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Abstract

New heterocyclic bioactive fluorescent compounds: spectroscopic studies of DNA

interactions and encapsulation in nanoliposomes

Spectroscopic studies (absorption and steady-state fluorescence) of potential
antitumoral heteroaryl and heteroannulated indoles, benzothienopyran-1-ones,
methyl 3-amino-6-heteroarylthieno[3,2-b]pyridine-2-carboxylates, tetracyclic
thieno[3,2-b]pyridine derivatives and benzothienoquinolines, synthesized in our
research group, were performed in solvent of different polarities. Generally, all the
compounds presented a solvent sensitive emission with significant red-shifts in polar
solvents, pointing out for their potential use as solvatochromic probes.

The antitumoral potential of some of the compounds was evaluated by the growth
inhibition of human tumor cell lines in collaboration with the Faculty of Pharmacy of
the University of Porto.

The spectroscopic properties of the compounds were also evaluated when
incorporated in liposomes of neat lipids and lipid mixtures of different formulations,
including, Egg-PC  (egg yolk  phosphatidylcholine), DPPC  (dipalmitoyl
phosphatidylcholine), DPPG (dipalmitoyl phosphatidylglycerol), DMPG (dimyristoyl
phosphatidylglycerol), DOPE (dioleoyl phosphatidylethanolamine), DSPE-PEG
(Distearoyl phosphatidylethanolamine-polyethylene glycol), DODAB
(Dioctadecyldimethylammonium bromide) and cholesterol.

Fluorescence steady-state anisotropy measurements allowed monitoring the location
and behaviour of the compounds in the liposomes. In most cases, they showed to be
located mainly in the hydrophobic region of the lipid bilayers, experiencing differences
in fluidity between the rigid gel and the liquid-crystalline phases. These studies of the
antitumoral compounds encapsulation were made having in mind future drug delivery
applications.

The mean size, size-distribution and zeta-potential of the liposomes incorporating the

most promising antitumoral compounds, were determined by DLS (Dynamic Light



Scattering). Almost all the liposomes with the incorporated compounds have shown
diameters under 165nm and, with some formulations like DPPC:DMPG:DSPE-PEG
(1:1:0.1), small diameters (below 100nm), low polydispersity and reasonable negative
zeta-potential values were obtained for two of the methyl 3-amino-6-
heteroarylthieno[3,2-b]pyridine-2-carboxylates studied.

In order to evaluate the interaction with nucleic acids, the binding modes of the
tetracyclic planar fluorescent thieno[3,2-b]pyridine derivatives and of the
benzothienoquinolines to salmon sperm DNA and/or to synthetic double-stranded (ds)
heteropolynucleotides were studied using spectroscopic methods which allowed the
determination of intrinsic binding constants (K;) and binding site sizes (n). Fluorescence
guenching experiments with iodide ion were also performed in order to distinguish
between the different binding modes of the compounds to the nucleic acids studied,
since intercalated molecules are less accessible to anionic quenchers due to
electrostatic repulsion with negatively charged nucleic acids. All the compounds
interact with DNA and polynucleotides either by intercalation or groove binding. The

latter seems to be the main type of interaction of these compounds with nucleic acids.



Resumo

Novos compostos heterociclicos bioativos fluorescentes: estudos espetroscépicos de

interacao com DNA e incorpora¢dao em nanolipossomas.

Foram realizados estudos espetroscépicos (absorcdo e fluorescéncia em estado
estacionario) de heteroarilindoles e indoles heteroanelados, benzotienopiran-1-onas,
3-amino-6-heteroariltieno[3,2-b]piridina-2-carboxilatos de metilo, derivados
tetraciclicos de tieno[3,2-b]piridinas e benzotienoquinolinas com potencial
antitumoral, sintetizados no nosso grupo de investigacao, em solventes de diferentes
polaridades.

De um modo geral, todos os compostos apresentaram uma emissdo sensivel ao
solvente com significativos desvios para vermelho em meios polares, indicando a sua
potencial utilizacdo como sondas solvatocréomicas.

O potencial antitumoral de alguns dos compostos foi avaliado através da inibicdo do
crescimento de linhas celulares tumorais humanas em colaboragdo com a Faculdade
de Farmacia da Universidade do Porto.

As propriedades espetroscopicas foram também avaliadas para os compostos
incorporados em lipossomas de lipidos puros e misturas lipidicas de diferentes
formulagdes, incluindo, Egg-PC (fosfatidilcolina do ovo), DPPC
(dipalmitoilfosfatidilcolina), DPPG (dipalmitoilfosfatidilglicerol), DMPG
(dimiristoilfosfatidilglicerol), DOPE (dioleoilfosfatidiletanolamina), DSPE-PEG (Distearoil
fosfatidiletanolamina-polietilenoglicol), DODAB (Brometo de
dioctadecildimetilaménio) e colesterol.

Medidas de anisotropia de fluorescéncia em estado estacionario permitiram
monitorizar a localizagdo dos compostos nos lipossomas. Na maioria dos casos, o0s
compostos mostraram estar localizados maioritariamente na regido hidrofébica da
bicamada lipidica, sentindo diferencas de fluidez entre a fase-gel e a fase liquido-
cristalina dos lipidos. Estes estudos de encapsulacdo dos compostos antitumorais

foram realizados tendo em vista aplicacdes futuras de libertacao de farmacos.
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O tamanho médio, distribuicdo de tamanhos e potencial-zeta dos lipossomas
incorporando os compostos antitumorais mais promissores foram avaliados através de
medidas de DLS (Difusdo de Luz Dindmica). A maioria dos lipossomas mostrou possuir
didametros menores que 165nm e, algumas formula¢des como DPPC:DMPG:DSPE-PEG
(1:1:0.1), exibiram tamanhos menores que 100nm e baixa polidispersividade. Valores
de potencial-zeta razoavelmente negativos foram obtidos para dois dos 3-amino-6-
heteroariltieno([3,2-b]piridina-2-carboxilatos de metilo estudados.

Para avaliar a interacdo com os acidos nucleicos, os modos de ligacdo dos derivados
tetraciclicos fluorescentes planares de tieno[3,2-b]piridinas e de benzotienoquinolinas
ao DNA de esperma de salmdo e heteropolinucledtidos sintéticos de cadeia dupla,
foram estudados usando métodos espetroscdpicos que permitiram a determinacdo
das constantes de ligacdo (K;) e tamanho dos sitios de ligacdo (n).

Medidas de inibicao de fluorescéncia pelo ido iodeto foram também realizadas para
distinguir entre os diferentes modos de ligacdo dos compostos aos acidos nucleicos
estudados, uma vez que as moléculas intercaladas estdo menos acessiveis a inibidores
aniénicos devido as repulsGes eletrostaticas com os 4acidos nucleicos carregados
negativamente. Todos os compostos interatuam com o DNA e polinucleétidos ou por
intercalacdo, ou por ligacdo nos sulcos (grooves). Este modo de ligacdo parece ser o

tipo de interacdo predominante dos compostos com os acidos nucleicos.

xii



General index

ACKNOWIEAZEMENTS. .. .uuiiiiiiiiiiiiiiiti s vii
A o 1] =Tt ix
(=T 0 0 [ PPNt Xi
GENETAI INAEX ittt ettt e e e e e e s s bbbt e e e e e e e e s s s annnneeeeas xiii
T T oo [ U UPPPPURR Xvii
SCNEMES INAEX .ttt et e e e e e e s st e e e e e e e e s s annnaeeeas XXi
TABIES INUEX .eiiiiiie et e e et e e e e e e s st e e e e e e e e snannes xxiii
ADDIreviations lISt .......uuiiiiiiiiii e XXV
ThESTIS OULIING ..eeiiiiiiie e e e e e s e st e e e e e e e e s nannes XXiX
(00 3 qY oo 18] s To [ 1) OO PR XXXi

Chapter 1 — New potential antitumoral fluorescent heterocyclic compounds

L. INErOAUCTION i 5
2. Heteroaryl and heteroannulated iNdoleS.........cooovvveiiiiiiiiiiiiiiiiiceeeec e, 6
3. BeNzZOthi@NOPYIANONES ....ccoovviiiicciee et e e e e e e e e e e e s eab s 12
L S I oY1= T o To] o3 V7 o [T L= PPN 16
5. BenzothienoqUINOIINES.......ccoeeiiiiii e e 20
6. REFEIENCES ...eeieieeie e et e s e e e s e as 22

Chapter 2 — Compounds /DNA interaction

1. Deoxyribonucleic acid (DNA) .....ccoeeieiiiiee e, 31
2. DNA BINAING MOAES....uuiiiiiiiieieecee e e e e e e e e e e e e e aaaareeeas 36
2.1. Outside-edge DIiNAiNG......ccuuiiiiii e s 38
2.2. Intercalation/bisintercalation ..........ouuvveeeeiiiiiiiiiieeee et 38
2.3. Minor and major DNA grooves binding interaction ........ccccccccceeeeeiiieeeeviviieennnn. 41
2.4. Thermodynamics of drug-DNA interactions .........cccceeeeeiirieiiiiieee e, 42
2.5. Methods to determine the DNA-drug binding modes ...........ccccceeveiieevvvivnnnnnnn... 43
B REFEIENCES .. 45

xiii



Chapter 3 — Compounds encapsulation in nanoliposomes

1. Nanocarriers for drug deliVery ..., 53
2, LIPOSOIMES ..ttt ettt ettt ettt e e ettt e e ettt e e ettt e e eeeea s eetena e eetanaeeeeanaaaaes 57
2.1. Lipids as structural components of lipOSOMES...........eevvvvvviieriieriiiiiiiieiereeaaenannn. 57
2.2. Molecular Self-assemMDBIY ........uuuiuiiiiiiiiiiiiiiiieieeiieeeeeee e —————————— 59
2.3. Different types Of [IPOSOMES .......uvuviiiiiiiiiiiiiiiiiieeeeieeeeeeeee e 60
2.4, LipoSOmMES Preparation ...ttt e e e e eneas 61
3. Liposomes as drug deliVery SYSTEMS ......cuvvuueeieeieeiieiiiiieee e e eeeeeeanae s 63
4. Determination of the size and zeta-potential of the liposomes with incorporated
COMPOUNGS ..eeieeeiiiiiiieeeeeeeteetrtaaeeeeeeeeesstaaaeeeeeeseresstanaaeesessssssrannaaeeesesssssssnnneeeessesees 67
5. REFEIENCES ..ot 71

Chapter 4 — Molecular Fluorescence spectroscopy

1

2.
3.

xiv

[0 Ao Te [¥ ot 1o T3 RO OPPRR 81
Fluorescence as a particular case of LUMINESCENCE..........uvveeeeeeieiiieeiriiiieeeeeeeeeeenanen, 85
Absorption of UV-Visible lIght ..........oovuiiiiiiiiiiicc e 89
3.1. Molecular orbitals and electronic transitions ............cccceeeveiieerniiiiee e 89
3.2. Selection rules for electronic tranSitioNs .........cc.eeeeiiiiieeiiiiieeeeeeee e 91
3.4. Probability of transitions. The Beer-Lambert [aw ..........ccoovvvviiiieeneiiiiiiininnnnnnn. 95
De-excitation processes of excited molecules.............cccc, 101
Characteristics of fluorescence emissSion ..........cooccuveeeiiiiiieeiiiiiieee e 108
oI I o (W] £ 1Yol T o A o] o] o 13 108
5.2. Lifetimes and quantum Yields .............euuiiiiiiiiiiiiiiiiiieiieeeiieeeeeeeeeeeeeeeeeeeeeeeeeea... 109
5.3. Emission and excitation SPeCtra.......ccccceeeeiiiiiiiiiiccee e 112
5.4. Effects of molecular structure on fluorescence...........ccccceeiiiiiiiiiiiiiiiiiinniins 115
5.5. Solvent and environmental effects on fluorescence emission spectra............ 117

5.5.1. Effects of solvent polarity and ViSCOSity ........cccvviiiieiniiiiiircceeee e, 118

5.5.2. Compounds submitted to photoinduced Intramolecular Charge Transfer

(ICT) and internal rotation .........ceuuvuieiiiiiiiiiiic e e 129
5.5.3. Changes in the non-radiative decay rates ......ccccccvvvieeeeiiierrviiiieeee e, 130
5.5.4. Changes in the radiative decay rates......ccccoeevevviiiiiiiien e, 131
5.5.5. Probe-probe interactions.......ccccoeeeeieiiiiiiciie i 132



5.6. Resolution of FIUOrescenCe SPECLra.......uuuuuruuruieereriiiiiieerireeereeeeeeeeeeeeeeeeeeeeeea. 132

6. QuUENChING Of fFlUOIESCENCE ....cviviiiiiiiiiiiiiiiiiieeeeeeeeeeeee e eaaeae 133
6.1. Quenchers Of flUOIESCENCE ......couiiiiiiiiiiiiiieee e 134
6.2. Collisional quenching (dynamic quenching) .............uuvvevviivvieeeeeeeeeiieiieeieeenennns 135
R TI  L d Tol o [0 T=T ool 1o V- PP PPPPPPPRt 138
6.4. How to distinguish between dynamic and static quenching...........ccccvvvveennnes 140
6.5. Simultaneous dynamic and static qUENChING ...........euvvviiiiiiiiiiiiiiiiiiiiieiiieaaes 141
6.6. Some applications of QUENCNING ......ovvviiiiiiiiiiccc e 142
6.7. Experimental considerations in qUENChING...........uceeeiiiiiiiiiiiiiiiieeeeeeeeee, 143

7. FIUOIESCENCE ANISOTIOPY .oevvvvrrrueieieeeeereeetriieeeeeeeeeerertttaaeeeeesreessrtiaaeeessesssssnnnnaeeens 145
7.1. Polarization ratio and emission anisotropy ........ccceeeeeeeeeeieeiiiiieeneeeeeeeeeneenee. 147

7.2. Relation between anisotropy and the absorption and emission dipoles

Orientation ......ccccvviiiiiiiiiiii 150

7.2.1. Parallel absorption and emission transition moments ..........cccceeeeeeennns 150

7.2.2. Non-parallel absorption and emission transition moments................... 153

7.3. Causes of depolarization . .....cceciieiiiieeiiiiiiiiieeeeeeeeee e 154
7.3.1. Resonance Energy Transfer (RET)......cuuuveeiiiiiiiiieiiiiicieeeeeeeeeeiiieeeeeeeeeens 155

7.3.2. Rotational Brownian motion: the Perrin equation .........ccccccvveeeeeeennnns 156

7.3.3. Experimental causes of depolarization.........cccceevvvvvieeeeiiiiieeiiiiiieeeeeennens 158

7.4. Applications of fluorescence polarization ...........cccevvveiviiiiiiieeiiiiiieiieieeeeeeae, 159

8. REFEIENCES ...ttt 161

Chapter 5- Results and discussion as a compilation of articles

5.1. Fluorescence Studies on Potential Antitumoral Heteroaryl and Heteroannulated
Indoles in Solution and in Lipid Membranes........ccccuvvvceeeiieieieeeiicieee e, 171

5.2. Fluorescence Studies on New Potential Antitumoral Benzothienopyran-1-ones in
Solution and iN LIPOSOMES .....ccceiiiiiiiiiee e e e e e e e e e e e eeeens 183

5.3. New potential antitumoral fluorescent tetracyclic thieno[3,2-b]pyridine
derivatives: interaction with DNA and nanosized liposomes ..........ccccevvvvnnnnn... 197

5.4. Fluorescence studies on potential antitumor 6-(hetero)arylthieno[3,2-b]pyridine

derivatives in solution and in NANOlIPOSOMES ........uueeeiiiiiieiiicceee e, 207

Xv



5.5. Benzothienoquinolines: new one pot synthesis and fluorescence studies of their

interaction with DNA and polynucleotides..........ccccceviiiiiiie, 221

Chapter 6 — Conclusions and future perspectives.............ccccccevvvvvviiiiiiiivinereneeiennnnnnn, 241

xvi



Figures index

Chapter 1 - New potential antitumoral fluorescent heterocyclic compounds

Figure 1.1. Indole, L-Tryptophan and Serotonin structures ..........ccccceeeeeeveeiiiienieneeeee. 6
Figure 1.2. General structures of 2-pyrones and isocoumarins............cccccceeeeeeeeeeeennn. 12
Figure 1.3. Isomeric thienopyridine structures..........ccccccci i, 16

Chapter 2 — Compounds / DNA interaction

Figure 2.1. Double-heliX DNA StrUCTUIE .......ccovviviiiiiieeee ettt e e e e eeeannaaes 32
Figure 2.2. 2-Deoxyribose molecule (a) and 2-Deoxyribose residue in DNA (b) ........... 32
Figure 2.3. DNA STrUCTUIE ..cevvue it ceeeiee et e e e e et e e e et e e e e et e e e eesaeeeesasaeeeennen 33
Figure 2.4. Structure of DNA nucleobases, purines and pyrimidines............cccccevvvvnnee. 33
Figure 2.5. Complementary base pairing in DNA .........cooiviiiiiiiieiieeeeeeeeiceeeee e 34

Figure 2.6. Three views of DNA structure: schematic representation (a), atomic model

(b), COMPULET MOEI (C) vvvveiiiieiiiiiiiiiieei et e e e e e e e e e e e e aa e 34
Figure 2.7. Summary of mechanism of action of anticancer drugs .........ccceeeeeeerrevvnnnen. 36

Figure 2.8. Drug-DNA non-covalent interactions a) schematic representation b)

(olo] 0] o TUN =] gl 4T T 1= S 37

Figure 2.9. Structures of two outside-edge electrostatic DNA binding ligands, spermine

F T Lo Iy o T=T g a1 o |1 1= 38
Figure 2.10. Several DNA-intercalators which act as antitumoral drugs ...................... 39

Figure 2.11. A flexibly linked bisintercalator formed from two

dimethylaminoethylacridine-4-carboxamide moieties .......ccoevvvvviiiiiieee e, 40

Figure 2.12. Schematic representation of the mechanism of cytotoxicity of a DNA-

INEEICAlATON. e 40
Figure 2.13. Distamycin A and Mithramycin A structures ........ccceeeeeevevviivcceeeeeeeeeeieeen. 41

Figure 2.14. (a) Atomistic structure of daunomycin. Constructed and equilibrated

structures of (b) the intercalated state and (c) the minor groove-bound state............. 42

xvii



Chapter 3 — Compounds encapsulation in nanoliposomes

Figure 3.1. Typical structure of a phospholipid...........ccccceiiiii, 57
Figure 3.2. Different self-organized Structures. ........ccccovvviiiiiiiiiieiiiiiieeeeeee e 60
Figure 3.3. Unilamellar liposome structure .........ccccceeeeeeiiiieee, 60
Figure 3.4. Schematic representation of different liposomes .............ccccceeeiii. 61

Figure 3.5. Active and passive targeting of cells for drug targeting using liposomes.... 64
Figure 3.6. Schematic representation of zeta-potential ........cccoeeeveiiviiiiiiiiieeeeeeeeeinnne, 68

Figure 3.7. Different rates of the Brownian motion of particles according to their size

and respective size-distribULION CUIVES .......ovvuieiiiiiiiiiiiiiiiieeee e 69

Chapter 4 — Molecular Fluorescence Spectroscopy

Figure 4.1. Plane-polarized electromagnetic radiation travelling along the x-axis........ 81
Figure 4.2. Regions of the electromagnetic SPectrum ........cccceeeeeeeeiiiireiiiiiieeeeeeeeeeennnnn. 82

Figure 4.3. Types of luminescence processes and respective ways of molecule’s

(=) (o1 -1 (o] o PP OPPPRRPPRt 87
Figure 4.4. Types of bonding and antibonding molecular orbitals .........cccceeeeeierrrennnne. 90
Figure 4.5. lllustration of the Franck-Condon principle..........ccccccoiiiii, 94

Figure 4.6. Potential energy diagrams with vertical transitions and respective

] o 1Yo oY o] Ty 01Tt f - IS 95
Figure 4.7. lllustration of the Beer-Lambert |aW ........c.cooovrriiiiiiiiniiiircceee e, 96
Figure 4.8. Integrated absorption coefficient of a transition .................................. 97

Figure 4.9. Naphthalene and anthracene with their absorption transition moments .. 99
Figure 4.10. A t (a) and a ©* (b) molecular orbital of ethylene.................................... 99
Figure 4.11. Definition of the Stokes shift ...........uuuieeiiiir e, 105

Figure 4.12. Shift to higher wavelengths of the fluorescence spectrum relative to the

absorption spectrum due to interaction with solvent.............cccovviieeniiinen. 106

Figure 4.13. Solvatochromic effects on fluorescence spectra.........cccccoeeveeiiinnnnn. 119

xviii



Figure 4.14. Lippert-Mataga plots for N-phenyl-N-methyl-2-aminonaphthalene-6-

sulfonate and 2-aminonaphthalene-6-sulfonate ........ccccccceeeiiiiiiiiiiiiiee e, 124

Figure 4.15. Fluorescence spectra of 2-acetylanthracene in methanol-hexane mixtures

1 0 O G PP PP PP PPPPPPPPPPPPPPPPPPPPPRt 125

Figure 4.16. Effect of solvent composition on the emission maximum of 2-

E 1oAY - [0 o[- Yol =T o 1 I PPPPPPPRt 125
Figure 4.17. Stokes shifts of methyl 8-(2-anthroyl) octanoate in organic solvents a
N WATEE e 127

Figure 4.18. Normalized fluorescence emission spectra of 2-anilinonaphthalene in

solvents and bound to vesicles of dimyristoyl-L-a-phosphatidylcholine (DMPC) ....... 128
Figure 4.19. Stokes shifts and quantum yields for Coumarin-151 in various solvents 130
Figure 4.20. Sphere of effective qUENChING ........vvvuieiiiiiiiicce e, 138
Figure 4.21. Comparison between dynamic and static quenching.........ccccccccevvvvnnnee. 140

Figure 4.22. Simultaneous dynamic and static quenching by formation of a non-

1S TeY g ol=] ] A ele] 1] o] (=) U PUOORRR R PUPPPIRt 141
Figure 4.23. Natural, linearly polarized and partially polarized light .............cccoeeu..... 145
Figure 4.24. Transition moments and photoselection ..........ccccoviviiiiiiiiiiiieni e, 146
Figure 4.25. Schematic diagram for measurement of fluorescence anisotropies....... 147

Figure 4.26. System of coordinates for characterizing the emission dipole orientation

Lo ] o) T=0 8 1101 (Yol U] (=PRI 150

Figure 4.27. Excitation polarization spectra of fluorescein in propylene glycol at -50°C

Xix



XX



Schemes index

Chapter 1 — New potential antitumoral fluorescent heterocyclic compounds
Scheme 1.1. Synthesis of the bis-Suzuki coupling products 1 and 2, and their

intramolecular C-N cyclization to the tetracyclic compounds 3and 4............................ 7

Scheme 1.2. General catalytic cycle of the Suzuki cross-coupling reaction for formation

Lo N oY ol 8

Scheme 1.3. Intramolecular C-N cyclization of the Suzuki cross-coupling products 1

and 2, to the compounds 3 and Q........coooveeiiiiiiiiiiie e e e e e eeens 9

Scheme 1.4. Synthesis of heteroaryl and heteroannulated indoles 7-10 from the pure

stereoisomers Suzuki cross-coupling products 5-E, 5-Z, 6-E and 6-Z ................ccuun..... 10
Scheme 1.5. Synthesis of the 3-arylbenzothieno[2,3-c]pyran-1-ones 11a—d ............... 13
Scheme 1.6. General catalytic cycle of the copper-cocatalyzed Sonogashira reaction. 14

Scheme 1.7. Proposed intramolecular cyclization of the Sonogashira products using

Scheme 1.8. Some of the methyl 3-amino-6-heteroarylthieno[3,2-b]pyridine-2-

carboxylates synthesized by our research group by Suzuki-Miyaura cross-coupling .... 16
Scheme 1.9. Synthesis of compound 12d by a BSC reaction ..............ceevvvevvveveveeeevennnnns 17

Scheme 1.10. Catalytic cycle proposed for the boronation C-B using pinacolborane and

Scheme 1.11. Synthesis of the tetracyclic thienopyrimidine derivatives 13.................. 19

Scheme 1.12. One pot synthesis of benzothieno[3,2-b]quinoline 14 and

benzothieno[2,3-c]lquinoline 15. ... 20

Chapter 3 — Compounds encapsulation in nanoliposomes

Scheme 3.1. Different methods for liposomes preparation.......ccccccccceeeeiiieeeiviiicenn.n. 62

xxi



Chapter 4 — Molecular Fluorescence Spectroscopy

Scheme 4.1. Energy levels of molecular orbitals and possible allowed electroni
CErANSITIONS L.ttt e e et e e et e e e e tea e e e e tea e e e eanae e e eeanaeaaes 90
Scheme 4.2. Energy levels of molecular orbitals and distinction between singlet and
triplet state using formaldehyde as an example ........cccccciiiiiiiiiiiiiiiiii e 93
Scheme 4.3. Perrin-Jablonski diagram, illustration of the relative positions of
absorption, fluorescence and phosphorescence spectra and characteristic times for
€ACH TraNSItioN PrOCESS ..uiiiiiiiiiiiicei et e e e e e e e e e e e e e e e eesr e es 102

Scheme 4.4. Absorption and de-excitation processes and respective rate constants 112

Scheme 4.5. Jablonski diagram for fluorescence with solvent relaxation .................. 119

Scheme 4.6. Jablonski diagram and respective emission spectra for solvent relaxation

Scheme 4.7. The effects of polarity-induced inversion of n-t* and n-nt* states......... 131
Scheme 4.8. Interaction of an excited molecule M* and another molecule Q and
respPective rate CONSTANTS ....iiie et e e e e e e e e e aneeeen 133
Scheme 4.9. lllustration of dynamic qUENCNING ..........cevvviiieiiiiiiiiiiiiieeee, 135
Scheme 4.10. lllustration of static quenching by formation of a ground-state non-

FlUOTESCENT COMPIEX.uuuiiiiiiiiiiiieei et e et e e e e e e e e eaabaeeeeeaeeens 139

xxii



Tables index

Chapter 1 — New potential antitumoral fluorescent heterocyclic compounds

Table 1.1. Heteroaryl and heteroannulated indoles 7-10 prepared via scheme 1.2..... 10

Chapter 3 — Compounds encapsulation in nanoliposomes

Table 3.1. Types of nanocarriers for drug delivery .........ooevvvviieieiiiiiveeiiciieee e, 55

Table 3.2. Structure, electric charge and phase transition temperature, T, of some

Chapter 4 — Molecular Fluorescence Spectroscopy

Table 4.1. Colour, frequency and energy of infrared, visible and ultraviolet light........ 83
Table 4.2. Deviation from linearity in the relation between fluorescence intensity and
ADSOIDANCE ... s e e 114
Table 4.3. Parameters of the * scale of pPolarity .....ccceeeveiiiiiiiiiiiiiiiiieeeeeeeee 121
Table 4.4. Dielectric constant (at 202C), refractive index (at 202C) and orientational
polarizability Af of some solvents..........cccoooiiii 122
Table 4.5. Relationship between the angular displacement of transition moments (B)

and the fundamental anisotropy (ro) or polarization (Po)......eeeeeeeeeeeereeeeeeeeeiereirieenennns 154

xxiii



xxiv



Abbreviations list

2-AA
Ac
AcOH
2-AN
A(L)
Ar

BISC
Boc
BSC

C

CH

Ch

cm

CPK
CRT
Cu(OAc),
DEE
DLS
DME
DMF
DMPG
DMSO
DNA
DODAB
DOPE
DPPC

adenine

2-acetylanthracene

acetone

acetic acid

2-anilinonaphthalene

absorbance

aryl

benzene

back intersystem crossing
tert-butoxycarbonyl

borylation and Suzuki coupling

cytosine

cyclohexane

chloroform

centimeter

Corey-Pauling-Koltun

cathode ray tube

copper acetate

diethyl ether

dynamic light scattering

dimethoxyethyl

N,N-dimethylformamide
1,2-dimyristoyl-sn-glycero-3-[phospho-rac-(1-glycerol)] (sodium salt)
dimethyl sulfoxide

deoxyribonucleic acid
dioctadecyldimethylammonium bromide
1,2-Dioleoyl-sn-glycero-3-phosphoethanolamine

1,2-Dipalmitoyl-sn-glycero-3-phosphocholine

XXV



DPPG
ds
DSPE-PEG

EA

EB
Egg-PC
EPR
equiv.
ESR
EtsN
eV

XXVi

1,2-dipalmitoyl-sn-glycero-3-[phospho-rac-(1-glycerol)] (sodium salt)
double-stranded
1,2-Distearoyl-sn-glycero-3-phosphoethanolamine-N-
[methoxy(polyethylene glycol)-2000] (ammonium salt)
Ethanol

Ethidium bromide
1,2-diacyl-sn-glycero-3-phosphocholine from egg yolk
electronic paramagnetic resonance

equivalents

electron spin resonance

triethylamine

electron volt

Franck-Condon state

Guanine

Gigahertz

Concentration that inhibits 50% of the cell growth
n-hexane

hydrogen bond acceptor

hydrogen bond donor

high-density lipoprotein

heteroaryl

highest occupied molecular orbital

internal conversion

intramolecular charge transfer

infrared

intersystem crossing

lowest unoccupied molecular orbital

large unilamellar vesicle

70% 2-methylpentane and 30% dioxane

multidrug resistance

methanol



MeoEA40
MLV

mm

pm

2-MP

MWV

nm

NMR

oLv
PdCI,(PPhs),
Pd(dppf).Cl;
Pd(OAc),
PEG

Q

R

ref.

RES

RET

RNA

SARs
SNPs
SUV

TFA
THF

TICT
T(2)

Tm

Topos

60% 2-methylpentane and 40% ethyl acetate
multilamellar vesicle

millimeter

micrometer

2-methylpentane

multivesicular vesicle

nanometer

nuclear magnetic resonance

oligo lamellar vesicle
bis(triphenylphosphane)dichloropalladium (Il)
1,1-bis(diphenylphosphane)ferrocen dichloropalladium (11)
palladium (Il) acetate

polyethylene glycol

guencher or quenching

relaxed state

reference

reticuloendothelial system

resonance energy transfer

ribonucleic acid

second

Structure-activity relationships

single nucleotide polymorphisms

small unilamellar vesicle

thymine

tert

trifluoroacetic acid

tetrahydrofuran

twisted intramolecular charge transfer
transmittance

melting temperature

topoisomerases

XXVii



uv ultraviolet
VR vibrational relaxation
W water

xantphos 9,9-dimethyl-4,5-bis(diphenylphosphane)xanthene

xxviii
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chapter 1, the synthesis of the compounds studied is presented and discussed. In
chapters 2 and 3 are based on a literature review of recent years, in the areas of the
interaction with DNA and encapsulation in nanoliposomes of biologically active
compounds. Chapter 4 is dedicated to theoretical concepts of molecular fluorescence
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Chapter 3 - Compounds encapsulation in nanoliposomes

Chapter 4 - Molecular Fluorescence Spectroscopy
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1. Introduction

The therapy of tumors is being currently achieved by surgical intervention, radiation
treatment and chemotherapy. The drawbacks of this latter are mainly due to the
toxicity of the drugs, which is usually not limited to the cancer cells, and to the
acquired resistance of the cancer cells to some of the most widely used drugs, which
reduces the long-term efficacy of the therapy. For these reasons, there is a strongly
need in the oncology field for new compounds endowed with antitumour activity.
Thus, the chemistry and biological study of heterocyclic and/or heteroaromatic
compounds has been an interesting field for a long time in medicinal chemistry,
namely in anti-cancer chemistry™. One way to avoid the toxicity and to decrease the
therapeutic dose of the antitumoral compounds is to encapsulate them in
liposomes®?*. The study of the antitumoral mechanism of action of the compounds is
also an important issue for cancer treatment.

For some years now, our research group has been interested in the synthesis of
heterocyclic antitumoral compounds, using several synthetic methodologies and
different starting materials.

In this work, several classes of compounds synthesized in our research group were
studied due to their fluorescence properties and their potential antitumoral activity:
heteroaryl and heteroannulated indoles, benzothienopyranones, heteroaryl and
tetracyclic thienopyridine derivatives and benzothienoquinolines. These compounds
were shown to be fluorescent in several solvents with different polarity and this
important feature allowed us to study their location when encapsulated in liposomes
of different lipid composition, and DNA interactions of some of them (including
intercalation and groove binding) using natural double-stranded (ds) salmon sperm

DNA and/or synthetic ds-polynucleotides.
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2. Heteroaryl and heteroannulated indoles

A number of heterocyclic derivatives containing nitrogen atom serve as a unique and
versatile scaffolds for experimental drug design. Indole along with their several
derivatives finds a prominent place in synthetic organic chemistry, as they found to be
potent pharmacophores. Indole derivatives have displayed versatile pharmacological
properties such as anti-inflammatory, anticancer, antidiabetic, antimalarial,
antibacterial, antifungal, anticonvulsant and cardiovascular activities. Notably, the
indolic amino acid tryptophan is the precursor of the neurotransmitter serotonin (5-
hydroxytriptamine) (Figure 1.1.). In addition, the indole ring is present in various
marine or terrestrial natural compounds, which have useful biological properties. The
name indole is deriving from the words indigo and oleum, since indole was first
isolated by treatment of the indigo dye with oleum. Indole is an aromatic heterocyclic
organic compound, having a bicyclic structure, consisting of a six-membered benzene
ring fused to a five-membered nitrogen containing pyrrole ring, i.e., indole is a

benzopyrrole (Figure 1.1)°.

Indole L-Tryptophan Serotonin

Figure 1.1. Indole, L-Tryptophan and Serotonin structures.

Several recent reviews®® represent some synthesized indole derivatives and their
pharmacological profiles, namely anticancer, which may contribute in future to
synthesize various analogs and to develop new pharmacologically less toxic medicines.
Furthermore, many planar heteroaromatic derivatives have shown anti-proliferative
activity in vitro and some of them are important anticancer drugs®.

Keeping these observations in mind and the interest of our research group in the
synthesis of new biologically active heterocycles, namelly antitumoral compounds, it
was planned to synthesize several fluorescent planar indole derivatives including

heteroannulated ones.
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k>*°, B,B-diaryldehydroamino acids 1 and 2 were obtained by

Thus, in an earlier wor
palladium-catalyzed Suzuki (C-C) cross-couplings’* of the methyl ester of N-(t-
butoxycarbonyl)-3,3-dibromodehydroalanine with dibenzothien-4-yl and dibenzofur-4-
yl boronic acids and were cyclized to new tetracyclic heteroaromatic compounds, the
methyl 1-(dibenzothien-4-yl)-3H-benzothieno[2,3-elindole-2-carboxylate 3, and the
methyl 1-(dibenzofuro-4-yl)-3H-benzofuro[2,3-elindole-2-carboxylate 4 in high vyields,

by a novel metal assisted (palladium (Il) and copper) C-N intramolecular cyclization

developped by us**** (Scheme 1.1).

5equiv.

i) Pd(dppf)Cl, .CH,CI, 1:1 (20 mol%), Cs,CO5 (1.4 equiv.), THF/H,O (1:1), 80 °C, 1h 30min.
ii) Pd(OAc), (50 mol%), Cu(OAc),. H,O (3 equiv.), DMF, 130 °C, 3h.

Scheme 1.1. Synthesis of the bis-Suzuki coupling products 1 and 2, and their intramolecular C-N
... 9,0 .
cyclization™" " to the tetracyclic compounds 3 and 4.

The general catalytic cycle for the Suzuki (C-C) cross coupling involves three steps:

oxidative addition, transmetallation and reductive elimination (Scheme 1.2)*".
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Pd(ll)
Ar-Ar' # Ar-X
Pd(0)
Reductive Oxidative
elimination addition
Ar-Pd(Il)-Ar' Ar-Pd(Il)-X
Base (MY)
e +
(Y)2B(OH), M
Transmetallation Ar-Pd(11)-Y

: MYy © MX
Ar'B(OH), —» ArB(OH), M*

Y

Scheme 1.2. General catalytic cycle of the Suzuki cross-coupling reaction for formation of Ar-Ar’.

The first step is the oxidative addition of an organic (aryl, heteroaryl or vinyl) halide to
the Pd(0), occurring the formation of an organopalladium (ll) halide. Then, the halide
ion of the palladium (II) complex can be removed by the metal of the base, yielding an
organopalladium alkoxide or hydroxide (more reactive than the organopalladium
halide as the Pd-O bond is more polar than the Pd-X bond). In the electrophilic
transmetallation step, the boron organometallic compound reacts with the palladium
complex (Ar-Pd(ll)-Y), giving rise to the diorganometallic complex (Ar-Pd(ll)-Ar’). For
that, the boronic acid must be activated by the base converting in a boron tetravalent
compound. Finally, the reductive elimination of Pd(0) occurs and the C-C bond (Ar-Ar’)
is formed.

The mechanism for the intramolecular C—N cyclization of the Suzuki cross-coupling
products proposed by our research group involves the formation of a palladacycle.
After extrusion of Pd(0), the pyrrole ring is formed, and it is thought that Cu(OAc);
reoxidizes it to Pd(ll), avoiding the use of a stoichiometric amount of Pd(OAc),. As

acetic acid is formed, the Boc group is removed*? (Scheme 1.3).
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- . + 2AcOH
1, X=S
2, X=0
H
N_ _-CO,Me
e @
O O + Pd(0)
X
O Cu(OAc),
reox.
3, X=S
4, %=0 Pd(Il)

Scheme 1.3. Intramolecular C—N cyclization of the Suzuki cross-coupling products 1 and 2, to the
compounds 3 and 4 (adapted from ref.12).

Compounds 3 and 4 were prepared as potential new DNA targets and their absorption
and fluorescence properties in different solvents and in the presence of natural
double-stranded (ds) salmon sperm DNA were studied. The results in several solvents
showed that either compound 3 or compound 4 can be used as fluorescence solvent
sensitive probes. Spectroscopic studies of the interaction of both compounds with
dsDNA allowed the determination of the binding constant (K;) values and binding site
sizes (n). Fluorescence quenching experiments using iodide ion allowed the
determination of the accessibilities to the quencher, showing that intercalation is the
preferred mode of binding of these molecules to DNA, compound 3 being the most
intercalative showing also the highest affinity to DNA.

Following the same strategy in a posterior work!, we synthesized the B-
heteroaryldehydrophenylalanines 5 and 6 (E and Z) by Suzuki (C-C) cross-couplings of
the methyl ester of N-(t-butoxycarbonyl)-(E or Z)-B-bromodehydrophenylalanine™ with
dibenzothien-4-yl and dibenzofur-4-yl boronic acids, in excellent yields maintaining the
stereochemistry of the starting material. The intramolecular metal-assisted (Pd/Cu) C-
N cyclization of the Suzuki coupling products 5-E, 5-Z, 6-E and 6-Z gave, in all cases,

two new heterocyclic compounds, the 3-(dibenzothien-4-yl)indole 7 and the
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phenylbenzothienoindole 8 or the 3-(dibenzofur-4-yl)indole 9 and the
phenylbenzofuroindole 10 in different ratios depending on the starting stereoisomer.
These compounds result either from direct cyclisation or cyclization after isomerization
of the Suzuki coupling products and were separated by column cromatography

(Scheme 1.4, Table 1.1).

N COMe Boc™ ;E ) :
Boc” | i O @ i .
S — . H
@ Br X N_ _CO,Me
O X B(OH),
EorZ 1.5 equiv. O

5,X=S, E, 97%
Z,85%
6, X=0, E, 95%
Z,95%

8, X=8
0, X=0

1

i) Pd(dppf)Cl, .CH,CI, 1:1 (15 mol%), Cs,CO3 (1.4 equiv.), THF/H,O (10:1), 70-80 °C, 1h30min.
ii) Pd(OAc), (50 mol%), Cu(OAc),. H,O (3 equiv.), DMF, 130-160°C.

Scheme 1.4. Synthesis of heteroaryl and heteroannulated indoles 7-10 from the pure stereoisomers
Suzuki cross-coupling products1 5-E, 5-Z, 6-E and 6-Z.

Table 1.1. Heteroaryl and heteroannulated indoles 7-10 prepared via scheme 1.4.

