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Abstract Two new bio-inspired non-proteinogenic com-
pounds L1 and L2, containing coumarin and/or acridine
chromophores and bearing as spacer an alanine amino acid
were successfully synthesized and fully characterized by
elemental analysis, 'H and "3C NMR, infrared spectros-
copy (KBr discs), melting point, ESI-TOF (electrospray
ionization-time of flight-mass), UV-vis absorption and
emission spectroscopy, fluorescence quantum yields and
lifetime measurements. A relative fluorescence quantum
yield of 0.02 was determined for both compounds. In L2
the presence of an intramolecular energy transfer from the
coumarin to the acridine unit was observed. L1 and L2 are
quite sensitive to the basicity of the environment. At
alkaline values both compounds show a strong quenching
in the fluorescence emission, attributed to the photoinduced
electron transfer (PET). However, both deprotonated forms
recover the emission with the addition of Zn”, Cd** and
AI’' metal ions. As multifunctional emissive probes, the
titration of L1 and L2 with lanthanides (III), Eu®>" and
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Tb*" was also explored as new visible bio-probes in the
absence and in the presence of liposomes. In a liposomal
environment a lower energy transfer was observed.
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Introduction

The design of new bio-inspired compounds (Lodeiro et al.
2010; Pazos et al. 2009) containing amino acid units (Costa
et al. 2008; Oliveira et al. 2012a), peptides (Oliveira et al.
2011a, b), neurotransmitters (Oliveira et al. 2012b) or other
biological molecules as receptors, and bearing fluorescent
dyes is up to now an area of great development due to their
huge potential applications in biological and environmental
fields. A bio-inspired chemosensor has a similar structure
to a classical chemosensor, but in this case, the receptor is
formed by an amino acid (natural or synthetic) or by a
peptide chain (Lodeiro et al. 2010).

The insertion of amino acids in the backbone of syn-
thetic polymers can lead us to macromolecules containing
biomimetic characteristics, with a specific structure and
biological properties.

Their properties such as luminescence, conducting
ability, higher thermal stability and metal ions or other
analyte recognition, can be modified by synthetic manip-
ulation at the amino acids side chain. Amino acids and
peptides contain sites available for metal binding and
recognition, making them good biosensors for metal
detection in solution and in solid state (Costa et al. 2007).
Peptides and proteins do not have fluorescent properties
strong enough to be useful as intrinsic fluorescence
chemosensor for sensing in the environment. So, their
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conjugation with emissive fluorophores can enhance their
properties, for sensing and developing fluorescence peptide
Sensors.

Classically, the most common fluorophores used in
molecular chemosensors, anthracene (Tamayo et al. 2005;
Kubo and Mori 2005), pyrene (Yang et al. 2001; Lodeiro
et al. 2006), benzoxazol (Costa et al. 2007, 2008), have
short emission wavelengths which fit perfectly for abiotic
analysis, but when we cross for in vivo applications the
fluorophores used must be visible excited. Coumarin (Lim
and Bruchner 2004; Oliveira et al. 2011a, b; Lu et al.
2007), acridine (Lee et al. 2008), fluorescein (Burdette
et al. 2001; Nolan et al. 2006) and rhodamine (Soh et al.
2007; Ko et al. 2006; Zhang et al. 2009) dyes are often
applied in biological studies. As stated above, the fluoro-
phores have an important role, and then its properties are
extremely important to the final compounds.

Since the 1900s coumarin is well known by its phar-
macological, antibacterial, anti-inflammatory, anti-coagu-
lant, anti-oxidant and anticancer activity (O’Kennedy and
Thornes 1997; Musa et al. 2008). Coumarin derivatives
have a high fluorescent quantum yield being widely used as
laser dyes, fluorescent probes, solar energy collector and
nonlinear optical dyes (Ray and Bharadwaj 2008; Trenor
et al. 2004). On the other hand, acridine chromophore is
also a heterocyclic compound with great potential for the
design of bio-inspired chemosensors, mostly due to their
biological activities (Albert 1972). Its derivatives show a
wide spectrum of biological activities, such as antibacterial
(Rubbo et al. 1942), antitumor, anti-inflammatory (Amir
et al. 2008; Bansal et al. 2001), hypertensive (Albert 1972),
antineoplastic (Cain and Atwell 1974), analeptic (Albert
1966) and anthelmintic (Chandler and Read 1961). Acri-
dine-based drugs are often used as photosensitizers in
photodynamic therapy (PDT), which is an emerging
modality in the treatment of cancer. 9-Aminoacridine also
has mutagenic properties, it has the ability to bind to the
DNA, and it can be used as a pH-probe in biological sys-
tems. Furthermore, it is one of the simplest organic mole-
cules, which interact with biomolecules (Martinez and
Chacoén-Garcia 2005).

The research on this kind of bioorganic molecules has
allowed the detection of metal ions, and it also made it
possible to quantify their amount in the human body, as
well as in environmental samples.

