug are highly relevant
to understand the kinetics and yields of the photoinduced
processes occurring both in covalently attached drug-amino acid
systems and in non-covalent drug–protein complexes.

With this background, the present work aims to study in
depth the photobehavior of diastereomeric dyads composed of
FBP and Trp separated by linking bridges of different length
and nature (Fig. 1), where the excited state processes are
expected to be strongly influenced by the environment and
the distance between the involved chromophores, using a
combination of fluorescence and ultrafast transient absorption
spectroscopies. In this regard, (S)- and/or (R)-FBP are connected
to Trp through a short and rigid cyclic spacer (CSp) or using
a long and flexible linear one (LSp). The former displays a cis
configuration which in principle would allow closer interaction

between the two chromophores, while the latter permits greater
freedom of movement of both subunits and hence lower
probability of interaction. In connection with this, the confor-
mational arrangement adopted by the drug and the amino acid
units in the different dyads have been approached by means of
simple molecular modelling. In parallel, the photobehavior of
FBP@HSA complexes has also been studied for comparison, in
order to draw an improved picture of the photoinduced pro-
cesses taking place in the supramolecular media.

Results and discussion

The synthesis of the diastereomeric dyads (S,S)- and (R,S)-1, or
(S,S)- and (R,S)-2 was performed by conventional methods. In
the former, FBP and Trp are separated by a short and rigid
cyclic spacer; here, the synthesis of the intermediates (S)- and
(R)-FBP-CSp can be found elsewhere.7 In the case of dyads 2,
both chromophores are linked through a flexible linear spacer
longer than the cyclic one. The syntheses of (S)- and (R)-FBP-
LSp as well as those of dyads 1 and 2, in addition to the
chemical characterization of the compounds, can be found in
the experimental section of ESI† (Fig. S1 to S6, ESI†). Briefly, the
drug was first linked to the cyclic or linear spacer through an
amide bond leading to the intermediates FBP-CSp and FBP-
LSp, respectively. Then, these intermediates were coupled to
the methyl ester of Trp (TrpMe) in the presence of EDC and
BtOH to afford the desired dyads.

The photobehavior of the intermediates and the dyads was
investigated in acetonitrile, since their solubility in aqueous
media was very low. In general, the presence of the spacer
(cyclic or linear) did not affect significantly the photophysical
properties of the parent drug, so FBP was used as reference. The
absorption spectra of (S,S)-1 and (R,S)-1 matched with those of
the addition spectra of the isolated FBP and Trp at the same
concentration; this points to little if any interactions between
both moieties in the ground state (see Fig. 2). By contrast,
a different picture was obtained from the fluorescence studies.

Fig. 1 Chemical structure of the investigated systems.

Fig. 2 UV absorption spectra for (S)-FBP (black), (S)-TrpMe (gray), (S,S)-1
(red) and (R,S)-1 (blue). The simulated spectrum resulting from the addition
of isolated FBP and Trp is shown in orange. The concentration of all
samples was 20 mM in acetonitrile.
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Here, isoabsorptive solutions (A266 B 0.1) at the excitation
wavelength (lexc = 266 nm) were employed in order to compare
the fluorescence quantum yields (fF).

As it can be observed from Fig. 3A, emission from isolated
FBP (fF = 0.21)41 was much stronger than that observed for
(S,S)-1 (fF = 0.04) or (R,S)-1 (fF = 0.05). From the shape and
position of the spectra, both the drug and the amino acid
contribute to the fluorescence of the dyads, since two weak
shoulders were observed at ca. 300 and 315 nm, arising from
1FBP*, and the relative maximum was closer to the emission of
1Trp*. This is not surprising since both chromophores absorb
at 266 nm (see Fig. 2). Interestingly, the simulated emission of
the dyad (violet spectra in Fig. 3A) was much stronger than
the experimental observations; it can be calculated using the
relation (1), considering the percentage of photons absorbed by
FBP (60%) and Trp (40%) at 266 nm and assuming independent
emission of the two chromophores due to the absence of
significant interactions in their excited states.

AF(simulated) = 0.6 � AF(FBP) + 0.4 � AF(Trp) (1)

where AF(FBP) and AF(Trp) are the areas of the emission curves
of the two independent moieties. It is relevant that an excellent
reproduction of the experimental fluorescence was achieved for
(S,S)-1 and (R,S)-1 by using the relations (2) and (3), respectively.