Starting material Cyclized products Time and temperature

(ratios, yields)

5-E£ 7/8 (3:1, 41%/14%) 3h30min, 1302C + 3h30min, 1602C
5-E 7/8 (1.5:1, 37%/26%) 5h, 1302C + 2h, 1602C

5-Z 7/8 (2:1, 20%/10%) 12h, 160°C

6-E 9/10 (6:1, 30%/5%) 5h, 160°C

6-Z 9/10 (5:1, 49%/10%) 3h, 160°C

Compounds 7, 8 and 9 were evaluated in colaboration with other research group of
the Faculty of Pharmacy of the University of Porto, for their capacity to inhibit the in
vitro growth of three human tumor cell lines, MCF-7 (breast adenocarcinoma, 1.5x10°

cells/mL), NCI-H460 (non-small cell lung cancer, 0.75x10° cells/mL), and SF-268 (CNS

10
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cancer, 1.5x10° cells/mL) after a continuous exposure of 48h. Compound 7 showed to
be the most potent presenting Glso (50% of cell growth inhibition) values of 11, 13 and
17 uM, respectively, whereas compound 9 exhibited only a low inhibitory effect
against the tumor cell lines tested with Glso values of 27, 18 and 35 uM, respectively.
Compound 8 presented a weak growth inhibitory effect (Glso values of 73, 40 and 50
UM, respectively). Comparing the activities of the heteroarylindoles 7 and 9, the
oxygen isostere 9 presented a weaker growth inhibitory effect, although the results in
NCI-H460 cell line are comparable®.

Due to these results, the fluorescence properties in several solvents and in lipid
membranes of these three indole derivatives were studied in the present work

(Chapter 5.1).

11
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3. Benzothienopyranones

In the last years, several lactones have shown to be potent anticancer agents®’°.

Additionally, promising pharmacological activities of 3-substituted isocoumarins**%?
and 4-alkynyl substituted 2-pyrones®* (Figure 1.2) and the fact that thiophene moiety is
common in manybioactive agents and drugs” lead our research group to synthesize

new potential antitumoral benzothienopyranones?®.

5
46

C
3~0 204

(@)
2-pyrone isocoumarin

Figure 1.2. General structures of 2-pyrones and isocoumarins.

Thus, several 3-arylbenzothieno[2,3-c]pyran-1-ones, including compounds 11a and 11b
were prepared in our research group, through a tandem one-pot procedure of
Sonogashira coupling followed by a regioselective 6-endo-dig intramolecular
lactonization from the commercial 3-bromobenzo[b]thiophene-2-carboxylic acid and
different arylacetylenes (Scheme 1.5)%.

As the product yields of the one-pot procedure were not high, Sonogashira couplings®’
of the methyl 3-bromobenzo[b]thiophene-2-carboxylate®® with several arylacetylenes
were performed. The Sonogashira coupling products were obtained in good vyield,
using conditions similar to those of the one-pot procedure, but 1.5 equiv. of the
arylacetylene were needed to completely consume the brominated compound. Several
compounds, including compound 11d were obtained by a 6-endo-dig cyclization of
methyl 3-(arylethynyl)benzo[b]thiophene-2-carboxylates, using TFA (trifluoroacetic

acid) as a Bronsted acid at room temperature (Scheme 1.5).

12
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R2

R=OMe |ii 11a, R'=F, R%=H, 38%
R2 11b, R'=H, R*=OMe, 35%
11c, R'=0OMe, R?=H, 95%

ii
11d, R'=H, R%=F, 80%

R'=H, R%=F, 60%

i) PACIy(PPhs3), (5 mol%), Cul (3 mol%), arylacetylene (1.1 equiv.), NEt3 (3 equiv.), dry DMF, 100°C, 1h30min.
if) PACIy(PPh3)2 (5 mol%), arylacetylene (1.5 equiv.), Cul (3 mol%), NEt; (3 equiv.), dry DMF, Ar, 100°C, 1.5 h.
i) TFA (2 mL), 2 h, 50°C.

Scheme 1.5. Synthesis of the 3-arylbenzothieno[2,3-c]pyran-1-ones 11a—d.

The copper-cocatalyzed Sonogashira reaction is believed to take place through two
independent catalytic cycles (Pd-cycle and Cu-cycle) as shown in Scheme 1.6, where a
tertiary amine is represented as base. The generally accepted catalytic cycle for the
palladium catalysis (the Pd-cycle) is based on a usually fast oxidative addition of R*-X
(R* = aryl, heteroaryl, vinyl; X = I, Br, Cl, OTf) to the real catalyst generated from the
initial palladium complex. The next step in the Pd-cycle would connect with the cycle
of the copper cocatalyst (the Cu-cycle). Thus, a usually rate-determining
transmetallation from the copper acetylide formed in the Cu-cycle would generate a
R'Pd(-C=CR?)L, species, which gives the final coupled alkyne after reductive
elimination with regeneration of the catalyst. In the Cu-cycle, the base is supposed to
abstract the acetylenic proton of the terminal alkyne, thus forming a copper acetylide
in the presence of the copper(l) salt. It should be pointed out that the generally
employed amines are usually not basic enough to deprotonate the alkyne in order to
generate the anionic nucleophile that should form the copper acetylide. Therefore, a
m-alkyne-Cu complex as shown in Scheme 1.6 could be involved in the cycle, thus
making the alkyne proton more acidic for easier abstraction. These copper acetylides
could also be involved in the formation of the initial Pd(0)L, catalytic species by

reaction with the starting palladium(ll) complexes, thus forming Pd-(-C=CR?),L,, which
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after reductive elimination would afford active Pd(0)L, and some amounts of a

diacetylene byproduct.

— 2
= Pd°L2\<R1'X
L L
R'-Pd R? R'-Pd-X
|
L L
Cu*X Cu—=—R?
.
/«K R3NH X
H—=—=—R? H——R?

. R3N
Cu*X
L = phosphane, base,
solvent or alkyne

Scheme 1.6. General catalytic cycle of the copper-cocatalyzed Sonogashira reaction’’

A plausible mechanism for the intramolecular cyclization of the Sonogashira products
using TFA is polarization of the triple bond of the 3-(arylethynyl)benzo[b]thiophene-2-
carboxylates with H* enhancing the electrophilicity of the alkyne (Scheme 1.7).

R2

&

1
R CF,COOH

/ T
(0]
Cry
S OMe

Scheme 1.7. Proposed intramolecular cyclization of the Sonogashira products using TFA.

+ CF;COO0Me

L - 6-endo-dig products

The effect of the cyclized products (tricyclic lactones) on the in vitro growth of three
tumor cell lines, namely MCF-7 (1.5x10° cells/mL), SF-268 (1.5x10° cells/mL) and NCI-
H460 (0.75x10° cells/mL), was evaluated after exposure of 48h. The compounds have
shown ability to inhibit the growth of all the cell lines tested, with Glsq values in the
UM range, and it was possible to establish some structure—activity relationships,

namely related to the presence and position of substituents (OMe or F) in the phenyl

14
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ring, compound 11a (ortho-fluorinated compound) showing clearly the best results,
with quite low Glsg values (19, 12 and 15 uM, respectively) for the three tumor cell
lines mentioned above®.

As the lactone compound with an ortho-fluorinated phenyl ring relative to the C—C
bond showed the highest antitumoral activity, it was decided in this work, to perform
fluorescence studies in solution and in liposomes of compounds with a fluor atom (11a
and 11d) and with a methoxy group in the same positions, for comparison (11b and
11c). The latter was synthesized in the present work by the same methodology used
for the synthesis of compounds 1la-b (scheme 1.5). Fluorescence (steady-state)
anisotropy measurements were also performed in order to obtain further information

about the location of these compounds in liposomes (Chapter 5.2).
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4. Thienopyridines

Among pyridine derivatives, its fused analogs, namely thienopyridines, are often of
much greater interest from the standpoint of biological activity than the corresponding
constituent monocyclic compounds®. Six isomeric thienopyridine structures
characterized by different annelation modes are known (Figure 1.3): thieno[2,3-
blpyridine (A), thieno[3,2-b]pyridine (B), thieno[2,3-c]pyridine (C), thieno[3,2-
c]pyridine (D), thieno[3,4-b]pyridine (E), and thieno[3,4-c]pyridine (F).

S S
X X =
N~ S S N N N
A B D E F

Figure 1.3. Isomeric thienopyridine structures’"

The diversity of biological activities of the thieno[3,2-b]pyridine system lead our
research group to synthesize several methyl 3-amino-6-(hetero)arylthieno[3,2-
b]pyridine-2-carboxylates®® by Suzuki-Miyaura cross-coupling of the methyl 3-amino-6-
bromothieno[3,2-b]pyridine-2-carboxylate®®  with several (hetero)arylboronated
pinacolboranes®® (for example, in the synthesis of 12b and 12c) or potassium
trifluoroborates®® (for example in the synthesis of 12a), in high yields. These boron
compounds are easier to handle than the boronic acids due to their insensitivity to air
and moisture. Furthermore the corresponding boronic acids did not react with the
methyl 3-amino-6-bromothieno[3,2-b]pyridine-2-carboxylate under the conditions

used. Some of the compounds prepared are presented in scheme 1.8.

NH» W 4 NH, 12a, HetAr= [/S\ﬁ , 80%
N 0.,.0 N 3
T Dcome+ 1 i 1T D—com j
HlVie + HlVie
HetAr 2
Br Z s HetAr~ 6 7/ ? 12b, HetAr= /O\ , 716%

or

HetArBF3K S S
12¢, Hetar=|| )—Q || +72%

i) PACl,(dppf).CH,Cly (1:1) 2 mol%), K,CO5 (6 equiv.), DME/H,O (3:1), 1-3h, 90°C

Scheme 1.8. Some of the methyl 3-amino-6-heteroarylthieno[3,2-b]pyridine-2-carboxylates synthesized
by our research group by Suzuki-Miyaura cross-couplingso.
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According to the fact that neither the 2-thienyl pinacolborane ester nor the
corresponding potassium trifluoroborate salt are commercially available, the methyl
6-(thiophen-2-yl)thieno[3,2-b]pyridine-2-carboxylate 12d was synthesized by a one-pot
palladium-catalyzed two steps, borylation with pinacolborane followed by Suzuki
coupling (BSC) with the methyl 3-amino-6-bromothieno[3,2-b]pyridine-2-carboxylate
(Scheme 1.9). Due to the electron-rich character of the thiophene ring, compound 12d
was only obtained using tri-t-butylphosphonium tetrafluoroborate®* as the ligand, in
70% vyield. To our knowledge it was the first time that this ligand was used in a BSC

reaction.

NH
Pd(OAc), N 2
Ligand, NEt; | AN CO.Me
S\ Br Dioxane, 100°C, 2h S ~g 2
U . \ |/
NH,

N 12d, 70%
2 P N—co,Me
Br S

Ba(OH),.8H,0
100°C, 2h

Ligand=tri-t-butylphosphonium tetrafluoroborate

Scheme 1.9. Synthesis of compound 12d by a BSC reaction’’.

The C-B catalytic cycle begins with the (Het)Ar-X oxidative addition to the Pd(0)
catalyst, yielding an arylpalladium(ll) species [(Het)Ar-Pd(II)-X]. Then the X atom of the
[(Het)Ar-Pd(I1)-X] complex is removed by the boron anion, forming the intermediate
[(Het)Ar-Pd(I1)-B(OR);]. A reductive elimination of Pd(0) regenerates the catalyst and
originates the heteroarylboronated compound. The use of EtsN in the coupling is very
effective, preventing the formation of Ar-H, and facilitating the formation of the C-B

bond (Scheme 1.10)*>.
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Pd(ll)
(Het)ArB(OR),
(Het)Ar-X
Pd(O
(Het)Ar-Pd(l1)-B(OR), (Het)Ar-Pd(Il)-X
4 N\
I
O/ \O
+ + -
Et;NH.X [EtsNH.B(OR),]
Pinacolborane

T C )

Et;N + H-B(OR),

Scheme 1.10. Catalytic cycle proposed for the boronation C-B using pinacolborane and Eth‘:;5

The advantages of these BSC sequencies are the use of two halogenated reagents and
to perform an in situ borylation, yielding a C-B bond, without isolating the boronated
intermediate, followed by a Suzuki-Miyaura cross-coupling (C-C) when the other halide
reagent and the other base are added.

The growth inhibitory effect of the coupling products was evaluated against three
human tumor cell lines MCF-7(1.5x10° cells/mL), A375-C5 (melanoma, 0.75x10°
cells/mL), and NCI-H460 (0.75x10° cells/mL), after 48 h of continuous exposure. From
the results it was possible to establish some structure-activity relationships. The most
active compound was 12c (the 2,2’-bithiophene derivative) with selectivity against
MCF-7 and NCI-H460 cell lines presenting very low Glso values (1 and 0.7 uM,
respectively). For this reason, compound 12c¢c was selected to be further studied
regarding its influence on the cell cycle distribution of the NCI-H460 cells and it was
shown that this compound induce a cell cycle arrest in the GO/G1 phases.

Due to these results, the spectroscopic properties in solvents of different polarity and

in nanoliposomes of compound 12c, as well as of the other thiophene derivatives 12a
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and 12d and of the furan derivative 12b for comparison (although for the latter, the
results in the cell lines were not good), were studied in the present work (Chapter 5.4).
Our research group has also synthesized fused thienopyridines with pyrimidones. Thus,
the tetracyclic compound 13a and 13b were synthesized by a tandem C—N coupling of
the methyl 3-amino-thieno([3,2-b]pyridine-2-carboxylate or of the methyl 3-amino-6-
[2-(4-methoxyphenyl)ethynyl]thieno([3,2-b]pyridine-2-carboxylate with 2-
bromopyridine followed by intramolecular cyclization involving the nucleophilic attack
of the pyridine nitrogen on the carbonyl of the ester group with loss of MeOH*!
(Scheme 1.11). This type of reaction was already performed by us in the

benzo[b]thiophene series>®.

H>N
N Br 2 N
| + / Z N
_N MeO,C « |
S R

Y

13a, R=H, 65%

13b, R= :—< >—OMe,

i) Pd(OAc), 15 mol %, xantphos 18 mol %, 2 equiv Cs,CO3, dry dioxane, overnight, 120°C.

Scheme 1.11. Synthesis31 of the tetracyclic thienopyrimidine derivatives 13.

The methyl 3-amino-6-[2-(4-methoxyphenyl)ethynyl]thieno[3,2-b]pyridine-2-
carboxylate was prepared by a Sonogashira coupling of the methyl 3-amino-6-
bromothieno[3,2-b]pyridine with the 4—methoxyphenylacetylene31'36.

The interactions with DNA and nanosized liposomes of the fluorescent planar
tetracyclic compounds 13a and 13b as potential new antitumorals were studied in the

present work (Chapter 5.3).
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5. Benzothienoquinolines

Benzothieno([3,2-b]quinoline 14*’ and benzothieno[2,3-c]quinoline 15°% are known for
their anti-plasmodic and anti-infectious activities, acting mainly through intercalation
between DNA base pairs when used in their salt form. These compounds were earlier
synthesized by separated reactions and in several steps®’*, but our research group
recently was able to obtain the two compounds in a one pot procedure. Thus, the
reaction of the commercial available 3-bromobenzo[b]thiophene-2-carbaldehyde with
2-aminophenylpinacolborane  under Suzuki coupling conditions using a
stereochemically  hindered  ligand,  2-(cyclohexylphosphane)biphenyl®®,  gave
compounds 14 and 15 which were separated by column chromatography (Scheme

1.12).

Benzothieno[3,2-b]quinoline
NH, 14, 30%

Br i
O, Oy, ——
S CHO B

o)
Ne)

Benzothieno[2,3-c]quinoline
15, 20%

i) Pd(OAc), (5 mol%), 2-(cyclohexylphosphane)biphenyl (20 mol%), Ba(OH),.8H,0 (3 equiv.), dioxane, 100 °C,
5h.

Scheme 1.12. One pot synthesis of benzothieno[3,2-b]lquinoline 14 and benzothieno[2,3-c]quinoline 15.

The obtainment of the benzothieno[3,2-b]quinoline 14 was unexpected using these
reaction conditions. It seems that it is the result of a Pd-catalyzed C-N coupling
followed by an intramolecular cyclization that may perhaps occur by nucleophilic
attack of the activated ortho position of the diarylamine intermediate on the carbonyl

of the aldehyde, after deboronation. In the synthesis of the expected compound 15 a
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Suzuki cross-coupling and a nucleophilic attack of the amino group on the aldehyde
occurred.

Despite these compounds have already been synthesized by others in several steps we
were able to prepare them in a one pot procedure which is very advantageous to
economize reagents and time.

In this work, the interaction of the synthesized benzothienoquinolines 14 and 15 with
natural double-stranded salmon sperm DNA and with synthetic ds-
polyheteronucleotides was investigated by fluorescence emission measurements.
These studies are important due to the biological relevance of both compounds as

potential antitumorals (Chapter 5.5).
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1. Deoxyribonucleic acid (DNA)

DNA, or deoxyribonucleic acid, is the hereditary material in humans and almost all
other organisms. DNA contains the instructions needed for an organism to develop,
survive and reproduce. To carry out these functions, DNA sequences must be
converted into messages that can be used to produce proteins, which are the complex
molecules that do most of the work in our bodies.

Most of the DNA is found inside a special area of the cell called the nucleus (nuclear
DNA). Because the cell is very small, and because organisms have many DNA molecules
per cell, each DNA molecule must be tightly packaged. This packaged form of the DNA
is called a chromosome. Each DNA sequence that contains instructions to make a
protein is known as a gene. The size of a gene may vary greatly, ranging from about
1,000 bases to 1 million bases in humans. The complete set of nuclear DNA, or
genome, for a human contains about 3 billion bases and about 20,000 genes on 23
pairs of chromosomes.

The DNA sequences from everyone in the world are more than 99% identical. That
means that only 1% of our DNA sequence is unique. Single nucleotide polymorphisms
(SNPs) represent the 1% where we differ from each other. These differences influence
why some people have a greater risk for cancer, or respond poorly to a particular
medication’.

The German biochemist Frederich Miescher first observed DNA in the late 1800s>. But
the importance of DNA became clear only in 1953 due to the work of James Watson,
Francis Crick, Maurice Wilkins and Rosalind Franklin. By studying X-ray diffraction
patterns and building models, the scientists figured out the double helix structure of
DNA*. The term double helix is used to describe DNA's winding, double-stranded
chemical structure. This shape - which looks much like a twisted ladder - gives DNA the

power to pass along biological instructions with great precision (Figure 2.1).
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Figure 2.1. Double-helix DNA structure (computer model, one strand illustrated with green color and the
other strand illustrated with red color; the weak colors represent nucleobases).

DNA is a polymer. The monomer units of DNA are nucleotides, and the polymer is
known as a "polynucleotide". Each nucleotide consists of a 5-carbon (pentose) sugar
(2-deoxyribose, Figure 2.2), a nitrogen containing base-covalently bonded to the 1’-

carbon of the deoxyribose (nucleobase or base), and a phosphate group®.

Base
4’ 1
3y 2
Phosphate
group
(a) (b)

Figure 2.2. 2-Deoxyribose molecule (a) and 2-Deoxyribose residue in DNA (b).

The sugars are joined together by phosphate groups that form phosphodiester bonds.
The two polynucleotide chains are held together by weak thermodynamic forces

(hydrogen bonds between the bases), to form a DNA molecule (Figure 2.3)°.
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Base
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® Phosphate-sugar
ase” gg&""m’ »~ Backbone
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25°
Nucleotide — Hydrogen bonds

Figure 2.3. DNA structure (adapted from ref. 6).

There are two types of nitrogen bases found in nucleotides (Figure 2.4):
- purines: adenine (A) or guanine (G)

- pyrimidines: cytosine (C) or thymine (T)

Purines Pyrimidines
NH, 0 ﬁ THZ
| H I H C CHy C H
NF SN c— N SN eN N5 NZ*3c”
1 N NN I, D
W L W Y. NP NN
H/C%3/C\N LN %ﬁ/C\N o” T H o7 lil H
2
! ! ! !
Adenine (A) Guanine (G) Thymine (T) Cytosine (C)

Figure 2.4. Structure of DNA nucleobases, purines and pyrimidines.

The order, or sequence, of these bases determines what biological instructions are
contained in a strand of DNA. For example, the sequence ATCGTT might instruct for
blue eyes, while ATCGCT might instruct for brown.

In a DNA double helix, each type of nucleobase on a strand binds with just one type of
nucleobase on the other strand. This is called complementary base pairing. Here,

purines form hydrogen bonds to pyrimidines, with adenine bonding only to thymine in
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two hydrogen bonds, and cytosine bonding only to guanine in three hydrogen bonds.
This arrangement of two nucleotides binding together across the double helix is called

a base pair (Figure 2.5)’.

Thymine
Adenine

Cytosine q

NHz--- =g

\ Guanine °\7£0

O
75 <
Figure 2.5. Complementary base pairing in DNA’.

In the double helix, the direction of the nucleotides in one strand is opposite to their
direction in the other strand because the phosphodiester bonds occur between the
third and fifth carbon atoms of adjacent sugar rings. Thus, these asymmetric bonds
mean that a strand of DNA has a direction and we say that the strands are antiparallel.
The asymmetric ends of DNA strands are called the 5’ (five prime) and 3’ (three prime)
ends, with the 5’ end having a terminal phosphate group and the 3’ end a terminal

hydroxyl group (Figure 2.6)%.

5’

A 3’

3’ v
5'

Figure 2.6. Three views of DNA structure: schematic representation (a), atomic model (b), computer
model (c) (adapted from ref. 8).
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As hydrogen bonds are not covalent, they can be broken and rejoined relatively easily.
The two strands of DNA in a double helix can therefore be pulled apart like a zipper,
either by a mechanical force or high temperature9. As a result of this complementarity,
all the information in the double-stranded sequence of a DNA helix is duplicated on
each strand, which is vital in DNA replication. Indeed, this reversible and specific
interaction between complementary base pairs is critical for all the functions of DNA in

living organisms™°.
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2. DNA binding modes

Many small molecules that bind to DNA are effective pharmaceutical agents, especially
in cancer chemotherapy. Understanding the DNA binding of such drugs is essential for
understanding their mode of action and for the development of design principles to
guide the synthesis of new, improved compounds with enhanced or more selective
activity11

The interaction of the anticancer drugs with DNA occurs mainly by three different

12,13, 14

ways (Figure 2.7). The first one is through control of transcription factors and

polymerases in which drug interacts with proteins that bind to DNA, namely

1316 The second is through RNA (Ribonucleic Acid) binding either to the

topoisomerases
DNA double helix to form nucleic acid triple helix structures or to exposed DNA single
strand forming DNA—RNA hybrids that may interfere with transcriptional activity. The
third type of interaction involves the covalent/cross-linking or non-covalent binding of

small aromatic ligand molecules to DNA double helical structures®’
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Figure 2.7. Summary of mechanism of action of anticancer drugs17
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The non-covalent interaction between small molecules and DNA generally follows
three models*? (Figure 2.8):

() Outside-edge binding: This involves ligand binding (e.g. Na*, Mg®* or polyamines,
Section 2.2.1.) to the outside of the helix through non-specific, primarily electrostatic
interactions with the sugar—phosphate backbone.

(i) Intercalation/Bisintercalation: A planar (or near planar) aromatic ring system
inserts in between two adjacent base pairs, perpendicular to the helical axis (section
2.2.2).

(iif) Groove binding: A bound ligand makes direct molecular contacts with functional
groups on the edges of the bases that protrude into either the major or minor grooves
(section 2.2.3.).

Compounds that have the potential to be clinically useful are normally either
intercalators or groove binders. However, outside-edge, electrostatic interactions are
also important, not least because the association of positively charged counterions
with the DNA polyanion has a large effect on DNA conformation and stability*2. Thus,
some antitumoral compounds have shown to be minor groove binders but, although
they are toxic, nonselective, and sometimes expensive, at the present time DNA

intercalators are among the most important drugs for treating cancer™.

Electrostatic
interaction

Groove
binding

Figure 2.8. Drug-DNA non-covalent interactions a) schematic representation b) computer model.
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2.1. Outside-edge binding
It is an electrostatic interaction with the negatively charged nucleic acid sugar-
phosphate structure (which is generally non-specific)’’. The archetypal outside-edge
binding drugs are the polyamines, spermine and spermidine which play an analogous
role to histones, in that they may neutralize some of the negative charges on the DNA

backbone and hence promote DNA packaging (Figure 2.9)".

Figure 2.9. Structures of two outside-edge electrostatic DNA binding ligands, spermine and spermidine.

2.2. Intercalation/bisintercalation
Planar organic molecules containing several aromatic condensed rings often bind to

18,1 . . . .
819 " Ligand intercalation is

DNA in an intercalative mode between base pairs
associated with favourable enthalpic contributions to free energy arising from the
formation of noncovalent interactions between the drug and base pairs. These
noncovalent interactions involve several different forces, such as the hydrophobic
effect, reduction of coulombic repulsion, Van der Waals interactions, n-stacking, and
hydrogen bonding®®. Several acridines (e.g. C-1311), alkaloids (e.g. diplamine),
anthracyclines  (e.g.  doxorubicin), anthracenediones (e.g. mitoxantrone),
arylaminoalcohols (elinafide), coumarins (e.g. 9-methyl-2,3-
dihydrocyclopenta[c]furo[3,2-g]chromen-4(1H)-one), phenanthridines (e.g. ethidium

bromide), quinolines (e.g. fascaplysin), indoles (e.g. AT2433-B1), and quinoxalines (e.g.

Triostin A) have shown to be intercalating antitumoral drugs'® (Figure 2.10).
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Y4 X

0 0~ o
9-methyl-2,3-dihydrocyclopenta[c]furo[3,2-g]chromen-4(1H)-one

Figure 2.10. Several DNA-intercalators which act as antitumoral drugsla.

Bisintercalators (e.g. bisacridine, Figure 2.11) are bifunctional molecules that possess
two planar intercalating aromatic ring systems covalently linked by chains of varying
length. A good reason for designing and synthesising a bisintercalator is that it should
have a significantly higher affinity and much slower dissociation kinetics than the
monointercalator equivalents. The binding constant for a bisintercalator should be
approximately the square of the monomer binding constant. Since the biological
activity is often closely correlated with binding affinity, bisintercalators should also

have enhanced medical application™.
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Figure 2.11. A flexibly linked bisintercalator formed from two dimethylaminoethylacridine-4-
carboxamide moieties'”.

The spatial arrangement of DNA before, during, and after replication is essential to a
high-quality cell-division process. In this way, DNA topology is governed by
Topoisomerases (Topos)?. Topos can be classified in two main classes: Topo I, which
breaks only one strand of the DNA?!, although both strands are involved in the
interaction with the enzyme??, and Topo 11”3, which breaks both strands of the

24,2
duplex**?

. A DNA intercalator has cytotoxic activity when it poisons the Topo by
stabilizing the ternary, DNA-—intercalator-Topo complex in such a way that the
enzymatic process cannot continue forward or backward. Once the enzyme-DNA
complexes are poisoned by intercalators, the ternary complex is detected by the cell as
a damaged portion, which triggers a series of events; one of the more important

events involves p53 protein, which induces cell apoptosis (programmed cell death)

(Figure 2.12)%2%8,

Figure 2.12. Schematic representation of the mechanism of cytotoxicity of a DNA-Intercalator™®.

40



Chapter 2- Compounds / DNA interaction

Since Topos are ubiquitous in eukaryotic cells, both healthy and damaged cells can be
affected during treatment with this class of poisons®, although cells that are
constantly and frequently replicating (i.e., tumor cells) will be affected more than

healthy cells®.

2.3. Minor and major DNA grooves binding interaction

The drugs which bind to DNA minor or major grooves are typically composed of several
aromatic rings such as pyrrole, furan, or benzene that are connected by bonds
possessing torsional freedom™. Minor groove binding makes intimate contacts with
the walls of the groove, and as a result of this interaction numerous hydrogen binding
and electrostatic interactions occur between anticancer drugs and DNA (DNA bases
and the phosphate backbone). Major groove binding occurs via the hydrogen bonding
to the DNA and can form a DNA triple helix.

A large number of functional groups of the DNA bases are accessible in the wide major
groove compared to the narrow minor groove. However, many small molecules
interact with DNA in the minor groove. The major and minor grooves differ in
electrostatic potential, hydrogen-bonding characteristics, steric effects, and hydration.
In general, small groove-binding molecules exhibit a preference for the minor groove,
not least because this site of interaction provides better Van der Waals contacts.
Distamycin A and mithramycin A are antitumoral compounds which bind to DNA in the

minor grooves (Figure 2.13)".

Distamycin A Mithramycin A

Figure 2.13. Distamycin A and Mithramycin A structures.

Different modes of binding can occur simultaneously with the same antitumoral

compound’®. For example, mitomycin is a groove binder but also a cross-linker and
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daunomycin is able to bind to the minor groove and intercalate between the DNA base
pairs (Figure 2.14). Note that many minor groove-binding ligands prefer A-T sites

compared to intercalators, which generally exhibit a G-C preference.

Figure 2.14. (a) Atomistic structure of daunomycin. Constructed and equilibrated structures of (b) the
intercalated state and (c) the minor groove-bound state. In both figures, DNA is shown in a
semitransparent surface representation including ball and stick atom models and residue-based color
(yellow for C, green for G, red for A and blue for T), whereas daunomycin is represented via a ball and

stick model with element-based CPK colorso.

2.4. Thermodynamics of drug-DNA interactions
A classical equation for the determination of binding parameters (more specifically,
the association constant) for the non-cooperative binding is the modified form of

Scatchard plot, proposed by McGhee and von Hippellz:

r (1-nr) "'

—=K(1 - —_— 2.1
¢~ K nr)[l—(n—l)rl 21
where r is the binding ratio (defined as the ratio of the concentration of bound drug
(Cpb) over the total concentration of DNA binding sites (S), Cr the concentration of free
drug, K the equilibrium binding constant for all sites, i.e. any sequence dependence for

drug binding is ignored, and n the binding site size, i.e. the number of base pairs

occupied by a bound drug. C, and Cr can be calculated by

Iro — I
0_ X Ctotal (2- 2)
Iro = Irp

and Ctotal = Cf + Cb (2 3)

Cb:
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where g is the fluorescence intensity of the free compound and Igy, the fluorescence
intensity of the bound compound at total binding.

When a complex between DNA and drug is formed, changes in the thermodynamic
stability and the functional properties of DNA occur'’. Although there is a significant
free energy cost for the establishment of the intercalation cavity (approximately 4 kcal
mol™), favorable contributions (hydrophobic, ionic, hydrogen bonding, and Van der
Waals) result in association constants of 10° to 10" M™. Groove binders are stabilized
by intermolecular interactions and typically have larger association constants than
intercalators (approximately 10 M™), since a cost in free energy is not required for

creation of the binding site®.

2.5. Methods to determine the DNA-drug binding modes

Determination of DNA binding modes of small molecules is crucial for revealing their
potential genotoxicity. Drug—DNA binding may result in changes in gene expression
and influence cell proliferation®?2. Thus, understanding drug-DNA binding
mechanisms is crucial for predicting the consequences of these interactions in the
human body*3. Groove binding typically results in only subtle changes in structure, and
the DNA remains in the same form. In contrast, intercalation, in which a planar ligand
moiety is inserted between adjacent base pairs, results in a substantial change in DNA
structure, and causes lengthening, stiffening, and unwinding of the helix. These
changes result in a pronounced alteration of the hydrodynamic properties of DNA for
intercalation, but not for groove binding. Furthermore, for intercalation, the planar
chromophore is in close contact with the DNA base pairs, and is oriented roughly
perpendicular to the DNA helix axis. Thus, techniques that can evaluate the orientation
of the ligand chromophore and its proximity to the DNA bases, can potentially
distinguish intercalation from groove binding**.

Many techniques have been applied for investigation of the interaction of DNA with
small molecules including X-ray diffraction, Nuclear Magnetic Resonance, Mass
Spectrometry, Footprinting, UV-Visible Spectroscopy, Circular Dichroism Spectroscopy,
Calorimetry, Gel electrophoresis, Dynamic Viscosity, Single Molecule Force
Spectroscopy, Docking Studies, FT-IR and Raman Spectroscopy, Molecular Modeling

Techniques, Equilibrium Dialysis, Electric Linear Dichroism, Surface Plasmon Resonance
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15,16,17,18,33,34

and Electrochemical Techniques . Standard fluorescence methods, such as

intensity measurements, polarization, and solute quenching studies have also been

1333 and an

applied. Indeed, many molecules exhibit a large fluorescence enhancement
increased polarization value®* on binding to DNA. Fluorescence quenching assays allow
distinguishing between DNA binding modes>” since intercalators are less accessible to
anionic quenchers than groove binders, due to electrostatic repulsion with the

negatively charged sugar-phosphate DNA backbone®®.
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1. Nanocarriers for drug delivery

The last years have seen an explosion of interest for the area of science and
technology known as “nanotechnology”. Nanotechnologies are defined as
technologies which include components that have at least one dimension between 1-
100 nm, and display unique characteristics due to being at this scale. Unlike previous
high-technology waves, nanotechnology covers a diverse field of sciences and
engineering, crosses boundaries between them and aims to utilize the very
fundamental characteristics of matter by manipulation and control at the nanoscale in
order to create new material and devices with functional characteristics different from
the common materials®.

Bionanotechnology is one of the most promising areas of nanotechnology and in the
present it is directly related with the use of biological systems, like cells and cellular
components, to create functional nanodevices made of organic and inorganic materials
for biological activity. This is an area in permanent expansion and a lot of studies about
new fabrication methods and characterization techniques arise constantly.
Bionanotechnology includes many important areas such as nanomedicine, diagnosis
and therapy with the development of new drugs. One of the most promising research
areas of bionanotechnology is the development of systems for controlled drug delivery
by nanoencapsulation of drugs, to solve several limitations of conventional drug
delivery systems, such as nonspecific biodistribution and targeting, lack of water
solubility, poor oral bioavailability, and low therapeutic indices, namely due to
resistance of the cancer cells’.

The use of nanocarriers as systems for drug delivery has many advantages when
compared with other conventional methods, since they can potentially overcome
solubility, pharmacokinetics, in vivo stability and toxicity problems®>, more precisely:

o The biodistribution of cancer drugs is improved as nanoparticles have optimal
size and surface characteristics which increase their circulation time in the
bloodstream;

o The nature and the composition of the vehicles protect and prevent the
decomposition of the drug;

o Nanocarriers allow a secure administration of the drug without local

inflammatory reactions;
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o

More effective therapy and decrease of the number of the doses due to the
gradual and controlled release of the drug;

Nanocarriers can enhance the intracellular concentration of drugs in cancer
cells while avoiding toxicity in normal cells, by using both passive targeting
strategies (such as the acidic environment of tumor cells or the enhanced
permeability and retention effects of tumors due to their leaky vasculature
and their lack of an effective lymphatic drainage system) and active targeting
strategies (using ligands or antibodies directed against selected tumor
targets)>®’.

When nanocarriers bind to specific receptors and then enter the cell, they are
usually enveloped by endosomes via receptor-mediated endocytosis, thereby

bypassing the recognition of P-glycoprotein, one of the main drug resistance

mechanisms®,

There are many different submicron-sized (3-200nm) devices being used for drug

delivery, namely devices made of polymers (polymeric nanoparticles, micelles, or

dendrimers), viruses (viral nanoparticles), organometallic compounds (carbon

nanotubes) or lipids (liposomes). Each of these systems has specific peculiarities that

should be considered in the choice of the delivery system? (Table 3.1).
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Table 1. Types of nanocarriers for drug delivery (adapted from ref. 2).

System

Structure

Characteristics

Polymeric nanoparticles
(polymer-drug conjugates)

Drugs are encapsulated in a

polymer or conjugated to the
side chain of a linear polymer
with a linker (cleavable bond).

a) Water-soluble, nontoxic,
biodegradable;

b) Surface modification
(pegylation);

c) Selective accumulation and
retention in tumor tissue (EPR
effect);

d) Specific targeting of cancer
cells while sparing normal cells-
receptor mediated targeting
with a ligand.

Polymeric micelles

Amphiphilic block copolymers
assemble and form a micelle
with a hydrophobic core
(reservoir for hydrophobic
drugs) and hydrophilic shell
which stabilizes the core and
renders the polymer to be
water-soluble.

a) Suitable carrier for water-
insoluble drug;

b) Biocompatible, self-
assembling, biodegradable;
c) Ease of functional
modification;

d) Targeting potential.

Dendrimers

Radially-emerging
hyperbranched synthetic
polymer with regular pattern
and repeated units.

a) Biodistribution and pK can
be tuned;

b) High structural and
chemical homogeneity;

c) Ease of functionalization,
high ligand density;

d) Controlled degradation;
e) Multifunctionality.

Viral nanoparticles

Protein cages, which are
multivalent, self-assembled
structures.

a) Surface modification by
mutagenesis or bioconjugation
— multivalency;

b) Specific tumor targeting,
multifunctionality;

c) Defined geometry and
remarkable uniformity;

d) Biological compatibility and
inert nature.

Carbon nanotubes

Carbon cylinders composed of
carbon atoms in a hexagonal
arrangement.

a) Water-soluble and
biocompatible through chemical
modification (organic
functionalization);

b) Multifunctionality.

Self-assembling closed colloidal
structures composed of lipid
bilayers in which an aqueous
volume is entirely enclosed by a
membranous lipid bilayer.

a) Amphiphilic, biocompatible;
b) Ease of modification;
c) Targeting potential.
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However, although nanoparticles offer many advantages as drug carrier systems, there
are still many limitations to be solved such as poor oral bioavailability, instability in

circulation, inadequate tissue distribution, and toxicityz.
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2. Liposomes
2.1. Lipids as structural components of liposomes

Lipids constitute a group of naturally occurring molecules that include fats, waxes,
sterols (such as cholesterol), fat-soluble vitamins (such as vitamins A, D, E, and K),
monoglycerides, diglycerides, triglycerides, phospholipids, and others. The main
biological functions of lipids include energy storage, signaling, and acting as structural
components of cell membranes”™. Lipids have found applications in cosmetic and
food industries, as well as in nanotechnology, e.g. acting as structural components of
liposomes™.

Phospholipids play a central role in the biochemistry of all living cells. These molecules
constitute the lipid bilayer defining the outer confines of a cell, but also serve as the
structural entities which confine subcellular components®’.  Furthermore,
phospholipids are the widely used structural components of liposomes. A
phospholipid is composed of two fatty acid chains, a glycerol unit, a phosphate group
and a polar molecule (e.g. choline, glycerol, etc). Phospholipids are
amphipathic/amphiphilic compounds in a way that the phosphate group and polar
head region of the molecule is hydrophilic, while the fatty acid tail region is

hydrophobic (Figure 3.1).

Figure 3.1. Typical structure of a phospholipid.

Lipids are characterized by the phase transition temperature (or melting temperature),
Tm, Which is defined as the temperature required to induce a change in the lipid

physical state from the ordered gel phase, where the hydrocarbon chains are fully
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extended and closely packed, to the disordered liquid crystalline phase, where the
hydrocarbon chains are randomly oriented and fluid. There are several factors which
directly affect the phase transition temperature including hydrocarbon length,
unsaturation, charge, and headgroup species. As the hydrocarbon length is increased,
van der Waals interactions become stronger requiring more energy to disrupt the
ordered packing, thus the phase transition temperature increases. Likewise,
introducing a cis double bond into the acyl group puts a kink in the chain which
requires much lower temperatures to induce an ordered packing arrangement.

Relatively to the electric charge, lipids can be ionic (cationic or anionic) molecules,
neutral molecules or zwitterionic molecules (both positive and negative charge, in
different atoms). Table 3.2 shows some lipids structures, as well as their electric charge

and phase transition temperature.

Table 3.2. Structure, electric charge and phase transition temperature, T,,, of some lipids.

Electric
Structure Tn /oC
charge
Egg-PC
1,2-diacyl-sn-glycero-3-phosphocholine from egg yolk
0 o Very
E ) Q)LR_ Rs Rz = fatty acid residues Zwitterionic ow
i~ 07070 BN 0 THE
DPPC
1,2-Dipalmitoyl-sn-glycero-3-phosphocholine
N 41
o Zwitterionic
D M\N\\/\N\f\ (Ref~ 13)
P Hy P
Hﬁ'wg 170 H}‘H/D \n/’\/\/\/\/\/\/\/
| = 0
DPPG
1,2-dipalmitoyl-sn-glycero-3-[phospho-rac-(1-glycerol)] (sodium salt)
o . 40
Anionic
OH i H Ur”\/\./WW\ﬂ\ (Ref. 14)
P =
HO \/’L\fo 4 0. . -0 \n/‘\/\/"\/"\/\/’\\/v
s 0
Ma
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DMPG
1,2-dimyristoyl-sn-glycero-3-[phospho-rac-(1-glycerol)] (sodium salt)

Anionic

23

(Ref. 15)

DOPE
1,2-Dioleoyl-sn-glycero-3-phosphoethanolamine
o]

9y OJ\/\/\/\/=\/\/\/\/
O\X/O\[(\/\/\/E/\/\/\/\

(0]

o}
il
P\

@ 7
N/\/O !
I

o O

zwitterionic

Very

low

DSPE-PEG
1,2-Distearoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene
glycol)-2000] (ammonium salt)

o] i H ﬁOW
I
H2CO(H ;CH ;C0) Efﬂ‘n 0

Anionic

12.8

DODAB
dioctadecyldimethylammonium bromide

Ha,, W\\/W\

HaC™ \,WW
87

Cationic

45

(Ref. 16)

Cholesterol

Neutral

Very

low

2.2. Molecular Self-assembly

Molecular self-assembly is the process by which molecules adopt a defined

arrangement without guidance or management from an outside source. When

phospholipids are suspended in water they tend to self-orient in order to avoid any
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contact between the non-polar tails and water (energetically unfavorable) and to
maintain the contact between water and the polar head of the molecules. In this way,
amphiphilic molecules can form a variety of structures, such as bilayers, micelles or
liposomes, due to hydrophilic/hydrophobic interactions but also electrostatic and Van

der Waals interactions (Figure 3.2).