Moreover, in order to explore the photophysical prop-
erties of organic dyes, lanthanide(IIl) ions have being used
in conjugation with organic molecules, playing an impor-
tant role in cellular imaging. Lanthanide complexes have
already been used commercially in heterogeneous and
homogeneous immunoassays and in DNA assays as highly
sensitive and selective molecular probes (Steinkamp and
Karst 2004; Hemmila and Laitala 2005). Especially,
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europium(IIl) and terbium(III) probes usually bind into an
organic chelating ligand which contains a chromophore
that signals the recognition. The use of luminescent lan-
thanide complexes has several advantages; in addition to
large Stokes shift (>150 nm), their emission spectra shows
very narrow bands, which are insensitive to environmental
changes, long luminescent lifetimes and insensibility to
photo bleaching which permits a prolonged detection
(Thibon and Pierre 2009; Rajapakse et al. 2009).

Following our research interest in the design and syn-
thesis of new colorimetric and fluorimetric probes, herein
we report the synthesis of two new bio-inspired compounds
(Lodeiro et al. 2010), L1 and L2, containing as chro-
mophores coumarin and/or acridine, bearing as a building
block an amino acid alanine residue. Both compounds were
fully characterized and their sensing ability towards dif-
ferent representative biological metal ions such as alkaline
earth(M = Ca2+), transition and post-transition (M = Zn>",
Cd**, Cu®™, Cr**, Fe*Tor AP™) metal ions was performed by
UV-vis and emission fluorescence measurements. The inter-
action of compound L2 with lanthanide ions (M = Eu** and
Tb**) was also carried out in the presence and in the absence
of liposomes as potential bio-probe, as the preliminary stage to
their uses as fluorescent water-soluble probes in cells and
tissues.

Experimental
Chemicals and starting materials

ZH(CF3SO3)2'XH20, Ca(CF3SO3)'XH20, Cd(CF3SO3)2XH20,
CU(CF3SO3)2'XH20, FC(N03)3'XH20, Al(NOg)gXHQO,
Cr(NO3)3'XH20, EU(NO3)3XH20 and Tb(NO3)3XH20 salts
have been purchased from Strem Chemicals, Sigma Aldrich
and Solchemar. Tetrabutylammonium hydroxide (C;sH3,NO)
and methanesulfonic acid (CH403S) were from Fluka.
Thionyl chloride, DCC (N,N'-dicyclohexylcarbodiimide),
Boc-Ala-OH, acridine yellow, coumarin-3-carboxylic acid
were from Aldrich. HOBT (1-hydroxybenzotriazole) was
from Seen Chemicals. L-Alpha-phosphatidylcholine and
phosphate-buffered saline pH 7.4 were from Sigma. TLC
analysis was carried out on pre-coated silica plates from
Merck (Merck 60F,s4). Chromatography on silica gel was
performed on Merck Kieselgel (230-240 mesh). All were
used without previous purification.

Physical measurements

Elemental analyses were carried out on a Fisons EA-1108
analyser at the University of Vigo Elemental Analyses
Service. Infrared spectra were recorded in KBr windows
using a JASCO FT/IR-410 spectrophotometer. NMR
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spectra of the ligands were obtained on a Bruker Spec-
trometer operating at 400 MHz for '"H NMR and '*C NMR
using the solvent peak as internal reference, using the
facilities of the University of Santiago de Compostela,
Spain. Melting points were determined on a Gallenkamp
apparatus and are uncorrected. ESI-TOF spectra were
obtained on Mass Spectrometer VG Autospec M at the
CACTI-Servizo de Determinacion Estructural, Protedomica
e Xendmica at the University of Vigo, Spain. Absorption
spectra (220-800 nm) were recorded on a JASCO 650
UV-vis spectrometer and emission spectra were recorded
on a Horiba-Jovin Ibon Fluoromax 4 spectrofluorimeter.
The linearity of the fluorescence emission versus concen-
tration was checked in the concentration used (107*-
107 M). A correction for the absorbed light was per-
formed when necessary. The spectrometric characteriza-
tions and titrations were performed as follows: the stock
solutions of the compounds (ca. 10~ M) were prepared by
dissolving an appropriate amount of the complex in a
10 ml volumetric flask and diluting it to the mark with
absolute ethanol or acetonitrile. The solutions were pre-
pared by appropriate dilution of the stock solutions still
107°-107® M. Titrations of the ligands L1, L2, and L3
were carried out by the addition of microliter amounts of
standard solutions of the ions and anions in acetonitrile. All
the measurements were performed at 298 K.

Luminescence quantum yields were measured using a
solution of quinine sulphate in sulphuric acid (0.5 M) as a
standard (¢) = 0.54 for L1, and for L2 were measured
using as standard the acridine yellow G (L3) (¢ = 0.47)
(Montalti et al. 2006) and the compound L1 (¢ = 0.02).
All fluorescent quantum yields were corrected for different
refraction indexes of solvents (Montalti et al. 2006). The
values were obtained using the formula below,

I n? Ay
fr— X — X — X —
¢ (rbst Ist ngt A

where, ¢, ¢ are the fluorescence quantum yields of the
sample and standard, n, ng the solvent refraction indexes, 7,
I the integrated emission of sample and the standard. The
A and Ag, are the absorbance of sample and standard at the
excitation wavelength, which are matched to be identical.

