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Abstract

New fluorescent methoxylated di(hetero)arylethershie thieno[3,]pyridine series were prepared
by a copper-catalyzed Ullmann-type C-O coupling of tmethyl 3-amino-6-bromothieno[3,2-
b]pyridine-2-carboxylate withortho, meta and para-methoxyphenols, usindy,N-dimethylglycine as
the ligand and GEOs as the base. The compounds obtained were testeleio inhibitory growth
activity in three human tumor cell lines MCF-7 (&seadenocarcinoma), A375-C5 (melanoma), NCI-
H460 (non-small cell lung cancer). The di(heterggthers bearing a methoxy group in trtho and
meta positions showed very low glvalues (1.32.5 puM) in all the three tumor cell lines. Their
fluorescence properties in solution and when endagsl in different nanoliposome formulations,
composed either by egg-yolk phosphatidylcholinegtP§), dipalmitoyl phosphatidylcholine (DPPC),
dimyristoyl phosphatidylglycerol (DMPG), dioctadéaiynethylammonium bromide (DODAB),
distearoyl phosphatidylcholine (DSPC), with or witih cholesterol (Ch), or distearoyl
phosphatidylethanolamine-(polyethylene glycol)2QDGPE-PEG), were studied. All compounds can
be carried in the hydrophobic region of the liposomembrane. The liposomes with incorporated
compounds are nanometric in size (diameter lowem ti50 nm) and have generally low

polydispersity.
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1. Introduction

Thienopyridine derivatives including di(hetero)atylers have attracted much attention
because of their potential different biologicalvaties namely as antitumoral agents [1],
nonreceptor Src kinase inhibitors [2] and receptarsine kinase inhibitors [3,4,5].

Nanoliposomes are new technological developmentshi® encapsulation and delivery of
bioactive agents. Because of their biocompatibditgl biodegradability, along with their size,
nanoliposomes have potential applications in a vasge of fields, including nanotherapy.
Nanoliposomes are able to enhance the performanb®active agents by improving their
bioavailability,in vitro andin vivo stability, as well as preventing their unwanteiiactions
with other molecules [6]. They may contain, in aidti to phospholipids, other molecules
such as cholesterol (Ch) which is an important comept of most natural membranes. The
incorporation of Ch may increase the stability bgdulating the fluidity of the lipid bilayer
preventing crystallization of the phospholipid acylains and providing steric hindrance to
their movement. Further advances in liposome rebdaund that polyethylene glycol (PEG),
which is inert in the body, allows longer circulatdife of the drug delivery system [7].

In this work we describe the synthesis of new fisoent di(hetero)arylethers in the
thieno[3,2b]pyridine series, by copper-catalyzed Ullmann-typ€®© coupling of the methyl
3-amino-6-bromo-thieno[3,B}pyridine-2-carboxylate, earlier prepared by us [8ith o-, m-
and p-methoxyphenols. The effects of the three couppingducts obtained in the growth
inhibition of human tumor cell lines, MCF-7 (breastenocarcinoma), A375-C5 (melanoma),
NCI-H460 (non-small cell lung cancer), were evaddatand theortho and meta
methoxydi(hetero)arylethers were shown to be thetnpoomising antitumor compounds,
presenting very low G values in all the cell lines studied. For thedattompounds, the
fluorescence properties were evaluated in differeolivents and when encapsulated in
different nanoliposome formulations, with or withocholesterol and PEG. Fluorescence
anisotropy measurements can give relevant infoonasibout the compound behavior and
location in the several liposomes, namely if they lacated in the lipid bilayer, feeling the
differences between the gel and the liquid-crysialphases of phospholipids. These studies
are important keeping in mind future drug delivaagplications of these new potential

anticancer drugs.



2. Experimental

2.1. Synthesis

2.1.1.General Remarks

Melting points fC) were determined in a SMP3 Stuart apparatus amdircorrected'H
and *C NMR spectra were recorded on a Bruker Avanceatll400 and 100.6 MHz,
respectively. Heteronuclear correlation$)->C, HMQC or HSQC were performed to
attribute some signals.

MS and HRMS data were recorded using a methodrettinjection by El (70eV) and by
the mass spectrometry service of the Universityigb, Spain.

The reactions were monitored by thin layer chromgthphy (TLC) in aluminium plates
covered with a layer of silica gel 6Mé&cherey-Nagélof 0.2 mm, with U\s4fluorescence
indicator. Column chromatography was performed oachérey-Nagel silica gel 230-400
mesh, using a solvent gradient, increasing therpwla mixtures of diethylether/ petroleum
ether in portions of 10% of diethylether until poat isolation. Petroleum ether refers to the
boiling range 40-66C.