Figure 3.2. Different self-organized structures.

2.3. Different types of liposomes

Liposomes were discovered in 1965 by Bangham, who found that when phospholipids
were dispersed in water, vesicular structures of hydrated bilayers with an agueous
cavity are form spontaneously®’.

Liposomes are vesicles composed of one or more lipid bilayer membranes. The unique
ability of liposomes to entrap drugs both in an aqueous and a lipid phase make such
delivery systems attractive for hydrophilic and hydrophobic drugs'®. Because lipids are
amphipathic in aqueous media, their thermodynamic phase properties and self-
assembling characteristics evoke entropically driven sequestration of their
hydrophobic regions into spherical bilayers. Those layers are referred to as lamellae™®
(Figure 3.3). Liposomes can be unilamellar (with only one bilayer surrounding the
aqueous core) or multilamellar (with several bilayers oriented concentrically around an

aqueous core)®.

lipid
bilayer

Figure 3.3. Unilamellar liposome structure.
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According to size and number of lamellae, liposomes are divided into different

subcategories (table 3.3 and figure 3.4).

. A 2
Table 3.3. Liposome classification based on structural parameters 0

LUV
sSuv

Q.

MLV MVV

Figure 3.4. Schematic representation of different Iiposomes21

2.4. Liposomes preparation
In contrast to other surfactant aggregates such as micelles, liposomes do not form
spontaneously in aqueous media and are therefore not thermodynamically stable
structures®”. Formation of liposomes requires energy. Depending on which type of
liposome is produced, the required energy input can greatly vary. MLVs form readily
when bilayer-forming polar lipids are dispersed in aqueous media under mild agitation.
In order to produce LUVs and SUVs, substantial energy inputs are required that are
sufficient to disrupt MLV and MVV structures and force the generation of unimodal
vesicles®®. Generally, liposomes are only stable for a defined period of time; i.e. they
are said to be “kinetically stable” similar to emulsions. Because of this, many of the
principles of emulsion formation also apply to the formation of liposomes and the

techniques used to produce emulsions may often be used to produce liposomes®*.
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Liposomes can be obtained by means of several different methods (Scheme 3.1).
Normally, the entrapped agents are loaded before or during the manufacturing
procedure (passive loading). However, certain type of compounds with ionizable
groups, and those which display both lipid and water solubility, can be introduced into

the liposomes after the formation of intact vesicles (active loading)®.

Methods of Liposomes preparation

Passive loading Active loading
| |
Mechanical dispersion Solvente dispersion Detergent removal
methods methods methods
1 ] 1
\’ \% \%
> Lipid film hydration by »  Ethanol injection » Detergent (Chocolate,
hand shaking, non-hand alkylglycoside, Triton
shaking or freeze drying. »  Ether injection X-100) removal from
mixed micelles by:
> Micro-emulsification > Double emulsion
- Dialysis
»  Sonication > Reverse phase
evaporation vesicles - Column
»  French pressure cell chromatography
» Stable pluri lamellas
» Membrane extrusion vesicles - Dilution

Scheme 3.1. Different methods for liposomes preparation25

The adequate choice of liposome preparation method depends on the following
parameters®®?’:

1) the physicochemical characteristics of the material to be entrapped and those of the
liposomal ingredients;

2) the nature of the medium in which the lipid vesicles are dispersed;

3) the effective concentration of the entrapped substance and its potential toxicity;

4) additional processes involved during application/delivery of the vesicles;

5) optimum size, polydispersity and shelf-life of the vesicles for the intended
application and

6) batch-to-batch reproducibility and possibility of large-scale production of safe and

efficient liposomal products.
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3. Liposomes as drug delivery systems

Liposomes were suggested as drug carriers in cancer chemotherapy by Gregoriadis et
al.”® in 1974. Since then, liposomes have been extensively used as carriers for
pharmaceutical, diagnostic and cosmetic agents, with already a few commercially
available products®**°. As an example, Doxil® is a liposomal formulation of the
anthracycline drug doxorubicin used to treat cancer in AIDS-related Kaposi sarcoma
and multiple myeloma. Its advantages over free doxorubicin are greater efficacy and
lower cardiotoxicity®’. Nevertheless, liposomes still have not attained their full
potential, and improvements must be made in terms of design, functionality and
stability to allow the drugs to reach and to be transferred to the target site’® and to
combat the increasing problem of multidrug resistance (MDR) acquired by cancers>".
To reach the target site, the liposomes must remain time enough in the circulatory
system without being disintegrated by high-density lipoproteins (HDLs) in the plasma
(which were found to remove phospholipid molecules rapidly from the bilayers of
vesicles) or without being intercepted by the fixed macrophages of the
reticuloendothelial system (RES)*?.

The selective delivery of drugs into disease sites is generally achieved by extravasation
into the interstitial space from the bloodstream®® (Figure 3.5). This can be achieved by

329 Active targeting requires some kind of ligand to

either passive or active targeting
bind the liposome surface to the pathological cells and passive targeting uses the
physical properties of the liposomes together with the microanatomy and the
microenvironment of the target tissue to obtain selective localization®®. For example,
liposomes can be designed to release their entrapped contents under certain
controlled pH or temperature conditions'®. In solid tumors, the extracellular pH tends
to be significantly more acidic (6.5) than the pH of the blood at 37 °C, which is (7.5); so,
it is possible to engineer vehicles for drugs with the adequate composition so that the
delivery occurs in these specific sites. On the other hand, temperature can also be

exploited, using a delivery system that releases the drug at temperatures above 37 °C

(e.g. using lipids with T, > 37 °C in the liposomes preparation)®.
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Figure 3.5. Active and passive targeting of cells for drug targeting using liposomes. At sites of pathology,
where the endothelium layer is inflamed, mediators such as bradykinin, vascular endothelium growth
factor, and prostaglandins increase the endothelial permeability. Underlying pathology includes cancer,
rheumatoid arthritis and infection. Liposomes extravasate through the gaps between cells and enter the
interstitial fluid. Active targeting is achieved by conjugating ligands to the liposome that bind to a
specific target cell receptor, leading to internalization or release of the drug. Passive targeting can be

mediated by internalization or local high-concentration release of the druggl.

To effectively deliver drug to the targeted tumor tissue, liposomes must have the
ability to remain in the bloodstream for a considerable time without being eliminated.
Conventional liposomes are usually caught in the circulation by the reticuloendothelial
system, such as the liver and the spleen, depending on their size and

composition/surface cha racteristics>>,

Size

The size of nanoliposomes used in a drug delivery system should be large enough to
prevent their rapid leakage into blood capillaries but small enough to escape capture
by fixed macrophages that are lodged in the reticuloendothelial system, such as the
liver and spleen. The size of the sinusoid in the spleen and fenestra of the Kuffer cells
in the liver varies from 150 to 200 nm>* and the size of gap junction between
endothelial cells of the leaky tumor vasculature may vary from 100 to 600 nm¥.
Consequently, the size of nanoliposomes should be up to 100 nm to reach tumor

tissues by passing through these two particular vascular structures’.
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Composition/surface characteristics

The phospholipid DMPG have shown to provide the formation of perforations (pores)
across the lipid membrane in the intermediate phase (between the turbid gel and fluid
membrane phases). This behavior might be a characteristic of charged membranes in
general: they could exhibit a ‘““melting regime” (temperature interval where the
melting process evolves) instead of a unique melting transition. Thus, a high local
concentration of charged lipids could help the formation/stabilization of transient
pores across the membrane, which would enable a controlled material transport
across biological membranes®. Furthermore, the opening of pores across the
membrane tuned by ionic strength, temperature, and pH, is likely to have biological
relevance and could be used in applications for controlled release from
nanocompartments®”.

The addition of cholesterol to the liposomes composition will prevent substance
release as it will decrease liposome permeability and improve their chemical stability

38,39

(higher membrane rigidity)>™". Egg-PC (egg yolk phosphatidylcholine) liposomes with

cholesterol, in (7:3) proportion, are commonly used as models of cell membranes*®**.
Nanoliposomes should ideally have a hydrophilic surface to escape macrophage
capture and enhance their life span in the circulatory system®. This can be achieved by

coating the liposome with the synthetic polymer polyethyleneglycol (PEG)*****. Th

e
pegylated liposomes are long circulating in blood due to a highly hydrated and
protected liposome surface, constituted by the hydrophilic polymers that inhibit
protein adsorption and opsonization of the liposomes. PEG provides the liposomes
with up to 72 hours half-life in blood®.

Grafting specific ligands to the liposome surface facilitates the fusion of the liposome
with target cells by endocytosis, thus releasing material to be delivered®®. This can be
achieved by coupling liposomes to specific antibodies or coating the liposomes with
ligands targeting proteins expressed on cancer cell membranes or endothelial cells
lining the newly generated blood vessels in the tumor?.

In terms of the liposomes charge, cationic liposomes, unlike their anionic and
electroneutral counterparts, have been shown to target tumor vessels to a significant

extent over vessels in normal healthy tissues, targeting approximately 25 and 5% of

vessel areas respectively’® (electrostatic interactions between positively charged
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liposomes and the negatively charged cell membranes facilitate cell uptake). However,
cationic liposomes can cause cytotoxicity limiting their safety for clinical use.
Consequently, interest for drug delivery has turned to neutral and anionic liposomes
and the latters have shown to have enhanced macrophage internalisation®’.
Additionally, there is a relationship between surface charge and stability. This
relationship can be evaluated by zeta-potential measurements: in general, particles
with zeta potentials more positive than +30mV or more negative than -30mV are
normally considered stable, with no tendency to aggregate, due to the electrostatic
repulsion between the particles.

In conclusion, it can be stated that liposomes are just beginning to make an impact in
chemotherapy owing to the promising effects in the reduction of toxicity and side
effects of existing therapies and in the increase efficacy by selective targeting of
tumors. However, the full potential of these emerging technologies has not yet been
fully realized. The toxicology of nanomaterials in humans still needs to be fully studied
and evaluated. The studies already performed have been small and limited to short-
term exposure and should focus on long-term exposure in humans, animals and the
environment. Further, in vivo studies are needed to determine the efficacy of these
new drug formulations, and the reproducibility of batches of drug formulations also

needs to be refined>'.
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4. Determination of the size and zeta-potential of the liposomes with incorporated
compounds

The fate of intravenously injected liposomes used as drug delivery systems is
determined by a number of properties, two of the most important being particle size
and zeta potential. The size is one of the most important physical properties of lipid
vesicles with incorporated compounds because this parameter has a direct influence in
many other properties such as reactivity, stability and efficacy of drug delivery. Unless
the sample to characterize is perfectly monodisperse, i.e. every single particle has
exactly the same dimensions, it will consist of a statistical distribution of particles of
different sizes. It is common practice to represent this distribution in the form of a
frequency distribution curve, or a cumulative (undersize) distribution curve (size
distribution)*®.

Zeta-potential is another important parameter that affects the stability of the
liposomes. It represents a measure of the magnitude of the electrostatic or charge
repulsion or attraction between particles, and its measurement brings detailed insight
into the causes of dispersion, aggregation or flocculation, and can be applied to
improve the liposomes formulation.

The development of a net charge at the particle surface affects the distribution of ions
in the surrounding interfacial region, resulting in an increased concentration of counter
ions, ions of opposite charge to that of the particle, close to the surface. Thus, an
electrical double layer exists around each particle. The liquid layer surrounding the
particle exists as two parts; an inner region (Stern layer), where the ions are strongly
bound, and an outer (diffuse) region where they are less firmly associated. Within the
diffuse layer, there is a notional boundary inside which the ions and particles form a
stable entity. When a particle moves (e.g. due to gravity), ions within the boundary
move with it. Those ions beyond the boundary stay with the bulk dispersant. The
potential at this boundary (surface of hydrodynamic shear) is the zeta potential (Figure

3.6)%.
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Figure 3.6. Schematic representation of zeta-potential49.

The magnitude of the zeta potential gives an indication of the potential stability of the
colloidal system. If all the particles in suspension have a large negative or positive zeta
potential, then they will tend to repel each other and there will be no tendency for the
particles to come together. However, if the particles have low zeta potential values,
then there will be no force to prevent the particles coming together and flocculating.
The general dividing line between stable and unstable suspensions is generally taken at
either +30 or -30 mV. Particles with zeta potentials more positive than +30 mV or more
negative than -30 mV are normally considered stable.

Particles size, size distribution and zeta-potential of particles, typically in the
submicron region, suspended in a liquid can be evaluated by DLS (Dynamic Light
Scattering), a non-invasive and well-established technique with many advantages, such
as™’:

e Accurate, reliable and repeatable particle size analysis in one or two

minutes.
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e Measurement in the native environment of the material.

e Mean size only requires knowledge of the viscosity of the liquid.

¢ Simple or no sample preparation, low concentration, turbid samples can be
measured directly.

e Simple set up and fully automated measurement.

e Size measurement of particles typically in the submicron region down to
1nm nanometre.

¢ Low volume requirement (as little as 2 pL).

The Brownian motion of particles or molecules in suspension causes laser light to be
scattered at different intensities. Analysis of these intensity fluctuations yields the
velocity of the Brownian motion (random movement of particles due to the
bombardment by the solvent molecules that surround them). The larger the particle,
the slower the Brownian motion will be. Smaller particles are “kicked” further by the

solvent molecules and move more rapidly (Figure 3.7).

Figure 3.7. Different rates of the Brownian motion of particles according to their size and respective
size-distribution curves.

An accurately known temperature is necessary for DLS, because knowledge of the
viscosity is required (the viscosity of a liquid is related to its temperature). The
temperature also needs to be stable, otherwise convection currents in the sample will
cause non-random movements, that will ruin the correct interpretation of size. The

velocity of the Brownian motion is defined by a property known as the translational
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diffusion coefficient, D, and the size of the particles is calculated from this coefficient,

by using the Stokes-Einstein relationship:

D kT
~ 6mR

(3.1)

where Kk is Boltzmann's constant, T is the absolute temperature, n is the solvent
viscosity, and R is the molecular radius.

Note that the diameter that is measured in DLS is a value that refers to how a particle
diffuses within a fluid, so it is referred to as a hydrodynamic diameter. The diameter
that is obtained by this technique is the diameter of a sphere that has the same
translational diffusion coefficient as the particle°.

If the particles are small compared to the wavelength of the laser used (typically, less
than d =A/10, or around 60 nm for a He-Ne laser), then the scattering from a particle
illuminated by a vertically polarised laser will be essentially isotropic, i.e. equal in all
directions. The Rayleigh approximation tells us that [ a d® and also that I a 1/A%, where
I is the intensity of light scattered, d is the particle diameter and A is the laser
wavelength. The d® term tells us that a 50nm particle will scatter one million times as
much light as a 5nm particle. Hence, there is a danger that the light from the larger
particles will swamp the scattered light from the smaller ones. This d°® factor also
means that it is difficult to measure a mixture of 1000 nm and 10 nm particles with
DLS, because the contribution to the total light scattered by the small particles will be
extremely small. The inverse relationship to A* means that a higher scattering intensity
is obtained as the wavelength of the laser used decreases’’.

A conventional dynamic light scattering instrument consists of a laser light source,
which converges to a focus in the sample using a lens. Light is scattered by the
particles at all angles and a single detector, traditionally placed at 90° to the laser
beam, collects the scattered light intensity. The intensity fluctuations of the scattered
light are converted into electrical pulses, which are fed into a digital correlator. This

generates the autocorrelation function, from which the particle size is calculated®.
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1. Introduction

Spectroscopy is basically related with the absorption, emission or scattering of
electromagnetic radiation by atoms or molecules. Electromagnetic radiation covers a
wide wavelength range, from radio waves to y-rays. As the name implies, it contains
both an electric and a magnetic component, which are best illustrated by considering
plane-polarized (also known as linearly polarized) radiation. Figure 4.1 illustrates one
photon of such radiation travelling along the x-axis. The electric component of the
radiation is in the form of an oscillating electric field of magnitude E, and the magnetic
component is in the form of an oscillating magnetic field of magnitude H. These
oscillating fields are at right angles to each other. The plane of polarization is
conventionally taken to be the plane containing the direction of E and that of
propagation; in Figure 4.1 this is the xy-plane. The reason for this choice is that
interaction of electromagnetic radiation with matter is more commonly through the

. 1
electric component”.

Figure 4.1. Plane-polarized electromagnetic radiation travelling along the x-axis; E, is the electric
component; H, is the magnetic componentl.

In vacuum, all electromagnetic radiations travel at the same speed, the speed of light ¢
(2.99792458x108 ms1), and may be characterized by its wavelength, A, in air or
vacuum, or by its wavenumber, U, or frequency, v, both conventionally in vacuum,

where

c 1
= 4.1)

A
vac v O

Figure 4.2 illustrates the extent of the electromagnetic spectrum and the processes
that may occur in an atom or molecule exposed to radiation. Indications of region

boundaries, which should not be regarded as clear cut, are given in wavelength (mm,
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um or nm), frequency (GHz) and wavenumber (cm™). In addition, in the high-energy
regions the energy is indicated in electron volts (eV) where

1eV=1.60218 x 10-1?] (4.2)
A molecule may undergo rotational, vibrational, electronic or ionization processes, in
order of increasing energy (typical ranges are indicated in Figure 4.2). A molecule may
also scatter light in a Raman process, and the light source for such an experiment is
usually in the visible or near-ultraviolet region. An atom may undergo only an
electronic transition or ionization since it has no rotational or vibrational degrees of
freedom. Nuclear magnetic resonance (NMR) and electron spin resonance (ESR)
processes involve transitions between nuclear spin and electron spin states,
respectively, but these spectroscopies need the sample to be located between the
poles of a magnet.

-<+—Flectronic———

—- Vibrational -
. _haman Photo-
-~——Rotational— sources ~ “electron™
Milimetre Mid-infrared | Near- Near- | par-
Radio TV [Microwave|wave infrared  |Visible| ultraviolet | ultraviolet | X-ray | Y-ray
* ‘ Far-
NMR ESR infrared
mm 300 3 105
um 25 25 077
nm 770 390 200 10 005
GHz 1 100 300 1200
cm! 0033 33 10 40 400 4000 1300 26000 50000
eV 6 1200

Figure 4.2. Regions of the electromagnetic spectruml.

When an atom or molecule is exposed to a radiation of frequency v, it passes from a

state m to a state n separated by

hc
AE=hv=hcﬁ=7 (4.3)

where h is the Planck constant (h=6.62606876 X 10-34Js). This can occur by three
possible processes’:
e Induced absorption, where the molecule (or atom) M absorbs a quantity of

radiation and is excited from state m to state n:

M + hv > M*
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e Spontaneous emission, in which M* (in state n) spontaneously emits a
quantum of radiation:
M* —- M + hv
e Induced, or stimulated, emission. This is a different type of emission in which a
guantum of radiation is required to induce, or stimulate, M* to go from state n
to state m:
M* 4+ hv —- M + 2hv
The populations of the states m and n (respectively, Nm and Ny) are related, at

equilibrium, through the Boltzmann distribution law:

— =—exp (— —) (4.4)

where gn and gm are the degrees of degeneracy of the states n and m respectively, T is
the absolute temperature (K) and k is the Boltzmann constant
(k=1.3806503 x 10-23 JK-1).

Molecular Fluorescence is a spontaneous emission after induced absorption involving
electronic transitions. The energies needed to change the electron distributions of
molecules are of the order of several electron volts. Consequently, the photons
emitted or absorbed when such changes occur lie in the visible and ultraviolet regions

of the spectrum (Figure 4.2, Table 4.1)>.

Table 4.1. Colour, frequency and energy of infrared, visible and ultraviolet Iightz.

Colour A /nm v / (1014 Hz) E / k] mol!
Infrared >1000 <3.0 <120
Red 700 4.3 170
Yellow 580 5.2 210
Blue 470 6.4 250
Ultraviolet <300 >10 >400

Molecular Fluorescence has many applications in physical, chemical, material,
biological and medical sciences. It was first used as an analytical tool to determine the
concentrations of several species, but is also the best method for the detection of

analytes with a very high sensitivity (considerably improved due to the progress in
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instrumentation) and a powerful tool for the investigation of structures and dynamics
of matter or living systems at a molecular or supramolecular level. Biological
membranes are examples in which it is possible to determine some parameters such as
polarity, fluidity, order, molecular mobility and electrical potential by the use of

fluorescent probes>.
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2. Fluorescence as a particular case of Luminescence

According to The Fluorescent Mineral Society, “Light is a form of energy. To create
light, another form of energy must be supplied”. Luminescence is "cold light" (vs
incandescence which is “hot light”) that can be emitted at normal and lower
temperatures. In luminescence, some energy source kicks an electron out of its lowest
energy "ground" state into a higher energy "excited" state; then, the electron returns
the energy in the form of light, so it can fall back to its "ground" state. With few
exceptions, the excitation energy is always larger than the energy (wavelength, color)
of the emitted light.

There are several types of luminescence, each named according to the mode of

.. 4
excitation:

Chemiluminescence is luminescence where the energy is supplied by chemical
reactions. The glow-in-the-dark plastic tubes sold in amusement parks are examples of

chemiluminescence.

Bioluminescence is luminescence caused by chemical reactions in living things; it is a

form of chemiluminescence. Fireflies glow by bioluminescence.
Electroluminescence is luminescence caused by electric current.

Sonoluminescence is luminescence caused by a micron size gas bubble which is both
spatially trapped and oscillated by an acoustic field in such a way that, on each

compression of the bubble, a small burst of light is emitted.

Cathodoluminescence is electroluminescence caused by electron beams; this is how
television pictures were formed on a CRT (Cathode Ray Tube). Other examples of
electroluminescence are neon lights, the auroras, and lightning flashes. This should not
be confused for what occurs with the ordinary incandescent electric lights, in which

the electricity is used to produce heat, and it is the heat that in turn produces light.

Radioluminescence is luminescence caused by nuclear radiation. Older glow-in-the-
dark clock dials often used a paint with a radioactive material (typically a radium

compound) and a radioluminescent material.

Triboluminescence is luminescence triggered by mechanical action or

electroluminescence excited by electricity generated by mechanical action. Some
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minerals glow when hit or scratched, e.g. by banging two quartz pebbles together in

the dark.

Thermoluminescence is luminescence caused by temperatures above a certain
threshold. This should not be confused with incandescence, which occurs at higher
temperatures. In thermoluminescence, heat is not the primary source of the energy,

only the trigger for the release of energy that originally came from another source.

Photoluminescence is luminescence where the energy is supplied by electromagnetic
radiation. The mode of excitation is absorption of a photon which brings the absorbing
species into an excited state and the photoluminescence is the emission of photons

accompanying de-excitation process.

Fluorescence, delayed fluorescence and phosphorescence are particular cases of

photoluminescence.
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Figure 4.3. Types of luminescence processes and respective ways of molecules excitation (adapted from

ref. 3).

Phosphorescence is delayed luminescence or "afterglow" (the term phosphorescence

comes from the Greek: gwd = light and gopetv = to bear; therefore, phosphor means

“which bears light”). Many minerals are phosphorescent. The most famous is the

Bolognian phosphor discovered by a cobbler of Bologna in 1602 during a walk in the

Monte Paterno: he picked up some strange heavy stones and, after calcination with
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coal, he observed that the stones glowed in the dark after exposure to light (the stones
contained barium sulfate, which, upon reduction by coal, led to barium sulfide, a
phosphorescent compound). Today, many glow-in-the-dark products, especially toys
for children, involve substances that receive energy from light, and emit the energy
again as light later.

Fluorescence is seen in fluorescent lights, amusement parks and movie special effects,
the redness of rubies in sunlight, "day-glo" or "neon" colors, and in emission nebulae
seen with telescopes in the night sky. The first reported observation of fluorescence
was made by a spanish physician, Nicolas Monardes, in 1565: he observed that an
infusion of a wood called Lignum Nephriticum exhibits a wonderful blue color. In his
famous paper “On the change of refrangibility of light” (1852), Stokes® reinvestigated
this fact and demonstrated that the phenomenon was an emission of light after
absorption of light.

A basic distinction between fluorescence and phosphorescence based on experiment
was made on the nineteenth century: Fluorescence disappears with the end of
excitation, whereas phosphorescence persists after the end of excitation. Now, we
know there are long-lived fluorescence and short-lived fluorescence and Francis Perrin
was the first who theoretically distinguished fluorescence and phosphorescence, in
1929°%: a molecule emit phosphorescence when it pass, between absorption and
emission, through an intermediate state and it is not able to reach the fundamental

state without receiving some energy from the medium.
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3. Absorption of UV-Visible light
3.1. Molecular orbitals and electronic transitions

A molecular orbital is a mathematical function describing the wave-like behavior of an
electron in a molecule’. It represents regions in a molecule where an electron is likely
to be found. Molecular orbitals arise from allowed interactions between atomic
orbitals (which predict the location of an electron in an atom), which are allowed if the
symmetries are compatible. Efficiency of atomic orbital interactions is determined
from the overlap (a measure of how well two orbitals constructively interact with one
another) between two atomic orbitals, which is significant if the atomic orbitals are
close in energy. When atomic orbitals interact, the resulting molecular orbital can be
of three types®: bonding (o or m orbitals), antibonding (c* or m* orbitals), or

nonbonding (n orbitals):

¢ Bonding molecular orbitals: Constructive (in-phase) interactions between
atomic orbitals lead to bonding molecular orbitals. These molecular orbitals are
lower in energy than the atomic orbitals that combine to produce them. They
can be o orbitals or m orbitals: o orbitals are formed either from two s atomic
orbitals, or from one s and one p atomic orbital, or from two p atomic orbitals
having a collinear axis of symmetry; © orbitals are formed from two p orbitals

which overlap laterally.

e Antibonding molecular orbitals: Destructive (out-of-phase) interactions
between atomic orbitals lead to antibonding molecular orbitals. They can be ¢*
or ©* molecular orbitals and are higher in energy than the atomic orbitals that

combine to produce them.

¢ Nonbonding molecular orbitals (n orbitals): they are the result of no interaction
between atomic orbitals because of lack of compatible symmetries. Normally,
these molecular orbitals are located on heteroatoms such as oxygen or
nitrogen and have the same energy as the atomic orbitals of these atoms in the

molecule.
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Figure 4.4. Types of bonding and antibonding molecular orbitals.

A molecule is in an excited state when an electronic transition occurs, i.e. when one
electron passes from an orbital of the molecule in the ground state to an unoccupied
orbital by absorption of a photon. Normally, ¢ orbitals are more stable than =« orbitals
and, for molecules with heteroatoms,  orbitals are more stable than n orbitals. The

lower is the bonding molecular orbital, the higher is the respective antibonding

molecular orbital.
E4

(¢

Scheme 4.1. Energy levels of molecular orbitals and possible electronic transitions.

From scheme 4.1, it can be seen that the lowest energy (the longest wavelength)
transitions are from a non-bonding orbital n to a ©* antibonding orbital (transition
n-t*). Normally, it corresponds to the near UV and visible region. Hereafter come the
n-m* transitions, n-c* transitions, o-n* transitions and finally -c* transitions, which

normally occur below 200nm?:
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Ennr < B < Eng* < Egon* < Egog*

Following both the Pauli exclusion principle and Hund’s rule, electrons fill in orbitals of
increasing energy. Thus, for molecules with heteroatoms, the HOMO (Highest
Occupied Molecular Orbital) - LUMO (Lower Unoccupied Molecular Orbital) transition
is a n-t* transition.

In conjugated systems, overlap of the m orbitals allows the electrons to be delocalized
over the whole system (resonance effect) and not only between pairs of atoms. As
there is no overlap between ¢ and & orbitals, the & electron system is independent of
the o bonds and the higher its extent, the lower the energy of the n-n* transition (i.e.,

the larger the wavelength of the absorption band)®.

3.2. Selection rules for electronic transitions

There are two principal rules for electronic transitions:

e Symmetry rule: some transitions are forbidden for symmetry reasons. This is
the case, for example, of n-n* transitions. However, a symmetry-forbidden
transition can become weakly allowed when the molecular vibrations cause
some departure from perfect symmetry (vibronic coupling). The intensity of a
band indicates if the respective transition is allowed (high probability to occur)
or forbidden (low probability to occur). Consequently, we can observe such

bands although with low intensities, in electronic spectra.
e S=0: transitions between states of different multiplicity are forbidden?.

The multiplicity of a term is the 2S+1 value. S is the total spin angular momentum
guantum number. S is a non-negative integer or a half integer and is obtained by

coupling the individual spin angular momenta by using the Clebsch-Gordan series:
S = |s1-s2|, |s1-S2]+1, ..., s1+S2 (4.5)

As each electron has szié, S can be 1 or 0 for two electrons. If there are three

N | =
N | W

electrons, the third spin must be coupled to each value of S, which resultsin S =

)

When S=0 (for a closed shell), the electrons are all paired, 2S+1=1, which gives rise
to a singlet term S (there is only one possible value for Ms, the total spin magnetic

qguantum number: Ms=0). When there are two unpaired electrons, S=1, thus
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2S+1=3, which gives rise to a triplet term T (there are three possible values for Ms:
Ms=-1, 0, 1).

Note: it is important to distinguish S, the total spin angular momentum quantum
number from S, which designate a singlet term®.

The ground state is normally a singlet state (denoted So) because the total spin angular
momentum quantum number S is equal to 0 and the multiplicity (25+1) is equal to 1.
When one electron is promoted to a molecular orbital of higher energy during a n-nt*
transition or a m-m* transition, etc., its spin is in principle unchanged and the
corresponding excited states are also singlet states (denoted S1, Sy etc...). In this case,
the electronic transition is called a “singlet-singlet” transition. If the spin of the
electron is changed during the transition, the reached state is called triplet state
because the total spin angular momentum gquantum number S is 1 and the multiplicity
(25+1) is equal to 3, which leaves three possible values for the total spin magnetic
guantum number Ms, namely -1, 0, 1 (three states of equal energy). In this case, the
electronic transition is called a “singlet-triplet” transition and is spin-forbidden ( S#0).
Spin-forbidden transitions can be observed, although with very small molar absorption
coefficients due to spin-orbit coupling, which is the interaction of the spin magnetic
moment with the magnetic field arising from the orbital angular momentum of the
electron. As this coupling increases sharply with atomic number (as Z#), such forbidden
transitions are favored by the presence of heavy atoms.

Direct formation of a triplet is a very improbable process, since both the orbit and spin
of the electron would have to change simultaneously. Normally, triplet states are
lower in energy than singlet states because the electrons have an electronic and
magnetic part due to the spin correlation effect. If the spins are in the same direction,
there is a magnetic repulsion and the electrons are farther. This gives a less electronic

repulsion, thus a lower energy state (Hund’s rule)’.
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Scheme 4.2. Energy levels of molecular orbitals and distinction between singlet and triplet state using
formaldehyde as an example (only higher energy orbitals are shown) (adapted from ref. 3).
3.3. The Franck-Condon principle

To account for the vibrational structure in electronic spectra of molecules, we apply
the Franck—Condon principle, which is a consequence of the Born-Oppenheimer
approximationz: according to this approximation, the nuclei of a molecule, being so
much heavier than the electrons, move very slowly comparatively with the electrons
and thus may be treated as stationary. Indeed, promotion of an electron to an
antibonding orbital after excitation takes about 10™°s, while the characteristic times
for molecular vibrations are about 10™° — 10"s. Thus, the Franck Condon principle
states that an electronic transition is most likely to occur without change of nuclear
positions and momenta. In other words, in a vibronic transition, the nuclei have very
nearly the same position and velocity before and after the transition. Thus, upon
excitation, the molecule is assumed to be initially in the Franck-Condon state (F)*.
Figure 4.5a) shows potential curves for the lower state (which is the ground state if we
are considering an absorption process) and the upper state, as a function of the

nuclear configuration (internuclear distance in the case of diatomic molecules). The

curves have been drawn so that r¢ >ry. When the lower state is the ground state,
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this is very often the case, since the electron promotion involved is often from a
bonding orbital to an orbital which is less bonding, or even antibonding. Before the
absorption, at room temperature, most of the molecules are in the lowest vibrational
level of the ground state (according to the Boltzmann distribution, see equation 4.4).
In absorption, from point A of the ground state, the transition will be to point B of the
upper state. The requirement that the nuclei have the same position before and after
the transition means that the transition is between points which lie on a vertical line in
the figure: this means that rremains constant and such a transition is often referred to
as a vertical transition. The second requirement, that the nuclei have the same velocity
before and after the transition, means that a transition from A, where the nuclei are
stationary, must go to B, as this is the classical turning point of a vibration, where the
nuclei are also stationary. A transition from A to C is highly improbable because,
although the nuclei are stationary at A and C, there is a large change of r. An Ato D
transition is also unlikely because, although ris unchanged, the nuclei are in motion at
the point D.

Figure 4.5b) illustrates the case where r; =~ ry. Here the most probable transition is
from A to B with no vibrational energy in the upper state. The transition from A to C
maintains the value of r but the nuclear velocities are increased due to their having

kinetic energy equivalent to the distance BC.

Figure 4.5. lllustration of the Franck-Condon principle for (a)r, >r¢ and (b)ri =r.. The vibronic
transition A-B is the most probable (and so the most intense) in both cases”.

In addition to the most probable transition, there are several vibronic transitions

whose intensities depend on the relative position and shape of the potential energy
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curves. The width of the bands depends is the result of two factors: homogeneous and
inhomogeneous broadening. Homogeneous broadening is due to the existence of
continuous set of vibrational sublevels in each electronic state. Inhomogeneous
broadening results from the fluctuations of the structure of the solvation shell® (Figure

4.6).

excited state

excited state

ground state ground state

>
nuclear nuclear
| configuration A configuration

i . ! HEREEAN .
Ao A
Figure 4.6. Potential energy diagrams with vertical transitions and respective absorption spectra; the
vertical broken lines represent the absorption lines that are observed for a vapor, whereas the solid

lines represent the expected broadening of the spectra in solution”.

3.4. Probability of transitions. The Beer-Lambert law
The absorbance A(L) and the Transmittance T(A) represent the efficiency of light

absorption by a sample, for a given wavelength A and are defined as:

AQD) = logIT0 = —logT(Q) (4.6)

and

TO) = — (4.7)

or
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I0
AQ) = s (T) ~—In Lo

In10 23 1

(4.8)

where Ip and I are the light intensities of the beams before and after passing through

the sample.

In many cases, namely in the absence of aggregate formation at high concentrations,

in the absence of other absorbing species or in the absence of instrument deviations,

as described hereafter, the absorbance of a solution follows the Beer-Lambert law:

A =e()Cl

or [ =1 exp(-2.3¢Cl)

(4.9)

(4.10)

where g(\) is the molar absorption coefficient (in L molcm™) (it expresses the ability

of a molecule to absorb light in a given solvent at a given wavelength); C is the

concentration of absorbing species (in mol L™); 1 is the path length (thickness of the

cuvette in cm).

Figure 4.7. lllustration of the Beer-Lambert law™.

As referred above, under certain circumstances, the Beer-Lambert relationship breaks

down and gives a non-linear relationship. These deviations from the Beer-Lambert law

can be classified into three categories™':

1. Real Deviations - These are fundamental deviations due to the limitations of

the law itself: Beer-Lambert law is capable of describing absorption behavior of

solutions containing relatively low amounts of solutes dissolved in it (< 10 M).

When the concentration of the analyte in the solution is higher, the analyte

begins to behave differently due to interactions with the solvent and other

solute molecules and can form aggregates.

2. Chemical Deviations - These deviations occur due to chemical phenomenon

involving the analyte molecules due to association, dissociation and interaction
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with the solvent (for example, hydrogen bonding interactions) to produce a
product with different absorption characteristics.

3. Instrument Deviations - These are deviations which occur due to the way the
absorbance measurements are made. They can be due to polychromatic
radiation, to mismatched cells in reference and sample, to the presence of
scattered radiation (mainly with samples of macromolecules or other large
aggregates), or to fluorescence of the sample.

The optical density resulting from scatter is proportional to 1/A* (Rayleigh
scattering) and may thus be easily recognized as a background absorption
which increases rapidly with decreasing wavelengths*2.

If the absorbing species is fluorescent, the emitted light can reach the detector
but, as the fluorescence is omnidirectional whereas the incident light is
collimated along an axis, this effect can be minimized by keeping the detector
distant from the sample and thereby by decreasing the efficiency with which

the fluorescence emission is collected.

The maximum value of the molar absorption coefficient, €max, is an indication of the
intensity of a transition. However, as absorption bands generally spread over a range
of wavenumbers, quoting the absorption coefficient at a single wavenumber might not
give a true indication of the intensity of a transition. The integrated absorption
coefficient, e, is the integral over the entire band (Figure 4.8), and corresponds to the

area under the plot of the molar absorption coefficient against wavenumber?:

&r = fBand E(ﬁ)dﬁ (4. 11)
c [ | |  integrated
= 1.4 abgorption
e [ | | cogfficient
& T t :
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Figure 4.8. Integrated absorption coefficient of a transition”.
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If the absorption is due to an electronic transition, then f,m, the oscillator strength, is
often used to quantify the intensity and is related to the area under the curve by!

4g,m.c?ln10 [z
=0 f (0)dv (4.12)

A v
where gois the vacuum permittivity (eo = 8.854187816x10** C* J'm™), meand e are
the electron mass and charge, respectively (me = 9.10938188 x 10> kg and
e = -1.602176462x107°C), c is the speed of light (c = 2.99792458x10% ms™) and Nais
the Avogadro’s number (Na=6.02214199x10% mol™).

The quantity fum is dimensionless and represents the ratio of the strength of the
transition to that of an electric dipole transition between two states of an electron,
oscillating in three dimensions in a simple harmonic way, and its maximum value is
usually 1 (completely allowed transition).

For n—>m* transitions, the values of € are in the order of a few hundreds or less, and
those of fum are no greater than 10, For n—7t* transitions, the values of € and fun are
in principle much higher (except for symmetry-forbidden transitions): fum is close to 1
for some compounds, which corresponds to values of ¢ that are of the order’ of
100000 M™* cm™.

To characterize the displacement of charges during a transition between an initial and
a final state, a vector quantity called transition moment, R™™, is introduced (note that
it is not strictly a dipole moment): in most cases, it can be drawn as a vector in the
coordinate system defined by the location of the nuclei of the atoms. This concept is
very important in all experiments carried out with polarized light, because the
molecules whose absorption transition moments are parallel to the electric vector of a
linearly polarized incident light are preferentially excited. The probability of excitation
is proportional to the square of the scalar product of the transition moment and the
electric vector. This probability is thus maximum when the two vectors are parallel and
zero when they are perpendicular.

For m—n* transitions of aromatic hydrocarbons, the absorption transition moments
are in the plane of the molecule. The direction with respect to the molecular axis

depends on the electronic state attained on excitation. For example, in naphthalene
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and anthracene, the transition moment is oriented along the short axis for the So—$S;

transition and along the long axis for the So—S, transition.

Sﬂ's‘l Su-S-.
SSHIIS SES A
naphthalene anthracene

Figure 4.9. Naphthalene and anthracene with their absorption transition moments.

The transition moment can be defined by

Rom = f Yhnbmdt (4.13)

for interaction with the electric component of the radiation. The quantity p is the

electric dipole moment operator,
= Z qilj (4.14)
i

where qi and rj are the charge and position vector of the i-th particle (electron or
nucleus).

The transition moment can be thought as the oscillating electric dipole moment due to
the transition. Figure 4.10 shows the © and ©* molecular orbitals of ethylene and, if an
electron is promoted from & to ©* in an electronic transition, there is a corresponding
non-zero transition moment. This example illustrates the important point that a
transition moment may be non-zero even though the permanent electric dipole

moment is zero in both the states m and n*.

SER e
w” — N\ W =A==
(a) (b)

Figure 4.10. A = (a) and a * (b) molecular orbital of ethylene.