Fluorescence decays were measured with excitation at
370 nm using a Nano LED system consisting of a Nano
LED controller (Jobin Yvon IBH NanoLED-C) and a
Nano LED source (Jobin Yvon IBH NanoLED-03). The
Nano LED controller NIM output signal was shaped into a
leading edge discriminator (Canberra 2126) and directed to
a time to amplitude converter (TAC, Canberra 2145) as
start pulses. Emission wavelengths were selected by a
monochromator (Oriel 77250), imaged in a fast photo-
multiplier (Philips XP2020Q) and the PM signal was
shaped into a constant fraction discriminator (Canberra

2126) and delayed before entering the TAC as stop
pulses. The analogue TAC signals were digitized (ADC,
ND582) and stored in a multichannel analyser installed in
a PC. Fluorescence decays and the instrumental response
function (IRF) were collected using 1,024 channels in a
38 ps per channel scale, until 5 x 10 counts at maxi-
mum were reached. The full width at half-maximum of
the IRF was about 1.2 ns and was highly reproducible.
Fluorescence decays were collected at 406 and 492 nm.
The obtained fluorescence decays were deconvoluted
using the modulating functions method (Striker et al.
1999).

Liposome preparation

Phosphate-buffered saline (PBS) pH 7.4 was prepared in
doubly distilled water. Liposomes were prepared by the
thin layer evaporation technique. Phosphatidylcholine was
dissolved in CHCl; (10 mg/ml) and the solvent was
removed under reduced pressure to obtain a thin film on the
sides of the flask. The film was left under vacuum over-
night for the removal of all traces of the organic solvent.
The resulting dried lipidic film was dispersed with 10 ml of
PBS. The mixture was vortexed and sonicated to give small
unilamellar vesicles (SUV).

General synthesis of ligands
L1: coumarin-alanine

L1. Coumarin-3-carboxylic acid (A) (0.20 g, 1.05 x
10~2 mol) was dissolved in distilled DMF (2 ml), cooled in
an ice bath, followed by the addition of HOBt (0.14 g,
1.05 x 107> mol) and DCC (0.21 g, 1.05 x 10> mol).
The mixture was stirred in an ice bath for 30 min.

In a separate flask, thionyl chloride (0.40 ml, 5.60 x
107 mol) was added drop wise and stirred to methanol
(10 ml), cooled in an ice bath, followed by the addition of
Boc-Ala-OH (0.50 g, 5.61 x 1073 mol). The solution was
refluxed at boiling temperature for 2 h. The solvent was
evaporated under reduced pressure, yielding an oil. The oil
was washed with cold diethyl ether leaving a white powder
(HCL.H-Ala-OMe).

Following the next step, HCIL.H-Ala-OMe (0.14 g,
1.05 x 107> mol) was neutralized with triethylamine
(0.14 ml, 1.05 x 1073 mol) in distilled DMF for 30 min.
The solution was filtered and the filtrate was added to the
previous mixture containing compound (A). The final
mixture was stirred for 1 h in an ice bath and 1 h at room
temperature. The solvent was evaporated under reduced
pressure and the residue was treated with cooled acetone,
to remove N-acylurea (DCU) through filtration. The sol-
vent was evaporated and the residue purified by column
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chromatography with silica gel (eluent: CH,Cl,/MeOH
100:1). The fractions were combined and the product L1
was obtained as a yellow solid.

Yellow powder (yield: 0.202 g, 70 %), C;4H3NOs.
FW = 275.26.

Elemental analysis (found: C, 61.3; H, 4.9; N, 4.7 %
CHNS requires: C, 61.0; H, 4.8; N, 5.0). IR (KBr win-
dows) em™': v (NH st) (cm™ ') = 3,347; v (alkyl-CH)
(cm™') = 2,937, 2,947; v (C=0 lactone) (cm™') = 1,720;
(C=0 st carboxylic acid) (cm_l) = 1,711; v (C=C ben-
zene) (cm™ ') = 1,648, 1,449, 1,362, 1,286; v (N-C=O st)
(em™") = 1,565; v (C-O—C cyclic ethers) (cm™') = 1,221,
1,202. NMR spectrum: Jy (CDCl;, 400 MHz) ppm:
1.49-1.52 (d, J = 12 Hz, 3H, p-CH; Ala), 3.74 (s, 3H,
OCHs;), 4.70-4.73 (m, 1H, o-H Ala), 7.32-7.38 (m, 2H,
H6, H7), 7.60-7.65 (m, 2H, HS, H8), 8.84 (s, 1H, H3),
9.17-9.19 (d, J =8 Hz, 1H, NH Ala). Jc (CDCl;,
100 MHz) ppm: 18.00 (C-f-CHj), 48.63 («C), 52.45
(OCH3y), 116.64 (C6), 125.25 (C7), 129.80 (C5), 134.16
(C8), 148.56 (C3), 154.48 (C=0 amide carbonyl). UV-vis
in absolute ethanol (4 nm), bands at 295 nm (loge = 4.0),
330 nm (loge = 3.75). Emission spectra in absolute etha-
nol  (Aexe = 330 nm, Aepmis = 410 nm). ESI-TOF calc.
(found) %: [L1JH*, 276.3 (276.5) 100 % mlz.