AF((S,S)-1) = 0.06 � AF(FBP) + 0.16 � AF(Trp) (2)

AF((R,S)-1) = 0.06 � AF(FBP) + 0.20 � AF(Trp) (3)

Here, strong fluorescence quenching was determined for
both chromophores, ca. 90% for 1FBP* in both (S,S)-1 and (R,S)-
1, whereas for 1Trp* ca. 60% reduction in the emission intensity
was noticed in (S,S)-1 and B50% in (R,S)-1. Hence, some
stereodifferentiation was observed along the deactivation of
1Trp* in the dyads.

An additional outcome to highlight is the weak but clearly
detectable emission above 425 nm displayed by both dyads (see
Fig. 3B), which according to previous observations for related
systems can be ascribed to emission from exciplexes.7,8,18

Formation of these transients was also stereoselective, being
more favored in the case of (S,S)-1; thus, the stronger the
fluorescence quenching, the higher exciplex formation. Such
species are commonly associated with charge transfer character,42

in agreement with the electron donor nature of Trp.43 The exciplex
nature of this long-wavelength emission is supported by the
excitation spectra at 400 nm, where FBP does not emit and Trp
displays low emission; in this regard, the spectra of dyads 1 are
basically superimposable to the absorption spectra, in line with
the formation of exciplex-like species. The same was true for the
excitation spectra at lem = 450 nm, where there is still contribution
of both FBP and Trp (see Fig. S7 in ESI†).

In this framework, an interesting point for discussion is the
mechanism of fluorescence quenching in the dyads (S,S)-1 and
(R,S)-1. In the flurbiprofen unit, it can arise from an energy
transfer process from 1FBP* to Trp, in accordance with
the relative energies of the excited singlet states (99 and
95 kcal mol�1, respectively).41,44 This process was previously
proposed for directly linked FBP-Trp dyads,8,18 but due to the
massive fluorescence quenching, in addition to the absorption
of both the drug and the amino acid at 266 nm and the strong
overlap of their emission spectra, it was difficult to prove
this hypothesis by means of fluorescence spectroscopy.
However, the proposed energy transfer can be observed even
to a higher extent upon irradiation at 250 nm, where the drug
absorbs practically all the incident light (ca. 90%, see Fig. 2).
As expected, a more marked decrease of 1FBP* emission
compared with the simulated one in the absence of any
interaction between the drug and Trp was noticed for both
(S,S)-1 and (R,S)-1 (see Fig. S8 in ESI†).

As regards the quenching of 1Trp*, it can only be attributed
to a charge transfer process (exciplex formation, EXC, and/or
electron transfer, eT). In fact, application of the Weller
equation45 showed that the two processes are exergonic (DGEXC =
�10 kcal mol�1 and DGeT = �15 kcal mol�1; eqn 4 and 5,
respectively),8,18 and experimental formation of exciplex-like

Fig. 3 (A) Fluorescence spectra (lexc = 266 nm) for (S)-FBP (black),
(S)-TrpMe (gray), (S,S)-1 (red) and (R,S)-1 (blue) in acetonitrile. The simu-
lated spectrum that is obtained considering the percentage of photons
absorbed by isolated FBP and TrpMe at 266 nm and assuming no
interactions between them in their excited states is shown in violet. The
simulated emissions for (S,S)-1 and (R,S)-1 considering a quenching
process as explained in the text are shown in dashed red and dashed blue,
respectively (both spectra were slightly moved upwards to be distin-
guished). (B) Normalized spectra at the maximum emission. The inset
shows a zoom of the lower energy emitting states.
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species has been mentioned above for both (S,S)-1 and (R,S)-1.

DGEXC ¼ EOX � ERED �
ES

23:061
� m2

r3
e� 1

2eþ 1
� 0:19

� �
þ 0:38

(4)

DGeT ¼ EOX � ERED �
ES

23:061
þ 2:6

e
� 0:13 (5)

where EOX and ERED are the corresponding oxidation and
reduction potentials of the donor (Trp)44 and the acceptor (FBP),44

Es is the energy of the singlet excited state of Trp,44 e is polarity
of the solvent (in this case, acetonitrile) and m2/r3 has a value
of 0.75.45