The square of the magnitude of R™™ is the transition probability, [R™™|°. It is related to
selection rules in spectroscopy: it is zero for a forbidden transition and non-zero for an

allowed transition. The electric dipole moment operator, p, has components along the

cartesian axes:
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Uy = 2 QiX; Hy = Yi 4iYi Wy = X qiZi (4.15—-4.17)

where gi and x; are, respectively, the charge and x-coordinate of the i-th particle, and

so on. Similarly, the transition moment can be resolved into three components:
RY™ = fllJ:llequdX Rr;'m = fl-pikluyl-l—’mdy Rz™ = fwguijmdz (4' 18 — 4. 20)

and the transition probability is related to these by

|R"™|? = (RE™)? + (RB™)? + (RE™)2 (4.21)
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4. De-excitation processes of excited molecules
When a molecule has been promoted to an excited state, it does not remain there for
a long time, and has many ways to return to the ground state. We may classify de-

excitation processes to two broad categories’:

A. Photophysical deactivation processes, e.g. photoluminescence (normal or
delayed fluorescence and phosphorescence), vibrational/rotational transitions,

internal conversion (IC), intersystem crossing (ISC) and quenching (Q).

B. Photochemical deactivation processes, i.e. de-excitation resulting from excited
state photochemical reactions, implying bond breaking and formation of new bonds,
so that the ground state of the molecule is not recovered (photodecomposition,
photoaddition, photosubstitution, etc.). Some of these processes may lead to

fluorescent species whose emission can be higher than that of the initial one.

Photochemical deactivation processes, as well as vibrational/rotational transitions,
internal conversion (IC), intersystem crossing (ISC) and quenching (Q) are radiationless
processes (heat emission, i.e., the excess energy is transferred into the vibration,
rotation, and translation of the surrounding molecules), whereas normal or delayed
fluorescence and phosphorescence are radiant processes (the molecule discards its
excitation energy as a photon).

The time that a molecule spends in the excited state is determined by the inverse of
the sum of the kinetic constants of all de-excitation processes. Fluorescence competes
with the other de-excitation pathways and can be observed if its rate constant, kg, is
higher than that sum.

The Perrin-Jablonski diagram (scheme 4.3) shows the absorption process as well as the
different possible de-excitation processes. The radiative processes are represented by
straight arrows. The non-radiative decays are represented by wavy arrows. Vibrational
levels are represented for each electronic state. Note that fluorescence and
phosphorescence always occur from the lowest vibrational level of the excited state
because if the molecule is on a non-zero vibrational level, it is subjected to collisions
with the surrounding molecules and gives up energy, until arise the zero vibrational

level by vibrational relaxation, before emitting fluorescence or phosphorescence.
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Scheme 4.3. Perrin-Jablonski diagram, illustration of the relative positions of absorption, fluorescence
and phosphorescence spectra and characteristic times for each transition process (adapted from ref. 3).

Absorption of a photon can bring a molecule to one of the vibrational levels of S4, S,, ...

and the subsequent de-excitation processes may be*’:
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¢ Internal Conversion:
Internal Conversion is a non-radiative transition between two states of the same spin
multiplicity that occurs with a time-scale of 10! — 10”s. When a molecule is excited to
a singlet state higher than S,, internal conversion leads the molecule to the S; state.
Internal conversion from S; to Sg is also possible, but is less efficient than conversion
from S, to Sy, because of the much larger energy gap between S; and Sq. Furthermore,
internal conversion from S; to So competes with other de-excitation processes

(fluorescence, intersystem crossing to the triplet state, etc.).

e Vibrational Relaxation:
It is a non-radiative transition between two different vibrational levels of the same
electronic state. When a molecule is on a non-zero vibrational level of the ground state
or of the excited state, the excess vibrational energy is transferred to the solvent
during collisions of the molecule with the surrounding solvent molecules. This process

is called Vibrational Relaxation and occurs with a time-scale of 10— 10"%s.

e Intersystem Crossing:

Intersystem Crossing is a non-radiative transition between two isoenergetic vibrational
levels belonging to electronic states of different multiplicities. When a molecule is in
the lowest vibrational level of the S; state, it can move to the isoenergetic vibrational
level of the T, state. Then, internal conversion and vibrational relaxation bring it to the
lowest vibrational level of the T, state. This process occurs with a time-scale of 1010 -
10®s. Thus, it is fast enough to compete with other pathways of de-excitation.
Normally, crossing between states of different multiplicity is forbidden (selection rule

S=0, see section 3.2.2.), but spin-orbit coupling may be large enough (especially with
the presence of heavy atoms) to make it possible. The probability of intersystem
crossing depends on the singlet and triplet states involved. For example, if the
transition So—S; is of n—n* type (symmetry forbidden transition), intersystem

crossing is often efficient.
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e Back Intersystem Crossing:
Back Intersystem Crossing is a reverse Intersystem Crossing T;—S;, that can occur
when the energy difference between S; and T; is small and when the lifetime of T; is
long enough. Normally, it is followed by delayed fluorescence (fluorescence emission
with the same spectral distribution as normal fluorescence, but with a much longer
decay time constant, because the molecule stay in the triplet state before emitting

from S,).

e Quenching:

Quenching is any non-radiative intermolecular process responsible for de-excitation of
molecules which decrease the fluorescence or phosphorescence intensity: energy
transfer, electron transfer, proton transfer, complex formation and collisional
guenching.

In these cases, the fluorescence and/or phosphorescence characteristics (decay time
and/or fluorescence/phosphorescence quantum yields) of the molecules are affected
by the presence of a quencher, as a result of competition between the intrinsic de-

excitation and these intermolecular processes.

e Fluorescence:

Fluorescence is the emission of photons accompanying the S;—S, relaxation. The
downward electronic transition is vertical (according to the Franck-Condon principle)
and the fluorescence spectrum has a vibrational structure characteristic of the lower
electronic state.

The absorption spectrum arises from 0-0, 0-1, 0-2,... transitions, that occur at
progressively higher wavenumbers and with intensities governed by the Franck-
Condon principle. The fluorescence spectrum arises from 0-0, 0-1, 0-2,... downward
transitions that hence occur with decreasing wavenumbers, i.e., the wavelength of a
fluorescence emission should always be higher than that of absorption. This was
empirically observed by Stokes before the knowledge of the Perrin-Jablonski diagram
and, for that reason, this statement is called “Stokes rule”. The vivid oranges and
greens of fluorescent dyes are an everyday manifestation of this effect: they absorb in

the ultraviolet and blue, and fluoresce in the visible. The gap (expressed in
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wavenumbers) between the maximum of the first absorption band and the maximum
of fluorescence is called “Stokes shift” (Figure 4.11) and can provide useful information
on the excited states because it is a result of several dynamic processes. These
processes include energy losses due to dissipation of vibrational energy, redistribution
of electrons in the surrounding solvent molecules induced by the generally increased
dipole moment of the excited fluorophore, reorientation of the solvent molecules
around the excited state dipole, and specific interactions (like hydrogen bonding and

formation of charge transfer complexes) between the fluorophore and the solvent.
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Figure 4.11. Definition of the Stokes shift’.

Despite the Stokes rule, in most cases, the absorption spectrum partly overlaps the
fluorescence spectrum, i.e., a fraction of light is emitted at shorter wavelengths than
the absorbed light. It can be explained by the fact that at room temperature, a small
fraction of molecules is in a vibrational level higher than level 0 in the ground state, as
well as in the excited state. At low temperature, this departure from the Stokes law
should disappear.

Normally, the fluorescence spectrum resembles the first absorption band (“mirror
image” rule) because the differences between the vibrational levels are similar in the
ground and excited states.

The 0-0 transitions are usually the same for absorption and fluorescence, but
sometimes they are not exactly coincident because the solvent may interact differently
with the solute in the ground and excited states (for instance, the hydrogen bonding
pattern might differ). Absorption of light occurs in about 10 s, a very short time. For
that reason, the solvent molecules do not have time to rearrange during the transition.

Thus, absorption spectra are less sensitive to solvent polarity because the molecule is
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exposed to the same local environment in the ground and excited states. In contrast,
the emitting fluorophore is exposed to the relaxed environment, which contains
solvent molecules oriented around the dipole moment of the excited state (Figure
4.12). The mechanism also suggests that the intensity of the fluorescence ought to
depend on the ability of the solvent molecules to accept the electronic and vibrational
guanta. It is indeed found that a solvent composed of molecules with widely spaced
vibrational levels (such as water) can in some cases accept the large quantum of

electronic energy and so extinguish, or quench, the fluorescence.

Figure 4.12. Shift to higher wavelengths of the fluorescence spectrum relative to the absorption spectrum
due to interaction with solventla.

e Delayed Fluorescence:
Delayed Fluorescence is similar to normal fluorescence but with a longer decay time
constant, because the molecule is subjected to an intersystem crossing from a singlet
to a triplet state, stay in the triplet state and is subjected to a back intersystem

crossing from the triplet to the singlet state, before emitting fluorescence.

e Phosphorescence:
Phosphorescence is the emission of photons accompanying the T;—$S, relaxation after
an intersystem crossing S1—T;. Once a molecule is in a triplet state, it continues to
deposit energy into the surroundings. However, it is now stepping down the triplet’s
vibrational ladder, and, at the lowest energy level, it is trapped because the triplet
state is at a lower energy than the corresponding singlet (that is why the
phosphorescence spectrum is located at higher wavelengths than the fluorescence
spectrum). The solvent cannot absorb the final, large quantum of electronic excitation
energy, and the molecule cannot radiate its energy because return to the ground state

is spin-forbidden. However, the radiative transition is not totally forbidden because the
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spin-orbit coupling, that was responsible for the intersystem crossing, also breaks the
selection rule. The molecules are therefore able to emit weakly, and the emission may
continue long after the original excited state was formed.

Phosphorescence competes with non-radiative de-excitation processes from the triplet
state. In solution, at room temperature, as the transition T;—Sg is spin-forbidden, the
radiative rate constant is very low (10* s or less), and during such a process, the
numerous collisions with solvent molecules (or oxygen and impurities) favor non-
radiative processes (intersystem crossing, vibrational relaxation and quenching, with
radiationless rate constants about 10° s). On the contrary, at low temperatures
and/or in a rigid medium (e.g. polymer), the lifetime of the triplet state may be long

enough to observe phosphorescence.
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5. Characteristics of fluorescence emission

5.1. Fluorescent probes
Fluorescence is a powerful investigative tool in the study of the structure and dynamics
of matter or living systems due to its high sensitivity, its specific characteristics
according to the microenvironment of the emitting molecules (e.g. polarity, hydrogen
bonds, pH, pressure, viscosity, temperature, quenchers, electric potential and ions)
and its ability to provide spatial and temporal information. As a consequence,
fluorescent molecules are very often used as probes for the investigation of matter
and living systems3.
Fluorescent probes (also called fluorophores or simply dyes) have been used for nearly
a century to study cellular processes, due to their exquisite sensitivity and selectivity.
Their high sensitivity arises in part because, unless a fluorophore is irreversibly
destroyed in the excited state by photobleaching, the same fluorophore can be
repeatedly excited and detected. This allows a single fluorophore to generate many
thousands of detectable photons. Fluorescent probes have also gained in popularity as
safety and environmental concerns over the use of radioactive probes have grown™. In
contrast to radioactive tracers or EPR (Electronic Paramagnetic Resonance) probes,
which are used in relatively few applications, fluorescent probes can be used in the
study of innumerous systems like polymers, solid surfaces, surfactant solutions,
biological membranes, vesicles, proteins, nucleic acids or living cells. They can also be
used in fluoroimmunoassaysa.
There are two principal classes of fluorescent probesg:

A. Intrinsic probes: occur naturally in the systems under study such as aromatic

amino acids, neurotransmitters, porphyrins, and green fluorescent protein.
B. Extrinsic probes: synthetic fluorescent probes that are added to a species to
produce fluorescence with specific spectral properties. These probes may be

covalently attached (markers) or non-covalently attached probes>.

The advantage of markers versus non-covalently attached probes is that, in the first
type, we know the location of the probe. However, as the synthesis of covalently-
bound probes is difficult, most of the experiments are carried out with non-covalently

attached probes.
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In the choice of a probe, it is important to consider its sensitivity to a particular
property of its microenvironment (or not, e.g. in fluorescence polarization or in energy
transfer experiments).

The main clause criticism to the use of extrinsic probes is the possible perturbation
induced by the probe itself; hence, attention must be paid to the size and the shape of

the probe with respect to the probed region®?.

5.2. Lifetimes and quantum yields
The fluorescence lifetimes and quantum vyields of fluorescent molecules are frequently
measured, because they represent the most important characteristics of a
fluorophore. The lifetime (t) determines the time available for the fluorophore to
interact with or diffuse in its environment, and the quantum yield (®r) is the number
of emitted photons relative to the number of absorbed photons.
The lifetime t of the excited state is defined by the average time the molecule spends

in the excited state prior to return to the ground state®:

1

T kg + Kng

(4.22)

where kr and knr are the rate constants for radiative (fluorescence) and non-radiative
(internal conversion and intersystem crossing) decays, respectively.

The lifetime of a homogeneous population of fluorophores is very often independent
of the excitation wavelength, because internal conversion and vibrational relaxation
are always very fast in solution and emission arises from the lowest vibrational level of
S1 state.

The lifetime of the molecule in the absence of non-radiative processes is called the

intrinsic lifetime or radiative lifetime (to), and is given by’

1

" (4.23)

To

The radiative lifetime can be theoretically calculated from the absorption and

fluorescence spectra, using the Strickler-Berg relation®:
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1 8m x230cn® [ Fy(Tp) dig fe(ﬁA)dﬁA
To B I\ fﬁ% F5(Up) dug

J F5(Op) dug fa( Uy)dup
J O3 F5(Tg) dUg Up

Ua

= 2.88 x 107%n?

(4.24)

where n is the refractive index, c is the speed of light, € is the molar absorption
coefficient, Nais the Avogadro’s number and Fy(Up) dUp is the fluorescence spectrum,

defined by
f:) Fﬁ(ﬁem) dl_)em = Qp = f0°° FAO\em) d}\em (4' 25)

Thus, quantum yields (and radiative lifetimes) are usually determined by integration of
the fluorescence spectrum (and subsequent normalization using a standard of known
fluorescence quantum vyield, in order to get rid of the instrumental factor).

Attention should be paid to the method of integration; from a theoretical point of
view, [ F5(Uem) dUem is equivalent to [ Fy(Aem) dAem. However, from a practical point
of view, because all spectrofluorometers are equipped with grating monochromators,
calculation of the integral must be made with the wavelength form®.

The Strickler-Berg equation yields values of t that are often in agreement with the
experimental ones, but it fails in a number of cases, especially when the interactions
with the solvent cannot be ignored and when there is a change in the excited-state
geometry. An important consequence of this equation is that the lower the molar
absorption coefficient, the longer the radiative lifetime, i.e. the lower the rate of the
radiative process.

The fluorescence intensity is defined as the amount of photons emitted per unit time

and per unit volume of solution, according to>
A* — A + photon
kr

The fluorescence intensity, ir, at time t, after excitation by a very short pulse of light at
time 0, is proportional, at any time, to the instantaneous concentration of molecules
still excited [A*]; the proportionality factor is the rate constant for radiative de-

excitation, kr:

ir(t) = kn [A*] = kn [A] exp (- %) (4.26)
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ir(t), the o pulse response of the system, decreases according to a single exponential.
In any practical measurement of fluorescence intensity, the measured quantity is
proportional to ir, the proportionality factor depending on instrumental conditions.
The “measured” fluorescence intensity will be denoted Ir and its numerical value is
obtained on an arbitrary scale, depending on the experimental settings.

The fraction of fluorophores which decay through emission, and hence the

fluorescence quantum yield, @k, is given by?
T
= kgT= — (4.27)

The quantum yield can be close to the unity if the radiationless decay of deactivation is
much smaller than the rate of radiative decay, that is knr < Kg, but it is always less
than unity because of the Stokes losses.

It is interesting to note that when the fluorescence quantum yield and the excited
state lifetime of a fluorophore are measured under the same conditions, the non-
radiative and radiative rate constants can be easily calculated by means of the

following relations:

Op
ke =— (4.28)
1
Knr = - (1—- ®p) (4.29)

Following an external perturbation, the fluorescence quantum yield can remain
proportional to the excited state lifetime (e.g. in the case of dynamic quenching:
section 6.2), variation in temperature, etc.). However, such a proportionality may not
be valid if de-excitation pathways — different from those described above — result from
interactions with other molecules. A typical case where the fluorescence quantum
yield is affected without any change in excited-state lifetime is the formation of a
ground-state complex that is non-fluorescent (static quenching; section 6.3).

It is well known that atmospheric oxygen quenches fluorescence (and
phosphorescence) (section 6.1), but its effect on quantum yields and lifetimes strongly
depends on the nature of the compound and the medium. Oxygen quenching is a
collisional process and, therefore, is diffusion-controlled. Consequently, compounds of

long lifetime, such as naphthalene and pyrene, are particularly sensitive to the
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presence of oxygen. Moreover, oxygen quenching is less efficient in media of high
viscosity.

Generally, an increase in temperature results in a decrease in the fluorescence
guantum yield and lifetime, because the non-radiative processes related to thermal
agitation (collisions with solvent molecules, intramolecular vibrations and rotations,

etc.) are more efficient at higher temperatures. Experiments are often in good

agreement with the empirical linear variation of In (q% - 1) versus % .
F

5.3. Emission and excitation spectra
Emission and excitation spectra are recorded using a spectrofluorometer. The light
source is a lamp emitting a constant photon flow, i.e. a constant amount of photons
per unit time, whatever their energy. Let us denote by No the constant amount of
incident photons entering, during a given time, a unit volume of the sample where the
fluorophore concentration is [A] (No and [A] in mol L™"). aNp represents the amount of
absorbed photons per unit volume involved in the excitation process
y A+hv
A+hy —E s g
KNR .

A

Scheme 4.4. Absorption and de-excitation processes and respective rate constants.

The rate constant for absorption, ka, is very large (ka =~ 10" s™) comparing with the
radiative and non-radiative de-excitation rate constants (kg and kng = 10’ - 10'%s™).
Under continuous illumination, the concentration [A*] remains constant, which means
that A is in a steady state. Measurements under these conditions are then called
steady-state measurements.

The rate of change of [A*] is equal to zero:

d[A”]
dt

=0= kA(XNO - (kR + kNR) [A*] (4 30)

kaaNo represents the amount of absorbed photons per unit volume and per unit time.
It can be rewritten as alo where o represents the intensity of the incident light (in

moles of photons per liter and per second).
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The constant concentration [A*] is thus given by

[A*] = oo 4.31

The amount of fluorescence photons emitted per unit time and per unit volume, i.e.

the steady-state fluorescence intensity, is then given by

k
ip = kg[A'] = alokR—R =

T = Clode (4.32)

This expression shows that the steady-state fluorescence intensity per absorbed

photon, ;—f , is the fluorescence quantum yield.
0

We saw (equation 4.25) that & = fooo F)(Aem) dAer,, Where @y is the fluorescence
quantum vyield and F,(A.,) represents the fluorescence spectrum (or emission
spectrum): it represents the probability of the various transitions from the lowest
vibrational level of S1 to the various vibrational levels of So. The emission spectrum is
characteristic of a given compound and may be used in some cases for the
identification of species, especially when the spectrum exhibits vibronic bands (e.g. in
the case of aromatic hydrocarbons), but the spectra of most fluorescent probes (in the
condensed phase) exhibit broad bands.

In practice, the steady-state fluorescence intensity, Ir(Aem), measured at wavelength
Aem, is proportional to Fy(A.y) and to the number of photons absorbed at the

excitation wavelength Aex,
IF(}\fexxem) =k FA O\em) IAO\'eX): k FAO\em) (IOO\'GX)'IO‘*GX))
& [r(hexrem) =K F3 Aem) To(hex)[1- exp(-2.3€(hex)C1)] (4.33)

where k is an instrumental factor, €(Aex) is the molar absorption coefficient of the
fluorophore at wavelength Aex (in L mol-1 cm1), C is the concentration in mol LY 1is
the optical path in the sample (cm), F; (Aer,) is the fluorescence spectrum, and Ia(Aex)
is the absorbed intensity, defined as the difference between the intensity of the
incident light, lo(Aex), and the intensity of the transmitted light, [(Aex).

So, measurement of Ir as a function of Aem for a fixed excitation wavelength, Aex,

provides the fluorescence spectrum. As the proportional instrumental factor k is
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normally unknown, the measured intensity Ir has no meaning and is expressed in
arbitrary units.
In the case of low concentrations, the following expansion of [1 - exp(-2.3e(Aex)C1)]

can be used:

1- exp(-2,3e(hex)C ) = 2.38(hex) C1-5(2.38(Rex) C 1) 2.. (4.34)
As the term of higher order become negligible for highly diluted solutions, we obtain

Ir(hexhem) = K By Qem) ToQrex) [2.38(hex) CD] = 2.3k Fr o) To(hex)A(hex)  (4.35)

where A(Aex) represents the absorbance at wavelength Aex (according to the Beer-
Lambert law).

This relation shows that the fluorescence intensity is proportional to concentration
only for low absorbances: deviations from a linear variation increase with increasing
absorbance, Table 4.2. Furthermore, when the concentration is high, inner filter effects
reduce the fluorescence intensity, depending on the observation conditions. In
particular, the photons emitted at wavelengths corresponding to the overlap of the
absorption and emission spectra can be reabsorbed. That is the reason why, in
practice, the fluorescence spectra are recorded for samples of low absorbances (< 0.1),

i.e. diluted solutions.

Table 4.2. Deviation from linearity in the relation between fluorescence intensity and absorbance’.

Absorbance Deviation (%)
10’ 0.1
107 1.1
0.05 5.5
0.10 10.6
0.20 19.9

The excitation spectra represent the variations in fluorescence intensity as a function
of the excitation wavelength, Aex, for a fixed observation wavelength, Aem. If we look to
the last expression, these variations reflect the evolution of the product lo(Ag)A(AE).

As the wavelength dependence of the incident light, Io(Aex), can be compensate, the
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only term to be taken in account is A(Aex). The corrected excitation spectrum is thus
identical in shape to the absorption spectrum, unless several species (or a species in

different forms like aggregates, complexes, etc.) are present in the ground state.

5.4. Effects of molecular structure on fluorescence

» Extent of nt-electron system

Most fluorescent compounds are aromatic. Generally speaking, an increase in the
extent of the m-electron system (high degree of conjugation), leads to a shift of the
absorption and fluorescence spectra to longer wavelengths (red shift) and to an
increase in the fluorescence quantum yields.

The lowest-lying transitions of aromatic hydrocarbons are of m—>n* type and are
characterized by high molar absorption coefficients and fluorescence quantum yields.
If a heteroatom is involved (for instance, in azo compounds or compounds containing
carbonyl groups and/or nitrogen heterocycles), the lowest-lying transition may be of
n—m* type. Such transitions are characterized by molar absorption coefficients that
are, at least, 100 times smaller than those of m—n* transitions, because these
transitions are symmetry-forbidden (see section 3.2.). As a consequence, the radiative
rate constant is much smaller than the non-radiative rate constant and the

fluorescence quantum yields are low.

» Substitution effects on aromatic hydrocarbons

Generally, the presence of internal heavy atoms increase spin-orbit coupling (which
has a Z* dependence) and thus the probability of intersystem crossing, unless the
fluorescence rate constant is much higher, or much smaller, than other de-excitation
rate constants, or unless there is no triplet state energetically close to the singlet

emitting state.

» Electron-donating substituents (-OH, -OR, -NH;, -NHR;, -NR;)

The presence of electron-donating substituents induce an increase in the molar
absorption coefficient and the fluorescence quantum yield, as well as a bathochromic
effect (red shift) in both absorption and fluorescence spectra, which become often

broad and structureless, compared to the parent non-substituted compound™-*®. This
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can be explained by the significant intramolecular charge transfer due to the lone pairs
of electrons on oxygen and/or nitrogen atoms, which are involved directly in 7-
bonding with the aromatic system (that is why the m—n* nature of the parent
molecule transitions is not affected by the oxygen or nitrogen atom). This
intramolecular charge transfer decreases the Sp—S; energy transition, which explains
the observed effects. If the aromatic amines or alcohols are planar, the observed
effects are more intense than if the amino or the alcohol group is twisted out of the
plane of the aromatic ring for steric reasons, because the degree of conjugation is
decreased.

Note that the absorption and fluorescence spectra of aromatic amines and alcohols

are pH-dependent.

» Electron-withdrawing substituents: carbonyl and nitro compounds

The lone-pairs of electrons of carbonyl or nitro substituents are not directly involved in
n-bonding with the aromatic system. Thus, many aromatic compounds with carbonyl
or nitro substituents have a low-lying n—>=n* excited state. As these transitions are
symmetry-forbidden, such compounds are submitted to an efficient intersystem
crossing process and exhibit low fluorescence quantum yields.

Normally, the fluorescence of nitroaromatics is not even detectable and they are
rather phosphorescent. In some cases, as the -NO, group has a very strong electron-
withdrawing power, such compounds have a considerable charge-transfer character
and the absence of fluorescence (and phosphorescence) is thus rather due to S;—So
internal conversion than to S;— T; intersystem crossing.

In some cases (if the n—>n* and m—n* states are close in energy), aromatic carbonyl
compounds can exhibit high fluorescence quantum yields. When the polarity and the
hydrogen bonding power of the solvent increases, the n—n* state shifts to higher
energy, whereas the m—n* state shifts to lower energy. Therefore, intense
fluorescence can be observed in polar solvents and weak fluorescence in non-polar
solvents.

Conformational changes of aromatic molecules with a carboxylic group can lead to

different absorption and fluorescence spectra for the acidic (-COOH) and the basic
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(-COO’) forms. Normally, the carboxylate group (-COQ) is almost perpendicular to the
ring, so that the m aromatic system is only slightly perturbed. On the contrary, the
carboxylic group is in a position close to the coplanarity of the ring. The resulting
interaction induces an intramolecular charge-transfer character to the n—on*

transition, which leads to broad and structureless fluorescence bands.

» Heterocyclic compounds

Heterocyclic compounds have a heteroatom involved in the m-system of electrons. For
that reason, the low-lying transition is of n—>n* type (symmetry-forbidden transition),
which explains the low fluorescence quantum yields of such compounds.

However, in protic solvents such as alcohols, hydrogen bonds can be formed between
the heteroatoms and the solvent molecules. In this case, the n-orbitals are more
stabilized than the ©* orbitals (the electron density on the heteroatom is reduced on
the excited state) and there is an inversion of the n—>n* and T—n* states: the lowest-
lying transition becomes of m—n* type. As a consequence, the spectra of these
compounds exhibit a bathochromic effect and the fluorescence quantum vyields are
increased from non-polar to polar solvents.

If the heteroatom is singly bonded to carbon atoms of the heterocycle, the transitions
involving the non-bonding electrons have similar properties to those of nm—n*
transitions. In fact, as the non-bonding orbital is perpendicular to the plane of the ring,
the lone pair of electrons are involved in m-bonding of the aromatic system by

overlapping the m-orbitals of the adjacent carbon atoms.

5.5. Solvent and environmental effects on fluorescence emission spectra

We saw that the principal cause of the Stokes shift is that, after absorption, the excess
vibrational energy is rapidly lost to the solvent (section 4, scheme 4.3). Solvent polarity
and the local environment have strong effects on the emission spectral properties of
fluorophores and are another origin of the Stokes shift. These effects are complex and
are due to several factors. Typically, more than one effect will simultaneously affect
the fluorophore and it can be difficult to know which effect is dominant.

At the simplest level, solvent-dependent emission spectra are interpreted in terms of

the Lippert-Mataga equation (section 5.5.1.). These general solvent effects occur
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whenever a fluorophore is dissolved in any solvent, and are independent of the
chemical properties of the fluorophore and the solvent. However, this theory is often
inadequate for explaining the detailed behavior of fluorophores in a variety of
environments. For example, indole displays a structured emission spectrum in
cyclohexane but, after addition of a small amount of the polar solvent ethanol (1 to
5%), we note a loss of the structured emission and a spectral shift to higher
wavelengths. As the amount of ethanol is too small to significantly change the solvent
polarity, the observed effects are rather due to hydrogen bonding of ethanol to the
imino nitrogen on the indole ring than to general solvent effects. In addition to such
general and specific solvent effects (section 5.5.1.), solvent relaxation may be
accompanied by internal rotation within the fluorophore, leading to a Twisted
Intramolecular Charge Transfer (TICT), from which emission occurs (section 5.5.2.).
Additionally, the quantum vyield can be altered due to a conformational change in the
fluorophore or due to a change in the rate of radiative or non-radiative decay (Sections
5.5.3. and 5.5.4.). Finally, a fluorophore may display a large spectral shift due to
excimer or exciplex formation (the fluorophore may be fluorescent or non-fluorescent
in these different states, see section 5.5.5.). In summary, no single theory can be used

for a quantitative interpretation of the effects of environment on fluorescence®.

5.5.1. Effects of solvent polarity and viscosity
The fluorescence emission spectra of many fluorophores, especially those containing
polar substituents on the aromatic rings are sensitive to the polarity of their
surrounding environment. As the excitation process induces the movement of an
electron from one orbital to another, it is normally accompanied by an increase in the
dipole moment of the fluorescent molecule. In other words, the fluorophore has a
larger dipole moment in the excited state (u*) than in the ground state (u). If the
molecule has both an electron-donating and an electron-withdrawing group, this
increase can be quite large. Thus, if the medium is sufficiently fluid, the solvent
molecules rotate until the solvation shell is in equilibrium with the fluorophore (solvent
relaxation) and a relaxed intramolecular charge transfer (ICT) state is reached.

Normally, when we increase solvent polarity, this effect becomes larger and results in
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shifts (solvatochromic shifts) of the emission spectrum to longer wavelengths (red
shifts) which are often, but not always, accompanied by decrease in the quantum vyield
of the fluorophore (Figures 4.12, 4.13 and scheme 4.5). As the emission of a
fluorescence photon is quasi-instantaneous, the solute recovers its ground state dipole
moment and a new relaxation process leads to the most stable initial configuration of
the solute—solvent system in the ground state. Note that, if the medium is sufficiently
fluid, the time required for the reorganization of solvent molecules around the solute
is short comparatively to the excited-state lifetime and fluorescence will essentially be
emitted from molecules in equilibrium with their solvation shell. Conversely, if the
medium is too viscous to allow solvent molecules to reorganize, emission arises from a
state close to the Franck—Condon state (F) (as in the case of a non-polar medium) and

no shift of the fluorescence spectrum will be observed®’.

Scheme 4.5. Jablonski diagram for fluorescence with solvent relaxation®’.
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Figure 4.13. Solvatochromic effects on fluorescence spectra.
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One common use of solvent effects is to determine the polarity of the probe binding
site on a macromolecule. This is accomplished by comparison of the emission spectra
and/or quantum yields when the fluorophore is bound to the macromolecule or
dissolved in solvents of different polarity.

The observed shifts result from both the interactions of the dipole moment of the
fluorophores with the reactive fields induced in the surrounding solvent (General
Solvent Effects), and from the specific chemical interactions between the fluorophores
and one or more solvent molecules (Specific Solvent Effects). General Solvent Effects
(non-specific dielectric interactions) result from the refractive index (n) and the
dielectric constant (g), i.e. the physical constants which reflect the freedom of
movement of the electrons in the solvent molecules and the dipole moment of these
molecules. Specific solvent effects (specific interactions) refer to specific chemical
interactions between the fluorophores and the solvent molecules, such as hydrogen
bonding and complexation. General solvent effects are expected to always be present
whereas specific solvent effects depend upon the chemical structures of the solvent

and the fluorophore. Normally, general solvent effects lead to higher spectral shifts"’.

Polarity and solvatochromism

Compounds are called solvatochromic when the location of their absorption (and
emission) spectra depends on solvent polarity. A bathochromic (red) shift and a
hypsochromic (blue) shift with increasing solvent polarity pertain to positive and
negative solvatochromism, respectively. Such shifts of appropriate solvatochromic
compounds in solvents of various polarities were used to construct several empirical
polarity scales'®'®. The 7* scale of Kamlet and Taft?® deserves special recognition
because it has been successfully applied to the positions or intensities of maximal
absorption in IR, NMR, ESR and UV-visible absorption and fluorescence spectra, and
many other physical or chemical parameters (reaction rate, equilibrium constant, etc.).
It is remarkable that the m* scale has been established from the averaged spectral
behavior of numerous solutes. It offers the distinct advantage of taking into account

both non-specific and specific interactions>.
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Table 4.3. Parameters of the ©* scale of polarity, where 1* is a measure of the polarity/polarizability
effects of the solvent; the a scale is an index of solvent HBD (hydrogen bond donor) acidity and the 3
scale is an index of solvent HBA (hydrogen bond acceptor) basicity?’.

Solvent ¥ (v B

Cyclohexane 0.00 0.00 0.00
n-Hexane, n-heptane -0.08 0.00 0.00
Benzene 0.59 0.10 0.00
Toluene 0.54 0.11 0.00
Dioxane 0.55 0.00 0.37
Tetrahydrofuran 0.58 0.00 0.55
Acetone 0.71 0.08 0.48
Carbon tetrachloride 0.28 0.00 0.00
1,2-Dichloroethane 0.81 0.00 0.00
Diethyl ether 0.27 0.00 0.47
Ethyl acetate 0.55 0.00 0.45
Dimethylsulfoxide 1.00 0.00 0.76
N,N-Dimethylformamide 0.88 0.00 0.69
Acetonitrile 0.75 0.19 0.31
Ethanol 0.54 0.83 0.77
Methanol 0.60 0.93 0.62
n-Butanol 0.47 0.79 0.88
Trifluoroethanol 0.73 1.51 0.00
Ethylene glycol 0.92 0.90 0.52
Water 1.09 1.17 0.18

General Solvent Effects on fluorescence spectra: the Lippert-Mataga equation

A variety of equations have been proposed to describe the effects of the physical
properties of solvents on emission spectra. In these equations, the solvent is
considered as a continuum in which the fluorophore is contained. This simplifying
assumption limits the applicability of the equations since specific fluorophore-solvent
interactions which can have substantial effects upon the emission spectra are not
considered. Nevertheless, as the general solvent effects are always present, a
guantitative prediction of these effects provides a framework within which one can
analize the experimental data. The most widely used expression was previously

2123 As the interactions between the solvent and

presented by Lippert and others
fluorophore molecules affect the energy difference between the ground and the

excited state, the Lippert-Mataga equation represents this energy difference:

L 1 2(8—1 n2—1>(u*—u)2

VamVem = he\2e+1 2n2+1) RS

+ const. (4.36)
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where U, and U, are the wavenumbers of the absorption and emission, respectively
(thus, the difference U, — Uy, represents the energy difference between the ground
and the excited state); g, is the vacuum permittivity; h is the Planck’s constant; c is the
speed of light; R is the radius of the cavity in which the fluorophore resides
(considering the fluorophore a point dipole at the center of a spherical cavity
immersed in the homogeneous solvent); u*—puis the difference in the dipole moment
of solute molecule between excited (u*) and ground (u) states.

The term in brackets is called the orientation polarizability ( f). Then, the Lippert-

Mataga equation can be written®

B B 1 2 . _
U, — Ve = Jmey he (u* — W2R3Af + const. (4.37)

f ranges from -0.001 in cyclohexane to 0.320 in water (Table 4.4).
This equation is only an approximation but there is a reasonable correlation between
the observed and calculated energy losses in nonprotic solvents (those not having
hydroxyl groups or other groups capable of hydrogen bonding). In this case, a linear
behaviour is observed which allows us to determine the increase in dipole moment
p=p*-u, provided that a correct estimation of the cavity radius is possible.
This sensitivity of the Stokes shift to solvent polarity is the reason why fluorescence
emission spectra are frequently used to estimate the polarity of the environment
surrounding the fluorophore.

Table 4.4. Dielectric constant (at 209C), refractive index (at 202C) and orientational polarizability f of
some solvents-.

20

Solvent g n f

Cyclohexane 2.023 1.4266 -0.001
Benzene 2.284 1.5011 0.003
Toluene 2.379 1.4961 0.013
Dioxan 2.218 1.4224 0.021
Chloroform 4.806 1.4459 0.149
Diethyl ether 4,335 1.3526 0.167
Butyl acetate 5.01 1.3941 0.171
Dichloromethane 9.08 1.4242 0.219
Dimethylsulfoxide 48.9 1.4770 0.265
N,N-Dimethylformamide 37.6 1.4305 0.275
Acetonitrile 38.8 1.3442 0.306
Ethanol 25.07 1.3611 0.290
Methanol 33.62 1.3288 0.309

Water’ 80.10 1.3330 0.320
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Note that the Lippert-Mataga equation only considers the absolute magnitude of the
charge transfer dipole moment p=p*-pu and not the angle between the dipoles.
Bakhshiev argued that the general solvent effects must also depend upon the angle
between the ground and excited state dipole moments of the fluorophore and have
presented an alternative expression to the Lippert-Mataga equation**?>. However, as
other specific interactions between the solvent and the fluorophore result in
substantial spectral shifts and are not conveniently accounted for within the
framework of the existing theories, the use of the simplest conceptual model for
general solvent effects seems justified. This simple theory is useful for interpreting
experimental data and to evaluate the presence/importance of specific solvent effects.
As the Lippert-Mataga equation describes the Stokes shift expected for a given
fluorophore in media of varying polarity, it has two main applications:
- The sensitivity of a fluorophore to solvent polarity is expected to be
proportional to (u*-p)2. Once this term is constant for a given fluorophore, we
can prepare calibration curves for (U, — Ugpy, ) versus f. Then, if the fluorophore
is placed in an unknown environment, the polarity of this environment can be
estimated from (U, — Ue,). An ideal polarity probe based on photoinduced
charge transfer and solvent relaxation should (i) undergo a large change in dipole
moment upon excitation but without change in direction; (ii) bear no permanent
charge in order to avoid contributions from ionic interactions; (iii) be soluble in

solvents of various polarities, from the apolar solvents to the most polar ones.

- The sensitivity of the Stokes shift to f can be used to estimate the change in
dipole moment which occurs upon excitation. For that, we can trace a Lippert-
Mataga plot, which is a plot of (U; — Uep,) Versus the orientational polarizability,

f, and evaluate the change in dipole moment p assuming the molecular radius
as the cavity radius. Fluorophores which have the largest changes in dipole
moment upon excitation are more sensitive to solvent polarity. As an example,
Lippert-Mataga plots for two naphtylamine derivatives are shown in Figure 4.14.
The N-phenyl-N-methyl derivative is clearly more sensitive to solvent polarity

than the unsubstituted derivative®?.

123



Chapter 4 — Molecular Fluorescence Spectroscopy

u=46D

p=9D

Figure 4.14. Lippert-Mataga plots for N-phenyl-N-methyl-2-aminonaphthalene-6-sulfonate (o) and 2-
aminonaphthalene-6-sulfonate (o). Adapted from ref. 26.

Specific Solvent Effects on fluorescence spectra

General solvent effects are approximately described by the Lippert-Mataga equation
and represent the collective influence of the entire set of surrounding solvent
molecules on the fluorophore. In contrast, specific interactions are produced by one or
a few neighboring molecules, and are determined by the specific chemical properties

2128 gpecific effects can be due, for example, to

of both fluorophores and solvent
hydrogen bonding, acid-base equilibrium, or charge transfer interactions and they can
lead to substantial shifts.

Specific solvent effects can be identified by examining either emission spectra in a
variety of solvents, or the Lippert-Mataga plots. When a substantial red shift of the
emission spectrum of a fluorophore in a non-polar solvent is observed for the addition
of a small percentage of a polar solvent, it can indicate that the observed shift is due to
specific solvent effects. For example, the emission spectrum of 2-acetylanthracene (2-
AA) in hexane shifted gradually as the percentage of dioxane was increased to 100%.
These shifts are probably a result of general solvent effects. In contrast, most of the
shift expected for methanol, together with a loss of structured emission, was produced
by only about 1-2% methanol. This amount of alcohol is too small to affect the

refractive index or dielectric constant of the solvent, and hence this shift is a result of

specific solvent effects (Figures 4.15 and 4.16)"’.
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Figure 4.15. Fluorescence spectra of 2-acetylanthracene in methanol-hexane mixtures at 20°c".
Concentrations of methanol in mol dm™: (0) 0, (1) 0.03, (2) 0.05, (3) 0.075, (4) 0.12, (5) 0.2, and (6) 0.34.
1 kk=1000 cm ™.

Figure 4.16. Effect of solvent composition on the emission maximum of 2-acetylanthracene (1 kk=1000

-1,17
cm ).

Specific solvent—fluorophore interactions can occur in either the ground state or the
excited state. If the interaction only occurred in the excited state, then the polar
additive would not affect the absorption spectra. If the interaction occurs in the
ground state, then some change in the absorption spectrum is expected.