L2: coumarin-alanine-acridine-alanine-coumarin

Coumarin-alanine (L1), (0.060 g, 2.18 x 1074 mol) was
dissolved in 1,4-dioxane (1 ml) in an ice bath, and aqueous
sodium hydroxide 1 M solution (0.32 ml, 1.5 eq., 3.27 x
10~* M) was added drop wise. The mixture was stirred at
room temperature for 3 h. The pH was adjusted to 2-3 by
adding aqueous KHSO,4 1 M solution and extracting it with
ethyl acetate (3 x 10 ml). After drying it with anhydrous
sodium sulphate and the evaporation of the solvent, the
residue was triturated with diethyl ether and a white solid
(B, coumarin-alanine-OH) was obtained.

Compound B (0.054 g, 2.06 x 10~* mol) was dissolved
in distilled DMF (2 ml), cooled in an ice bath, followed by
the addition of HOBt (0.03 g, 2.06 x 10~* mol) and DCC
(0.05 g, 2.06 x 10~* mol). The mixture was stirred in an
ice bath for 30 min.

Following the next step, acridine yellow G (L3)
(0.056 g, 2.06 x 1074 mol) was added to the solution
containing compound B and the final mixture was stirred
for 1 h in an ice bath and 1 h at room temperature. The
solvent was evaporated under reduced pressure and the
residue was treated with cooled acetone, to remove N-
acylurea (DCU) through filtration. The solvent was again
evaporated and the residue purified by precipitation.
Product L2 was obtained as an orange solid.

Orange powder (yield: 0.070 g, 50 %), C4;H33N50g
6H,0, FW = 831.8.
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Elemental analysis (found: C, 57.4; H, 5.6; N, 12.5 %
CHNS requires: C, 57.1; H, 5.9; N, 12.2). IR (KBr win-
dows) em™': v (NH st) (cm™ ') = 3,030; v (alkyl-CH)
(cm™ ') = 2,923, 2,847; v (C=0 lactone) (cm™') = 1,712;
(C=0 st carboxylic acid) (ecm™") = 1,681; v (C=C ben-
Zene) (cm_l) = 1,622, 1,446, 1,392, 1,286; v (N-C=0 st)
(cm_l) = 1,564; v (C-O-C cyclic ethers) (cm™YH = 1,214.
NMR spectrum: dyg (C3HgO, 400 MHz) ppm: 1.52-1.54 (d,
6H, 2 x f-CH; Ala), 2.78 (s, 6H, -CHj; acridine),
4.65-4.68 (m, 1H, o-H Ala), 7.39-7.49 (m, 4H, H6-H7,
H6'-H7'), 7.52-7.56 (m, 4H, H5, H8, H5', HY'), 7.70-7.72
(d, J = 8 Hz, 2H, 2x NH acridine), 7.77-7.81 (m, 3H,
H6", H10”, H8"), 7.92-7.98 (m, 5H, H3” + H13"”, 2x NH
coumarin), 8.91 (s, 2H, H3, H3'). §- (C3HcO, 100 MHz)
ppm: 17.55 (f-CH; Ala), 33.44 (CHjacridine), 48.15 (aC
Ala), 109.35 (C8"), 116.24 (C6, C6'), 118.72 (C6"), 119.10
(C10"),124.38 (C7,C7"),125.15(C5,C5), 127.18 (C8, C8"),
130.20 (C3"), 134.15 (C13"), 148.11 (C3, C3’). UV-vis in
absolute ethanol (A nm): bands at 295 nm (loge = 4.45),
330 nm (loge = 4.20), and 462 nm (loge = 3.28). Emission
spectra in absolute ethanol (Aexe; = 330 nm, Aeyer =
462 nm, Acmisi = 410 nm, Aemisr> = 492 nm). ESI-TOF
calc. (found) %: [L2] H 724.5 (724.7) 100 %.

L3: acridine yellow

Acridine yellow G was a commercial product from Aldrich
and used without any further purification.

Results and discussion
Synthesis

Compound L1 was obtained by a standard DCC/HOBt
coupling reaction between H-Ala-OMe and coumarin-3-
carboxylic acid (A). L1 was purified by gel chromatogra-
phy yielding a yellow powder. The synthesis of compound
L2 was obtained by a reaction between compound
B (coumarin-Ala-OH) and commercial acridine yellow G
(L3), which was stirred for 1 h at 0 °C and 1 h at room
temperature. The final product was purified by precipitation
yielding an orange powder (Scheme 1).

Both compounds were characterized by elemental
analysis, 'H and '*C NMR, infrared spectroscopy (KBr
discs), melting point, ESI-TOF (electrospray ionization-
time of flight-mass), UV-vis absorption and emission
spectroscopy, fluorescence quantum yields and lifetimes.