2.1.2. General procedure for the copper-catalyze® ¢(Scheme 1)in a Schlenk tube, dry
dioxane (3 mL), Cul (10 mol%N,N-dimethylglycine (30 mol%), the corresponding pHheno
(1.3 equiv.), C£LO; (2.0 equiv.) and methyl 3-amino-6-bromothieno[B]@yridine-2-
carboxylate 1), were added under argon, and the mixture wastiesith stirring at 116C
for 8 hours. After cooling, NaOH aqueous (30% wéwd ethyl acetate were added. The
phases were separated, the organic phase was(Wgsl,) and filtered. The solvent was
evaporated under reduced pressure giving a solicchwhvas submitted to column

chromatography.

2.1.2.1. Methyl 6-(2-methoxyphenoxy)-3-aminothien[3Ryridine-2-carboxylate 4a):
Thieno[3,2b]pyridine 1 (150 mg, 0.545 mmol) and 2-methoxyphenol (1.3 vgQil mL,
0.709 mmol), were heated and the reaction mixtuas treated according to the general
procedure. Column chromatography using 60% diethgk/petroleum ether gave compound
2a as a Yyellow solid (67.0 mg, 40%), m.p. 137-189 after some washes with petroleum
ether.'H NMR (CDChk, 400 MHz):§ 3.81 (3H, s, OMe), 3.89 (3H, s, OMe), 6.21 (2H, s
largo, NH), 6.99-7.01 (1H, m, Ar-H), 7.06 (1H, ddi= 8.4 e 1.6 Hz, ArH), 7.12 (1H, dd=
8.0 e 1.6 Hz, ArH), 7.24-7.38 (1H, m, Ar-H), 7.3¢H, d,J = 2.4 Hz, HetAr), 8.46 (1H, d,=
2.4 Hz, HetAr) ppm™C NMR (CDCE, 100.6 MHz):5 51.55 (OMe), 55.85 (OMe), 98.17 (C),



113.07 (CH), 116.11 (CH), 121.41 (CH), 122.07 (C#}6.49 (CH), 135.33 (C), 138.54
(CH), 141.22 (C), 143.15 (C), 147.38 (C), 151.45, ((54.46 (C), 165.30 (C=0) ppm. MS
(El) m/z (%): 330.07 (N1100), 298.04 (M-FOMe, 69). HRMS M calcd. for GgH1aN204S:
330.0674, found 330.0680

2.1.2.2. Methyl 6-(3-methoxyphenoxy)-3-aminothieno[Hpyridine-2-carboxylate(2b):
Thieno[3,2b]pyridine 1 (150 mg, 0.545 mmol) and 3-methoxyphenol (1.3 w¥gQil mL,
0.709 mmol), were heated and the reaction mixtuas weated according to the general
procedure. Column chromatography using 40% diethglépetroleum ether gave compound
2b as a yellow solid (96.0 mg, 53%), m.p. 111-PC2 after some washes with petroleum
ether.'H NMR (CDCk, 400 MHz):5 3.81 (3H, s, OMe), 3.90 (3H, s, OMe), 6.21 (2H, s
largo, NH), 6.63-6.66 (2H, m, ArH), 6.74-6.77 (1H, m, ArH).27-7.32 (1H, m, ArH), 7.53
(1H, d,J = 2.4 Hz, HetArH), 8.45 (1H, dl = 2.4 Hz, HetAr) ppm:*C NMR (CDC}, 100.6
MHz): 8 51.56 (OMe), 55.44 (OMe), 98.60 (C), 105.54 (CH)0.28 (CH), 111.38 (CH),
118.41 (CH), 130.61 (CH), 135.18 (C), 139.89 (CiHj2.02 (C), 147.34 (C), 153.48 (C),
156.48 (C), 161.23 (C), 165.24 (C=0) ppm. MS (Elx(¥b): 330.07 (M,100), 298.04 (N+
OMe, 67), HRMS M calcd. for GegH14N204S: 330.0674, found 330.0675.