In the case of n-nt* transitions, the electronic density on a heteroatom like nitrogen
decreases upon excitation and these transitions have a charge transfer character
illustrated by an increase of the dipole moment with respect to the ground state dipole
moment. It can be explained by the fact that the electron is removed from the

heteroatom and goes to an w* orbital localized half on the heteroatom, half on a
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carbon atom. This results in a decrease in the capability of this heteroatom to form
hydrogen bonds. The resulting effect is a blue-shift of the absorption spectrum (the
higher the strength of hydrogen bonding, the larger the shift). This criterion is
convenient for assigning a n-n* band and the spectral shift can be used to determine
the energy of the hydrogen bond. The fluorescence emitted from a n-n* singlet state
will be always less sensitive to the ability of the solvent to form hydrogen bonds than
absorption because, as n-n* excitation of a heterocycle containing nitrogen (e.g. in
solution in methanol) causes hydrogen bond breaking (e.g. N...HOCHs), the
fluorescence spectrum will only be slightly affected by the ability of the solvent to form
hydrogen bonds (emission arises from an n-nt* state without hydrogen bonds).

In the case of m-m* transitions, it is often observed that the heteroatom of a
heterocycle (e.g. N) is more basic in the excited state than in the ground state. The
resulting excited molecule can thus be hydrogen bonded more strongly than the
ground state. w-n* fluorescence is thus more sensitive to hydrogen bonding than n-n*
absorption®.

Attention must be paid to the emission spectrum of a fluorophore bound to a
macromolecule. For example, a molecule like 2-acetylanthracene, when bound in a
hydrophobic site on a protein, may display an emission spectrum comparable to that
seen in water if only a single water molecule is near the carbonyl group.

Evidence of specific solvent effects can also be seen in the Lippert-Mataga plots. For
example, the Stokes shifts observed for methyl 8-(2-anthroyl) octanoate (a 2-AA
derivative) in hydrogen bonding solvents (water, methanol and ethanol) are much
larger than that observed in solvents that less readily form hydrogen bonds (Figure

4.17).
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Figure 4.17. Stokes shifts of methyl 8-(2-anthroyl) octanoate in organic solvents and water. The solvents
are benzene (B), n-hexane (H), diethyl ether (DEE), ethyl acetate (EA), acetone (Ac), N,N-
dimethylformamide (DMF), chloroform (Ch), dimethyl sulfoxide (DMSO), ethanol (EA), methanol (Me),

and water (W)17.

The presence of specific solvent effects can be problematic because these effects can
prevent a quantitative interpretation of the emission spectra in terms of the
orientation polarizability of the macromolecule. On the other hand, the presence of
specific solvent effects can be favorable because they could reveal the accessibility of
the macromolecule-bound probe to the aqueous phase.

An understanding of specific and general solvent effects can provide a basis for
interpreting the emission spectra of fluorophores that are bound to macromolecules.
For instance, the emission spectra of 2-anilinonaphthalene (2-AN) bound to
membranes composed of dimyristoyl-L-a-phosphatidylcholine (DMPC) is considerably
red shifted relative to the emission in cyclohexane, but it is blue shifted relative to

water (Figure 4.18)".
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Figure 4.18. Normalized fluorescence emission spectra of 2-anilinonaphthalene in solvents and bound to
vesicles of dimyristoyl-L-a-phosphatidylcholine (DMPC). The dashed line indicates the spectrum in

cyclohexane (CH), which contains 3% ethanol®’.

As 2-AN is highly sensitive to small concentrations of ethanol, it seems likely that
cyclohexane containing more than 3% ethanol is the preferable reference solvent for a
low polarity environment (in this solvent the specific effects are saturated). With this
adjustment in mind, one may conclude that the environment in which the 2-AN is
localized is mostly nonpolar, but that this site is accessible to water. Without
consideration of specific solvent effects one might conclude that the 2-AN is in a more

polar environment.

Temperature effects (solvent viscosity effects)

At low temperatures the solvent can become more viscous, and the time for solvent
reorientation increases. Upon excitation, the fluorophore is assumed to be initially in
the Franck-Condon state (F). Solvent relaxation proceeds with a rate ks. If this rate is
much slower than the decay rate (1/1), then one expects to observe the emission
spectrum of the unrelaxed F state. If solvent relaxation is much faster than the
emission rate (ks >> 1/1), then emission from the relaxed state (R) will be observed.
At intermediate temperatures, where ks = 1/t, emission and relaxation will occur
simultaneously. Under these conditions, an intermediate emission spectrum will be
observed (Scheme 4.6). Frequently, this intermediate spectrum (— — —) is broader on

the wavelength scale because of contributions from both the F and R states.
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. . - .17
Scheme 4.6. Jablonski diagram and respective emission spectra for solvent relaxation™".

Normally, internal rotations favor non-radiative de-excitation processes. That is the
reason why rigid compounds are more fluorescent than similar compounds which can
suffer internal rotations (e.g. phenolphthalein versus fluorescein). For the same
reasons, when the temperature decreases, the environment become more rigid
(because the solvent viscosity increases), the fluorophore suffers less internal rotations

and, consequently, the fluorescence quantum vyield increases.

5.5.2. Compounds submitted to photoinduced Intramolecular Charge Transfer

(ICT) and internal rotation
Solvent relaxation may be accompanied by internal rotation within the fluorophore,
leading to a Twisted Intramolecular Charge Transfer (TICT) state. Thus, highly
conjugated planar molecules can sometimes completely loss the conjugation. In this
case, there is a total charge separation and two bands can be observed in the
fluorescence spectrum of the fluorophore in polar non-viscous solvents: one
corresponding to the emission from the Franck Condon state and one to the emission
from the TICT state (at higher wavelengths). Attention may be paid to the fact that
internal rotation accompanying solvent relaxation or not can occur in many
fluorophores, but dual fluorescence and right angle twist (required for full charge
separation) are exceptional. Note that intramolecular charge transfer and internal

rotation can also occur in non-polar and highly symmetric molecules®.
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5.5.3. Changes in the non-radiative decay rates
Increases in quantum yield are frequently observed when fluorophores bind to
biomolecules. These changes are due to solvent or environmental effects, but these
changes are not explained by the Lippert equation. It seems reasonable to suggest that
changes in quantum yield are due to changes in the rates of non-radiative decay (kngr).
One example for such a process is Coumarin-151. Figure 4.19 shows the Stokes shift
and the quantum yields for Coumarin-151 in several solvents. The Stokes shift
increases in a stepwise manner upon addition of the polar solvent dioxane, even
though the value of Af is almost unchanged. The quantum vyield is low in nonpolar
solvents and also increases stepwise when the solvent contains a polar additive. Since
the excitation coefficient and radiative decay rates are usually not very sensitive to

solvent polarity, the decrease in quantum yield suggests an increase in knrin nonpolar

solvents®’.
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Figure 4.19. Stokes shifts and quantum vyields for Coumarin-151 in various solvents. 2-MP, 2-
methylpentane; MyDso, 70% 2-MP and 30% dioxane (D); MgyEA40, 60%, 2-MP and 40% EA, ethyl acetate;

MeOH, methanolzg.

This fact can be explained by a polarity-induced inversion of n-n* and ©-* states®. A

change in the ability of a solvent to form hydrogen bonds can affect the nature (n—n*

130



Chapter 4- Molecular Fluorescence Spectroscopy

vs t—1t*) of the lowest singlet state. Some aromatic carbonyl compounds often have
low-lying, closely spaced n—n* and n—nt* states (see section 5.4.). Inversion of these
two states can be observed when the polarity and the hydrogen-bonding power of the
solvent increases, because the n—n* state shifts to higher energy whereas the n—r*
state shifts to lower energy. This results in an increase in fluorescence quantum yield
because radiative emission from n—n* states is known to be less efficient than from n—
7* states. The other consequence is a red-shift of the fluorescence spectrum (Scheme

4.7).

increase of solvent polarity
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Scheme 4.7. The effects of polarity-induced inversion of n-7* and ©-n* states’.

5.5.4. Changes in the radiative decay rates
In the previous example, the quantum yield of Coumarin-151 decreases in low polarity
solvents. A more typical situation is an increase in quantum yield in low-polarity
solvents. This behavior can be explained by the formation of an ICT state. In low
polarity solvents, emission arises from the Franck-Condon m-t* state which is lower in
energy. In high polarity solvents, the ICT state is stabilized by interaction with the

solvent and thus becomes the emitting species. Thus, we can observe a redshift and, as
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hydrogen bonds favor intersystem crossing, the radiative decay rates decrease as well

as the fluorescence quantum yields, when the solvents polarity increases'’.

5.5.5. Probe-probe interactions
In addition to interacting with solvents, fluorophores can interact with each other. One
example is excimer formation due to an excited-state complex of two identical
fluorophores. Excimer formation is a short-range interaction that requires molecular
contact between the fluorophores. Excimer formation has found some utility in
biotechnology, to detect, for example, an insertion mutation in DNA*>**: a probe DNA
with a insertion mutant sequence can prevent a non-fluorescent compound from
intercalating into the double helix, resulting in the formation of an excimer out of the
double helix that exhibits fluorescence. Another use of excimer formation is to follow
self-assembly processes®? in which, according to the extent of the self-association, the

fluorescence spectrum suffers spectral shifts.

5.6. Resolution of Fluorescence spectra

The width of a band in the emission (and/or the absorption) spectrum of a fluorophore
is the result of two effects: homogeneous and inhomogeneous broadening.
Homogeneous broadening is due to the existence of a continuous set of vibrational
levels. Thus, at room temperature, most emission (and absorption) spectra of
moderately large and rigid fluorophores in solution are almost structureless.
Inhomogeneous broadening is due to the fluctuations in the structure of the solvation
shell surrounding the fluorophore. The distribution of solute-solvent configurations
leads to a distribution of the energies of the electronic transitions. Normally, the
extent of inhomogeneous broadening is larger than that of homogeneous broadening,
but there are several ways to reduce these effects like using solid matrices at low
temperatures, or using laser excitation (whose linewidth is reduced) which allows

exciting individual compounds in complex mixtures>>3*.
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6. Quenching of fluorescence

Fluorescence quenching refers to any process that decreases the fluorescence intensity
of a sample. A variety of photophysical processes can result in quenching. Most of
them involve interaction of an excited molecule M* with another molecule Q, as
shown in Scheme 4.8. ku is the sum of the rate constants of the intrinsic pathways
(radiative and non-radiative) of de-excitation and is the reciprocal of the excited-state
lifetime t (equation 4.22); kq represents the observed rate constant for the

bimolecular process®.

IFfl'l
M* + Q 5= "products”

e

M +Q
Scheme 4.8. Interaction of an excited molecule M* and another molecule Q and respective rate
constants’.
These intermolecular photophysical processes responsible for de-excitation of
molecules compete with the intrinsic de-excitation and affect the fluorescence
characteristics (fluorescence intensity, decay time and/or fluorescence quantum yield)
of M*:
(i) After excitation by a light pulse, the excited-state M* population, and consequently
the fluorescence intensity, decrease more rapidly than in the absence of excited-state
interaction with Q, because quenching is an additional rate process that depopulates
the excited state.
(ii) For the same reasons, in the case of dynamic quenching (section 6.2.) the excited-
state lifetime is decreased. However, in the case of static quenching (see section 6.3.)
the lifetime is not decreased because only the fluorescent molecules are observed, and
the uncomplex fluorophores have the unquenched lifetime 1.
(iii) The fluorescence quantum vyield is decreased because quenching depopulates the
excited state without fluorescence emission. The loss of fluorescence intensity is called
fluorescence quenching whatever the nature of the competing intermolecular process
and even if this process leads to a fluorescent species (the word quenching applies

only to the initially excited molecule)?.

133



Chapter 4 — Molecular Fluorescence Spectroscopy

The processes responsible for quenching include electron transfer, energy transfer,
excimer or exciplex formation (in these cases, we talk about dynamic quenching or
collisional quenching), and the formation of a non-fluorescent ground-state complex
(static quenching). Intramolecular excited-state processes (intramolecular charge
transfer, internal rotation, intramolecular proton transfer, etc.) and photochemical de-
excitation (i.e. de-excitation resulting from organic photochemical reactions implying
bond breaking and formation of new bonds, so that the ground state of M is not
recovered) can also affect the fluorescence characteristics (we talked about some of
these effects in section 5.5.).

There are numerous applications of quenching measurements. For example,
guenching measurements can reveal the accessibility of fluorophores to quenchers. An
example is a fluorophore bound to a protein or in a membrane. If the protein or
membrane is impermeable to the quencher, and the fluorophore is located in the
interior of the macromolecule/aggregate, then neither collisional nor static quenching
can occur. For this reason, quenching studies can be used to reveal the localization of

fluorophores in proteins and membranes, and their permeabilities to quenchers®’.

6.1. Quenchers of fluorescence

There is a large variety of substances which act as quenchers. One of the best-known
collisional quenchers is molecular oxygen which quenches almost all known
fluorophores. The mechanism by which oxygen quenches has been a subject of
debate®. The most likely mechanism is that the paramagnetic oxygen causes the
fluorophore to undergo intersystem crossing to the triplet state. Under atmospheric
pressure, the concentration of oxygen in most solvents is 10°-10* mol L™. For that
reason, it is frequently necessary to remove dissolved oxygen by bubbling the solutions
with nitrogen or argon for example, in order to obtain reliable measurements of the
fluorescence quantum yields or lifetimes.

Aromatic and aliphatic amines are also efficient quenchers of most unsubstituted
aromatic hydrocarbons®®. Another type of quenching is due to heavy atoms such as
iodide and bromide. Quenching by these larger halogens may be a result of

intersystem crossing to an excited triplet state, promoted by spin—orbit coupling of the

134



Chapter 4- Molecular Fluorescence Spectroscopy

excited (singlet) fluorophore and the halogen®’. There is a large variety of other
guenchers and we can identify fluorophore—quencher combinations for a desired
purpose. It is important to note that not all fluorophores are quenched by all the
substances identified as “quenchers”. This fact occasionally allows selective quenching
of a given fluorophore. The occurrence of quenching depends upon the mechanism,
which in turn depends upon the chemical properties of the individual molecules. An
overview of some possible quenchers for typical fluorophores can be found in

reference 17.

6.2. Collisional quenching (dynamic quenching)
Collisional quenching of fluorescence results from diffusive encounters between the
fluorophore and quencher during the lifetime of the excited state (diffusion-controlled
process, scheme 4.9). This is a time-dependent process because the excited
fluorophores, M*, that are at a short distance from a quencher, Q, at the time of
excitation react, on average, at shorter times than those that are more distant,

because mutual approach requires a longer time before reaction occurs.

M* +Q 2 M*--Q
Non- fluorescent
hv ho
M+Q

Scheme 4.9. lllustration of dynamic quenching.

As a first approach, the experimental quenching rate constant, kq, is assumed to be
time-independent. In this case, collisional quenching is described by the Stern-Volmer
equation”:

@y _ I

ryants 1+kqto[Q] =1+ Kgy[Q] (4.38)

where @, and ® are the fluorescence quantum yields in the absence and presence of
guencher, respectively; Ip and I are the fluorescence intensities in the absence and
presence of quencher, respectively; 1o is the lifetime of the fluorophore in the absence
of quencher; [Q] is the concentration of quencher; Ksv = Kkqto is the Stern—Volmer
constant. kq is the bimolecular quenching constant which reflects the efficiency of

guenching or the accessibility of the fluorophores to the quencher. Diffusion-
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controlled quenching typically results in values of kq near 1010 M1t

. Values of kq
smaller than the diffusion-controlled value can result from steric shielding of the
fluorophore or a low quenching efficiency. Apparent values of kq larger than the
diffusion-controlled limit usually indicate some type of binding interaction.

The meaning of the bimolecular quenching constant can be understood in terms of the
collisional frequency between freely diffusing molecules. The collisional frequency (Z)
of a fluorophore with a quencher is given by

Z=ko[Q]
where ko is the diffusion-controlled bimolecular rate constant. This constant may be

calculated using the Smoluchowski equation which describes the diffusive flux of a

molecule with a diffusion coefficient D through the surface of a sphere of radius R17:

_A4mN, _ A4mNy
~ 1000 1000 (R¢ +Rq)(Ds + Dy (4.39)

ko

where R is the collision radius (generally, it is assumed to be the sum of the molecular
radii of the fluorophore Rf and quencher Rq); D is the sum of the diffusion coefficients
of the fluorophore Dr and quencher Dg; Na is Avogadro's number (the term Na/1000
converts molarity to molecules/cm?).

The collisional frequency is related to the bimolecular quenching constant by the
quenching efficiency, fq:

kq= foko (4.40)

For example, if fq=0.5, then 50% of the collisional encounters are effective in
quenching and kq will be half the diffusion-controlled value, ko. Since ko can be
estimated with moderate precision, the observed value of kq can be used to judge the
efficiency of quenching. Quenchers like oxygen, acrylamide, and iodide ion generally
have efficiencies near unity, but the quenching efficiency of weak quenchers like
succinimide depends on the solvent and/or viscosity. The efficiency of quenching can
be calculated from the observed value of kg, if the diffusion coefficients and molecular
radii are known. The radii can be obtained from molecular models, or from the
molecular weights and densities of the quencher in question. Diffusion coefficients

may be obtained from the Stokes-Einstein equation:
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D kT
~ 6mR

(4.41)

where k is Boltzmann's constant, T is the absolute temperature, n is the solvent
viscosity, and R is the molecular radius. Frequently, the Stokes-Einstein equation
underestimates the diffusion coefficients of small molecules (this equation describes
the diffusion of molecules that are larger than the solvent molecules). As an alternative
method, diffusion coefficients can be obtained from nomograms based upon the
physical properties of the system®. Once the diffusion coefficients are known, the
bimolecular quenching constant for fo=1 can be predicted using Smoluchowski
equation (equation 4.39).

N PO . .
Generally, the ratio TO is plotted against the quencher concentration (Stern—Volmer

plot). If the variation is found to be linear, the slope gives the Stern—Volmer constant.
Then, kq can be calculated if the excited-state lifetime in the absence of quencher is
known. A linear Stern-Volmer plot is generally indicative of a single class of
fluorophores, all equally accessible to quencher. If two fluorophore populations are
present, and one class is not accessible to quencher, then the Stern-Volmer plots
deviate from linearity toward the x-axis. As an example, when we study the interaction
of a compound with DNA, a fraction of compound molecules can intercalate between
DNA base pairs. In this case, the Stern-Volmer plot generally exhibits a downward
curvature because the fraction of intercalated molecules is not accessible to the
qguencher. Then, the modified Stern-Volmer plot allows the determination of the

fraction of compound molecules accessible to the quencher,

I 1 1
0y - (4.42)
Al fa faKSV[Q]

where Ip and I are the fluorescence intensities in the absence and in the presence of
qguencher, respectively; Al= 1o — I; f, is the fraction of molecules accessible to the
quencher; Ksy is the Stern-Volmer constant; and [Q] is the quencher concentration.

Attention must be paid to the fact that the observation of a linear Stern-Volmer do not
necessarily imply that collisional quenching of fluorescence has occurred because

static quenching also results in linear Stern-Volmer plots®’.
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6.3. Static quenching
Static quenching occurs as a result of the existence of a sphere of effective quenching
or as a result of the formation of a non-fluorescent ground-state complex between the

fluorophore and quencher.

e Sphere of effective quenching

In the case of viscous media or rigid matrices, M* and Q cannot change their positions
in space relative to one another during the excited-state lifetime of M*. Perrin
proposed a model for that cases, in which quenching of a fluorophore is assumed to be
complete if a quencher molecule Q is located inside a sphere (sphere of effective
quenching, active sphere or quenching sphere) of volume Vg surrounding the
fluorophore M. If a quencher is outside the quenching sphere, it has no effect on M
(Figure 4.20)°.

e o= " radius of the

I Y I 5 guenching sphare
W L@
a =4 ' =
RS
nao emission unaffected
flusrascence

Figure 4.20. Sphere of effective quenchings.

Therefore, the fluorescence intensity of the solution is decreased by addition of Q, but
the fluorescence decay after pulse excitation is unaffected:

I
TO = exp(VyNa[Q]) (4.43)

where Ip and I are the fluorescence intensities in the absence and presence of
quencher, respectively; Vq is the volume of the quenching sphere; N, is the Avogadro’s

number and [Q] is the concentration of quencher.
. N .
In contrast to the Stern—Volmer equation, the ratio TO is not linear and shows an

upward curvature at high quencher concentrations. At low concentrations,

exp(VqNA[Q]) =1+ V4N4[Q], so that the concentration dependence is almost linear
and a plot of IToversus [Q] yields Vq. The values of VqNa are often found to be in the

range of 1-3 Lmol™. This corresponds to a quenching sphere radius of about 104,
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which is somewhat larger than the Van der Waals contact distance between M and

Q7.

¢ Formation of a ground-state non-fluorescent complex
Static quenching can also occur from the formation of non-fluorescent ground-state
complex. When this complex absorbs light it immediately returns to the ground state

without emission of a photon (Scheme 4.10).

(M--Q)* Non fluorescent

hv

M+ Q2 M-Q

Scheme 4.10. lllustration of static quenching by formation of a ground-state non-fluorescent complex.

The association constant for the complex formation is given by:

_ [M - Q]
Kg = —[M][Q] (4.44)

where [M--Q] is the concentration of the complex, [M] is the concentration of
uncomplexed fluorophore, and [Q] is the concentration of quencher.
As the total concentration of fluorophore, [M]o, is given by

[M]o = [M] + [M:-Q] (4.45)
substitution into equation 4.44 leads to

[Mlo —[M] _ [M], 1

Kg = = -—— 4.46
STUMIQ M (-46)
The fraction of uncomplexed fluorophores is thus
[M] 1
(4.47)

[M]o 1+Ks[Q]
Considering that the fluorescence intensities are proportional to the concentrations

(which is valid only in dilute solutions), this relationship can be rewritten as

Iy

T =1+Ks[Q] (4.48)

Note that this relation is linear, as in the case of the Stern-Volmer plot for dynamic

guenching, except that the quenching constant is now the association constant.
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6.4. How to distinguish between dynamic and static quenching
The value of Ks can sometimes be used to demonstrate that dynamic quenching
cannot account for the decrease in intensity. However, the measurement of
fluorescence lifetimes is the most definitive method to distinguish static and dynamic
guenching. Static quenching removes a fraction of the fluorophores from observation.
The complexed fluorophores are nonfluorescent, and the only observed fluorescence
is from the uncomplexed fluorophores. The uncomplexed fraction, and thus, the
lifetime 1o are unperturbed. Therefore, for static quenching %’ = 1 whereas for dynamic

. T I
quenching T" = TO

Static and dynamic quenching can also be distinguished by their differing dependence
on temperature and viscosity. Higher temperatures result in faster diffusion and in the
dissociation of weakly bound complexes. Consequently, there are larger amounts of
collisional guenching and smaller amounts of static quenching.

One additional method to distinguish between static and dynamic quenching is by
careful examination of the absorption spectra of the fluorophore. Collisional
guenching only affects the excited states of the fluorophores, and thus no changes in
the absorption spectra are expected. In contrast, static quenching as a result of the
formation of a ground-state non-fluorescent complex will frequently result in
perturbation of the absorption spectrum of the fluorophore. Attention must be paid to

the fact that, at low concentrations, the absence of changes on the absorption
. I I . .
spectrum and a linear variation ofTocan lead to confusion between dynamic

guenching and static quenching as a result of the existence of a quenching sphere

(Figure 4.21)".
Collisional quenching Static quenching
Slope=V¢Na for quenching
sphere

atlow cocentration
Slope=Ks for complex formation

Slope=Ksv = KqTo

No changes on absorption spectrum Changes on absorption spectrum
(for complex formation)

Figure 4.21. Comparison between dynamic and static quenching (adapted from ref. 17).
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6.5. Simultaneous dynamic and static quenching
In many cases, the fluorophore can be quenched both by collisions and by complex
formation or by a quenching sphere, with the same quencher. The characteristic
feature of the Stern-Volmer plots in such circumstances is an upward curvature,
concave towards the y-axis.

Let us consider first the case of static quenching by formation of a non-fluorescent
complex. The ratio IT" obtained for dynamic quenching must be multiplied by the

. . 17
fraction of fluorescent molecules (i.e. uncomplexed)™":

T_k IM]
I, [IO] dyn % [M], (4.49)

] by — L (from the Stern-Volmer equation, equation 4.38) and M

I
Replacin [—
PRCNE 1] 4y Y ToksviQ) Mo

0

by TTRe[q] (static quenching by formation of a non-fluorescent complex, equation
S
4.47):
I
7= L+ Key[QD{ + Ks[QD) (4.50)

This modified form of the Stern-Volmer equation is second order in [Q], which
accounts for the upward curvature observed when both static and dynamic quenching

occur for the same fluorophore (Figure 4.22, left).

LI

-1)/ (@]

£ /F

L Slope = Ksv Ks

| — KSV + Ks

T T T
\
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\
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[Q] [Q]

~ =0 L

Figure 4.22. Simultaneous dynamic and static quenching by formation of a non-fluorescent complex”.
The dynamic portion of the observed quenching can be determined by lifetime
measurements. That is,%(’: 1 + Kgy[Q] (the dashed line in Figure 4.22, left). If

lifetime measurements are not available, then the last equation can be modified to
allow a graphical separation of Ks and Ksy. Multiplication of the terms in parentheses

yields
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I [
T =1+ Ksy + K)[Ql + KeyKs[Q* & 7 =1+ Kapp[Q]
[ 1
< Kapp = (TO - 1)@ = (Ksv + Ks) + KsyKs[Ql (4.51)

The apparent quenching constant is calculated at each quencher concentration. A plot
of (IT" - )[—(12] = K,pp versus [Q] yields a straight line with an intercept of Ksv + Ks and

a slope of KsyKs (Figure 4.22, right). The individual values can also be obtained from

the two solutions of the quadratic equation below.

In the case of the sphere of effective quenching model, the ratio ITO obtained for

dynamic quenching must be multiplied by the ratio ITO obtained for static quenching by

.-
lo o

(from the Stern-Volmer equation, equation 4.38) and

a quenching sphere®’:

X [%] (4.52)

dyn stat

. I
Replacing [a]dyn by T Revldl

[L] by exp (VqNA[Q]) for high concentrations or by 1 + VN4[Q] for low

Tolstat

concentrations (static quenching by a quenching sphere, equation 4.43) we obtain

2 = (14 Key QD exp(VyNalQ]) (4.53)

for high concentrations (upward curvature)
or

= (14 Key[QD) (1 + VoNa Q) (4.54)

for low concentrations (upward curvature)
. I . . . . .
But if we pIotTO—lversus [Q] we obtain a straight line with an intercept of

Ksy +VqNA and a slope of KSVVqNA.

6.6. Some applications of quenching
The extent of quenching can be affected by steric shielding and charge. Thus,
protection against quenching is frequently observed for probes bound to

39,40

macromolecules and even cyclodextrins*'. Furthermore, charge effects are
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generally present with charged quenchers such as iodide, and absent with neutral
guenchers like oxygen and acrylamide.

The most dramatic effects of charge and shielding on quenching have been observed
for fluorophores bound to DNA. The extent of quenching is decreased by intercalation
of probes into the DNA double helix. For instance, ethidium bromide (EB) bound to
DNA was found to be protected from oxygen quenching by a factor of 30 as compared
to EB in solution®. Given the high negative charge density of DNA, one can expect the
guenching to be sensitive to the charge of the quencher, the ionic strength of the
solution, and the rate of quencher diffusion near the DNA helix**44,

The extent of quenching can also be affected by the charge on the quenchers. For
instance, Hoechst 33258 is readily quenched by iodide when free in solution, but is not
guenched when bound to DNA. Apparently, the negative charges on DNA prevent
iodide from coming into contact with Hoechst 33258 when bound to DNA®.

As the occurrence of intercalation with DNA is one of the fundamental steps for
antitumoral activity*®, fluorescent quenching experiments with external quenchers are
of major importance, in order to determine the DNA binding modes*’ of new potential

antitumoral compounds.

6.7. Experimental considerations in quenching
When performing quenching experiments, several problems can appear:

e We should examine emission spectra under conditions of maximum quenching.
In these conditions (low fluorescence intensity), the contribution from
background fluorescence may begin to be significant.

e Quenchers are often used at high concentrations, and the quenchers
themselves may contain fluorescent impurities.

e The intensity of the Raman and Rayleigh scattering peaks from solvent is
independent of quencher concentration. Hence, the relative contribution of
scattered light always increases with quenching.

e The absorption spectra of the quenchers must be taken into consideration. For
example, iodide and acrylamide absorb light below 290 nm. In this case, the
inner filter effect due to absorption can decrease the apparent fluorescence

intensity, causing distortion on the quenching data®. Thus, if inner filter effects
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are present, the observed fluorescence intensities must be corrected, except
for lifetime measurements which are relatively independent of total intensity.

When using iodide or other ionic quenchers, it is important to maintain a
constant ionic strength. This is usually accomplished by addition of KCl. It is also
important to use freshly prepared solutions or to add a reducing agent, such as

Na,S,0; (otherwise, I, may be formed)>*’.
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7. Fluorescence anisotropy

As we saw at the beginning of section 4, light is an electromagnetic wave consisting of
an electric field E and a magnetic field H perpendicular to each other and to the
direction of propagation, and oscillating in phase (vd. Figure 4.1). These fields have no
preferred orientation for natural light but they oscillate along a given direction when
the light is linearly polarized (the intermediate case corresponds to light which is

partially polarized, Figure 4.23)3.

NATURAL LIGHT

LINEARLY POLARIZED -] oo —
LIGHT

PARTIALLY POLARIZED
LIGHT

Figure 4.23. Natural, linearly polarized and partially polarized Iight3.

When excited with polarized light, those fluorophores that have their absorption

transition moments, R}™ , oriented along the electric vector of the incident light are
preferentially excited. Indeed, if the incident light is linearly polarized, the probability

of excitation of a chromophore is proportional to the square of the scalar product
RA™.E, and therefore to cos? 04, Oa being the angle between the electric vector E of
the incident light and the absorption transition moment R}™, (Figure 4.24). This

probability is maximum when Eis parallel to Ri™, of the molecule; it is zero when the

electric vector is perpendicular (photoselection)®.
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PHOTOSELECTION
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Figure 4.24. Transition moments and photoselectiona.

Upon excitation with polarized light, the emission from many samples is also polarized.
The extent of polarization of the emission is described in terms of the anisotropy (r).
Samples exhibiting nonzero anisotropies are said to display polarized emission. Any
change in direction of the transition moment during the lifetime of the excited state
will cause this anisotropy to decrease, i.e. will induce a partial (or total) depolarization
of fluorescence. The emission can become depolarized by a number of factors:

e Noncollinear absorption and emission transition moments®’;

e Torsional vibrations;

e Light scattering, reabsorption and misalignment of the polarizers;

e Transfer of the excitation energy to another molecule with different orientation;

e Brownian motion (molecular rotation occurring between fluorophore excitation

and emission).

Anisotropy measurements reveal the average angular displacement of the fluorophore
that occurs between absorption and subsequent emission of a photon. This angular
displacement is dependent upon the motions of the fluorophore. Therefore, the
viscosity of the solvent and the size and shape of the molecule are important factors
that affect anisotropy. For example, small fluorophores in low-viscosity solutions move
very fast comparatively to the rate of emission. Under these conditions, the emission is
depolarized and the anisotropy is close to zero. The dependence of fluorescence
anisotropy upon fluorophore motions has resulted in numerous applications of this
technique in biochemical research, as it provides useful information on molecular

mobility, size, shape and flexibility of molecules, fluidity of a medium, and order
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parameters (e.g. in a lipid bilayer). For example, the anisotropies of membrane-bound
fluorophores have been used to estimate the internal viscosities of membranes and

the effects of lipid composition upon the membrane phase-transition temperature®’.

7.1. Polarization ratio and emission anisotropy
For most experiments of fluorescence anisotropy, the sample is excited with vertically
polarized light. The electric vector of the excitation light is oriented parallel to the
vertical or z-axis. The intensity of the emission is measured through a polarizer. When
the emission polarizer is oriented parallel to the direction of the polarized excitation
the observed intensity is called Iyv. Likewise, when the polarizer is perpendicular to the

excitation, the intensity is called Iyy (Figure 4.25)".

Light )
S e

IVV
Polarizer

Detector

Figure 4.25. Schematic diagram for measurement of fluorescence anisotropies17

Fluorescence can be considered as the result of three independent sources of light
polarized along three perpendicular axis Ox, Oy, Oz without any phase relation
between them. I, Iy, I; are the intensities of these sources, and the total intensity is
Ir=k+y+1; (4.55)
For vertically polarized incident light, I,= Ivv and Ix =Iy =Ivy and thus the total intensity
is
It =Ivw+ 2 Ivu (4.56)
The polarization state of fluorescence is characterized either by
= the polarization ratio, p, defined as the fraction of light that is linearly polarized:

IVV - IVH

p (4.57)

Iy + Iy
When Iyv or Iyn is O, the polarization ratio will have values of -1 or 1, respectively. This

represents the full range of polarization ratio values possible with a value of 1,
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indicating a perfect alignment of emission dipoles with the orientation of the light
source electric field; a value of -1 indicates an orthogonal orientation®.
= or the emission anisotropy, r, which represents the ratio of the polarized
component to the total intensity (Ir) :

IVV B IVH

r=———

(4.58)

When Iyy or Iyn is 0, the emission anisotropy will have values of —0.5 or 1, respectively.
This represents the full range of anisotropy values possible; a value of 1 indicates a
perfect alignment of emission dipoles with the orientation of the light source and a
value of -0.5 indicates an orthogonal orientation of emission dipoles®.

The anisotropy is a dimensionless quantity that is independent of the total intensity of
the sample. This is because the difference (Iyvv - Ivu) is normalized by the total intensity
(Ir=Iyv+2Ivu), whereas in the expression of the polarization ratio, the denominator
represents the fluorescence intensity in the direction of observation. For that reason,
the use of anisotropy leads to simpler equations and is preferred to the use of
polarization, except in a few situations (e.g. the study of radiative transfer).

When the sample contains a mixture of fluorophores, each has its own emission
anisotropy3, ri:

_ IVVi - IVHi _ IVVi - IVHi

r = = 4.59)
b Ty + 2l It (
and each contributes to the total fluorescence intensity with a fraction
Ir.

Thus, the total emission anisotropy is the weighted sum of the individual anisotropies:

F= Z fir, (4.61)
i

The polarization and anisotropy values can be interchanged using

3r
= 4.62
p 24r ( )
and
2p
=— 4.63
=3 (4.63)

If the light observed through the emission polarizer is completely polarized along the

transmission direction of the polarizer, then Ivh = 0 and p = r = 1.0. Completely
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polarized emission can be observed for oriented samples, but not for homogeneous
unoriented samples: in this case, the measured values are smaller due to the angular
dependence of photoselection.

If the light observed through the emission polarizer is completely depolarized, then
Ivh = Iyv and p=r = 0. It is important to note that p and r are not equal for
intermediate values.

For the moment, we have assumed that these intensities could be measured without
interference due to the polarizing properties of the optical components, especially the
emission monochromator. However, an additional factor must be introduced in order
to correct this effect: in most cases, the sample is excited with vertically polarized light,
and the emission is observed through a monochromator. The monochromator will
usually have different transmission efficiencies for vertically and horizontally polarized
light. Consequently, rotation of the emission polarizer changes the measured
intensities even if the sample emits unpolarized light. The measured intensities are not
the desired parallel and perpendicular intensities, but rather intensities that are also
proportional to the transmission efficiencies of the monochromator for each polarized
component. The objective is to measure these actual intensities, Iyv and Iyy, unbiased
by the detection system'’.

The measured intensity ratio Iyv/Ivu is different from the true value by a factor G,
which is the ratio of the sensitivities of the detection system for vertically and
horizontally polarized light (Sv and Su, respectively). The G factor is easily measured
using horizontally polarized excitation:

_Sv_ Iy

G (4.64)

- SH B IHH

When the G factor is known, the polarization ratio and the anisotropy are respectively

given by:
Iyy — Glyy
=— 4.65
P = v + Glyn (4.65)
and
Iyy — GI
r=—r YA (4.66)

~ Tyy + 2Glyg
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7.2. Relation between anisotropy and the absorption and emission dipoles
orientation
7.2.1. Parallel absorption and emission transition moments

We will consider a population of N molecules randomly oriented and excited at time 0
by an infinitely short pulse of light polarized along Oz. At time t, the emission
transition moments, @, of the excited molecules have a certain angular distribution.
Here we assume that the absorption and emission transition moments are parallel.
The orientation of these transition moments is characterized by 0, the angle with
respect to the Oz axis, and by ¢, the angle between the projection of the transition

moments in the xy plane and the Ox axis (Figure 4.26)°.

Figure 4.26. System of coordinates for characterizing the emission dipole orientation of one molecule
(adapted from ref. 3).

Figure 4.26 shows Iyv and Iyu being proportional to the projection of the emission
transition moment of one molecule onto the axes. This is true because the projection
of the transition moment is the same as the projection of the electric field created by
the fluorophore. Hence the projection of the field onto the z-axis is proportional to
cosB and the intensity is proportional to cos?6. Similarly, the field along the y-axis is
proportional to sinBsin¢ and the intensity is proportional to sin20sin?¢:

Iyv oc cos20 (4.67)
and Iyn oc sinZBsin2¢ (4.68)
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If we consider now randomly oriented fluorophores, the anisotropy is calculated by
performing the appropriate averaged intensities based on excitation photoselection.
For excitation polarized along the z-axis, the population of excited molecules is
oriented with values of ¢ from 0 to 21 with equal probability. Hence we can eliminate
the ¢ dependence (equation 4.68) by calculating the average value of sin2¢ with the

general definition of an averaged quantity®’:

21T, 2

sin“¢$d 1
< sin%¢ >=f°2“ﬂ=— (4.69)

2

Jo do
Therefore,

Iyv oc cos?0 (4.70)
and Tyn oc %sinzﬂ (4.71)

If we assume we are observing a collection of fluorophores that are oriented relative
to the z-axis with a probability f(0), the measured fluorescence intensities for this

collection of molecules are

e
2

Iyy = f f(8)cos?6d0 = k < cos?0 > (4.72)
0

and Iyy = %foﬂ/z f(0)sin?0d0 = g < sin%0 > (4.73)
where f(8)d6 is the probability that a fluorophore is oriented between 6 and 6 + d6,
and k is an instrumental constant.
Thus, using the identity

sin20=1-cos?0 (4.74)
we can write

_ IVV _IVH _ I< COSZG > —1
CIyy + 2y 2

r (4.75)

This equation shows that, for a single fluorophore oriented along the z-axis with
collinear transitions (6=0), r=1.0. However, it is not possible to obtain a perfectly
oriented excited-state population with optical excitation of homogeneous solutions.
Hence the anisotropies are always less than 1.0. Complete loss of anisotropy is

equivalent to 6=54.7°. This does not mean that each fluorophore is oriented at 54.7°,
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or that they have rotated through 54.7°. Rather, it means that the average value of
cos?0is 1/3.
In this expression, we assumed that the absorption and the emission transition
moments are collinear. However, for almost all fluorophores, they rarely are. In
addition, these anisotropies values are not taking into account the effects of
photoselection®’.
When a sample is illuminated with polarized light, those molecules with absorption
transitions aligned parallel to the electric vector of the polarized excitation have the
highest probability of excitation (photoselection) and this probability is proportional to
cos’0. For the random ground state distribution, which must exist in a disordered
solution, the number of molecules at an angle between 6 and 6 + d6 is proportional to
sin 0 dO. This quantity is proportional to the surface area on a sphere within the angles
0 and 6 + d6.
Hence, the probability distribution of molecules excited by vertically polarized light is
given by:

f(6)dO = cos20sin6do (4.76)
This probability determines the maximum photoselection that can be obtained using
one-photon excitation (more highly oriented populations can be obtained using
multiphoton excitation).

For collinear absorption and emission transition moments, the value of <cos’0> is

given by:
cos?0f(0)d6 3
< cos?0 >= Jo 7 =- (4.77)
5
fo f(0)do
The emission anisotropy can thus be written as
3<cos?0>-1 2
rg = =-=04 (4.78)

2 5

ro is called the fundamental anisotropy, i.e. the theoretical anisotropy that is observed
when the absorption and emission dipoles are collinear, and when there are no
processes which result in depolarization (in practice, rotational motions can be
hindered in a rigid medium). Under these conditions, the excited-state population is

preferentially oriented along the z-axis and the value of Iy is one-third the value of Iyy
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(Iyvv = 3 Iyn). This value of 0.4 is considerably smaller than that possible for a single
fluorophore oriented along the z-axis (r = 1.0).

The experimental value, called the limiting anisotropy, is always slightly smaller than
the theoretical value (normally it ranges from 0.32 to 0.39). This difference is mainly
due to torsional vibrations of the fluorophores about their equilibrium orientation®°.
Consequently, a temperature dependence of the limiting anisotropy is noted>**?: at
low temperature (i.e. when the medium is frozen), ro may be considered as a constant
guantity, whereas at high temperature it decreases linearly with the temperature.