Since the discussed photophysical processes are dynamic in
nature, a kinetic analysis was undertaken. As anticipated, the
kinetic traces of (S,S)-1 and (R,S)-1 at the emission maximum
decayed faster than for FBP (see Fig. 4A), displaying fluores-
cence lifetimes (tF) of ca. 0.8, 0.9 and 1.8 ns, respectively; these
values were obtained upon fitting the decay traces by a non-
linear fitting/deconvolution procedure using a one-exponential
function F(t) = Sai�exp(�t/ti). However, due to the limitations
in the time-resolution of our setup, it was difficult to make a
reliable analysis of the kinetics in the nanosecond time scale,
since a simple monoexponential law would be insufficient
to explain in detail all the involved photoinduced processes,

i. e. quenching of 1FBP* and 1Trp* as well as exciplex formation
and decay (kinetic traces shown in Fig. 4B). In the case of the
exciplexes, the (S,S)- diastereomer displayed longer tF values
than its (R,S)- counterpart (3.7 vs. 2.6 ns, respectively), in line
with the results from steady-state experiments. Here, a two-
exponential function was necessary to get a good fitting for
both decays; the obtained tF values are average lifetimes
determined as otF4 = a1t1 + a2t2.

To investigate the photobehavior of dyads in more detail,
femtosecond transient absorption spectroscopy was applied
to the study of (S,S)-1 and (R,S)-1. This is a powerful tool
to elucidate the nature of processes occurring at the very
early steps after excitation, such as energy and/or electron
transfer.32,33 Isolated FBP and Trp were first investigated as
references. All measurements were performed at lexc = 250 nm,
since absorption of the drug is about ten times higher than that
of the amino acid (see Fig. 2). Thus, excitation of FBP led to a
rapid formation of a band with maximum at ca. 425 nm and a
shoulder at B385 nm (see Fig. S9 in ESI†), which was previously
assigned to 1FBP*.29 This species decayed following a second
order law with lifetimes of ca. 52 and 1700 ps. The longer
component is assigned to deactivation of 1FBP* to the ground
state, while the shorter one is associated to intersystem cross-
ing (ISC) to form the triplet excited state of the drug (3FBP*).
These results totally agree with those previously reported by
Su et al.29 Accordingly, the band peaking at 425 nm evolved
towards the formation of a new one with maximum at B375 nm,
which survived in the microsecond time scale and was assigned to
3FBP*.29,41 By contrast, excitation of Trp under the same experi-
mental conditions did not result in the formation of any noticeable
transient species (see Fig. S10 in ESI†). Hence, femtosecond
transient absorption spectroscopy seemed a more appropriate
technique than fluorescence to investigate ultrafast photoinduced
processes of the dyads, since Trp does not produce any inter-
ference under the used experimental conditions.

In agreement with expectations, excitation of (S,S)-1 gave
rise to transient species (see Fig. 5A) whose spectra were similar
to those of isolated FBP. Thus, an instantaneous formation
of 1FBP* (lmax = 425 nm) that evolved towards 3FBP* (lmax =
375 nm) was also observed. Analogous results were obtained for
the (R,S)- diastereomer (see Fig. S11 in ESI†). However, the
kinetics of the dyads at 425 nm (see Table S1, ESI†) were
different from those of the isolated drug (see Fig. 5B): both
(S,S)-1 and (R,S)-1 decayed faster than FBP in the first 20 ps, to
continue their deactivation in parallel to that of the drug up to
the nanosecond time scale. The ultrafast dynamics observed for
both diastereomers (t B 10 ps) are assigned to an energy
transfer from 1FBP* to Trp, since this process would be ener-
getically favorable in view of the excited singlet energy values of
both chromophores (99 vs. 95 kcal mol�1).41,44 The components
with lifetimes of about 50 and 1400 ps (see Table S1, ESI†) are
assigned to ISC and to deactivation of 1FBP* to the ground
state. In relation to the energy transfer process, it is worth to
recall that the cyclic spacer in its cis configuration may provide
a closer orientation for FBP and Trp to interact with each other
in both (S,S)-1 and (R,S)-1. Hence, immediately after excitation,