2.1.2.3. Methyl 6-(4-methoxyphenoxy)-3-aminothieno[&iridine-2-carboxylate Zc):
Thieno[3,2b]pyridine 1 (100 mg, 0.363 mmol) and 4-methoxyphenol (1.0 wqgd#.0 mg,
0,363 mmol), were heated and the reaction mixtues weated according the general
procedure. Column chromatography using 50% diethglépetroleum ether gave compound
2c as a yellow solid (79.0 mg, 65%), m.p. 129-£8] after some washes with petroleum
ether.'H NMR (CDChk, 400 MHz):8 3.84 (3H, s, OMe), 3.90 (3H, s, OMe), 6.27 (2H, s
largo, NH), 6.95 (2H, dJ = 9.2 Hz, 2xArH), 7.05 (2H, dl = 9.2 Hz, 2xArH), 7.44 (1H, d
= 2.4 Hz, HetArH), 8.44 (1H, dl = 2.4 Hz, HetArH) ppm-°*C NMR (CDCE, 100.6 MHz):5
51.55 (OMe), 55.68 (OMe), 98.29 (C), 115.29 (2xCH)6.64 (CH), 121.21 (2xCH), 135.29
(C), 139.31 (CH), 141.44 (C), 147.41 (C), 148.65%, (54.90 (C), 158.84 (C), 165.30 (C=0)
ppm. MS (El) m/z(%): 330.07 (M100), 298.04 (M-OMe, 68), HRMS M calcd. for
C16H14N20,4S: 330.0674, found 330.0671.



2.2. Biological Activity
2.2.1. Reagents

Fetal bovine serum (FBS);glutamine, phosphate buffered saline (PBS) angsinywere
from Gibco Invitrogen Co. (Scotland, UK). RPMI-164@edium was from Cambrex (New
Jersey, USA). Acetic acid, dimethyl sulfoxide (DMB@oxorubicin, penicillin, streptomycin,
ethylenediaminetetraacetic acid (EDTA), sulforhodeB (SRB) and trypan blue were from
SigmaChemical Co. (Saint Louis, USA). Tricloroacedicid (TCA) and Tris were sourced

from Merck (Darmstadt, Germany).

2.2.2. Solutions of the compounds

Stock solutions of the tested compounds were peepar DMSO and kept at —70°C.
Appropriate dilutions were freshly prepared in thst medium just prior to the assays. The
effect of the vehicle solvent (DMSO) on the growththe cell lines was evaluated by
exposing untreated control cells to the maximumceatration of DMSO used in the assays

(0.25%). No influence was found (data not shown).

2.2.3. Cell cultures

Three human tumor cell lines, MCF-7 (breast ademooama), NCI-H460 (non-small cell
lung cancer) and A375-C5 (melanoma) were used. M@Rd A375-C5 were obtained from
the European Collection of Cell Cultures (ECACCJiskaury, UK), and NCI-H460 was
kindly provided by the National Cancer InstituteQINBethesda, USA). They were routinely
maintained as adherent cell cultures in RPMI-164diom supplemented with 5% heat-
inactivated FBS, 2 mM glutamine and antibioticsnjp#lin 100 U/mL, streptomycin 100
ug/mL), at 37°C in a humidified atmosphere contagni¥e CQ. Exponentially growing cells
were obtained by plating 1.5x16ells/mL for MCF-7 and 0.75x2@ells/mL for A375-C5
and NCI-H460, followed by a 24 h incubation.

2.2.4. Cell growth inhibition assay

The effects on th vitro growth of human tumor cell lines were evaluatecbading to the
procedure adopted by the NCI (USA) in thdin Vitro Anticancer Drug Discovery Screen”,
using the protein-binding dye sulforhodamine B tesems cell growth [9,10]. Briefly,
exponentially growing cells were exposed for 4&hQ6-well microtiter plates, to five serial
dilutions of each test compound, starting from aximam concentration of 15QM (if

possible). Following the exposure period adherelt$ evere fixedn situ, washed and stained



with SRB. The bound stain was solubilized and theoeébance was measured at 492 nm in a
plate reader (Biotek Instruments Inc., Powerwave W#coski, USA). Dose-response curves
were obtained for each test compound and cell &nd,the growth inhibition of 50% (&),
corresponding to the concentration of the compodtimalsinhibited 50% of the net cell growth
was calculated as described elsewhere [10]. Doxcirutvas tested in the same manner to be
used as a positive control.