It is important to remember that there are other possible origins for polarized light.
These include reflections and light scattered by the sample that can interfere with
anisotropy measurements: in the case of one-photon excitation, if the measured
anisotropy for a randomly-oriented sample is greater than 0.4, we can infer the
presence of scattered light in addition to fluorescence (for multiphoton excitation,

. 1
anisotropy values can exceed 0.4)".

7.2.2. Non-parallel absorption and emission transition moments
The situation of non-parallel absorption and emission transition moments occurs when
excitation brings the fluorophores to an excited state other than the first singlet state
from which fluorescence is emitted. In this case, the absorption and emission
transition moments are displaced by an angle B relative to each other. We saw
previously that displacement of the emission dipole by an angle 6 from the z-axis
resulted in a decrease in the anisotropy by a factor (3cos?0 - 1)/2. Similarly, the
displacement of the absorption and emission dipoles by an angle B results in a further
loss of anisotropy. The observed anisotropy in a vitrified dilute solution is a product of
the loss of anisotropy due to photoselection (2/5), and that due to the angular
displacement of the dipoles. The fundamental anisotropy of a fluorophore is then

given by

ro=— z (4.79)

2 (3 < cos?p > —1>
5

where [ is the angle between the absorption and emission transition moments”.
The fundamental anisotropy value is zero when 3 = 54.7°. When [3 exceeds 54.7° the

anisotropy becomes negative. The maximum negative value (-0.20) is found for
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B=90°. In other words, for any fluorophore randomly distributed in solution, with one-
photon excitation, the value of ro must be within the range from -0.20 to 0.40. The

values for both ro and po are summarized in Table 4.5.

Table 4.5. Relationship between the angular displacement of transition moments () and the

fundamental anisotropy (ro) or polarization (p0)17.
B (deg) Io Po
0 0.40 0.50=1/2
45 0.10 0.143=1/7
54.7 0.00 0.000
90 -0.20 -0.333=-1/3

Negative values generally correspond to So—S, transitions. A value close to -0.2 is
indeed observed in the case of some aromatic molecules excited to the second singlet
state whose transition moment is perpendicular to that of the first singlet state, from
which fluorescence is emitted (e.g. perylene).

The measurement of the fundamental anisotropy requires special conditions. In order
to avoid rotational diffusion, the probes are usually examined in solvents that form a
clear glass at low temperature, such as propylene glycol or glycerol. Additionally, the
solutions must be optically dilute to avoid depolarization due to radiative reabsorption
and emission, or due to resonance energy transfer. One commonly used solvent for
measuring fundamental anisotropies is propylene glycol at -60 to -70 °C. Under these
conditions, the fluorophores remain immobile during the lifetime of the excited state.
Glycerol also forms a rigid glass at low temperature. However, glycerol typically
displays more autofluorescence than propylene glycol. At similar temperatures,
phosphorescence from the fluorophores seems to be more common in glycerol than in
propylene glycol. The anisotropy values (ro) determined in these rigid solutions provide

a measure of the angle between the absorption and emission dipoles®’.

7.3. Causes of depolarization
There are several causes of depolarization. One of them is non-collinear absorption
and emission transition moments, as we discussed in section 7.2.2. Another cause of
depolarization can be torsional vibrations of the fluorophores about their equilibrium

orientation®® (section 7.2.1.). The two principal causes of depolarization are Resonance
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Energy Transfer (RET) and rotational Brownian motion, which will be discussed in
sections 7.3.1. and 7.3.2., respectively. Light scattering, reabsorption and misalignment
of the polarizers represent three experimental causes of depolarization and will be

examined in section 7.3.3.

7.3.1. Resonance Energy Transfer (RET)

Radiationless energy transfer in solution occurs only in concentrated solutions, where
the average distance between the fluorophore molecules is comparable to a
characteristic distance Ry, which is typically near 40 A. Millimolar fluorophore
concentrations are required to obtain this average distance. This concentration is
considerably larger than the usual concentrations required for fluorescence
measurements, which are about 10° M. Hence, radiationless energy transfer is easily
avoided by the use of dilute solutions. The solutions also need to be adequately diluted
so that radiative transfer does not occur®.

The effect of RET on the anisotropy is illustrated by the excitation anisotropy spectrum
of fluorescein in dilute and concentrated solution>?. Fluorescein is subject to radiative
(emission and reabsorption) and non-radiative energy transfer because of the small
Stokes shift. In this experiment (Figure 4.27), radiative transfer was avoided by using
thin samples, and rotational diffusion was eliminated by using a vitrified sample. Under
these experimental conditions, RET is the only mechanism that can decrease the
anisotropy. In dilute solution, fluorescein displays its characteristic anisotropy
spectrum, with high anisotropy for excitation above 380 nm. At high concentration,
the anisotropy is decreased, due to the occurrence of RET between fluorescein
molecules. In random solution, it is known that a single non-radiative transfer step

>*>7 Hence, RET is an effective

reduces the anisotropy to 4% of the initial value
mechanism of depolarization. The presence or absence of RET can usually be predicted

from the concentration of the sample and the spectral properties of the probes.

155



Chapter 4 — Molecular Fluorescence Spectroscopy

Figure 4.27. Excitation polarization spectra of fluorescein in propylene glycol at -50°C. Radiative transfer
was avoided by using thin samples, 30 to 50 microns thick. Adapted from ref. 53.
7.3.2. Rotational Brownian motion: the Perrin equation

If excited molecules can rotate during the excited-state lifetime, the emitted
fluorescence is partially (or totally) depolarized. Rotational diffusion of fluorophores is
a dominant cause of fluorescence depolarization, and most applications depend on
changes in the rate of rotation. From the extent of fluorescence depolarization, we can
obtain information on the molecular motions, which depend on the size and the shape
of molecules, and on the fluidity of their microenvironment. A distinction should be
made between free rotation and hindered rotation. In the case of free rotation, after a
O-pulse excitation, the emission anisotropy decays from ro to 0, because the rotational
motions of the molecules lead to a random orientation at long times. In the case of
hindered rotations (not considered here), the molecules cannot become randomly
oriented at long times, and the emission anisotropy does not decay to zero, but to a
steady value®’.

Depolarization by rotational diffusion of spherical rotors (isotropic rotations) is

described by the Perrin equation®®*®’:

I'o T
—=1+5=1+6Dt (4.80)

where 1 is the fluorescence lifetime, 0 is the rotational correlation time, and D is the
rotational diffusion coefficient. If the correlation time is much larger than the lifetime

(6 >> 1), then the measured anisotropy (r) is equal to the fundamental anisotropy
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(ro). If the correlation time is much shorter than the lifetime (6 << 1), then the
anisotropy tends to zero.

The rotational correlation time of the fluorophore (0) is related to the rotational
diffusion coefficient by 6=(6D)-1 and is given by the Stokes-Einstein relation:

_w

e_RT

(4.81)

where 1 is the viscosity of the medium, T is the absolute temperature, R is the gas
constant, and V is the volume of the rotating unit. The Stokes-Einstein relation is valid
only when the microviscosity around the molecule is equal to the total viscosity of the
sample.

A different version of the Perrin equation (equivalent, except for the use of

polarization instead of anisotropy) is often found in literature

(l—l)z(i—l><1+ﬂ)=(i—l)(1+6m) (4.82)
p 3 Po 3 nv Po 3

Using the Perrin equation, it is possible to calculate the anisotropy expected for
fluorophores in solvents or for labelled macromolecules, assuming the molecules are
spherical. For example, perylene has a lifetime of 6 ns and r¢=0.36. In ethanol,
rotational diffusion is expected to decrease the anisotropy to 0.005.

The Perrin equation also allows calculating the apparent volume of a protein.
Substitution of equation 4.81 into equation 4.80 yields a modified form of the Perrin

equation:

1_1 TRT 483
r r, ronV (4.83)

Normally, the protein is covalently labeled with an extrinsic fluorophore, which is
chosen on the basis of its fluorescence lifetime. This lifetime should be comparable to
the expected rotational correlation time of the protein (this way, the anisotropy will be
sensitive to changes in the correlation time)*’.

In most cases, fluorescent molecules undergo anisotropic rotations because of their
asymmetry (non-spherical rotors). A totally asymmetric rotor has three different

rotational diffusion coefficients. Steady-state anisotropy measurements are then
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insufficient for fully characterizing rotational motions and time-resolved experiments

are required.

7.3.3. Experimental causes of depolarization

Light scattering, reabsorption and misalignment of the polarizers are three
experimental problems on anisotropy measurements that depend only on the optical
conditions of the experiment, and do not provide useful information on the molecular
properties of the sample.

Biological samples, such as aqueous suspensions of membranes, are frequently turbid.
This turbidity can cause scattering of both the incident light and the emitted photons.
The scattered incident light can result in excitation, and the emitted photons can be
scattered prior to observation. The observed anisotropy is expected to decrease
linearly with the optical density due to turbidity. It is therefore advisable to investigate
the effect of turbidity for any sample which displays visible turbidity. This can be
accomplished by either actual dilution of the sample or using a cuvette with smaller
dimensions. If dilution does not change the anisotropy value, then there is unlikely to
be significant depolarization due to scattering.

A more serious effect of scattering is the possibility that scattered light reaches the
detector. This is particularly true for dilute solutions where the intensity is low and
scattering from the optics and sample can be significant. Since the scattered light will
be highly polarized (r=1.0), a small percentage of scattered light can result in
significant changes in the anisotropy (normally, the measured anisotropy increases
relative to its true value).

Reabsorption of emitted photons (radiative transfer) is another cause of depolarization
that occurs with fluorophores with large spectral overlap (e.g. fluorescein). It is difficult
to eliminate this effect since it occurs at lower concentrations than RET. Radiative
transfer is more efficient in depolarization than RET since a single radiative transfer
step results in an anisotropy loss of 28%, whereas a single RET step results in an
anisotropy loss for 4%’

Inefficiency of the polarizers can also result in a loss of anisotropy: for example, film

polarizers become less ideal at short wavelengths. Misalignment of the polarizers can
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also reduce the anisotropy, but the alignment can be easily checked and adjusted using
a dilute suspension of glycogen or colloidal silica in water (it is essential to use dilute
suspensions of the scatterer; otherwise multiple scattering events lead to decreased
values of polarization). The scattered light is 100% polarized, that is, r=1.0. To
accomplish alignment, the excitation polarizer is rotated to the approximate vertical
position. Precise vertical alignment is not necessary since the scattered light is
vertically polarized. The angular alignment of the emission polarizer is adjusted so that
the minimum intensity is observed. This is the horizontal position. Rotation of the
emission polarizer should now yield the maximum and minimum intensities when the
polarizer is at the vertical and horizontal stops, respectively. These adjustments should
be performed with the emission monochromator removed, or its wavelength chosen
for approximate equal transmission efficiencies for vertically and horizontally polarized
light. Otherwise, the polarizing properties of the emission monochromator could
interfere with the alignment. The wavelength selection for equal transmission
efficiencies can be accomplished using either horizontally polarized excitation, to
obtain Iyy=Iyy, or a sample whose emission is not polarized. Examples of such
solutions are 9-cyanoanthracene in the fluid solvent ethanol or [Ru(bpy)s]** in water®".
Alignment of the excitation polarizer is performed in a similar manner?’.

Finally, one should always examine a blank sample that scatters approximately the
same light as the sample. Background signals can be especially problematic for
anisotropy measurements. The background signal may be polarized if due to scattered
light, or unpolarized if due to low-molecular-weight impurities. Hence, background
signals can either increase or decrease the anisotropy. In order to correct for
background, it is necessary to measure the four individual intensities from the blank

sample, and subtract them from each respective intensity value.

7.4. Applications of fluorescence polarization
There are several fields concerned with the applications of fluorescence polarization.
For example, the study of DNA-fluorophore interactions in the field of molecular
biology; the determination of fluidity and order parameters; the determination of the
phase-transition temperature and the effect of additives such as cholesterol, in the

3,17

field of biological membranes™’. In this work, steady-state fluorescence anisotropy
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measurements were performed in order to evaluate the location and the behavior of
several new potential antitumoral fluorophores into lipid membranes (Chapter 5,

sections 5.1.,5.2., and 5.4.).
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My contribution to this article was the synthesis of the compounds (published in a
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Abstract Fluorescence properties of three potential anti-
tumoral compounds, a 3-(dibenzothien-4-yl)indole 1, a
phenylbenzothienoindole 2 and a 3-(dibenzofur-4-yl)indole
3, were studied in solution and in lipid aggregates of
dipalmitoyl phosphatidylcholine (DPPC), dioleoyl phos-
phatidylethanolamine (DOPE) and egg yolk phosphatidyl-
choline (Egg-PC). The 3-(dibenzofur-4-yljindole 3 exhibits
the higher fluorescence quantum yields in all solvents
studied (0.32 < $p < 0.51). All the compounds present a
solvent sensitive emission, with significant red shifts in
alcohols. The results point to an ICT character of the
excited state, more pronounced for compound 1. Fluores-
cence (steady-state) anisotropy measurements of the com-
pounds incorporated in lipid aggregates of DPPC, DOPE
and Egg-PC indicate that the three compounds are deeply
located in the lipid bilayer, feeling the difference between
the rigid gel phase and fluid phases.

Keywords Heteroaryl and heteroannulated indoles - Lipid
membranes - Fluorescence anisotropy
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Introduction

For some years now our research group has synthesized a
large variety of new fluorescent planar heteroaromatic
compounds from dehydroamino acid derivatives, using
metal-mediated reactions [1-3] and some of them were
shown to be DNA intercalators [3].

Studies of incorporation in lipid vesicles using fluores-
cence techniques were also performed with biological active
tetracyclic planar compounds derivatives of benzo[b]thio-
phenes and pyridines, a benzothienopyndopyrimidone [4]
and a thieno-d-carboline [5], prepared by us. These studies
are very useful for controlled drug release assays.

More recently, some of us have described the synthesis of
new heteroaryl and heteroannulated indoles from dehydro-
phenylalanines, a methyl 3-(dibenzothien-4-yl)indole-2-
carboxylate 1, a methyl 1-phenyl-3H-benzothieno[2,3-¢]
indole-2-carboxylate 2, a methyl 3-(dibenzofur-4-yl)indole-
2-carboxylate 3 and a methyl 1-phenyl-3H-benzofurof2,3-¢]
indole-2-carboxylate. Compounds 1-3 (Fig. 1) were evaluat-
ed for their capacity to inhibit the in vitro growth of three
human tumor cell lines, MCF-7 (breast adenocarcinoma),
NCI-H460 (non-small cell lung cancer) and SF-268 (CNS
cancer). The indolic compounds 1 and 3 gave the best anti-
proliferative results but compound 1 was shown to be the
maost potent with Glsg (50% of cell growth inhibition) values
ranging from 11-17uM in all cell lines studied [6].

These results suggested us to perform fluorescence
studies of incorporation of compounds 1-3 in lipid
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Fig. 1 Stucture of heteroary- H

lindoles 1 and 3 and heteroan- N
nulated indole 2 O / COOCH 3

YD O O

membranes. The photophysical properties in solution and in
lipid aggregates of neutral phospholipid components of
biological membranes, DPPC (dipalmitoyl phosphatidyl-
choline), DOPE (dioleoyl phosphatidylethanolamine) and
Egg-PC (egg yolk phosphatidylcholine) were studied.
Fluorescence (steady-state) anisotropy measurements were
also performed to obtain further information about the
behavior of the compounds in lipid membranes.

Experimental

Materials and methods

All the solutions were prepared using spectroscopic
grade solvents and ultrapure water (Milli-Q grade). 1,2
Dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), 1,2-
Dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE) and
1,2-Diacyl-sn-glycero-3-phosphocholine from egg yolk
(Egg-PC) were purchased from Sigma-Aldrich (lipid
structures are shown below).

?
\g/\,o'g
4

,.«ia

Ry, R; = fatty acid residues

For DOPE and Egg-PC membranes preparation, defined
volumes of stock solutions of lipid (26.9 mM for DOPE
and 34.5 mM for Egg-PC) and compound (0.235 mM for 1,
0.229 mM for 2 and 0.282 mM for 3) in cthanol were
injected together, under vigorous stirring, to an aqueous
buffer solution (10 mM Tris, 1 mM EDTA, pH = 7.4), at
room temperature, A similar procedure was adopted for
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COOCH,3

H H

N N

O )—COOCH, 0 p

G0
3

DPPC vesicles, but the injection of the required amounts of
stock solutions of lipid (50 mM) and compounds 1, 2 or 3
in ethanol was done at 60°C, well above the melting
transition temperature of DPPC (ca. 41°C) [7]. In all cases,
the final lipid concentration was 1 mM, with compounds 1,
2 or 3lipid molar ratio of 1:500.

Spectroscopic measurements

Absorption spectra were recorded in a Shimadzu UV-
3101PC UV-Vis-NIR spectrophotometer. Fluorescence
measurements were performed using a Spex Fluorolog 3
spectrofluorimeter, equipped with double monochromators
in both excitation and emission and a temperature con-
trolled cuvette holder. Fluorescence spectra were corrected
for the instrumental response of the system. An excitation
wavelength of 325 nm was used, near the lowest energy
maximum (or shoulder) in the absorption spectrum of the
compounds in all solvents studied.

For fluorescence quantum yield determination, the
solutions were previously bubbled for 20 minutes with
ultrapure nitrogen. The fluorescence quantum yields ($,)
were determined using the standard method (eq. 1) [8, 9].
9,10-diphenylanthracene in ethanol was used as reference,
®, = 095 [10].

,F,n,

® = AFn?

(1)

where A is the absorbance at the excitation wavelength, F
the integrated emission area and » the refraction index of
the solvents used. Subscripts refer to the reference (r) or
sample (s) compound.

Results and discussion

Photophysical properties of compounds 1, 2 and 3
in solution

The absorption and fluorescence properties of the 3-
(dibenzothien-4-yl)indole 1, the phenylbenzothienoindole
2 and the 3-(dibenzofur-4-yl)indole 3 were studied in
several solvents. The maximum absorption (A, and
emission wavelengths (A.,), molar extinction coefficients
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(¢) and fluorescence quantum yields (®y) of the three
compounds are presented in Table 1. The normalized
fluorescence spectra of compounds 1, 2 and 3 are shown
in Figs. 2, 3 and 4, respectively. Examples of absorption
spectra are displayed as insets.

The ncar-ultraviolet absorption of indole and their
dcnvanvcs has been attributed to two strongly overlapping
X transitions [11-13], with an average ¢ value for
unsubstituted indole of 5550M ' cm ', which also justifies
its relatively high fluorescence quantum yield [14]. All the
indole derivatives 1-3 have also a carboxylate group and it
is known that many carbonyl compounds exhibit low
fluorescence quantum yields due to the low-lying n — x
state. In these new indole derivatives, it lS possible that the
clectronic transitions 7 — & and n — 7z can be nearby in
energy, resulting in state-mixing [15). A predominance of
P charactcr could explain the relatively high ¢ values
(e>9x10°M ' ecm ") for compounds 1-3 (Table 1).

In emission spectra, a significant red shift can be observed
from cyclohexane to more polar solvents (38 nm for
compound 1, 47 nm for compound 2, 26 nm for compound
3, from cyclohexane to methanol). In the absorption spectra,
the red shifts are negligible for the three compounds
(Table 1), indicating that solvent relaxation after photoexci-
tation plays an important role.

In polar solvents, a strong band enlargement and complete
absence of vibrational structure is also observed (Figs. 2, 3
and 4), which is usually related to an intramolecular charge
transfer (ICT) mechanism and/or to specific solvent effects
[16]. This behavior was alrcady observed in other indole

Fluorescence intensity (a.u.)

Fig. 2 Normalized fluorescence (at peak of maximum emission)
spectra of 3%10°° M solutions of 3-(dibenzothien-4-yl)indole 1 in
several solvents (A, =325 nm). Inset: Absorption spectrum of a 2x
10" M solution of 1 in dichloromethane, as an example

derivatives previously obtained by us, namely the methyl 3-
arylindole-2-carboxylates [2] and the 1-heteroaryl-3//-
benzothieno or benzofuroindole-2-carboxylates [3].

Solvatochromic shifts caused by general (not specific)
solvent effects are often described by the Lippert-Mataga
¢q. (2). which relates the energy difference between
absorption and emission maxima to the orientation polar-
izability, [16, 17]

1 244

e ——Af + const (2)

Vans — Vg =

Table 1 Maximum absorption (A,,) and emission wavelengths (A, ), molar extinction coefficients (£) and fluorescence quantum yields ($) for

compounds 1, 2 and 3 in several solvents

Solvent Aas/nm (M ' ecm™) Aee/IIM by !
1 2 3 1 2 3 1 2 3
Cyclohexane 325 sh (9.04%10%) 321(1.21 <10%
200 (2.45%10% 285 (2.81x10%) 200 (2.74x10% 380 382 372 0417 0.2 051
240 (6.50%10°%) 257 (3.28x10% 226 (4.62x10%)
Dichloromethane 324 sk (927x10") 322 (1.54x10%)
201(2.14%10%) 287(3.92x10%) 291 (2.42x10% 398 399 381 0.10 008 032
234 (6.39%10%) 257 (4.08x10%) 227(4.46%10%)
Dimethylformamide 325 sh (1.10x10%) 322 (1.51x10%) 290 (3.10%10%)"
290 (2.21 % 10%)° 288(_4.08% 104" 399 400 384 045 017 046
Dimethylsulfoxide 325 sh (1.0S=10%) 323 (1.61x10%
201 (2.09x10%" 289 (4.91 x10%° 202 2712105 400 402 390 005 009 049
Ethanol 325 sh (1.07x10Y 323 (1.61x10%)
290 (2.21x10% 287 (4.70%10% 290 (2.76x10%) 408 420 393 014 002 047
233 (6.94%10%) 257 (4.39x10% 225 (4.96%10%)
Methanol 324 5h (995%10%) 323 (1.41x10%
289 (2.13x10%) 285 (4.25x10% 290 (2.59x10%) 418 429 398 045 012 042
233 (6.68x 10" 255 (3.99x10%
* Relative to 9,10-diphenylanthracene in ethanol ($,=0.95 [12]).
" Solvents cut-off: Dimethylformamide: 275 nm; Dimethylsulfoxide: 270 nm. sh: shoulder.
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Fig. 3 Nomalized fluorescence (at peak of maximum emission)
spectra of 3x107° M solutions of phenylbenzothienoindole 2 in
several solvents (A, =325 nm). Insct: Absorption spectrum of a 2x
10* M solution of 2 in dichloromethane, as an example

where Vi, is the wavenumber of maximum absorption, vy
is the wavenumber of maximum emission, Ap = g, is
the difference in the dipole moment of solute molecule
between excited (1t.) and ground () states, R is the cavity
radius (considering the fluorophore a point dipole at the
center of a spherical cavity immersed in the homogeneous
solvent), and 4Af is the orientation polarizability given by
(eq. 3):

. Ee==] n -1

T 24+1 2041

where ¢ is the static dielectric constant and » the refractive
index of the solvent.

af (3)

Fluorescence intensity (a.u.)

Fig. 4 Nomalized fluorescence (at peak of maximum emission)
spectra of 3x107° M solutions of 3<(dibenzofur<4-yljindole 3 in
several solvents (Ag =325 nm). Inset: Absorption spectrum of a 2x
10* M solution of 3 in dichloromethane, as an example
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The Lippert-Mataga plot for compounds 1-3, shown in
Fig. 5, is reasonably lincar in non-protic solvents, alcohols
exhibiting large positive deviations, especially for the
heteroannulated indole 2.

This behavior in alcohols can be due to specific solute-
solvent interactions by hydrogen bonds. as all the three
compounds have the capability of hydrogen bonding forma-
tion through the NH group (donor) and the ester group
(acceptor). The S atom of the thiophene ring (for compounds 1
and 2) and the oxygen atom of the furan ring (in the case of
compound 3) can also act as H-bond acceptors.

From ab initio molecular quantum chemistry calcula-
tions, the cavity radius (R) and the ground state dipole
moment (p,) were determined for the three compounds
(Table 2), through an optimized structure provided by
GAMESS software [19], using a 3-21G(d) basis set [20]
(Fig. 6). The optimized geometry of compound 2 shows
that this molecule is almost completely planar, with the
phenyl ring slightly out of the plane of the benzothienoin-
dole tetracyclic moiety. On the contrary, the indole ring on
compounds 1 and 3 is roughly perpendicular to the
dibenzothiophene moiety (compound 1) or the dibenzofu-
ran moiety (compound 3).

The excited state dipole moments, estimated from the
Lippert-Mataga plots, are displayed in Table 2. The g
values of the three molecules point to the presence of an
intramolecular charge transfer (ICT) mechanism, more
important for compound 1. Twisted intramolecular charge
transfer states (TICT) usually exhibit significantly higher
excited state dipole moments (= 20 D) [21] than those here
obtained.

Figure 7 reports the HOMO and LUMO wavefunctions
of the three compounds. For compound 2, the HOMO-
LUMO transition exhibits a charge transfer from the

10000
O comp mnd'dz O
L_O_compound3 | )
.......... ,0-. -
m S oo O
5 & st m
| _
1> ‘
‘m | [’ e Am‘r'—
e
@-—""
o o " "

Fig. 5 Lippen-Mataga plots for compounds 1, 2 and 3: A:
cyclohexane; B: dichloromethane; C: N N-dimethylformamide; D:
dimethylsulfoxide; E: ethanol; F: methanol (values of ¢ and n were
obtained from ref, [18])
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Table 2 Cavity radius (R) and ground state dipole moments (j1,), cbtained from theoretical calculations, and excited state dipole moments (u,)

caleulated from the Lippert-Mataga plots

Cavity radius, & Ground state dipole

Excited state dipole

Co und
o (A) moment, |1, (D) moment, L, (D)
H
N
Q Q 7.0 1.9 14.6
1
3-(dibenzothien-4-yljindole
H
N
O OOCHs
Q < Q 6.4 1.4 11.8
phenylbenzothienoindole
6.6 2.6 12.3

3-(dibenzofur-4-yljindole

benzothienoindole moiety to the carboxylate group, the S
atom having no electronic density at the LUMO. In case of
compound 3, both ground and excited state electronic
distributions are mainly localized at the indole moiety and
the carbonyl group. The HOMO-LUMO transition shows a
charge transfer from the indole ring to the carbonyl group

of the ester, the dibenzofuran moiety having no contribution
to this transition. However, for compound 1, the electronic
density of HOMO is localized at the dibenzothiophene
moiety and moves completely to the indole ring and to the
carboxylate group upon the HOMO-LUMO transition. This
justifies the higher excited state dipole moment obtained for

3-{dbenzothien-4-y)indole 1

phenylbenzothienoindole 2

3-{dbenzotur-4-yl)indole 3

Fig. 6 Optimized structures of heteroarylindoles 1 and 3 and hetercannulated indole 2 {obtzined by GAMESS software), with indication of S, N

and O atoms
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Fig. 7 HOMO and LUMO
electronic wavefunctions of het-
eroarylindoles 1 and 3 and het-
eroannulated indole 2

this compound and indicates a strong influence of the S
heteroatom in the dibenzothiophene system when compared
to the O in the dibenzofuran moiety of compound 3.
Compound 3 presents good fluorescence quantum yields
in all solvents (P = 0.32, Table 1), while for compounds 1
and 2, the values are relatively low (@ < 0.17). The
decrease in fluorescence quantum yields observed for the
latter compounds is justified by the presence of the S atom
in the thiophene ring, which can promote the intersystem
crossing process by enhancement of spin-orbit coupling
interaction [13, 16], as observed for other indole derivatives
[2, 3]. The expected formation of hydrogen bonds between
these compounds and protic solvents does not cause a
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3-(dibenzofur-4-yl)indole 3

decrease (or even an increase) of @y values in alcohols
(Table 1), in contrast to what was observed for other indoles
obtained by us [2].

Interaction of compounds 1, 2 and 3 with lipid membranes

Due to their promising antitumoral activity [6], photo-
physical studies of indoles 1-3 incorporated in lipid
membranes were also performed. These studies are impor-
tant to evaluate the interaction of the compounds with lipid
membranes. It is also important to assess the localization of
the compounds in lipid vesicles, pointing to drug delivery
applications using liposomes.
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Different types of phospholipid molecules, DPPC, Egg-
PC and DOPE, were used for vesicle preparation. It is
known that at room temperature, DPPC (16:0 PC) is in the
ordered gel phase, where the hydrocarbon chains are fully
extended and closely packed. Above the melting transition
temperature, T, = 41°C [7], DPPC attains the disordered
liquid-crystalline phase. DOPE (18:1 PE) has a very low
melting transition temperature (T,,, = —16 °C [22]) and
presents a lamellar bilayer to inverse hexagonal (L.-Hy)
phase transition at 3.3 °C [23]. Finally, Egg-PC is a natural
phospholipid mixture, where all molecules have the same
polar head group (phosphatidylcholine) but several hydro-
carbon chains, differing in length and degree of unsatura-
tion. Egg-PC main components are 16:0 PC, 18:0 PC and
18:1 PC [24]. Therefore, at room temperature, Egg-PC is in
the fluid liquid-crystalline phase.

The emission spectra of compounds 1-3 in lipid mem-
branes are displayed in Figs. 8, 9 and 10. The maximum
emission wavelengths (Table 3) of the three compounds
indicate a environment of moderate polarity, slightly more
polar for compound 3 (vd. Table 1). A small blue shift
(1-3 nm) is observed for all compounds in DPPC at the rigid
gel phase (at 25 °C) relative to the emission in lipids at fluid
phases.

In homogencous solution, the effect of increasing
temperature in the fluorescence of these indolic compounds
is a ~20-30% reduction and a very small blue shift
(2-3 nm) between 25 °C and 55 °C. The insets of Figs. 8,
9 and 10 show the emission spectra in cyclohexane and
cthanol at 55 °C, where it can also be seen that the spectral
shape is roughly the same observed at 25 °C.

The red-shifted emission of compounds 1-3 observed in
lipid membranes at fluid phases (DOPE and Egg-PC at

Compound 1 gi- dolm,  osias Cyhex (55 °C)
Pt 2 X K L1004 (35 C)
- - 5
= E 0 A R
3 ! : 5 \‘.
g T \ \
4 ) \
@ / Y \
c /
8 by o
& olad L PRI P
350 400 450 500
2 (nm)
\.
w
0
350 400 450 500 550
A (nm)

Fig. 8 Nomalized fluorescence spectra of 3-(dibenzothien-4-yl)
indole 1 in lipid membranes of DOPE, Egg-PC and DPPC (A~
325 nm). Insct: Normalized fluorescence spectra of compound 1 in
cyclohexane (Cyhex) and ethanol (EtOH) at 55 °C

Fluorescence intensity (a.u.)

3% ) W0 %00 550

Fig. 9 Nommalized fluorescence spectra of phenylbenzothienoindole 2
in lipid membranes of DOPE, Egg-PC and DPPC (A...=325 nm).
Inset: Normalized fluorescence spectra of compound 2 in cyclohexane
(Cyhex) and ethanol (EtOH) at 55 °C

25 °C and DPPC at 55 °C) points to a higher penetration of
water molecules in the vesicle bilayer, as lipid hydrocarbon
chains are randomly oriented and fluid. However, it is also
possible that in fluid phases these indoles locate in a more
polar environment.

Fluorescence anisotropy measurements can give further
information about these molecules behavior in lipid
membranes. The steady-state fluorescence anisotropy, r, is
given by

N v — Glyy
Iy + 2G lvu

(4)

Fluorescence Intensity (a.u.)

A (nm)

Fig. 10 Nomalized fluorescence spectra of 3-(dibenzofur-4-yl)indole
3 in lipid membranes of DOPE, Egg-PC and DPPC (A =325 nm).
Inset: Normalized fluorescence spectra of compound 3 in cyclohexane
(Cyhex) and ethanol (E1OH) at 55 °C
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Table 3 Steady-state fluorescence anisotropy (r) values, fluorescence quantum yields and maximum emission wavelengths (A.,) of compounds
1, 2 and 3 in lipid membranes. Values in ethylene glycol at room temperature are also shown for comparison

Compound 1 Compound 2 Compound 3

A /oM Ot r Agy /nm oy " R A /DM Op " R
DPPC (25 °C) 397 0.08 0.162 400 0.08 0.038 387 0.26 0.181
DPPC (55 °C) 399 0.02 0.115 401 0.01 0.027 390 0.04 0.089
DOPE (25 °C) 399 0.09 0.091 401 0.08 0.013 391 0.27 0.062
Egg-PC (25 °C) 397 0.07 0.156 401 0.08 0.029 390 028 0.151
Ethylene glycol (25 °C) 422 0.09 0.116 434 0.08 0.022 400 031 0.097

* Relative to 9,10-diphenylanthracene in ethanol (P, = 0.95 [12]).

where /i and iy are the intensities of the emission spectra
obtained with vertical and horizontal polarization, respective-
ly (for vertically polanized excitation light), and G = Iy /lyn
is the instrument correction factor, where fypy and Jigy are the
emission intensities obtained with vertical and horizontal
polarization (for horizontally polarized excitation light).

Steady-state anisotropy relates to both the excited-state
lifetime and the rotational correlation time of the fluoro-
phore [25],

1 l( t)
—_———]—
r n Te

where 7 is the fundamental anisotropy, T is the excited-
state lifetime and 7. is the rotational correlation time.

The fluorescence steady-state anisotropies and fluores-
cence quantum yields of the three indoles in lipid
aggregates are shown in Table 3. Anisotropy and quantum
yield values in ethylene glycol at room temperature were
also determined for comparison. The small anisotropy value
obtained for compound 2 in this viscous solvent (Table 3)
points to a low fundamental anisotropy for this molecule.

For each compound, the fluorescence quantum yields are
similar in all lipid aggregates and in ethylene glycol at 25 °C.
Therefore, variations in fluorescence anisotropy values at this
temperature can be directly related to changes in the
rotational correlation time of the fluorophore and, thus, to
changes in the microviscosity of the surrounding medium of
the fluorescent molecule. It can be observed for all
compounds that » values in DPPC at gel phase (25 °C) and
in Egg-PC are higher than those obtained in ethylene glycol,
indicating that compounds 1-3 are deeply located in the lipid
bilayer. Indole 3 presents high anisotropy values in DPPC
gel phase and in Egg-PC, similar to those of compound 1,
despite the significantly higher fluorescence quantum yields,
pointing to an even deeper penetration of compound 3 in
these bilayers.

In DPPC at 55 °C, a significant fluorescence quenching
(Table 3) is observed for all compounds, as expected from
the increase of the non-radiative deactivation pathways at
higher temperatures. An increase of the steady-state

()
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anisotropy is predicted from a decrease of the excited-state
lifetime (equation 5). However, all compounds show a
significant decrease in anisotropy in DPPC at 55 °C
(Table 3), showing that these indoles detect the phospholipid
gel to liquid-crystalline phase transition and the associated
decrease of microviscosity. Anisotropies obtained in DPPC
fluid phase (55 °C) are roughly similar to the values in
ethylene glycol at 25 °C (Table 3). Compound 3 exhibits a
larger difference in anisotropy between the gel and the
liquid-crystalline phase of DPPC. It is possible that, upon
DPPC membrane fluidization, this compound locates in a
more hydrated environment, as indicated by the slightly
higher red shift in emission from the gel to the fluid phase
(Table 3).

The phospholipid DOPE, at room temperature, adopts
the inverse hexagonal phase, where the lipid molecules can
adopt inverse curvature at the interface, allowing the chains
to expand and at the same time reduce the headgroup area
at the interface [26]. The lower anisotropy values measured
in DOPE (Table 3) reflect the quite different geometry of
self-organized DOPE aggregates, through the mentioned
chain expansion. The emission spectra (Figs. 8, 9 and 10)
indicate that these indoles feel a very similar environment
in DOPE to that in DPPC at the liquid-crystalline phase.

Liposomes have been widely used to deliver anticancer
agents, in order to reduce the toxic effects of the drugs
when given alone or to increase the drug circulation time
and effectiveness [27]. Considering that compounds 1, 2
and 3 are mainly located near the phospholipid tails and
their antitumoral activity, previously shown [6], these
studies are promising to the incorporation of these indoles
in liposomes for controlled drug delivery systems.

Conclusions

The three potential antitumoral compounds studied, a 3-
(dibenzothien-4-yl)indole 1, a phenylbenzothienoindole 2
and a 3-(dibenzofur-4-yl)indole 3, show a solvent sensitive
fluorescence emission and reasonable fluorescence quan-
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tum yields in all solvents studied, compound 3 exhibiting
the higher ®y values. The estimated excited state dipole
moments point to an ICT character of the excited state,
more pronounced for compound 1, confirmed by molecular
quantum chemistry calculations.

Stwudies of the compounds incorporation in lipid aggre-
gates of DPPC, DOPE and Egg-PC revealed that the three
indolic compounds are deeply located in the lipid bilayer
and are able to report differences between the gel and
liquid-crystalline phases.

Considering the already proven anti-proliferative activity
of human tumor cell lines exhibited by these molecules, the
results obtained here show a promising utility of com-
pounds 1-3 as antitumoral drugs, with the possibility of
being transported in the hydrophobic region of liposomes.
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My contribution to this paper was the photophysical studies of the compounds in

several solvents and fluorescence measurements in liposomes.
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Abstract Fluorescence properties of four new potential
antitumoral compounds, 3-arylbenzothieno[2,3-¢]pyran-1-
ones, were studied in solution and in lipid membranes of
dipalmitoyl phosphatidylcholine (DPPC), egg yolk phos-
phatidylcholine (Egg-PC) and dioctadecyldimethylammonium
bromide (DODAB). The 3-{(4-methoxyphenyl)benzothieno
[23-c]pyran-1-one (I¢) exhibits the higher fluorescence
quantum yields in all solvents studied. All compounds present
a solvent sensitive emission, with significant red shifts in polar
solvents for the methoxylated compounds. The results point
an ICT character of the excited state, more pronounced for
compound 1c¢. Fluorescence (steady-state) anisotropy measure-
ments of the compounds incorporated in liposomes of DPPC,
DODAB and Egg-PC indicate that all compounds have two
different locations, one due to a deep penetration in the lipid
membrane and another comesponding to a more hydrated
environment. In general, the methoxylated compounds prefer
hydrated environments inside the liposomes. The 3-(4-
fluorophenyl)benzothieno[2,3-cJpyran-1-one (1a) clearly pre-
fers a hydrated environment, with some molecules located at
the outer part of the liposome interface. On the contrary, the
preferential location of 3+(2-fluorophenyljbenzothienof2,3-c)
pyran-1-one (1b) is in the region of lipid hydrophobic tails.
Compounds with a planar geometry (1a and 1¢) have higher
mobility in the lipid membranes when phase transition occurs.
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Abbreviations

DPPC Dipalmitoyl phosphatidylcholine
DODAB Dioctadecyldimethylammonium bromide
Egg-PC  Egg yolk phosphatidylcholine

PC Phosphatidylcholine

Introduction

Our research group has been interested in the synthesis and in
the photophysical behavior, in solution and in lipid membranes,
of novel heteroaromatic biological active compounds [1-3].

Recently, some of us have described the synthesis of new
3-(aryl)benzothienof 2 3-c]pyran-1-ones from 3-bromobenzo
[b]thiophene-2-carboxylic acid and different arylphenylace-
tylenes [4] (compounds 1a-c, Fig. 1). Compound 1d, with a
methoxy group in the orthe position relative to the pyranone
ring (Fig. 1) was synthesized in this work (Scheme 1) for
comparison, and the synthesis is described below.

Compounds 1a-¢ were evaluated for their capacity to
inhibit the in vitro growth of three human tumor cell lines,
MCF-7 (breast adenocarcinoma), NCI-H460 (non-small cell
lung cancer) and SF-268 (CNS cancer). Compound 1b was
shown to be the most potent agamst the three cell lines
tested, presenting low Glsg (the lowest concentration causing
50% of the cell growth inhibition after a continuous exposure
of 48 h) values (12-19 uM) [4].

These results suggested us to perform fluorescence studies
of compounds 1a-d incorporated in liposomes. The photo-
physical properties in solution and in lipid vesicles of DPPC
(dipalmitoyl phosphatidylcholine), Egg-PC (egg yolk phos-
phatidylcholine) and of the cationic lipid DODAB (diocta-
decyldimethylammonium bromide) were studied. The
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phospholipids DPPC and phosphatidylcholine (from egg
yolk) are neutral components of biological membranes,
while cationic liposomes based in DODAB have been used
as vehicles for DNA mansfection and drug delivery [5-7].
Fluorescence (steady-state) anisotropy measurements were
also performed to obtain further information about the
location of these compounds in lipid membranes.

Experimental
Synthesis

General The melting point (°C) was determined on a
SMP3 Stuart apparatus. 'H and "*C NMR spectra were
recorded on a Bruker Avance IT" at 400 and 100.6 MHz,
respectively. Chemical shifts (8) are given in ppm. MS (EI)
spectrum and HRMS on the M were recorded by the mass
spectrometry service of the University of Vigo, Spain.
Petroleum ether refers to the boiling range 40-60 °C.