Fig. 4 Decay traces at the maximum emission (A) and at wavelengths
longer than 420 nm (B) for (S)-FBP (black), (S,S)-1 (red) and (R,S)-1 (blue)
after excitation at 265 nm in acetonitrile. The best fitting curves are shown
in dashed. The instrumental response function is shown in light gray.
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the fraction of molecules displaying the appropriate conforma-
tion in their excited states may undergo energy transfer through
a Dexter mechanism,46,47 which involves collision between the
donor and acceptor partners. Concerning the longer compo-
nent reaching the ns time domain, it may correspond to the
fraction of excited molecules with a less favorable arrangement
to facilitate the energy transfer process, thus promoting radia-
tive deactivation through fluorescence. It is worth to mention
that no stereodifferentiation was detected at this stage, which
totally agrees with the results discussed above from the fluores-
cence measurements, where quenching of 1FBP* was identical
for both (S,S)-1 and (R,S)-1. Accordingly, the observed stereo-
differentiation was attributed to deactivation of 1Trp* through
an electron transfer process and/or exciplex formation; these
processes might take place at time-scales much longer than
energy transfer. Indeed, it was previously observed for related
systems that exciplex formation occur at times longer than
100 ps.18 Likewise, exciplex detection could be expected by
femtosecond transient absorption; however, their absorption
bands should have the signature of both FBP (with some FBP��

character,48 peaking at ca. 408 nm) and Trp (with some Trp�+

character,11,49 peaking at ca. 500 nm). These signals are prob-
ably much weaker than the strong absorption of 1FBP* and
3FBP*, which hinders their detection in these time and spectral
windows.

It is known that intramolecular photoprocesses related to
those herein investigated are markedly influenced by the con-
formational arrangement of the systems.4,5 In order to better
understand the stereodifferentiation observed for the dyads,
and to get more insight into the relative orientation adopted by
FBP and Trp in the more stable conformations, preliminary
molecular modelling (PM3) was performed. The results showed
that the two chromophores are closer to each other in (S,S)-1,
which agrees with its higher fluorescence quenching compared
with (R,S)-1, where both FBP and Trp are further apart (see
Fig. S12 in ESI†).

To complete the study of excited state dynamics for longer-
lived transient species, laser flash photolysis (LFP) experiments
were performed with (S,S)-1 and (R,S)-1 after excitation at
266 nm in deaerated acetonitrile. The transient absorption
spectra of both dyads were identical to that of isolated FBP
(see Fig. S13 in ESI†), which was previously assigned to 3FBP*.41

However, the intensities were much lower for the dyads than for
the parent drug, with estimated fT of about 0.07 and 0.11 for
(S,S)-1 and (R,S)-1, respectively, which is not surprising due to
the competing intramolecular quenching of their precursor
1FBP*. Concerning the triplet lifetimes (tT), of about 7.0 ms,
they were also similar to that of FBP, which points to a lack of
interaction between both chromophores in this excited state.

Concerning dyads (S,S)- and (R,S)-2, where FBP and Trp are
separated by a long and flexible linear spacer, a parallel study
was performed. Again, a strong and stereoselective fluorescence
quenching was also observed (see Fig. 6A). Interestingly, (R,S)-2
exhibited a clearly lower emission quantum yield (fF = 0.07)
than its (S,S)- counterpart (fF = 0.10), showing an apparent
reverse behavior to (S,S)- and (R,S)-1. As in the case of 1, FBP
and Trp contributed to the emission in both diastereomers of 2,
since the fine structure from the drug between 300–315 nm was
clearly observed, and the emission tail extended above 375 nm.

The mathematical approach to estimate the quenching of
either 1FBP* or 1Trp* in (S,S)-2 and (R,S)-2 is shown in eqn (6) and
(7), respectively, which led to calculated curves (dashed lines in
Fig. 6A) that matched with those obtained experimentally.

AF((S,S)-2) = 0.24 � AF(FBP) + 0.22 � AF(Trp) (6)

AF((R,S)-2) = 0.14 � AF(FBP) + 0.22 � AF(Trp) (7)

In this case, stereodifferentiation in the deactivation of
1FBP* was noticed, being higher for (R,S)-2 (77% quenching)
than for its (S,S)- analog (60% quenching); by contrast, no
differences were observed for 1Trp*, where 45% reduction of
the emission intensity was determined for both diastereomers.
Thus, it can be concluded that stereodifferentiation arises from
1FBP*. As it has been discussed above for dyads 1, irradiation of
(S,S)-2 and (R,S)-2 at 250 nm induces a higher decrease of the
emission of 1FBP* compared with the simulated one assuming
no interactions between the two subunits (see Fig. S14 in ESI†),
which is in line with the energy transfer process. Concerning
the excited state dynamics, the fluorescence of (R,S)-2 decayed
slightly faster than that of (S,S)-2 (see Fig. S15 in ESI†),
displaying tF of ca. 1.1 and 1.2 ns, respectively. Interestingly,

Fig. 5 (A) Femtosecond transient absorption spectra for (S,S)-1 from 1 ps
(black) to 0.5 ns (green). (B) Kinetic traces for (S)-FBP (black), (S,S)-1 (red)
and (R,S)-1 (blue) at 425 nm. All measurements were performed upon
excitation at 250 nm in acetonitrile.
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formation of exciplex-like species was negligible for dyads 2,
since no emission was detected above 420 nm (Fig. 6B).