The "H NMR spectra of compounds L1 and L2 present
the characteristic signals of the amino acid backbone NH
and a-H and side chain -CHj; (for Ala). Also, the signals,
due to the heterocyclic rings, presented in coumarin and
acridine moieties were visible between 7.32 and 8.91 ppm.
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Scheme 1 General synthetic pathway of L1 and L2

Through the '*C spectra, the formation of the amide link-
age was also confirmed by the appearance of the signal due
to the amide carbonyl group at about 148 ppm as well as by
the o carbon at 48.2-48.6 ppm. The IR spectra reveals
some of the principal signals, such as, the N-H linkage at
3,347 cm_l, carbonyl of the lactone and of the acid car-
boxylic at 1,720 and 1,711 cmfl, respectively (Silverstein
et al. 1980). Moreover, through ESI-TOF analysis it is
possible to identify the protonated species [L1] H' at
276.5 m/z and [L2] H at 724.7 m/z.

Spectrophotometric and spectrofluorimetric studies

The photophysical characterization of the compounds L1
and L2 was performed in acetonitrile solution and the
spectra are gathered on Fig. 1. The absorption and the
emission spectra shows the characteristics bands of cou-
marin chromophore centered at ca. 295, 330 and 406 nm
for L1 and L2 as well as the acridine yellow characteristic
bands at 290, 462 nm for absorption and 492 nm for
emission in L2.

1 4-dioxane ©\/f\ J\”/OH
NaOH, KHSO4
B
DCC/HOBt

1h 0°C, 1h rt

s

The relative fluorescent quantum yield of compound L1
was calculated using as a standard the quinine sulphate,
whereas for compound L2 the fluorescent quantum yield
was determined, respectively, by acridine yellow G (L3)
and, also by the compound L1.

The fluorescent quantum yield of compound L1 and L2
is similar when it is excited on the coumarin unit, 0.02.
Otherwise, on the acridine unit, compound L2 is much
more quenched, respectively, to L3, changing from 0.47
(L3) to 0.09 (L2). The main photophysical data are pre-
sented in Table 1.

As we can see, the fluorescent quantum yield of the
acridine (LL3) is rather quenched with the addition of the
bis-coumarin-alanine moiety, changing from 0.47 to 0.09
(Montalti et al. 2006). In the emission spectrum reported in
Fig. 1, compound L2 showed a band at 410 nm and a
shoulder at 492 nm, when it is excited at 330 nm, wave-
length corresponding to the absorption band of the cou-
marin unit. Moreover, a small quenching of about 20 %, in
the fluorescence quantum yield of the coumarin fluoro-
phore of L2 is also observed. This could be possibly due to

Fig. 1 a Absorptlon, emission o /a.u. I /a.u.
and excitation spectra of 1.2x 10 : 16x 10" norm. 5
compound L1. b Absorption (/), L4

Emission at 330 nm (2), 1x10*

Emission at 462 nm (3),

Excitation at 410 nm (2*) and ‘e 8x10°-
Excitation at 492 nm (3%) =

spectra of compound L2 in s 6x10°4
acetonitrile solution w S
(T =298 K, 4x10°7
[L1] = 1.27 x 107° M, -

[L2] = 7.66 x 10~° M,
)“excLl = 330 nm, )~excL2 = 462

L 0.8 — 1.2x 10"

€
G L3
Lo6 .
s 8x10°
Loa -2
4x10° 4
L 0.2 L1
0 0 0

and 330 nm)

T T T T T
250 300 350 400 450 500 550 600
Wavelength/nm

T T
250 300 350 400 450 500 550 600 650
Wavelength/nm
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Table 1 UV-vis and

Auorescence data for L1-L3 in Compounds UV-vis Fluorescence
acetonitrile Jexe (nm) Log ¢ Jem (NM) Stokes’ shift (nm) Quantum yield ¢
L1 330 3.84 406 76 0.02
L2 330 3.94 406 76 0.02 (Aexe = 294 nm)
462 293 492 30 0.09 (Aexe = 453 nm)
L3 462 3.02 492 30 0.47

low intramolecular energy transfer from the coumarin unit
to the acridine.

Fluorescence decays were measured in acetonitrile with
excitation at 370 nm. The fluorescence decay of compound
L1 (CoumAla), collected at 406 nm, is well fitted with a
single exponential law, with a decay time of 0.25 ns. The
fluorescence decay of compound L3 (acridine) collected at
492 nm is also well fitted with a single exponential law
with a decay time of 4.40 ns. The fluorescence decay of L2
was collected at 406 and 492 nm, and the global fitting is
presented in Fig. 2.

At 406 nm the decay of L2 is still fitted with a single
exponential with a decay time of 0.21 ns, while at 492 nm
the decay is best fitted with a sum of two exponentials. A
shorter decay time identical to the one obtained at 406 nm
(0.21 ns), assignable to the coumarin moiety and a longer
decay time (4.37 ns) typical of the acridine moiety are
observed.