2.3. Liposomes preparation

All the solutions were prepared using spectroscgpatie solvents and ultrapure water
(Milli-Q grade). 1,2-Dipalmitoylsn-glycero-3-phosphocholine (DPPC), 1,2-disteasayl-
glycero-3-phosphocholine (DSPC), 1,2-diasgglycero-3-phosphocholine from egg yolk
(egg-PC), 1,2-dimyristoysinglycero-3-[phosphaac-(1-glycerol)] (sodium salt) (DMPG)
and cholesterol (Ch) were obtained from Sigma-Alhlri 1,2-Distearoybknglycero-3-
phosphoethanolaming-[methoxy(poly-ethylene glycol)-2000] (ammonium tsa(DSPE-
PEG) was obtained from Avanti Polar Lipids, whileadadecyldimethylammonium bromide

(DODAB) was from Tokyo Kasdlipid structures are shown below).
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Nanoliposomes were prepared by evaporation of aumaxof lipids and compound in
chloroform under vacuum for 12 h. The lipid/compduiim was then hydrated with an
aqueous buffer solution (10 mM Tris-HCI buffer, pH4), above the lipids melting transition
temperatureqa. 41 °C for DPPC [11], 23 °C for DMPG [12], 55 °C faSPC [13] and 45 °C
for DODAB [14]), followed by six extrusion cyclesiging a LIPEX" extruder) through 100
nm polycarbonate membranes. Between the extrusicles; the solutions were allowed to
equilibrate for 1 h. The final total lipid conceation was 1 mM, with a compound/lipid molar
ratio of 1:333.

DLS and zeta potential measuremenigposomes mean diameter and size distribution
(polydispersity index) were measured using a Dywcahight Scattering (DLS) equipment
(NANO ZS Malvern Zetasizer), at 25 °C, using a He{bser of 633 nm and a detector angle
of 173°. Five independent measurements were pegfbrior each sample. Malvern
Dispersion Technology Software (DTS) was used witliltiple narrow mode (high

resolution) data processing, and mean size (nmgead values were considered.

2.4. Spectroscopic measurements

Absorption spectra were recorded in a Shimadzu W¥IRC UV-Vis-NIR
spectrophotometer. Fluorescence measurements werfermped using a Fluorolog 3
spectrofluorimeter, equipped with double monochrmmsain both excitation and emission,
Glan-Thompson polarizers and a temperature coattalvette holder. Fluorescence spectra
were corrected for the instrumental response ofylseem.

For fluorescence quantum yield determination, tlat®ns were previously bubbled for
20 minutes with ultrapure nitrogen. The fluoreseegaantum yieldsds) were determined
using the standard method (equation 1) [15,16]n{@aisulfate in SO, 0.05 M was used as
reference®, = 0.546 at 25 °C [17].

Dg = l(Ar Fs ng)/(As Fr nrz) D, 1)

whereA is the absorbance at the excitation wavelerfgtthe integrated emission area and
the refraction index of the solvents used. Subsrigfer to the reference (r) or sample (s)
compound. The absorbance value at excitation wagttewas always less than 0.1, in order

to avoid inner filter effects.



Solvatochromic shifts can be described by the Lippmataga equation (2), which relates
the energy difference between absorption and eomisshaxima to the orientation
polarizability, [18,19]

- - 1 2A
0

Af +const (2)

where v aps is the wavenumber of maximum abSOI’ptiG_)lﬂ, is the wavenumber of maximum
emission,Al = le — g is the difference in the dipole moment of solute moledetween
excited (le) and ground{g) statesR is the cavity radius (considering the fluoropharpoint
dipole at the center of a spherical cavity immersethe homogeneous solvent), aad is
the orientation polarizability given by (eq. 3):

e-1 n?-1
Af= - ,
2¢+1 2n?+1

®3)

wheresg is the static dielectric constant amthe refractive index of the solvent.

An alternative expression, proposed by Bakhshigkeg into account the angig,between

the ground and excited state dipole moments ofitieeophore [20,21]:

1 2

2 2
__(“ -2 cosy + )f €,n)+const 4
I, o 1 ~ 2HgHeCOSY+Hg (e.n) (4)

Vabs—Vy =

2
where ué — 2lgHeCOSY + ug is equivalent tcﬂie - ﬂg‘ and

2
e-1 n°-1
fle,n)=——- 5
En)= s, (5)
The steady-statuorescence anisotropy, is calculated by
lyy -Gl
_ v VH (6)

lyw +2G Iyy

where lyy and lyy are the intensities of the emission spectra obthiwith vertical and
horizontal polarization, respectively (for vertigal polarized excitation light), and
G=IlQy/lyH is the instrument correction factor, whelig, and Iy are the emission

intensities obtained with vertical and horizontallgvization (for horizontally polarized

excitation light).