3-(2-methoxyphenyl)benzothienof2,3-c[pyran-I1-one (1d) 3-
Bromo-benzo[ b]thiophene-2-carboxylic acid (100 mg,
0.390 mmol), 2-methoxyphenylacetylene (1.2 equiv.)
PACL(PPh;), (5 mol%), Cul (3 mol%), and NEt; (3 equiv.)
were added under argon to dry DMF (2 mL) in a dry
Schlenk tube and the mixture was heated for 2 h at 100 °C.
After cooling, water (5 mL) and ethyl acetate (5 mL) were
added and the phases were separated. The agueous phase

was then extracted with more ethyl acetate (325 mL) and
the organic phases were collected, dried (MgSOs) and
filtered. The solvent removal gave a solid which was
crystallized from CH,Cly/petroleum ether affording 1d as a
beige solid (95 mg, 80%), m.p. 191-193 °C. 'H-NMR
(400 MHz, DMSO-d;) 8 3.98 (3H, s, OMe), 7.11-7.15 (1H,
m, ArH), 7.23-7.25 (1H, m, ArH), 7.48-7.53 (1H, m,
ArH), 7.62-7.66 (1H, m, ArH), 7.70-7.74 (1H, m, ArH),
7.80-7.83 (1H, m, ArH), 7.99(1H. s,4-H), 8.21-8.24 (1H, m,
ArH), 8.43-8.45 (1H, m, ArH) ppm. ""C-NMR (100.6 MHz,
DMSO-dg) & 55.30 (OCH;), 101.83 (CH), 112.26 (CH),
120.02 (C), 120.73 (CH), 121.20 (C), 123.92 (CH), 124.69
(CH), 125.79 (CH), 128.63 (CH), 129.61 (CH), 131.69
(CH), 134.10 (C), 14246 (C), 144.07 (C), 154.26 (C),
157.06 (C), 158.08 (C) ppm. MS (EI): m'z 308 (M", 100),
280 (M'-28, 59). HRMS M" cale. for C,gH,,0,S: 308.0507,
found: 308.0508.

Spectroscopic studies
Materials and methods

All the solutions were prepared using spectroscopic grade
solvents and ultrapure water (Milli-Q grade). 1,2-Dipalmitoyl-
sn-glycero-3-phosphocholine (DPPC) and 1,2-Diacyl-sn-
glycero-3-phosphocholine from egg yolk (Egg-PC), from
Sigma-Aldrich, and dioctadecyldimethylammonium bromide
(DODAB), from Tokyo Kasei, were used as received (lipid
structures are shown below).
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Fig. 7 Fit of compound 1a in
DODAB gel phase (25 °C). A
Iy component and fitted curve;
B Gy component and fitted
curve; C Recovered spectral
components from the fitting
procedure; D Fluorescence
steady-state anisotropy and
recovered curve (calculated
from the recovered components)

emission wavelength (%), corresponding to compound
molecules located deeper in the lipid membrane, and
another corresponding to a more hydrated environment
(higher emission wavelength, A,, and lower anisotropy, ).
The fraction of the first component, £, (corresponding to the
fraction of spectral area), is also presented. In general, the
microviscosity decreases from the interface to the interior
of the membrane [26, 27], with a more pronounced
variation when the membrane is in the liquid-crystalline
phase [27]. Thus, the recovered anisotropy values for the

Fig. 8 Fit of compound 1d

in DODAB gel phase (25 °C).
A /v component and fitted
curve; B Gl component and
fitted curve; C Recovered
spectral components from the
fitting procedure; D Fluores-
cence steady-state anisotropy
and recovered curve (calculated
from the recovered components)
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two compound locations are in opposite direction to that
given by the spectral band positions. This can be explained
by the observed increase in the fluorescence quantum yield
with solvent polarity (Table 1). The absorption spectra
exhibit a very low dependence on solvent polarity (insets of
Fig. 2). From the Strickler-Berg relation [18, 28], it can be
concluded that the radiative lifetime, T, is mainly invariant
with polarity. Therefore, a higher ¥y value results from an
increase of the excited-state lifetime. This, in turn, contributes
to a decrease in fluorescence anisotropy. as the excited
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Table 4 Steady-state fluorescence anisotropy (#) of the two anisotropy components, weights of the first component (f; ) and respective maximum emission wavelengths (4, ) for compounds la-d

in lipid membranes

Compound 1d

Compound 1¢

Compound 1b

Compound 1a

%3 (nm)

n

r %y (nm)

A (nm) f)

n Ay (nm) 1

hy (nm) f

I

n &y (nm)

% (nm) £

by (om) 1

ry

446

0.177
0.175
0.194
0.163
0.228

417
413

420

0.19 0.230
0.18 0.238
020 0.250

021

455

0.188
0.173

425
439

429

0.27 0260
047 0278
037 0256
0.50 0231

031

2

440

0.231

414
0.187

038 0.147 422 0054 448 058 0256
417 0.022 0.5

0.08 0.146

DPPC (25 °C)
DPPC (55 °C)

442

456

439 1 0219 406
410

439
439

447

0.164 463

0.132
0238

0,190 44

0.58 0248
0.60 0222
054 0247

0.057

422
419

417

DODAB (25 °C) 042 0.287

444

442

422
420

0221

464

455

440

0.109 440

0.229

409
414

0.029

DODAB (55 °C) 0.13 0.128

032 0250

424

0.258

440

440

0.06 0.130 0.014

Egg-PC (25 °C)

compound has more time to rotate leading to a depolarization
of its fluorescence.

Compound la locates mainly in a very hydrated
environment (A; values higher than 4., observed in
methanol), while compound 1b preferential location is
deeper inside the lipid membrane, as the component with
lower maximum emission wavelength (406-414 nm) is
dommnant (f;>0.50). For compounds 1a and 1b, similar
environments (as nferred from the maximum emission
wavelengths) show very distinct anisotropy values for
component 2 (Table 4), r, value being especially low for
compound la. The different geometry (vd. Fig. 4) of both
compounds cannot explain this distinct behavior, as com-
pounds l¢ and 1d which have also different geometries do
not show similar varations in anisotropy values. This
peculiar behavior of compound 1a indicates that some of its
molecules locate at the outer part of the liposome interface,
with a fluidity approaching that of water.

Upon transition from the gel (25 °C) to the liquid-
crystalline (55 °C) phase (for DPPC and DODAB),
compound la relocates to a more hydrated environment,
as the f; value strongly decreases. The opposite seems to
happen for compound 1¢, where £} clearly increases at 55 °C,
Therefore, compounds with a planar geometry (1a and 1c)
have higher mobility in the lipid vesicles when phase transition
occurs.

Liposomes have been widely used to deliver anticancer
agents, in order to reduce the toxic effects of the drugs or to
increase the drug circulation time and effectiveness [29]. The
studies described here are imponant for the incorporation of
the new potential antitumoral benzothienopyran-1-ones in
liposomes for future controlled drug delivery applications.

Conclusions

The four new potential antitumoral compounds, 3-
arylbenzothieno[2,3-c]pyran-1-ones, show a solvent sensitive
emission, with significant red shifts in polar solvents for the
methoxylated compounds. Compound 1¢ exhibits the higher
fluorescence quantum yields in all solvents studied. The
estimated excited state dipole moments point to an ICT
character of the excited state, more pronounced for compound
1¢, confirmed by molecular quantum chemistry calculations.

Photophysical studies of the compounds incorporated in
liposomes of DPPC, DODAB and Egg-PC indicate that all
the compounds exhibit two different locations, one due to a
deep penetration in the lipid membrane and other
corresponding to a more hydrated environment. Com-
pounds with a planar geometry (1a and 1c) have higher
mobility in the lipid vesicles when phase transition occurs.

Considering the already tested anti-proliferative activity
of human tumor cell lines exhibited by these molecules, the
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results obtained here are important for future drug delivery
applications using liposomes.
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My contribution to this paper was the photophysical studies in several solvents,
fluorescence and DLS measurements of the compounds encapsulated in
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New potential antitumoral fluorescent tetracyclic
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Abstract

Fluorescence properties of two new potential antitumoral tetracyclic thieno[3.2-b]pyridine derivatives were studied
in solution and in liposomes of DPPC (dipalmitoyl phosphatidylcholine), egg lecithin {phosphatidylchaline from
eqg yolk; Egg-PC) and DODAB (dioctadecykdimethylammonium bromide). Compound 1, pyrido[2',3"3,2]thienol4,5-d]
pyrido[1,2-alpyrimidin-6-one, exhibits reasonably high fluorescence quantum yields in all solvents studied (0.20 <
®¢ < 0.30), while for compound 2, 3-[(p-methoxyphenylethynyllpyrido[2’,3":3,2lthienol4,5-dlpyridol1,2-alpyrimidin-6-
one, the values are much lower (0.01 < ®¢ < 0.05). The interaction of these compounds with salmon sperm DNA
was studied using spectroscopic methods, allowing the determination of intrinsic binding constants, K = (8.7 + 0.9)
x 10° M for compound 1 and K = (59 + 0.6) x 10° M " for 2, and binding site sizesof n=11+3andn=7+ 2
base pairs, respectively. Compound 2 is the most intercalative compound in salmon sperm DNA (35%), while for
compound 1 only 11% of the molecules are intercalated. Studies of incorporation of both compounds in
liposomes of DPPC, Egg-PC and DODAB revealed that compound 2 is mainly located in the hydrophobic region of

the lipid bilayer, while compound 1 prefers a hydrated and fluid environment.

Introduction

Liposomes are among technological delivery develop-
ments for chemotherapeutic drugs in the treatment of
cancer. This technique can potentially overcome many
common pharmacologic problems, such as those invol-
ving solubility, pharmacokinetics, in vivo stability and
toxicity [1-3]. Liposomes are closed spherical vesicles
consisting of a lipid bilayer that encapsulates an aqueous
phase in which hydrophilic drugs can be stored, while
water insoluble compounds can be incorporated in the
hydrophobic region of the lipid bilayer [4].

In this work, two new potential antitumoral fluorescent
planar tetracyclic thieno[3,2-b]pyridine derivatives 1 and 2
(Figure 1), previously synthesized by some of us [5], were
encapsulated in liposomes of DPPC (dipalmitoyl phospha-
tidylcholine), egg lecithin (phosphatidylcholine from egg
yolk) and DODAB (dioctadecyldimethylammonium

* Correspondence: ecoutinho@iisicauminhapt

'Centre of Physics (CFUM), University of Minho, Campus de Gualtar, Braga,
4704057, Porugal

Full st of author information Is available at the end of the anticle
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SpringerOpen?

bromide). DPPC and egg lecithin [egg yolk phosphatidyl-
choline (Egg-PC)] are neutral components of biological
membranes, while cationic liposomes based on the syn-
thetic lipid DODAB have been used as vehicles for DNA
transfection and drug delivery [6]. These studies are
important keeping in mind future drug delivery applica-
tions using these compounds as anticancer drugs.

Due to the antitumoral potential of the two com-
pounds 1 and 2, related with their possible intercalation
between the DNA base pairs, interactions with natural
double-stranded salmon sperm DNA were studied.
These interactions can be assessed using spectroscopic
measurements, which are important tools for monitor-
ing DNA-binding processes. The investigation based on
DNA interactions has a key importance in order to
understand the mechanisms of action of antitumor and
antiviral drugs and to design new DNA-targeted drugs
[7,8]. Small molecules are stabilized on groove binding
and intercalation with DNA through a series of associa-
tive interactions such as n-stacking, hydrogen bonding,
attractive van der Waals and hydrophobic interactions

icengee Springer. This is 3n Open Access article distributed under the terrmas of the Creative Commons
vecommons.ceglicenses/by/20), which permits urvestricted use, distibution, and reproduction in
ary medium, provided the original work is properly dted
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Figure 1 Structure of the compounds 1 and 2.

o

[8]. The occurrence of intercalation seems to be an
essential (but not sufficient) step for antitumoral activity
[7]. Fluorescence quenching experiments using external
quenchers are also very useful to distinguish between
DNA binding modes [9] since intercalated molecules are
less accessible to anionic quenchers due to electrostatic
repulsion with negatively charged DNA [10].

Experimental

Salmon sperm DNA from Invitrogen (Carlsbad, CA,
USA) and compounds stock solutions were prepared in
10 mM Tris-HCI buffer (pH = 7.4), with 1 mM EDTA.
The DNA concentration in number of bases was deter-
mined from the molar absorption coefficient, & = 6600
M™? em™ at 260 nm [11]. Fluorescence spectra of several
solutions with different [DNA]/[compound] ratios and
constant compound concentration (5 x 10°° M) were
recorded. The solutions were left several hours to
stabilize.

Dipalmitoyl phosphatidylcholine (DPPC), egg yolk
phosphatidylcholine (Egg-PC), from Sigma-Aldrich (St.
Louis, Missouri, USA), and dioctadecyldimethylammo-
nium bromide (DODAB), from Tokyo Kasei (Tokyo,
Japan), were used as received. Liposomes were prepared
by the ethanolic injection method, previously used for
the preparation of Egg-PC and DPPC liposomes [12-15]
and DODAB vesicles [16,17]. An ethanolic solution of a
lipid/compound mixture was injected in an aqueous
buffer solution under vigorous stirring, above the melt-
ing transition temperature of the lipid (approx. 41°C for
DPPC [18] and 45°C for DODAB [19]). The final lipid
concentration was 1 mM, with a compound/lipid molar
ratio of 1:500. One millilitre solutions of liposome dis-
persions were placed in 3 mL disposable polystyrene
cuvettes for dynamic light scattering (DLS) measure-
ments in a Malvern ZetaSizer Nano ZS particle analyzer
(Worcestershire, UK). Five independent measurements
were performed for each sample. Malvern Dispersion
Technology Software (DTS) (Worcestershire, UK) was
used with multiple narrow mode (high resolution) data
processing, and mean size (nm) and error values were
considered.

Absorption spectra were recorded in a Shimadzu UV-
3101PC UV-Vis-NIR spectrophotometer (Kyoto, Japan)
and fluorescence measurements were obtained in a
Fluorolog 3 spectrofluorimeter (HORIBA Scientific,
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Kyoto, Japan) equipped with Glan-Thompson polarizers.
Fluorescence spectra were corrected for the instrumen-
tal response of the system. The fluorescence quantum
yields were determined by the standard method [20,21],
using 9,10-diphenylanthracene in ethanol as reference,
@, = 0.95 [22]. The solutions were previously bubbled
for 20 min with ultrapure nitrogen.

Results and discussion

The size and size distribution of the liposomes prepared
was obtained by DLS. All the liposomes have a mean
hydrodynamic radius lower than 150 nm and generally
low polydispersity. For Egg-PC and DODAB liposomes,
the size distributions are bimodals and broader than for
DPPC liposomes, the Egg-PC being the more polydis-
perse (Figure 2). The ethanolic injection method was
described to produce phospholipid small unilamellar
vesicles (SV) [12-15). Accordingly, DPPC and Egg-PC
liposomes obtained here are in this category, with a
mean diameter of around 90 nm for DPPC and 50 nm
for Egg-PC. DODAB liposomes exhibit a significantly
larger mean diameter (around 270 nm) than the phos-
pholipid ones. The size of DODAB vesicles strongly
depends on the preparation method, sonication and
ethanolic injection giving small DODAB vesicles
[17,23,24], while injection using chloroform yielded
large DODAB vesicles [16]. Besides, spontaneously pre-
pared DODAB liposomes have a much larger size
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Figure 2 Size distributions obtained by dynamic light
scattering (DLS) for DPPC, Egg-PC and DODAB lipesomes

prepared by the ethanolic injection method.
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(hydrodynamic radius around 337 nm [25]), being con-
sidered giant unilamellar vesicles (GUV). The DODAB
liposomes mean diameter obtained here {(ca. 270 nm)
compares well with the reported value of 249 nm for
DODAEB SV [16]. In all samples, no experimental evi-
dence of the presence of open bilayer fragments (dia-
meter lower than 10 nm [17]) was obtained (Figure 2).
The absorption and fluorescence properties of com-
pounds 1 and 2 were studied in several solvents (Table
1). The normalized fluorescence spectra of compounds
1 and 2 are shown in Figures 3 and 4. The fluores-
cence emission maximum of both compounds displays
a loss of vibrational structure in polar solvents
together with a small red shift (Figures 3 and 4), indi-
cating some charge transfer character of the excited
state [26]. The red shifts are more significant for com-
pound 2 (Table 1), which may be due to a higher cap-
ability of this compound to establish hydrogen bonds
with protic solvents (especially with water), due to the
presence of the OCH; group. Compound 1 has signifi-
cantly higher fluorescence quantum yields (between 20
and 30%) than compound 2 (®; between 1 and 5%),
showing that the functionalization of the pyridine ring
with a triple bond linked to a p-methoxyphenyl group
causes a significant enhance of the non-radiative deac-
tivation pathways. The fluorescence quantum yields of
compound 1 are also higher than the ones of a benzo
[B]thiophene derivative of the same type, a benzothie-
nopyridopyrimidone [27], in which the benzene ring
linked to the thiophene is substituted in compound 1
by a pyridine ring. The intrinsic fluorescence of
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compounds 1 and 2 can be used to monitor interac-
tions with DNA and compounds behaviour when
encapsulated in liposomes.

Both compounds 1 and 2 were tested for their interac-
tion with natural salmon sperm DNA using spectro-
scopic methods. For compound 1, fluorescence intensity
decreases with increasing DNA concentration, while the
opposite happens for compound 2 (Figures 5 and 6).
This behaviour, also previously observed for differently
substituted tetracyclic lactams [28], may indicate a dif-
ferent type of interaction of both compounds with the
DNA molecule. For the two compounds, full saturation
(corresponding to spectral invariance with increasing
DNA concentration) is attained at [DNA]/[compound]
= 200, meaning that total binding is achieved at this
ratio. The high [DNA]/[compound]| ratio needed for
total binding, together with the negligible changes
observed in absorption spectra (not shown), point to a
weak interaction of these molecules with the nucleic
acid.

The intrinsic binding constants (K;) and binding site
sizes (1) were determined (Table 2) through the
McGhee and von Hippel modification of Scatchard plot
(Equation 1) [29],

=K(-m [a-m/a-m-nn]™" @

where K is the intrinsic binding constant, » the bind-
ing site size, r the ratio ¢,/[DNA] and ¢, and ¢ the con-
centrations of bound and free compound, respectively,
calculated by

Table 1 Maximum absorption (A,,) and emission (A,,,) wavelengths, molar absorption coefficients (z) and
fluorescence quantum yields of compounds 1 and 2 in several solvents

Solvent Aas (PM) (£110° M7 em™) Aern (M) @
1 2 1 2 7 i@

Cyclohexane 398 (084); 377 (1.24); 360 (1.27); 305 411 sh {0.33); 354 (219 347 (237); 308 (125 291 402 426 417, 020 0047
(Q95); 258 (3.93) (1.12); 270 (1.40) 452 sh 441

Dioxane 398 (076); 377 (1.18); 359 (1.20); 305 411 sh (066); 256 (5.36); 346 (SAQ); 309 (323 291 407,428 425, 029 0054
(1.17); 258 (3.60) (2.98); 272 (333) 455 sh 449

Dichloromethane 397 {0S8); 377 (0.91); 360 (0.93); 305 410 sh (0SS); 357 (4.37); 3171 (228); 290 (229% 273 408 429 427, 026 0022
(Q.97); 259 (2.70) (278) 448

Acetonitrile 395 (068); 376 (1.05); 358 (1.06); 304 409 sh (066); 355 (5.76); 308 (341); 289 (3205 271 408 428 450 021 0036
(1.09); 256 (332) (367)

NN 397 (0.78) 377 (1.19): 260 (1.16); 305 411 sh (069); 356 (5.52); 311 (3.11); 290 {2.86) 411:;430 453 030 0047

Dimethylformamide® (1.19)

Dimethylsulfoxide® 397 (077); 378 (1.17); 261 {1.14); 305 412 sh (061); 357 (470); 313 (252) 413432 455 028 0048

(1.17)

Ethanol 396 {069), 375 (1.13); 358 (1.17); 304 408 sh (072); 355 (5.50); 311 (2.95); 272 (3.69) 412431 452 027 00N
(1.40); 256 (3.59)

Methano! 395 (067); 374 (1.08); 358 (1.10); 304 408 sh (062); 354 (5.00); 211 (280); 272 (341) 413,433 453 026 0040
(1.34); 356 (343)

Water 394 (041); 374 (0.57); 361 {0.58); 303 420 sh (026); 358 (0A7); 214 (0.94); 278 (097)  413sh; 433 505 022 0012

(0.93); 256 (207)

*Solvent cut-offs: NN-Dimethylformamide: 275 nm; Dimethylsulfoxide: 280 nm; sh: shoulder,
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Compound 1
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Fluorescence intensity (a.u.)
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Figure 3 Normalized fluorescence spectra (A, = 360 nm) of compound 1 (4 x 10° M) in several solvents; the inset shows the
absorption spectrum of 1 in dichloromethane (1 x 10* M) as an example

Iyo — Iy (Table 2) are moderately low, with a large number of

B =l ol feal AT (2 base pairs between consecutive intercalated compound
' ' molecules ().

being J¢ o the fluorescence intensity of the free com- Anionic quenchers can be useful in distinguishing

pound and /;, the fluorescence intensity of the bound  perween DNA binding modes [9,10]. Compounds that
compound at total binding. The binding constants
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Figure 4 Normalized fluorescence spectra (A,,. = 360 nm) of compound 2 (4 x 10°° M) in several solvents; the inset shows the

absorption spectrum of 2 in dichloromethane (2 x 10° M) as an example
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Compound 1

Fluorescence intensity (a.u.)

—a— [DNAJ[1)=0
........ [ONAJ[1)=5
—— [DNA}[1]=20
—— [DNAJ[1]=30
......... [DNAY[1}=50
e [DNAV[1]=75
—— [DNA}[1]=100
——— [DNA}[1]=150
------ [DNAV[1}=175

400 450

* (nm)
Figure 5 Fluorescence spectra of compound 1 (5 x 10° M) in 0.01 M Tris-HCI buffer (pH = 7.2), with increasing DNA content

500 550

are bound at the DNA surface (groove binding or elec-
trostatic binding) are more accessible and emission from
these molecules can be quenched more efficiently.
Fluorescence quenching measurements using iodide ion
showed that the usual Stern-Volmer plots (plots of the
fluorescence intensity ratio in the absence, I;, and

presence, /, of quencher vs. quencher concentration) are
not linear and exhibit a downward curvature (Figure
7A). This indicates that some compound molecules are
not accessible to the anionic quencher, being interca-
lated between DNA base pairs. The modified Stern-Vol-
mer plot [30] (Equation 3) allows the determination of

1
Compound 2 o— [DNAJ[2)=0
/’“\\ ------- [DNAJ2)=5
‘; ——— [DNAJ/2]=20
s / S % — [DNAJ[2)=50
> [/ = \ e [DNAY[2]=75
2 / PR\ - [DNAJ/[2]=100
® £ 0N \\ —— [DNAJ/[2]=150
£ i/ / RN - [DNA)[2]=175
© \ [DNA})/[2]=200
- i
@
o
:
o
=
[
450 500 550 650 700
A (nm)
Figure 6 Fluorescence spectra of compound 2 (5 x 10° M) in 0.01 M Tris-HCl buffer (pH = 7.2), with increasing DNA content.
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Table 2 Values of the intrinsic binding constants (K;) and
binding site sizes (n) and fraction of compound
molecules accessible to external quenchers (f,) for
interaction with salmon sperm DNA

Compound K M) n f,
1 87 + 09 x 10 1M+3 089
2 (59 + 06) x 10 7%2 065

the fraction of compound molecules accessible to
quencher,

Iy . 1 1 3)
Y A A 2 ()

where [, is the fluorescence intensity in the absence of
quencher, Al = I, - I, Ksy the Stern-Volmer constant,
[Q] the quencher concentration and f, the fraction of
molecules accessible to quencher.

The representations of the modified Stern-Volmer plot
are reasonably linear (Figure 7B) and the f, values are in
Table 2. Both compounds exhibit some intercalation in
DNA, compound 2 being the more intercalative one,
with a lower fraction (65%) of molecules accessible to
anionic quencher. The higher hydrophobic character of
compound 2, promoted by the functionalization of the
pyridine with a triple bond linked to a p-methoxyphenyl
group, may justify this behaviour. As both compounds 1
and 2 are neutral molecules (and electrostatic interac-
tion with the negatively charged DNA molecule is not
expected), the high f, values indicate that the main type
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of interaction with the nucleic acid must be the binding
to DNA grooves [28].

Fluorescence experiments of both compounds encap-
sulated in liposomes of DPPC, DODAB and Egg-PC
were carried out (Figure 8), in both gel (below T,,) and
liquid-crystalline (above T,) phases. The melting transi-
tion temperature of Egg-PC is very low [31] and this
lipid is in the fluid liquid-crystalline phase at room tem-
perature. Fluorescence spectra of compound 1 incorpo-
rated in liposomes (Figure 8, Table 3) are roughly
similar to the one obtained in pure water, regarding the
band shape and maximum emission wavelength. Com-
pound 2 in liposomes presents emission spectra similar
to those in polar solvents, significantly blue-shifted rela-
tive to water. In Egg-PC, a band enlargement is
observed in the blue region, which can indicate two dif-
ferent locations of compound 2 in these liposomes, one
deep in the hydrophobic region and another more close
to the lipid polar heads.

Fluorescence anisotropy (r) measurements (Table 3)
can give relevant information about the location of the
compounds in liposomes, as r increases with the rota-
tional correlation time of the fluorescent molecule
(and, thus, with the viscosity of the fluorophore envir-
onment) [26]. Anisotropy values in a viscous solvent
(glycerol) were also determined, for comparison. Ani-
sotropy results (Table 3) allow to conclude that com-
pound 2 is mainly located in the inner region of the
lipid bilayer, feeling the penetration of some water
molecules. The transition from the rigid gel phase to

-

modified Stern-Volmer plots (B)
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Figure 7 Stern-Volmer plots for quenching with iodide ion of compounds 1 and 2 for [DNA}/[compound] = 200 (A) and corresponding
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My contribution to this paper was the photophysical studies of the compounds in
several solvents, and fluorescence and DLS (size and zeta potential) measurements of

the compounds encapsulated in nanoliposomes of different formulations.
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The photophysical properties (absorption and fluorescence) of four 6-(heterojarylthieno|3,2-blpyridine
derivatives, the methyl 3-amino-6-{thien-3-yl)thieno[3,2-b]pyridine-2-carboxylate 1, the methyl
3-amino-6-(2,2'-bithienyl-5-yl)thieno[3,2-bJpyridine-2-carboxylate 2, the methyl 3-amino-6-thien-2-
ylthieno[3,2-b]pyridine-2-carboxylate 3 and the methyl 3-amino-6-(fur-3-yl)thieno|[3,2-b]pyridine-2-
carboxylate 4, evaluated previously as potential antitumor compounds, were studied in solvents of

Keywords:

Thienopyridine derivatives
Antitumor compounds
Ruorescence ansotropy
Nanoliposomes

different polarity. All compounds have reasonable fluorescence quantum yields and exhibit a solva-
tochromic behaviour,

The thienopyridine derivatives were incorporated in lipid membranes of neat egg-yolk phosphatidyl-
choline (egg-PC). dipalmitoyl phosphatidylcholine (DPPC). dipalmitoyl phosphatidylglycerol (DPPG) and
dioctadecyldimethylammonium bromide (DODAB). Fluorescence measurements indicate that all com-
pounds are mainly located in the lipid bilayer, feeling the transition from the rigid gel phase to the
liquid-crystalline phase.

The most promising antitumor compounds, the thien-3-yl and the 2,2'-bithienyl-5-yl thienopyridine
derivatives 1 and 2, were encapsulated in different nanoliposome formulations, considering future drug
delivery applications using liposomes as carriers. Almost all the lipesomes with incorporated compounds
have diameters lower than 165 nm and generally low polydispersity. The formulation DPPC:DMPG:DSPE -
PEG (1:1:0.1) exhibits a small diameter (below 100nm), low polydispersity and reasonable negative
zeta-potential values for both thienopyridines 1 and 2.

© 2013 Elsevier B.V. All rights reserved,

1. Introduction

of thieno|3,2-b]pyridine phenylacetylthioureas [ 7] as inhibitors of
the vascular endothelial growth factor receptor (VEGFR-2), related

For some years now, our research group has synthesized a large
variety of new fluorescent potential antitumoral heteroaromatic
compounds and studies of their incorporation in nanosized lipo-
somes using fluorescence techniques have been performed [1-3].
These studies are very useful for drug delivery purposes, with the
possibility of carrying the drug in the hydrophobic region of the
liposomes.

Thienopyridine derivatives have shown interesting biological
activities, including 3-amino-6-thien-2-yl-thieno|2,3-b|pyridin-
2-yharylmethanones against a tumorogenic cell line [4],
diarylamine derivatives of thieno|3.2-b|pyridines [5], substi-
tuted thieno[3,2-c|pyridine ureas [6] and diarylether derivatives

* Corresponding author. Tel: 351 253 604321 fax: +351 253 604061,
E-mail addresses:  ecoutinho@fisicauminhopt, emsccoutinho@gmail.com
(E.M.S. Castanheira).

1010-6030/S - see front matter © 2013 Elsevier BV. All rights reserved,
http://dx.dod.org/10.1016/j.jphotochem 2013.04.029

to angiogenesis and metastasis.

More recently, some of us have described the synthe-
sis of a wide variety of 6-(hetero)arylthieno|3,2-b]pyridines
by Suzuki-Miyaura cross-coupling of the methyl 3-amino-
6-bromothieno|3,2-b]pyridine-2-carboxylate with several het-
eroaryl pinacolboranes or potassium trifluoroborates. The Suzuki
coupling products were evaluated for theirgrowth inhibitory effect
on three human tumour cell lines, representing different tumour
models, MCF-7(breast adenocarcinoma), A375-C5{melanoma)and
NCI-H460 (non-small cell lung cancer). Some of the compounds
showed an interesting activity against the tested cell lines, namely
compound 1 (Fig. 1) presenting low growth inhibition concentra-
tion values (Glsg) in all the tested cells (12 uM), and compound
2 (Fig. 1) presenting very low Glsg values in MCF7 and NCI-H460
cells (1 wM) [8]. These promising results suggested us to perform
fluorescence studies of incorporation of these compounds in nano-
liposomes, for future drug delivery purposes.
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Fig. 1. Structure of the methyl 6-(hetero)arylthieno|3.2-b Jpyridine-2-carboxylate
derivatives 1-4.

Herein we report photophysical properties of four 6-
(hetero)arylthieno[3,2-b|pyridine derivatives 1-4 (Fig. 1) in
solution and in lipid bilayers of phospholipid components of
biological membranes, either zwitterionic (egg-PC and DPPC) or
anionic (DPPG), and also in bilayers of the cationic synthetic lipid
DODAB. Fluorescence (steady-state) anisotropy measurements
were also performed to obtain further information about the
behaviour of the different 6-(hetero)arylthieno|3,2-b]pyridine
derivatives in lipid membranes. These studies are very impor-
tant, keeping in mind the incorporation of these compounds in
liposomes for controlled drug delivery systems. Considering this
possibility, the most potent antitumor compounds, particularly
the thien-3-yl and the 2,2'-bithienyl-5-yl thienopyridine deriva-
tives 1 and 2 |8] were encapsulated in different nanoliposome
formulations and the mean size, size distribution, zeta potential,
and stability were evaluated.

2. Experimental
2.1. Spectroscopic measurements

All the solutions were prepared using spectroscopic grade sol-
vents and ultrapure water (Milli-Q grade). Absorption spectra were
recorded in a Shimadzu UV-3101PC UV-Vis-NIR spectrophotome-
ter. Fluorescence measurements were performed using a Fluorolog
3 spectrofluorimeter, equipped with double monochromators in
both excitation and emission, Glan-Thompson polarizers and a
temperature controlled cuvette holder. Fluorescence spectra were
corrected for the instrumental response of the system,

For fluorescence quantum yield determination, the solutions
were previously bubbled for 30 minutes with ultrapure nitrogen.
The fluorescence quantum yields (@) were determined using the
standard method (Eq. (1)) [9,10]. Quinine sulfate in sulfuric acid
0.05M was used as reference, ¢, =0.546 at 25°C[11].

2
o, = Ahim)g, (1)
(AsFing)

where A is the absorbance at the excitation wavelength, F the inte-
grated emission area and nthe refraction index of the solvents used.
Subscripts refer to the reference (r) or sample (s) compound. The
absorbance at the excitation wavelength was always lowerthan 0.1
to avoid the inner filter effects.

Solvatochromic shifts are usually described by the Lippert-
Mataga equation (2), where the energy difference between
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absorption and emission maxima is related to the orientation polar-
izability [12.13],

- - 1 2Au2
Vabs = ¥Vt = mWAf + const (2)

Tas is the wavenumber of maximum absorption, Ty is the
wavenumberof maximum emission, A = tt, — jig is the difference
in the dipole moment of solute molecule between excited (. )and
ground (g ) states, R is the cavity radius, and Afis the orientation
polarizability given by (Eq.(3)):

e—1 n? -1
Af=21s‘+l_2n!+l' (3)

where ¢ is the static dielectric constant and nr the refractive index
of the solvent.

Bakhshiev proposed an alternative expression that considersthe
angle, y, between the ground and excited state dipole moments of
the fluorescent molecule [14,15]:

PO DO W (5 2
Vabs — Vg = mm(ux ~ 2qiglie cOSY + ptg ¥ (&, n)+ const (4)

where uf — 2ugpie cos y + u? is equivalent to | — jig|? and

. e-1 n?-1
flem= -3 (5)

The steady-state fluorescence anisotropy, r, is given by

_ lw —Giyn

= T+ 2 )

where lyy and lyy are the intensities of the emission spectra
obtained with vertical and horizontal polarization, respectively
{for vertically polarized excitation light), and G=lyy/lyy is the
instrument correction factor, where Iyy and Iy are the emission
intensities obtained with vertical and horizontal polarization (for
horizontally polarized excitation light ).

2.2. Liposomes preparation

1,2-Dipalmitoyl-sn-glycero-3-phosphocholine  (DPPC), 1,2-
diacyl-sn-glycero-3-phosphocholine from egg yolk (egg-PC),
1.2-dipalmitoyl-sn-glycero-3-| phospho-rac-{ 1-glycerol)] (sodium
salt) (DPPG), 1,2-dimyristoyl-sn-glycero-3-[phospho-rac-{1-
glycerol)] (sodium salt) (DMPG) and cholesterol (Ch) were
obtained from Sigma-Aldrich. 1,2-Distearoyl-sn-glycero-3-
phosphoethanolamine-N-[ methoxy{ polyethylene  glycol)-2000]
(ammonium salt) (DSPE-PEG) was obtained from Avanti Polar
Lipids, while dioctadecyldimethylammonium bromide (DODAB)
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was from Tokyo Kasei (lipid structures are shown below).

.é\
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=
N DSPE-PEG(18:0)
Nanoliposomes were prepared by evaporation of a mixture of

lipids and compound in chloroform under vacuum for 12 h. The
lipidjcompound film was then hydrated with an aqueous buffer
solution {10 mM Tris-HCl buffer, pH = 7.4), above the lipids melting
transition temperature (ca. 41°C for DPPC [16], 45°C for DODAB
[17],40+C for DPPG [18] and 23 *C for DMPG [19]), followed by six
extrusion cycles (using a LIPEX™ extruder) through 100 nm poly-
carbonate membranes. Between the extrusion cycles, the solutions
were allowed to equilibrate for 1 h. The final total lipid concentra-
tion was 1 mM, with a compound/lipid molar ratio of 1:333.

2.3. DLS and zeta potential measurements

Liposomes mean diameter and size distribution {polydisper-
sity index) were measured using a Dynamic Light Scattering ( DLS)
equipment (NANO ZS Malvern Zetasizer), at 25°C, using a He-Ne
laser of633 nm and adetector angle of 173°. Five independent mea-
surements were performed for each sample. Malvern Dispersion
Technology Software {DTS) was used with multiple narrow mode
(high resolution) data processing, and mean size {(nm) and error
values were considered.

3. Results and discussion
3.1. Fluorescence studies in several solvents
The absorption and fluorescence properties of the 6-

(hetero)arylthieno|3,2-b]pyridine derivatives 1-4 (Fig. 1) were
studied in several solvents of different polarity. The maximum

absorption (A ;) and emission wavelengths (Aem), molar absorp-
tion coefficients and fluorescence quantum yields of the four
compounds are presented in Table 1 (compound 2 is not soluble
in water). The normalized fluorescence spectra of each compound
are shown in Fig. 2 (examples of absorption spectra are displayed
as insets).

At the lowest energy absorption maximum, compounds
1-4 present moderate to high & values, except in water
(£26x10°M-! em~1)(Table 1). These four thienopyridine deriva-
tives also exhibit very reasonable fluorescence quantum yields in
several polar and non-polar solvents (attaining 30-50% for com-
pounds 1 and 4), but present significantly lower fluorescence in
alcohols and water. Many carbonyl compounds exhibit low fluores-
cence quantum yields due to the low-lying n— 7" state. As all the
thienopyridines 1-4 have a carboxylate group in their structure, it
is possible that the electronic transitions w — 7" and n— 7" could
be nearby in energy giving rise to a state-mixing [20], as already
observed for other thienopyridine derivatives synthesized by our
group [21,22].

The low fluorescence emission exhibited in protic solvents can
be due to specific solute-solvent interactions by hydrogen bonds
[12] in the excited state, namely by protonation of the N atom of
the pyridine ring. A similar behaviour was already observed for
the potential antitumoral methoxylated di hetero)arylethers in the
thieno|3.2-b]pyridine series [21] and for 1,3-diarylureas linked to
methyl 3-aminothieno|3,2-b|pyridine-2-carboxylate moiety, pre-
viously studied by some of us [22].

For all the four compounds, significant red shifts are observed
for fluorescence emission in polar solvents (ca 50 nm between
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probing the location/behaviour of these molecules in liposomes, %g g
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as described below. ie f E 3{3 §§ 55 _ 38‘3
3.2. Fluorescence studies in liposomes of neat lipids 5; g T/, & - -
23 |5 R PN =
Fluorescence experiments of thienopyridine derivatives 1-4 2‘% E E E § 3
encapsulated in liposomes of several different compositions were £5 iz & - g -
carried out, keeping in mind future drug delivery applications of Iz E|IS & & A _§ £ 3
these thienopyridine derivatives as potential anticancer drugs. $S L < g Z E 5
First, liposomes of neat lipids, egg-PC (zwitterionic, composed iz B '
of a phosphatidylcholine mixture), DPPC (16:0 phosphatidyl- § § 8 To Ne eog
choline, zwitterienic), DPPG (16:0 phosphatidylglycerol, anionic), a8 sl 22 2z zZ&2 ez
and DODAB (a cationic synthetic lipid with C;5 saturated chains), = ; el 883
with encapsulated compounds 1-4, were prepared. Absorption ~E 2 22 B8 2ER
and fluorescence emission spectra were measured in both gel 38 | d5 &5 S&¢
(below the melting temperature, Ty, ) and liquid-crystalline (above 2 '.!;
Tm) phases of each lipid. At room temperature, both phospho- EE E 8 § )
lipids DPPC and DPPG, as well as the cationic lipid DODAB, are F % Sl o fE 29 IR
in the ordered gel phase, where the hydrocarbon chains are fully z= ¥ FF ¥¥ ¥
extended and closely packed. Above the melting transition temper- £ 5
ature (T, =41 °C for DPPC[16), Ty, = 45°C for DODAB[17], Ty =40°C g s E g 8 Z P T
for DPPG [18] and Ty, = 23 °C for DMPG [ 19]), the lipid bilayer attains Tz 38 & g P £
a disordered and fluid state (liquid-crystalline phase). At room Fi|~Icj2 2 & = 3| gzn
temperature, egg lecithin (egg-PC) is in the fluid liquid-crystalline EE g g8 =X Sz Th] LSRR
phase, as it is composed of molecules with the same polar head = E $|2 23 28 28
group (phosphatidylcholine) and different hydrocarbon chains (in {i £
length and unsaturation degree), the main components being 16:0 R 8 &8 aR é =8 =g
PC, 18:0 PC and 18:1 PC [26], 88| |.|s 85 35 883 2ER
Fluorescence emission spectra of the thienopyridine derivatives £ z o '
1-4 in liposomes of these lipids are shown in Fig. 7. Absorption g 5 E
spectra are presented as insets. The maximum absorption (A ) = = cw =@
and emission wavelengths (fem) and fluorescence quantum yields g £ HE g 3 =T = T
are presented in Table 3. 1n egg-PC, DPPC and DPPG liposomes at gel 3 § P § P
phase (25 *C), the emission spectra of compounds 1-4 are very sim- =< 2 § 8 -
ilar to those in dichloromethane (Tables 1 and 3). This behaviour §-§ g8 & & Py =
gives indication that these thienopyridines are mainly located in 3 E[8 &8 & 8 5
the lipid bilayer, experiencing the difference in fluidity between g 2|32 8 s 5 S
the rigid gel phase and the liquid-crystalline phase. For all the four & % 5; % A
compounds encapsulated in DODAB vesicles, the results point to a g § %) J|E58 = f
more polar and hydrated environment, near the lipid polar head E2 |z g ORY 28 g4 §
groups, considering the significant red shift of the fluorescence 25 =
spectra observed in these liposomes. £3 = §
Relevant information about the location of these four com- * 20 z g < gaaa
pounds in liposomes can be obtained through fluorescence _-E ?g 3 g 2 § -§~ S 2ES
anisotropy (r) measurements. In fact, the anisotropy value increases -7 % '
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Fig. 7. Normalized Muorescence spectra of each compound in lipid membranes of egg-PC, DPPC, DPPG and DODAB, Insets: Absorption spectra at 25°C, (A) compound 1
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with the rotational correlation time of the fluorescent molecule
and, therefore, with the viscosity of the fluorophore environment

(Eq.(7)) [27].