The photobehavior of (S,S)-2 and (R,S)-2 at the very early
steps after excitation was also investigated by femtosecond
transient absorption spectroscopy. Thus, excitation of the
dyads at 250 nm resulted in the formation of the same
transients (see Fig. S16 in ESI†) as those observed for FBP,
but with different relaxation dynamics. The ultrafast processes
(33 ps for (S,S)-2 and 12 ps (R,S)-2) were again in accordance
with an energy transfer from 1FBP* to Trp. In this regard, the
kinetics was faster for (R,S)-2 (see Fig. 7), in line with the steady-
state observations. Again, the components of ca. 50 ps and
1.2 ns (see Table S1, ESI†) are assigned to ISC and deactivation
of 1FBP* to the ground state.

As mentioned above for dyads 1, the conformational arrange-
ments adopted by FBP and Trp in (S,S)- and (R,S)-2 were also
explored by means of simple molecular modelling (PM3). The two
chromophores displayed a closer and more favorable orientation
to interact with each other in (R,S)-2 (see Fig. S17 in ESI†), which
totally agrees with the experimental results.

To complete the photophysical study of dyads 2, LFP mea-
surements at lexc = 266 nm in deaerated acetonitrile revealed

the formation of 3FBP* in both diastereomers (see Fig. S18 in
ESI†). Interestingly, (R,S)-2 displayed lower intensity (estimated
fT B 0.14, while for (S,S)-2 it was ca. 0.27), which is not
surprising since its fluorescence was quenched to a greater
extent. The triplet lifetimes of dyads 2 (tT B 7 ms) were
coincident with that of isolated FBP, evidencing the lack of
interaction between FBP and Trp from these excited states.

Finally, the photobehavior of flurbiprofen bound to HSA was
investigated by means of femtosecond transient absorption
spectroscopy. Previous reports discussing the ultrafast fluores-
cence dynamics of (S)- and (R)-FBP within HSA at the very early
events after excitation have shown a stereoselective quenching
of both 1FBP* and the single 1Trp* unit from the protein. The
latter has been attributed to exciplex formation and/or electron
transfer.18 However, although energy transfer from the drug to
HSA was proposed to explain 1FBP* quenching, the ultrafast
fluorescence technique presented some limitations for the
study, due to the absorption of light at 266 nm by both FBP
and HSA and to the strong overlap of their emission spectra. In
this regard, femtosecond transient absorption spectroscopy
could be a more appropriate tool to investigate this process.

Concerning the photobehavior in the protein-bound flurbi-
profen, it is worth to note that HSA has multiple cavities that
can host small organic moieties, and the most important ones
to accommodate drugs are the so-called sites I, II and III.50,51

The only Trp residue of HSA is located in site I.52 In this
context, previous studies have demonstrated that FBP mainly
interacts to site II of HSA, but also to site I.53,54 This fact would
be consistent with the possibility of energy transfer from 1FBP*
to the protein, which would follow a Förster-type mechanism55

due to the large size of site I. In this regard, we have determined
the R0 parameter from eqn (8) and (9), and the distance (r) for
energy transfer through FRET mechanism from eqn (10), which
was found to be ca. 19 Å. Hence, this mechanism might occur
in the protein-bound flurbiprofen.

Jdipole�dipole ¼
ð1
0

�FDð�nÞ 2A ð�nÞd�n
�n4

(8)

Fig. 6 (A) Fluorescence spectra (lexc = 266 nm) for (S)-FBP (black),
(S)-TrpMe (gray), (S,S)-2 (dark red) and (R,S)-2 (dark blue) in acetonitrile.
The simulated spectrum that is obtained considering the percentage of
photons absorbed by isolated FBP and TrpMe at 266 nm and assuming no
interactions between them in their excited states is shown in violet. The
simulated emissions for (S,S)-2 and (R,S)-2 considering a quenching
process as explained in the text are shown in dashed dark red and dashed
dark blue, respectively. (B) Normalized spectra at the emission maximum.