The pre-exponential factor associated with the short
decay time is positive and larger than the one obtained for
the longer decay time at 492 nm. This is due to the sig-
nificant contribution of the coumarinic chromophore
emission at this wavelength.

Due to the very short time of the coumarin, the energy
transfer in the system is not very efficient. The rate

Tau ng 0.21 4.37 offset cChisg
492nm 0.73 0.27 3.0 1.09
406nm 1.0 = 1.6 1.123

45 38.0 ps/ch
4 L 2808
.y ey e P pepirarbor e iiiaie,
% 3 4 L -y b (TRPTPen
§ 25 e w o T
x 24
1.5 4
14
0.5
0 T T T T T \
0 100 200 300 400 500 600

Channels

peticlA Rt L S S L O Lt L e, -

W.R. W.R.
b w

Fig. 2 Fluorescence decays and global analysis of L2 in acetonitrile;
excitation at 370 nm
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constant for energy transfer has to compete with the rapid
intrinsic decay of the coumarin. Through the quenching in
the decay time of the coumarin chromophore (from 0.25 to
0.21 ns), an energy transfer efficiency of 0.19 can be
estimated, interestingly quite low for chromophores in such
close contact and compatible with the 20 % quenching
observed in the quantum yield determination.

The very low quantum yield observed for the acridine
unit in L2 must arise from a static quenching mechanism
(ground state equilibrium between quenched and unquen-
ched forms). The decay time obtained (4.37 ns) corre-
sponds to the fraction of unquenched acridine. The
quenched acridine fraction either does not emit or its decay
time is below our experimental resolution.

In order to apply compounds L1 and L2 as metal ion
chemosensors, several titrations with the addition of H',
OH™, alkaline earth (M = Ca2+), transition and post-
transition (M = Zn2+, Cd2+, Cu2+, cr’t Fe’T and Al3+)
and lanthanide ions (M = Eu®* and Tb*>") were carried out
by UV-vis and emission fluorescence measurements.

The addition of OH™ anion induces in ligand L2
(Fig. 3c, d) a small decrease of the absorption bands cen-
tered at 295 and 462 nm, and a strong quenching (ca.
95 %) of the emission fluorescence at 406 and 492 nm. In
order to shed more light to the system L2, the parent
compounds L1 and L3 were also studied.

Compound L1 is more affected than L2 in the presence
of a basic environment, showing a strong decrease in the
absorption and emission spectra (see Fig. 3a, b) with the
addition of ca. one equivalent of OH™ anion. Compound
L3 shows a decrease and a blue shift, from 462 to 410 nm,
in the absorbance as well as a quenching in the emission
intensity at 492 nm (data not shown). The quenching of the
emission presented for the L1, L2 and L3 systems after
the anion addition, is probably due to the deprotonation in
the nitrogen atoms in the alanine amino acid, leaving a lone
pair of electrons available, allowing photoinduced electron
transfer (PET) to occur (Lodeiro and Pina 2009; Tamayo
et al. 2005; Lodeiro et al. 2006; Oliveira et al. 2011a, b).
This result is in agreement with other systems studied
previously in our group based on amino acids or polyamine
(Costa et al. 2007; Albelda et al. 2002). On the contrary,
compounds L1 to L3 do not show any changes in an acidic
environment.
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Interaction with alkaline earth (M = Ca2+), transition
and post-transition (M = Zn**, C&**, Cu®™, Cr’F, Fe’"
and AP T ) metal ions

Compounds L1 and L2 do not show spectral changes in the
presence of Ca2+, Zn2+, Cd2+, Cu2+, Cr*t and APPY in an
pure acetonitrile solution. However, when the systems were
first deprotonated, with the addition of ca. 2 equivalents of
OH™, intense changes in the absorption and emission
spectra towards the mentioned metal ions were observed.
For most of the transition and post-transition metal ions, a
similar behaviour was observed. Figure 4 shows the
absorption and emission of L1, L1 deprotonated (L17);
and L1 deprotonated after the addition of Y G (Ca”,
Zn2+, Cd2+, Cu2+, Cr3+, Fe3tor Al3+) (L1™M) metal ions
as well as the spectrofluorimetric titration of L1~ with
AI*™ in an acetonitrile solution.

The addition of the anion OH™ induces a decrease and a
blue shift on the absorbance at 330 nm followed by the
quenching in the emission intensity at 410 nm. Upon
interaction with the aforementioned metal ions, a recovery
of the emission was observed, in addition, the absorption
spectrum returns to its initial form instead of to lower
absorption values.

With an exception for Ca®", Cu?*, and Cr*" where no
recovery was observed, it is interesting to note that the

Wavelength/nm

stronger recovery was observed with A>T interaction with
four times enhancement in the emission intensity (see
Fig. 4b), followed by Zn**, Cd** with two times emission
enhancement. So, due to the absorption and emission
spectra changes we could conclude that probably, after the
deprotonation on the amide group, the metal ions coordi-
nate with the molecule involving the alanine and the lac-
tone from the coumarin ring (see Fig. 6). However, the
higher size and charge of the metal ion in respect to the
proton reveals not to be efficient enough to recover the total
initial emission. On the other hand, the addition of Fet
promotes a total quenching in the emission intensity.