3(+3)

where ry is the fundamental anisotropy, 7 is the excited-state life-
time and ¢ is the rotational correlation time,

The fluorescence steady-state anisotropies of each thienopy-
ridine derivative in the several neat liposomes, as well as the
anisotropy values in glycerol at room temperature, are shown in
Table 3. The calculated fundamental anisotropy values (ab initio
results, using S, state relaxed geometry), arising from photoselec-
tion by excitation to the first three electronic excited states, are
also presented in Table 3, as well as the corresponding oscillator
strengths, f, and transition wavelengths, g . With the exception
of compound 3, the fundamental anisotropy values resulting from
excitation to the S, state are high and similar to the experimen-
tal anisotropies obtained in glycerol. For compound 3, it is upon
excitation to the S, state that the fundamental anisotropy is high.
From Tables 1 and 3, is can be observed that the thienopyridine 3
shows the smallest energy gap between S; and S; states, and also
the highest difference between the experimental gap value and the
calculated one (obtained in vacuum). From this, the interaction of
compound 3 with solvent in the S; excited state is expected to be
higher than in S, state, Thus, a significant amount of $; excitation
is possible at the excitation wavelength used, especially in polar
solvents, leading to a high fundamental anisotropy.

For all compounds, the transition from the rigid gel phase (25°C)
to the liquid-crystalline phase (55°C) is detected by a clear reduc-
tion in anisotropy at 55 “C in the several lipid aggregates (Table 3).
An increase of the steady-state anisotropy is predicted from a
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diminution of the excited-state lifetime (Eq. (7)). Upon tempera-
ture increase, the excited-state lifetime is expected to decrease,
due tothe increment of non-radiative deactivation pathways (espe-
cially the rate constant for internal conversion Sy — Sq). Instead
of an expected rise in anisotropy value (Eq. (7)), a diminution is
observed, which can only be attributed to a decrease of the rota-
tional correlation time ofthe fluorescent molecule, that comes from
the decrease of membrane microviscosity upon changing from the
gel to the liquid-crystalline phase [2,21,22).

In order to analyze the steady-state fluorescence anisotropy val-
ues at room temperature (Table 3), the Strickler-Berg equation [ 28],
relating the radiative lifetime with the absorption intensity (Eq.(8))
could be used

0-9,2 ] el
[ 75 (e

rl. =288x1 / £ )dTA (8)

Va

where 1, is the radiative lifetime, n is the index of refraction, £ is the
molar absorption coefficient, and F, (i) is the fluorescence intensity
per unit wavenumber. This quantity is related to the fluorescence
quantum yield [27], through

0
/ Fi(vp)dig = g (9)

0

Absorption spectra of each compound in the various lipid mem-
branes at 25 “C (insets of Fig. 7) are roughly similar. In this case, the
Stickler-Berg relation (Eq. (8)) predicts an approximately constant
value for the radiative lifetime in all the lipid membranes, consid-
ering the small variations of the measured fluorescence quantum
yields (an exception is compound 1 in DPPG, Table 3).



64 MS.D. Carvaiho et ol, / journal of Protochemistry and Photobiclogy A: (hemistry 264 (2013) 56-66

Table 4
Hydrodynamic diameter, polydis persity (PDI) and zeta potential ({) of several liposome formulations containing thienopyridine derivatives 1 and 2, at 25°C.
Compound 1 Compound 2
Hydrodynamic Polydispersity (mV) (mean+SD)  Hydrodynamic Polydispersity C(mV) (mean SD)
diameter (nm) (mean £ SD) diameter (nm) {(mean+ SD)
(mean £ SD) (mean + SD)
Egg-PC:Ch (7:3) 822+ 09 0.194 & 0.008 -15.2 0.2 1274 + 08 0.09 + 0.008 ~105 £ 03
Egg-PC:DSPE-PEG (9:1) 934+ 1 0.278 + 0.001 ~525 + 0.04 8142 0.33 + 0.04 ~150+ 03
DPPC:DMPG (1:1) 8§17 £ 05 0.47 & 0.023 -441 £ 05 1323 &£ 06 047 £ 0.03 -39+ 2
DPPC:DMPG (2:1) 1245 £ 09 0.41 £ 0.07 ~46.4 £ 06 1225 £ 08 0.34 £ 0.04 ~30£1
DPPC:DMPG (1:2) 598 + 0.7 0.43 = 0.09 -52 % 2 262+8 033 £ 01 474 504
DPPC:DMPG:DSPE-PEG (1:1:0.1) 46 + 02 0.264 + 0.004 ~320 4+ 04 21 0.31 £ 0.03 -27 +£07
DPPC:Ch:DSPE-PEG (7:2:1) 138 £ 2 0.219 £ 0.005 -6+ 1 163 £ 1 023 £ 002 ~168 £ 05
DPPC:DPPG:DSPE-PEG (1:1:0.1) 142 41 0.18 £ 0.02 -255 + 07 966 £ 08 038 + 001 201 402

Standard deviations (SD) were calculated from the mean of the data of a serfes of five experiments conducted tsing the same parameters.

The fluorescence quantum yield and the excited-state lifetime
are related by Eq. (10),

Pp = ket (10)

where k; = 1/, is the rate constant for radiative deactivation with
fluorescence emission [27].

Taking this into account, we can conclude that the excited-state
lifetimes of each compound are approximately constant for almost
all the studied liposomes at 25°C. Therefore, variations in fluores-
cence anisotropy at room temperature can be associated to changes
in the rotational correlation time of the fluorescent compound and,
thus, to changes in the microviscosity of its surrounding medium
[2.29]. These considerations allow concluding that all compounds
are mainly located in the inner region of the lipid membranes in
the cases of egg-PC and DPPC.

The differences in anisotropy values between compounds in
lipid membranes and in glycerol at room temperature can also
be attributed to the distinct environment viscosities, as glyc-
erol is much more viscous (7=993.4cP at 25°C [23]) than lipid
membranes (viscosities around 100-200¢P are usually reported
[30.31]).

In DPPG aggregates, the anisotropy values are lower than in the
other liposomes, but the maximum emission wavelengths point to
an environment similar to that in egg-PC and DPPC. It may hap-
pen that some compound molecules are located at the exterior
interface of the DPPG membranes, with a low anisotropy value
(similar to that in water). This would facilitate hydrogen bond-
ing between these thienopyridine derivatives and the OH groups
of DPPG polar heads. In fact, in DPPG aggregates, a decrease in &g
values is detected (Table 3), more pronounced for compounds 1,3
and 4, as observed for protic solvents (Table 1).

As referred, for the cationic lipid DODAB, a more hydrated envi-
ronment is suggested from the results, probably near the lipid polar
heads. The fluorescence anisotropy values in DODAB vesicles are
always high at 25°C, and this is consistent with the fact that the
microviscosity decreases from the interface to the interior of the
membrane [32,33], with a more pronounced variation when the
membrane is in the liquid-crystalline phase [33].

3.3. Fluorescence studies in nanoliposome formulations

Considering future developments of drug delivery applica-
tions using nanoliposomes as carriers, several different liposome
formulations were prepared [34-36), some of them containing
cholesterol (Ch) and polyethylene glycol (PEG). The incorporation
of Ch may increase the stability by modulating the fluidity of the
lipid bilayer, preventing crystallization of the phospholipid acyl
chains and providing steric hindrance to their movement. Recent
advances in liposome research also found that PEG, while being

inert in the body, allows longer circulatory life of the drug delivery
system [35].

It has been shown that the phospholipid DMPG provides the
formation of pores across the lipid membrane [37], which have
a promising biological relevance in applications for controlled
release from nanocompartments [38]. It was also reported that
DODAB-based liposomes usually exhibit very large sizes (diame-
ter larger than 250 nm) [39-41] and, for this reason, this synthetic
lipid was not used in the nanoliposome formulations studied with
these compounds.

In the nanoliposome formulations prepared, the 6-
(hetero)arylthienopyridine derivatives 1 and 2, with the most
promising antitumor potential [8] were encapsulated.

The size and size distribution {polydispersity index) of the pre-
pared nanoliposomes with encapsulated antitumoral compounds
1 and 2 were obtained by Dynamic Light Scattering (DIS). Zeta-
potential (£) values were also determined (Table 4).

All the liposomes have a mean hydrodynamic diameter lower
than 165nm, with the exception of the DPPC:DMPG (1:2)
formulation with encapsulated compound 2, that exhibits an
abnormally large size (Table 4). Considering both compounds, the
egg-PC:DSPE-PEG (9:1) and DPPC:DMPG:DSPE-PEG (1:1:0.1) for-
mulations allowed us to obtain small nanoliposome diameters
(below 100 nm)with lower polydispersity. The egg-PC:Ch(7:3) for-
mulation is the one with the lowest polydispersity (Table 4), while
the more polydisperse liposomes are those of DPPC:DMPG (1:1)

Zeta potential measurements are used to evaluate the relation-
ship between surface charge and stability. The higher colloidal
stability (lower aggregation tendency) is observed for DPPC:DMPG
(1:2) liposomes (Table 4), that exhibit strong negative {-potential
values. The lowest stability (higher aggregation tendency) is
observed for both compounds in egg-PC/DSPE-PEG (9:1) and
DPPC:Ch:DSPE-PEG (7:2:1) nanoliposome formulations, which
exhibit a ¢-potential value clearly less negative than—-30mV. In
general, particles with zeta potentials more positive than +30 mV
ormore negative than -30 mV are normally considered stable, with
no tendency to flocculate. Comparing the same liposome formula-
tion with incorporated compounds 1and 2, it can be concluded that
the structure of the compound clearly influences both the size and
zeta potential values. Liposomes with the thienopyridine 2 have
a general tendency to a larger size (excluding most PEG-ylated
formulations) and less negative {-potential. These results indicate
that the encapsulated thienopyridine derivatives affect the physical
characteristics of the nanoliposomes (size and surface charge).

Fluorescence emission spectra of thienopyridine derivatives 1
and 2 incorporated in nanoliposomes are displayed in Fig. 8. Both
compounds 1 and 2 show significant fluorescence emission when
incorporated in nanoliposomes (Fig. 8) and steady-state fluores-
cence anisotropy values are generally high at room temperature
(Table 5).
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Fig. 8. Normalized Muorescence spectra of thienopyridine derivatives 1 and 2 in nanoliposomes of different compositions at room temperature,

Upon increasing temperature, both compounds exhibit a
significant decrease in fluorescence anisotropy (Table 5), detect-
ing an increase in fluidity of the nanoliposome membranes
at high temperature. Therefore, both compounds are mainly
located in the nanoliposome membranes. The maximum emis-
sion wavelength values (Table 5) indicate that thienopyridines
1 and 2 feel more hydrated environments in DPPC:DMPG (1:2)
and DPPC:DMPG:DSPE-PEG (1:1:0.1) nanoliposomes. This can be
attributed to the effect of DMPG that contributes to the formation
of perforations across the lipid membranes [37,38), with a deeper
penetration of water, Overall, these results indicate that both com-
pounds can be transported in the hydrophobic region of the lipid

bilayers,

Table 5

Steady-state fluorescence anisotropy (r) values and maximum emission wave-
lengths (7.m) for compounds 1 and 2 encapsulated in nanoliposomes, at 25°C and

50°C,

Compound 1 Compound 2

lem(nm) r Ao (NM) 1
Egg PC:Ch(7:3) 25°C 457 0,239 474 0,191
Egg-PC:DSPE-PEG (9:1) 25°C 458 0.225 475 0221
DPPC:DMPG (1:1) 25°C 462 0,266 473 0,258
50°C 463 0159 474 0,169
DPPC:DMPG (2:1) 25°C 465 0253 478 0,210
50°C 467 0.181 477 0.181
DPPC:DMPG (1:2) 25°C 469 0,258 481 0257
50°C 468 0166 482 0.168
DPPC:DMPG:DSPE-PEG 25°C 466 0,225 483 0,246
(1:1:0.1) 50°C 467 0165 482 0143
DPPC:Ch:DSPE-PEG (7:2:1)  25°C 464 0247 476 0,200
50°C 463 0,157 478 0,148
DPPC:DPPG:DSPE-PEG 25°C 456 0258 476 0,242
(1:1:0.1) 50°C 457 0,146 477 0,169
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4. Conclusions

The 6-(hetero)arylthieno[3,2-b]pyridine derivatives 1-4 exhibit
reasonable fluorescence quantum yields and can be considered as
solvatochromic probes.

Studies of incorporation of these compounds in neat lipid vesi-
cles indicate that they are located mainly in the hydrophobic region
of the lipid bilayers, experiencing the transition between the rigid
gel and the fluid liquid-crystalline phases.

The potential antitumor thienopyridine derivatives 1 and 2 were
also incorporated in different nanoliposome formulations, keeping
in mind future drug delivery applications using liposomes as carri-
ers, Fluorescence anisotropy values show that both compounds can
be transported in the liposome bilayers. Almost all the liposomes
with incorporated compounds are nanometric in size (diameter
lower than 165nm) and have generally low polydispersity. The
formulation DPPC:DMPG:DSPE-PEG (1:1:0.1) allowed us to obtain
small nanoliposome diameters (below 100 nm), with low poly-
dispersity and reasonable negative zeta-potential values for both
thienopyridines 1 and 2, showing to be promising for drug delivery
applications.
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My contribution to this paper was the photophysical studies in several solvents, and
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ABSTRACT

In this work we were able to obtain the benzothieno[3,2-b]quinoline 1 and benzothieno[2,3-
C]quinoline 2 using a new one pot procedure from the reaction of the commercial available 3-
bromobenzo[b]thiophene-2-carbaldehyde with 2-aminophenylpinacolborane under Suzuki
coupling conditions using a stereochemically hindered ligand, 2-
(cyclohexylphosphane)biphenyl and Ba(OH),.8H,O as the base.

Fluorescence properties of the benzothieno[3,2-b]quinoline 1 and the benzothieno[2,3-
C]quinoline 2 were studied in solvents of different polarity. Both compounds exhibit a solvent
sensitive emission, compound 1 being less fluorescent (®r < 0.05) than compound 2 (0.04 <
®r <0.10).

The interaction of these compounds with salmon sperm DNA and synthetic double-stranded
heteropolynucleotides, poly(dA—dT):(dA—dT) and poly(dG—dC)-(dG—dC), was studied using
spectroscopic methods, allowing the determination of the intrinsic binding constants and
binding site sizes. The interaction of both compounds is stronger with adenine-thymine (A-T)
base pairs. Compound 1 is the most intercalative in salmon sperm DNA (47%) and
polynucleotides (46%-49% of intercalated molecules), while for compound 2, 41% is

intercalated in salmon sperm DNA and only 8% in poly(dG—dC):(dG—dC). Overall, these
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results point to a predominant interaction of both compounds to nucleic acids by groove

binding.

KEYWORDS: Benzothieno[3,2-b]quinoline, Benzothieno[2,3-C]quinoline, DNA interaction,
polynucleotides, binding constants.

1. INTRODUCTION

The investigation of the nature and dynamics of the binding of small molecules to
biomacromolecules is actually an active area of research [1,2]. DNA interaction studies are
important to understand the mechanism of action of antitumor and antiviral drugs and to
design new DNA-targeted drugs [3,4]. Three different modes of binding to DNA have been
described: intercalation into the base pairs, in the major or minorgrooves, and outside the
double helix by electrostatic interactions. Small molecules are stabilized on groove binding
and intercalationwith DNA through a series of associative interactions such as m-stacking,
hydrogen bonding, attractive van der Waals and hydrophobic interactions [4]. DNA
intercalation seems to be an essential, but not sufficient, step for antitumoral activity [3].

Benzothieno[3,2-b]quinoline 1 [5] and benzothieno[2,3-C]quinoline 2 [6] are known for
their anti-plasmodic and anti-infectious activities, acting mainly through intercalation between
DNA base pairs when used in their salt form. Earlier synthesized by separated reactions and
in several steps [5,6], in this work we were able to obtain the two compounds in a one pot
procedure.

The interactions of the biologically active compounds with nucleic acids have been
studied using a variety of techniques [7-11], including absorption and fluorescence
spectroscopies. The binding of the fluorescent polycyclic molecules to DNA can be
conveniently investigated by these methods, because their absorption and emission properties
significantly change on complex formation [7,12,13]. Fluorescence quenching experiments
using external quenchers have been used to establish the DNA-binding modes, since
intercalated fluorophores are less accessible to anionic quenchers, due to electrostatic
repulsion with the negatively charged DNA backbone [13-15].

In this work, the interaction of the synthesized benzothienoquinolines 1 and 2 with

natural double-stranded salmon sperm DNA and with synthetic ds-polyheteronucleotides was
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investigated by fluorescence emission measurements. These studies are important due to the

biological relevance of both compounds as potential antitumorals.

2. EXPERIMENTAL

2.1. Synthesis

General remarks

Melting points (°C) were determined in a SMP3 Stuart apparatus and are uncorrected. 'H and
C NMR spectra were recorded on a Varian Unity Plus at 300 and 75.4 MHz, respectively.
Heteronuclear correlations, 'H-">C, HMQC or HMBC were performed to attribute some
signals. HRMS data were recorded using a method of direct injection by EI by the mass
spectrometry service of the University of Vigo, Spain. The reactions were monitored by thin
layer chromathography (TLC) in aluminium plates covered with a layer of silica gel 60
(Macherey-Nagel) of 0.2 mm, with UV254 fluorescence indicator. Column chromatography
was performed using silica-gel 230-400 mesh. Petroleum ether refers to the 40-60 °C boiling

range fraction.

One pot synthesis of benzotieno[3,2-b]quinoline 1 and benzotieno[2,3-C]quinoline 2: To a
solution of 3-bromobenzo[b]thiophene-2-carbaldehyde (150 mg, 0.600 mmol) in dioxane (5
mL) Pd(AcO), (5 mol%), 2-(cyclohexylphosphane)biphenyl (20 mol%), Ba(OH),.8H,O (3
equiv.) and 2-aniline pinacolborane (170 mg, 0.780 mmol). The mixture was heated at 100 °C
for Sh. After cooling, H,O and AcOEt were added and the phases were separated. The organic
phase was dried (MgSQO,), filtered and the removal of the solvent gave an oil which was
submitted to column chromatography using solvent gradient from neat petroleum ether to
20% ether/petroleum ether and the two products were separated.

Compound 1 was the major product and was isolated using 10% ether/petroleum ether (45.0
mg, 30 %), p.f. 173-175 °C [5]. 'H NMR (CDCls;, 300 MHz): & 7.55-7.67 (3H, m, Ar-H),
7.74-7.81 (1H, m, Ar-H), 7.84-7.94 (2H, m, Ar-H), 8.31 (1H, d, J = 8.4 Hz, Ar-H), 8.59 (1H,
s, 11-H), 8,66-8,71 (1H, m, Ar-H) ppm. *C NMR (CDCL, 75.4 MHz): § 123.04 (CH), 124.01
(CH), 125.08 (CH), 126.19 (CH), 126.60 (C), 127.08 (CH), 128.89 (11-CH), 129.06 (CH),
129.42 (CH), 129.90 (CH), 130.61 (C), 134.14 (C), 141.17 (C), 146.44 (C), 153.96 (C). MS
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(ED): m/z (%) 235 (M", 100). HRMS M': Calculated for C;sHoNS: 235.0456; Found:
235.0449.

Compound 2 was isolated using 20% ether/petroleum ether (28.0 mg, 20 %), p.f. 123-125 °C
[6]. '"H NMR (CDCls, 300 MHz): & 7.61-7.70 (2H, m, Ar-H), 7.74-7.82 (2H, m, Ar-H), 8.05-
8.11 (1H, m, Ar-H), 8.30-8.36 (1H, m, Ar-H), 8.84-8.94 (2H, m, Ar-H), 9.37 (1H, s, 6-H)
ppm. °C NMR (CDCL, 75.4 MHz): § 122.92 (CH), 123.77 (CH), 125.39 (CH+C), 126.04
(CH), 127.49 (CH), 127.51 (CH), 127.76 (CH), 130.81 (CH), 133.37 (C), 135.15 (C), 135.37
(C), 141.35 (C), 145.56 (C), 145.65 (6-CH) [6b]. MS (EI): m/z (%) 235 (M, 100). HRMS
M": Calculated for C;sHgNS: 235.0456; Found: 235.0457.

The data for both compounds are identical to those presented in earlier works [5,6].

2.2. Spectroscopic measurements

Absorption spectra were recorded i a Shimadzu UV-3101PC UV-Vis-NIR
spectrophotometer. Fluorescence measurements were performed using a Fluorolog 3
spectrofluorimeter, equipped with double monochromators in both excitation and emission
and a temperature-controlled cuvette holder. For fluorescence quantum yield determination,
the solutions were previously bubbled for 30 minutes with ultrapure nitrogen. Fluorescence

spectra were corrected for the instrumental response of the system.

The fluorescence quantum yields (®s) were determined using the standard method
(equation 1) [16,17] and 9,10-diphenylanthracene in ethanol as reference, ®, = 0.95 at 25 °C
[18].

D, = [(Ar F, nsz)/(As F. nf)]cpr (1)

where A is the absorbance at the excitation wavelength, F the integrated emission area and n
the index of refraction of the solvents used. Subscripts refer to the reference (r) or sample (s)
compound.

All solutions were prepared using spectroscopic grade solvents and Milli-Q grade water.
Natural double-stranded salmon sperm DNA was obtained from Invitrogen, while synthetic
double-stranded heteropolynucleotides, poly(dA—dT)-(dA—dT) and poly(dG—dC)-(dG—dC),
were obtained from Sigma-Aldrich. Salmon sperm DNA, polynucleotides and compounds
stock solutions were prepared in 10? M Tris-HCI buffer (pH=7.2), with 10° M EDTA. The
purity of DNA was checked by monitoring the absorption spectrum and the ratio of the
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absorbance at 260 and 280 nm, Azeo/Az80=1.95 (good-quality DNA has an Ajep/Azgo ratio
higher than 1.8) [19]. The DNA and polynucleotide concentrations in number of bases (or
phosphate groups) were determined from the molar absorption coefficients [12], £=6600
M™ cm™ at 260 nm for DNA, e=8400 M cm™ at 254 nm for poly(dG—dC)-(dG-dC) and
£=6600 M cm™ at 260 nm for poly(dA—dT)-(dA—dT).

The absorption and emission spectra of several solutions with different [nucleic
acid]/[compound] ratios using the same compound concentration (2x10° M) were recorded.
The solutions were left 24 h to stabilize. The absorbance at excitation wavelengths was
always less than 0.1, in order to avoid inner filter effects. All measurements were performed
at room temperature (25.0+0.5 °C). Binding analysis of the experimental data was performed
according to McGhee and von Hippel model [20] to determine the intrinsic binding constants

and the binding site sizes.

3. RESULTS AND DISCUSSION
3.1. Synthesis

The reaction of the commercial available 3-bromobenzo[b]thiophene-2-carbaldehyde
with 2-aminophenylpinacolborane under Suzuki coupling conditions using a stereochemically
hindered ligand as 2-(cyclohexylphosphane)biphenyl [21] and Ba(OH),.8H,O as the base,
gave in a one pot procedure compounds 1 and 2 which were separated by column

chromatography (Scheme 1).
4 3

5
A
L5 ),

S 11

9
10

Benzothieno[3,2-b]quinoline
1, 30%

NH,

Br i
+ 0o g
Q;\S\CHO B,
o)

Benzothieno[2,3-c]quinoline
2, 20%

i) Pd(OAc)z (5 mol%), 2-(cyclohexylphosphane)biphenyl (20 mol%), Ba(OH)2.8H,0 (3 equiv.), dioxane, 100 °C

Scheme 1. One pot synthesis of benzothieno[3,2-b]quinoline 1 and benzothieno[2,3-C]quinoline 2.
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Although these compounds have already been synthesized by other authors in several
steps, we were able to prepare them in a one pot procedure which is very advantageous to
save reagents and time.

The synthesis of the benzothieno[3,2-b]quinoline 1 was unexpected using these reaction
conditions. It seems that it is the result of a Pd-catalyzed C-N coupling followed by an
intramolecular cyclization that may perhaps occur by nucleophilic attack of the activated
ortho position of the diarylamine intermediate on the carbonyl of the aldehyde, after
deboronation. In the synthesis of the expected compound 2, a Suzuki cross-coupling and a

nucleophilic attack of the amino group on the aldehyde occurred.

3.2. Fluorescence studies in several solvents

The absorption and fluorescence properties of compounds 1 and 2 were studied in several
solvents of different polarity. The maximum absorption (A,ns) and emission wavelengths (Aem)
and fluorescence quantum yields (®r) of both compounds in several solvents are presented in
Table 1. The normalized fluorescence spectra are shown in Figures 2 and 3 (examples of
absorption spectra are also shown as insets).

Compounds 1 and 2 exhibit fluorescence emission in several polar and non-polar media,
including water. Fluorescence quantum yield values are generally low, varying from 2% to
10% (Table 1), the benzothieno[2,3-C]quinoline 2 being the more fluorescent compound. A
red-shift and loss of vibrational structure is observed for the emission in polar solvents, this
effect being more pronounced for compound 1 (red shifts between cyclohexane and water are
48 nm for compound 1 and 28 nm for compound 2). As in the absorption spectra the red shifts
are negligible (Table 1), this behavior indicates that solvent relaxation after photoexcitation
plays an important role, especially for the benzothieno[3,2-b]quinoline 1. This predicts a

higher ICT character of the excited state for the latter compound.
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Figure 2. Normalized fluorescence spectra of solutions (3x10° M) of compound 1 (A=335 nm) in
several solvents. Inset: absorption spectra of 2x10” M solutions of compound 1 in cyclohexane and

ethanol, as examples.
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Figure 3. Normalized fluorescence spectra of solutions (3x10° M) of compound 2 (Aex=325 nm) in
several solvents. Inset: Absorption spectra of 10° M solutions of compound 2 in cyclohexane and

ethanol, as examples.

229



Tablel. Maximum absorption (A,;s) and emission wavelengths (A.,,) and fluorescence quantum yields (®g) of
compounds 1 and 2 in several solvents.

Solvent Ayps(nm) hem (NM) o
1 2 1 2 1 2

Cyclohexane 372, 354, 334, 272, 243 359, 342, 319, 307, 256 378 364 0.02 0.07
Dioxane 372,354, 335, 272, 242 359, 343, 320, 308, 257 392 367 0.03 0.10
Ethylacetateb 371, 353, 334, 271 358, 342, 318, 307 393 365 0.02 0.08
Dichloromethane 372, 354, 336, 273, 243 360, 344, 321, 309, 257 392 370 0.02 0.06
Chloroform” 374,356, 337,274 361, 345, 322, 310, 258 394 372 0.02 0.04
Acetonitrile 371, 353, 334, 270, 241 358, 342, 319, 307, 255 394 369 0.02 0.05
N,N-Dimethylformamideb 372, 355, 335 360, 344, 320, 309 395 384 0.04 0.08
Dimethylsulfoxideb 373, 356, 337 360, 344, 322, 310 403 374 0.03 0.08
Ethanol 372,336, 272, 241 361, 347, 321, 310, 256 401 374 0.03 0.09
Methanol 371, 336, 271, 240 361, 346, 321, 310, 256 406 375 0.02 0.07
Water 372,336, 271, 240 362, 349, 321, 311, 255 426 392 0.01 0.06

Relative to 9,10-diphenylanthracene in ethanol (@ =0.95) [18]. Error about 10%.
®Solvents cut-off: Chloroform: 250 nm; Ethyl acetate: 265 nm; N,N-dimethylformamide: 280 nm.
Dimethylsulfoxide: 275 nm.

The fluorescence quantum yields in protic solvents tend to decrease with increasing
solvent hydrogen bonding capability (®r in ethanol > ®f in methanol > ®r in water), may be
due to an increase of S—T intersystem crossing efficiency through H-bond formation
between these quinoline derivatives and protic solvents, probably by protonation of the N
atom of the pyridine moiety. A similar behaviour has been observed previously for other
compounds synthesized by us and containing a pyridine ring, namely several thieno[3,2-
b]pyridine derivatives [22-24]. The formation of hydrogen bonds between chloroform and
these proton acceptor quinoline derivatives can also explain the lower fluorescence quantum

yield values in this solvent [25,26].

3.3. Interaction with
polynucleotides

salmon sperm DNA and with synthetic double-stranded

The interaction of compounds 1 and 2 with natural double-stranded salmon sperm DNA
was studied by fluorescence. Changes in absorption spectra upon DNA interaction are
negligible, as previously observed for other neutral aromatic compounds already studied by
some of us, namely tetracyclic lactams [27] and thieno[3,2-b]pyridine derivatives [24].
Figures 4 and 5 show the emission spectra of the benzothienoquinolines 1 and 2 with

increasing [DNA]/[compound] ratio, where [DNA] is expressed in number of bases or
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phosphate groups. For both quinoline derivatives, spectral invariance with increasing DNA

concentration occurs for the ratio [DNA]/[compound]=100, indicating that total compound

binding is achieved at this [DNA]/[compound] ratio (spectra corresponding to ratio 100 and

120 are overlapped).

Fluorescence intensity (a.u.)

increasing [DNA]

- [DNAJ[1]=50

[DNAJ[1]=0
[DNAJ[1]=5

[DNAJ[1]=10
[DNAJ[1]=20
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[DNAJ[1]=100
[DNAJ1]=120
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Figure 4. Fluorescence spectra of the benzothienoquinoline 1 (2x10°® M) in 10 mM Tris-HCI buffer
(pH = 7.2), with increasing DNA content.
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Figure 5. Fluorescence spectra of the benzothienoquinoline 2 (2x10° M) in 10 mM Tris-HCI buffer
(pH = 7.2), with increasing DNA content.

An enhancement in emission intensity with increasing DNA concentration is observed for

compound 1, while the opposite occurs for compound 2 (figure 6). This may indicate a
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different type of interaction of the two benzothienoquinolines with DNA bases, as already
observed for other tetracyclic compounds [24,27]. The high [DNA]/[compound] ratio needed
for total binding, together with the negligible changes observed in absorption spectra (not
shown), point to a weak interaction of these molecules with the nucleic acid, which is also a

common behavior with tetracyclic thienopyridine derivatives [24].

0 50 100
[DNA)/[compound]

Figure 6. Fluorescence intensities ratio in the presence (I) and absence (Ip) of DNA for compounds 1
and 2 at several [DNA]/[compound] molar ratios.

To clarify the different behavior of the two quinolines, the base sequence binding
preference was also investigated, using synthetic ds-heteropolynucleotides, poly(dA-dT)-(dA-
dT) and poly(dG-dC)-(dG-dC). Figure 7 displays the ratio of maximum emission intensities in
the presence (I) and absence (Ip) of ds-heteropolynucleotides for several [nucleic
acid]/[compound] ratios, for compounds 1 and 2, respectively. The behaviour in
heteropolynucleotides is similar to that in salmon sperm DNA, with a rise in fluorescence
intensity with increasing polynucleotide concentration for compound 1 and a decrease for
compound 2. However, the stabilization in emission intensity, indicative of full binding, is
attained at a  significantly lower molar ratio for  poly(dA-dT)-(dA-dT)
([nucleotide]/[compound]=60 and 80, respectively for compound 1 and 2). For poly(dG-
dC)-(dG-dC), the stabilization is attained at a molar ratio of 100 for both quinolines, similarly

to the behavior observed with salmon sperm DNA.
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Figure 7. Fluorescence intensities ratio in the presence (I) and absence (Iy) of heteropolynucleotides
for the benzothienoquinolines 1 and 2 at several [nucleotide]/[compound] molar ratios.
A: Poly(dA-dT)-poly(dA-dT); B: poly(dG-dC)-poly(dG-dC).

The binding constants and binding site sizes were determined by the modified Scatchard

equation, given by McGhee and von Hippel [20]

=K (1= nr)/fi- -]

Cr

2)

where K; is the intrinsic binding constant, n is the binding site size in base pairs, I is the ratio
Cv/[nucleic acid], ¢, and cr are the concentrations of bound and free compound, respectively,

calculated by

_ Ipo-IF

= (3)
Iro—IFp

b XCtotal >  Ctotal =Cf TCb
being Ir the fluorescence intensity of the free compound and Ig, the fluorescence intensity of
the bound compound at total binding.

The fluorescence measurements results were fitted by least squares methods to obtain the
values of the binding constants (K;) and the number of base pairs between consecutive

intercalated compound molecules (n). The results are presented in Table 2.
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Table 2. Values of binding constants (K;) and binding site sizes (n) for benzothienoquinolines interaction with
DNA and synthetic heteropolynucleotides.

Nucleic acid Ki M™) n
salmon sperm DNA (2.6+0.3)x10’ 14+5
Compound 1 poly(dA-dT)-(dA-dT)  (3.0£0.4)x10° 13+5
poly(dG-dC)-(dG-dC)  (5.9+0.6)x10* 35+9
salmon sperm DNA (2.9£0.3)x10° 16+ 6
Compound2  poly(dA-dT)-(dA-dT)  (3.1+0.4)x10° 1445
poly(dG-dC)-(dG-dC)  (4.5+0.5)x10* 2549

It has already been reported that small variations in the structure of tetracyclic
compounds, as differences only in the substituent groups, influence strongly the interaction
with nucleic acids [13,24,27], either by changes in the main mechanism and/or by affecting
the magnitude of interaction (binding constant and binding site size). As both compounds
exhibit a stronger interaction with poly(dA-dT)-poly(dA-dT) than with poly(dG-dC)-(dG-dC)
(higher binding constants and lower binding site sizes in the former), it can be concluded that
the main interaction in DNA 1is established with A-T base pairs. The mechanism of
photoinduced electron transfer between compounds and DNA bases is not expected to occur,
as this kind of interaction depends strongly on the bases structure [28,29]. A more likely
mechanism for the intercalation of these compounds in nucleic acids is the n-stacking.

Fluorescence quenching experiments with iodide ion were also performed for compounds
1 and 2 in the presence of DNA and heteropolynucleotides. The quenching data were first
plotted according to the Stern-Volmer relation (equation 4) [30],

01 ksvla] @
where |y and I are, respectively, the fluorescence intensities in the absence and in the presence
of quencher (I'), Kgy is the Stern-Volmer constant and [Q] is the quencher concentration.

In all cases, Stern-Volmer plots are non-linear (figure 8, as an example), with a
downward curvature. This means that not all the fluorescent molecules are accessible to the
quencher. In this case, the system contains heterogeneously emitting sites, in which some
compound molecules are accessible to the quencher and other molecules are not accessible.

Thus, the Stern-Volmer equation must be modified [31] as (5):
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where Al =1y —1, f, is the accessibility to quencher. From the plots of 1o/Al vs. 1/[Q], it is

possible to obtain the accessibilities to the anionic quencher. The results are summarized on

Table 3.

Table 3. Values of the accessibilities (f,) to the quencher (I') and Stern-Volmer constants
for compounds 1 and 2 bound to DNA and heteropolynucleotides.

Nucleic acid Ksv (M"l) fa
Salmon sperm DNA 4.65 0.53
Compound 1 poly(dA-dT)-(dA-dT) 9.33 0.54
poly(dG-dC)-(dG-dC) 11.1 0.51
Salmon sperm DNA 8.61 0.59
Compound 2 poly(dA-dT)-(dA-dT) 9.54 0.63
poly(dG-dC)-(dG-dC) 6.1 0.92

Anionic quenchers can be used to distinguish between DNA binding modes [14,15,31].
Intercalated chromophores are less accessible to quenching by iodide ion due to electrostatic
repulsion between the negatively charged DNA and iodide anion [15]. Compounds which are
bound at the DNA surface (groove binding or electrostatic binding) are more accessible and,
therefore, emission from these molecules can be quenched more efficiently. As these
benzothienoquinolines are neutral molecules, electrostatic binding to nucleic acids is not
anticipated. Therefore, the fraction of compound molecules accessible to the external

quencher (f,) should correspond to bound molecules at the grooves.
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Figure 8. A: Stern-Volmer plots for quenching with iodide ion (I") for compounds 1 and 2 with
salmon sperm DNA. B: Corresponding modified Stern-Volmer plots.

The fraction of intercalated molecules into salmon sperm DNA and
heteropolynucleotides is higher for the benzothienoquinoline 1 (46% to 49%). On the
contrary, compound 2 presents a very small fraction of intercalated molecules (8%) in
poly(dG-dC).(dG-dC), while in poly(dA-dT).(dA-dT) the percentage is similar to the
observed in natural DNA (around 40%). As both compounds are neutral molecules, the
relatively high value for f, for compounds 1 and 2 may indicate that the main type of binding
of these quinoline derivatives to DNA must be the groove binding [24,27] (electrostatic

interaction is not expected), being compound 1 the more intercalative one.

CONCLUSIONS

A new one pot method was achieved for the synthesis of benzothieno[3,2-b]quinoline 1 and
benzothieno[2,3-C]quinoline 2 by the reaction from the reaction of the commercial available
3-bromobenzo[b]thiophene-2-carbaldehyde with 2-aminophenylpinacolborane under Suzuki
hindered
(cyclohexylphosphane)biphenyl and Ba(OH),.8H,O as the base. Although the compounds

coupling conditions using a stereochemically ligand, 2-
have already been synthesized earlier by other authors using several steps, our methodology is
advantageous saving reagents and time. Both compounds are fluorescent and present a solvent

sensitive emission, despite the low fluorescence quantum yields (below 10%).
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The benzothieno[3,2-b]quinoline 1 is the most intercalative compound in DNA and synthetic
heteropolynucleotides. Both compounds exhibit a stronger interaction with A-T than with G-
C base pairs, exhibiting higher binding constants and smaller binding site sizes. Fluorescence
quenching measurements allowed concluding that the main mechanism of interaction of these

quinoline derivatives is the binding in the DNA grooves.
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Chapter 6- Conclusions and future perspectives

As outlined in the Abstract the spectroscopic properties of several classes of potential
antitumoral heterocyclic compounds, derivatives of indoles, benzo[b]thiophenes and
thieno[3,2-b]pyridines, synthesized in our research group, were studied in different
environments, like solvents of different polarity, liposomes and in the presence of

nucleic acids.
All compounds exhibited a solvent sensitive emission, with red-shifts in polar solvents.

For the planar tetracyclic compounds, either derivatives of thieno[3,2-b]pyridines or of
benzo[b]thiophenes, the interaction with nucleic acids, which may be important for
the antitumoral activity, was also evaluated by fluorescence. Experiments of
fluorescence quenching using iodide anion indicated that the groove binding is the
main type of interaction, some of the compounds exhibiting also a significant

intercalation.

The intrinsic fluorescence of the compounds was used to monitor the location and
behaviour in nanoliposomes of neat lipids and lipid mixtures of different formulations,

keeping in mind drug delivery applications using these systems as carriers.

Future work is envisaged, considering applications of the most promising compounds

as antitumoral drugs:

- Evaluation of the interaction and internalization of the nanoliposomes with

incorporated compounds, with human tumor cell lines.

- Development of nanoliposomes labeled with folate or transferrin in order to

enhance the interaction with the tumor cells.

- Development of magnetoliposomes (liposomes entrapping magnetic
nanoparticles) with incorporated antitumoral compounds. These systems allow
the exact location in the therapeutic site of interest, through the use of an

external magnetic field.

243



Chapter 6 — Conclusions and future perspectives

244



	Maria Solange Dantas de Carvalho
	Página 1
	Página 2
	Página 3
	Página 4

	Chapter 0_Primeiras páginas
	Chapter 1_compounds interest
	Chapter 2_DNA
	Chapter 3_Liposomes
	Chapter 4_Molecular Fluorescence
	Chapter 5_papers
	Chapter 6_Conclusions and future prospects