Fig. 7 Femtosecond transient absorption decay traces at 425 nm for (S)-
FBP (black), (S,S)-2 (dark red) and (R,S)-2 (dark blue) after excitation at
250 nm in acetonitrile.
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R0 ¼ 9:78� 103
k2fDJdipole�dipole

n4

� �1
6ðÅÞ (9)

E ¼ k

t�1D þ k
¼ R6

0

R6
0 þ r6

(10)

where Jdipole–dipole represents the overlap integral between the
emission spectrum of the donor (FBP) and the absorption
spectra of the acceptor (HSA). Following the methodology
employed above for the dyads, the separated components FBP
and HSA were first investigated by femtosecond transient
absorption spectroscopy as references. Excitation of the drug
in aqueous PBS at 250 nm led to the formation of 1FBP*, which
evolved towards 3FBP*; by contrast, no signal was detected for
HSA under the same experimental conditions (see Fig. S19 in
ESI†). Yet, for FBP@HSA, both transient species 1FBP* and
3FBP* were detected (see Fig. 8A). For the protein-bound
flurbiprofen, the kinetic trace associated to 1FBP* (lmax B
425 nm) decayed faster than that of the drug in the bulk
aqueous solution (see Fig. 8B and Table S1, ESI†). This result
agrees well with energy transfer from 1FBP* to the protein,
which is not surprising in view of the non-negligible spectral
overlap (see Fig. S20 in ESI†) between the two components.

After this time, both profiles decayed in parallel up to the ns
time scale.

Conclusions

The photobehavior of model dyads composed of flurbiprofen
(FBP) and tryptophan (Trp) separated by a short and rigid cyclic
or a long and flexible linear spacer has been compared with
that of the biologically relevant FBP@HSA complexes in order
to get mechanistic insight into the photoinduced processes
(e. g. energy and/or electron transfer) that may arise upon their
exposure to light. To this end, fluorescence, both in the steady-
state and time-resolved modes, in addition to ultrafast transi-
ent absorption spectroscopies have been used. Additionally,
simple molecular modelling calculations in the dyads have
explained why the observed photoinduced processes are clearly
affected by the relative orientation of the two chromophores.

In general, the photoreactivity is highly influenced by topo-
logical aspects such as the conformational arrangement and
the distance between FBP and Trp. In this regard, a marked and
stereoselective intramolecular quenching of the fluorescence of
both units has been detected. In the case of dyads 1, this effect is
stronger in the (S,S)- diastereomer, whereas the reverse is true for
dyads 2, where the (R,S)- analog exhibits weaker emission. These
results can be correlated with those of simple molecular modelling
(PM3), where a closer arrangement is found for dyads (S,S)-1 and
(R,S)-2, in line with the experimental results.

In general, the observed quenching is dynamic in nature and is
associated with different processes depending on the investigated
chromophore. For 1FBP*, energy transfer to Trp is proposed in
view of the experimental results obtained from ultrafast transient
absorption spectroscopy. On the other hand, electron transfer
and/or exciplex formation occurs along deactivation of 1Trp*.
The detected stereodifferentiation is markedly affected by topolo-
gical factors. In this context, for dyads 1, where a short and rigid
cyclic spacer is used to link FBP and Trp, stereodifferentiation
occurs upon quenching of 1Trp*. Conversely, in the case of dyads
2, where both chromophores are separated by a linear and long
flexible spacer, the stereoselectivity is detected during deactivation
of 1FBP*. Finally, the same photoinduced processes detected for
the model dyads are observed in the supramolecular FBP@HSA
complexes. Hence, energy transfer from the excited drug to the
protein is supported by femtosecond transient absorption spectro-
scopy. Overall, the obtained results prove the value of properly
designed dyads as models to investigate relevant interactions
between photoactive drugs and the amino acids located in the
binding sites of proteins. This provides a useful tool to investigate
the photoinduced processes that may occur upon exposure of
complex biological systems to light, which could eventually lead to
the occurrence of photobiological damage.

Author contributions

Research was conceived by all authors. Experiments were
performed by L. T. and L. G.-G. with the aid of I. V. and M. C. J.

Fig. 8 (A) Femtosecond transient absorption spectra from 1 ps (black) to 2
ns (green) for FBP@HSA. (B) Decay traces at 425 nm for FBP (solid green)
and FBP@HSA (opened green). All measurements were performed at lexc =
250 nm in PBS.
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