Figure 5 shows the absorption and emission titrations of
deprotonated L2 with Zn*" and AI*".

Upon the addition of Zn*" and AI’" metal ions an
increase in the fluorescence emission was observed, con-
trary to the effect detected by Fe®', in which a total
quenching in the emission intensity has occurred. In the
absorption spectra, a decrease at 330 nm and an increase at
462 nm in the absorption were observed, followed by the
enhancement of the emission intensity at 406 and 492 nm.
In both cases, with the addition of Zn*" and A13+, a total
recovery of the L2 emission was verified. Metal ion coor-
dination in L2 probably takes place by the alanine amino
acid and the lactone of the coumarin ring. Complexation
involved the electron lone pairs of nitrogen present in the
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Fig. 5 Spectrophotometric and spectrofluorimetric titrations of com-
pound L2 deprotonated with the addition of Zn>" (a, b), and AI*"
(¢ and d) in acetonitrile. The inset (a, ¢) shows the absorbance as a
function of [Zn**]/[L2] (a), [AI*T/[L2] (c) at 295, 330 and 462 nm;

molecule, which blocks the PET phenomena. With Ca2+,
Cu®" and Cr’" no spectral changes were observed.

The association constants for Zn>*, Cd** and AI**
interaction were determined using a HypSpec (Gans et al.
1996) program (Table 2). For L1 a complex formed by two
units of L1 by one metal ion was postulated (see Fig. 6), with

@ Springer
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the inset (b, d) shows the emission as a function of [Zn2+]/ [L2] (b),
[APT)/[L2] (d) at 406 and 492 nm. ([L2] = 7.66 x 107° M,
T = 298 K, Aexe = 330 nm)

a constant of logKaSSAl3+ = 7.663 £+ 0.052 > logK
Cd*" = 3.654 + 0.033 > log K,Zn>" = 3.095 & 0.033.
In the case of compound L2, two units per A’ were
determined, with a constant of logKassAl3+ =9.949 +
0.022. However, in the cases of Zn>" and Cd*>* a mono-
nuclear complex (1:1) was observed with a constant of
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Table 2 Association constants logK, i with compounds L1 and L2 in
acetonitrile obtained by Hypspec program

Compounds L1 L2
Zn**+ 3.095 =+ 0.033 7.995 + 0.061
@2:D 1:D
Ccd*r 3.654 =+ 0.033 7.405 £ 0.027
2:1 1:1)
APt 7.663 + 0.052 9.949 + 0.022
2:1 @:1
Eu’t - 11.689 =+ 0.010
(3:2)
Tb>* - 16.559 + 0.010
(3:2)

(1:1) = LM, (2:1) = L,M, (3:2) = L;M,

logK,sZn>" = 7.995 & 0.061 > logK,,Cd*" = 7.405 +
0.027; this being the most stable interaction observed with
aluminium (IIT) (see Fig. 6).

These results suggest that compound L2 can be used as
fluorescent non-natural amino acid fluorescent probe for
the detection of Zn**, Cd** and AI’™.

Eu®* and Tb>* titrations and their interaction
in liposomes

Recent efforts have been made in the development of
luminescent lanthanide complexes as responsive probes for
live-cell imaging applications. Europium(IIl) and ter-
bium(II) are often incorporated into an organic part of the
ligand in order to study internal energy transfer processes.
The fluorophore acts as antenna to the lanthanide ion
present in the complex. When the fluorophore is excited, an
intersystem crossing the triplet state of the fluorophore
occurs with a consequent intramolecular energy transfer
(ET) from the fluorophore to the excited state of the lan-
thanide(III). As a result, emission peaks at 545, 581 and
618 nm for terbium (corresponding to the excited states
"Fs, 'F, and 'F;) and at 578, 590 nm ('F, transition),

\  OCHjg
Q
N, DO
S, (0] =]
- . ®
o O@O — E
’ ~ o
5N =
H o}
HsCO

614 nm (7F2 transition) and 683, 697 nm (7F4 transition)
for europium are observed (see Fig. 7) (Bazzicalupi et al.
2001; Li and Wong 2002).

In order to explore the dual emission of our complexes,
titrations of compound L2 with Eu*" and Tb**" in aceto-
nitrile were performed.

As can be seen in Fig. 7a, b, the intramolecular energy
transfer from L2 to the Eu>™ and Tb>" is quite efficient,
with an intense increase in the emission at 578, 590, 614,
683 and 697 nm for Eu®" and at 542, 581 and 618 nm for
Tb>*. Although, the energy transfer from ligand to metal
was not total since the emission band of the ligand remains
in the spectrum (see Fig. 8) the naked-eye detection, under
a UV lamp, of both metals is possible due to the interesting
pink-orange (Eu®") and green (Tb*") colour observed.
Using the HypSpec program the association constant of
the lanthanide(IIl) complexes, logK,Tb>" = 16.559 +
0.010 > logKaSSEu2+ = 11.689 £ 0.010 was determined,
with a stoichiometry in both cases of three ligands per two
metal ions (see Fig. 8).

Finally, with the aim of solubilized L2 as a more
complex structure in cells and water environments for
energy transfer studies, titrations with Eu*" and Tb>" in
acetonitrile in the presence of liposomes prepared in a PBS
solution were performed (Marchi-Artzner et al. 2004).

In the presence of liposomes the lanthanide(IIl) emis-
sion bands were reduced in intensity when compared with
the previous results in pure acetonitrile, suggesting a lower
ligand-to-metal energy transfer. This result points out that
some water molecules from the liposomes could be inter-
acting with the coordination sphere of the lanthanide(II)
ions (Bazzicalupi et al. 2001; Roy et al. 2000). However,
the appearance of the red and green colour still occurs (see
Fig. 7c, d). This partial water quenching could be over-
come incorporating (L2)3(Ln3+)2 complex inside silica
shell nanoparticles. This kind of strategy allows the pro-
tection of the liposomes from water molecules and oxygen,
which are the most potential quenchers of the emission
signal (Folliet et al. 2011).
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Fig. 6 Left mechanism proposed for the aluminium metal ions coordination to L1 and right normalized emission of compounds L1 and L2,
deprotonated, and deprotonated in the presence of Ca2+, Zn”, Cd2+, Cu?t, cr -, Fe**or AP* metal ions
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Fig. 7 Spectrofluorimetric
titration of L2 (a, b), and L2
with liposomes (addition of
30 pl) (e, d) in the increasing
addition of Tb** (b, d) and
Eu’* (a, ¢) in acetonitrile.
[L2] = 7.66 x 107° M,

Zexe = 330 nm, T = 298 K)

Fig. 8 Schematic
representation of compound L2
in the presence of Eu’" and
Tb>* jons and image of the
solution of L2 Tb>" (green
emission) and L2 Eu** (orange-
pink emission) under UV lamp,
Aexe = 365 nm (colour figure
online)

Conclusions

Two new bio-inspired compounds L1 and L2 containing
coumarin and/or acridine as chromophores and bearing an
alanine amino acid as spacer were successfully synthesized

@ Springer

/a.u.

/a.u.

norm

norm.

mm1/a.u 045 . /a.u. 015
14 I /a.u. 488 nm ood / T
e0®%c0 542 nm Yo, a.u.
80000900 for sianm P c)D<><><>Co1
O " @ss9nm & <><>
0.8 - © < 686 nm o <><>
. e} Oe6t14nm  (0.05 < 30.05
. g&woooooo co i{°°°°°°°° .|
s 0,
0.6 s T 5555 8 = o lo
[EvL2] K] 70 80 120 160
E [To*[L2]
o
0.4 —< 0.4+ ¢
0.2 0.2 -
B
0 T T T T 0 T T T T T T
350 400 450 500 550 600 650 700 360 400 440 480 520 560 600 640
Wavelength/nm Wavelength/nm
] Iwm/a.u 0.06
7 Q589 14 m )
‘1' 8t Xesemm l’ 1 1o nm ?(2?2 "™ I /a.u.
0.8 0.04
5 0.4 <10.02
0.6 < 0.6 02088
~
& g 0¥ 0
0 5 10 15 20 25 30 35 5 0 5 10 15 20 25 30
0.4+ [Eu®)[L2Ip} — 0.4 [Tb3"[L21p]
0.2 0.2
0 T T T T 0 T T T T
350 400 450 500 550 600 650 700 350 400 450 500 550 600 650
Wavelength/nm Wavelength/nm
0 energy transfer
1 excitation f Ermssnon
d o L‘HLR & 0
HN
NH
oL | Coony o ﬁ/ﬁ@
© 0
NH 0 )
\_ﬂ_‘/
0 "Jfémlssmn
/N %Emns&non
HN
)
HN
‘o o}
O \

Ln¥* = Tb3*, Eu?*

and well characterized. Both compounds appeared be very
sensitive in a basic environment attributed to the photoin-

duced electronic transfer phenomena (PET). After the
addition of Zn®*, Cd*" and A" metal ions, compounds
L1 and L2 in their deprotonated form show an important
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recovery of the emission intensity. In both cases, the most
stable metal complex formed was obtained with AI** with
an association constant of logK,s of 7.663 + 0.052 (L1)
and 9.949 + 0.022 (L2).

In order to obtain luminescent complexes in the elec-
tromagnetic visible spectrum, titration of L2 with the lan-
thanide ions Eu®* and Tb*" was also performed with and
without liposomes. In both cases an interesting pink-orange
(Eu*") and green (Tb>*) emissive colours were observed.
However, in liposomal water environment a lower energy
transfer from ligand to metal was observed, with a signif-
icant reduction of the fluorescence quantum yield of the
metal ion. In order to prevent this partial water quenching
and overcome this disadvantage, studies of (L2);(Ln’*h),
species incorporating (L2);(Ln*"), complex inside silica
shell nanoparticles are in progress.
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