3. Results and discussion

3.1. Synthesis

New di(heteroaryl)ether2a-c were prepared by copper-catalyzed C-O couplinghef
methyl 3-amino-6-bromothieno[3/@pyridine-2-carboxylate X), earlier prepared by Us$],
with ortho, metaandpara-methoxyphenols, using Cul as the catalystN-dimethylglycine
as the ligand and @80; as the base, in moderate to good yields (Scheme 1)

NH,
N\
S
HO O
OMe
OMe 2a, 40%

i
NH
NH, /@\ 2
Ny - HO OMe | AN \
| N—co,Me ! _ CO.Me
o~ MeO o S
Br

1 i : OMe 2b, 53%
HO
NH»
MeO N
TN
\©\ | CO,Me
Z s
i) Cul (10mol%), N,N-dimethylglycine (30mol%), o

Cs,CO3 (2 equiv.), dry dioxane, 110 °C, Ar, 8h. 2c, 65%

Scheme 1. Synthesis of di(hetero)aryletl®ars by copper-catalyzed C-O coupling

The Ullmann ether synthesis has been extensivelg tmethe formation of diarylethers
[22,23]. However, the harsh reaction conditions5¢220°C in neat phenol or solvents such
as pyridine collidine oN,N-dimethylformamide), the usual requirement for gimmetric (or
higher) quantities of copper, and the fact thatctiated aryl halides usually react in low
yields have limited the utility of this reactionZR Thus, development of methods for the
synthesis of diarylethers under relatively mild dions is receiving increasing interest. Ma
and Cai reported for the first time in 2003 thatger the action d,N-dimethylglycine as the
ligand, Cul-catalyzed coupling reaction of arylitlat and phenols using £X0; as the base,
could be carried out at $C to give the corresponding diarylethers [24]. Asdtibed for the
amino acid promoted Cul-catalyzed C-N bond fornmafrtom aryl halides and amines ¢
containing heterocycles, the mechanism for the &bion of the diarylethers (C-O bond

formation) may occur through two pathways:1) oxiaaddition/reductive elimination; 2z}



complex mechanism. Based on the fact that copper gan form chelates with amino acids
through the carboxyl and amino groups, Btaal. put forward two possible catalytic cycles
[25].

3.2. Biological activity

The effects of the di(hetero)aryleth@a-c on the human tumor cells growth were evaluated
in three human tumor cell lines MCF-7 (breast adaninoma), A375-C5 (melanoma), NCI-
H460 (non-small cell lung cancer) and the resulte @resented in Table 1. The
di(hetero)arylethers bearing a methoxy group in adi@o and meta positions2a and 2b,
respectively, are the most promising antitumor coumgls presenting very low §glvalues
(1.1-2.5 pM) in the tumor cell lines in study. Thesition of the methoxy group is very
important for the activity, since compoud with the methoxy group in thpara position
relative to the ether function, presented very mhigher Gipvalues.

Doxorubicin, used as positive control, presenty Vegh citotoxicity in these cell lines but
it is also very toxic for the human body and nowed# used in a liposomal pegylated
formulation that decreases their toxicity and adeesecundary effects and increases the

captation by the tumor [26-28].

Table 1.Growth inhibitory activity of the di(hetero)aryletls2a-con the three human tumor cell lines in study.

Compounds Glso (M) *

MCF-7 A375-C5 NCI-H460
2a 14+£0.1 14+£0.1 1.1+0.1
2b 25201 2503 2.3x0.1
2c 46.8+4.0 83.5+5.8 450+1.4

& The lowest concentrations causing 50% of cell gnoiwhibition (Gkg) after a continuous exposure of 48 h, expressed as
means = SEM of three independent experiments peedrin duplicate. Doxorubicin was used as positioetrol (GI50:
MCF-7 = 43.3 £ 2.6 nM; A375-C5 £30.2 + 10.1 nMNCI-H460 = 35.6 + 1.6 nM).

Due to the antitumoral potential of the di(heterglethers2a—b and as both are fluorescent,
their photophysical properties were studied. Alb@ir encapsulation in nanoliposomes for
future drug delivery purposes was monitored usihg tntrinsic fluorescence of the

compounds.
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3.3. Fluorescence studies in several solvents

The absorption and fluorescence properties of comgg2a and2b were studied in several
solvents (Table 2). The normalized fluorescence spaut both compounds are shown in
Figures 1 and 2, respectively. Examples of absor@pectra are shown as insets.

Compounds2a and 2b exhibit reasonable fluorescence in several sodvelRluorescence
guantum yield values are in the range of 3% in rfitom and 34% in DMSO for compound
2a and of 2% (chloroform) and 29% (DMSOQO) for compowzidl (Table 2). However, no
emission is observed in protic solvents, like wateethanol. This behaviour can be due to
specific solute-solvent interactions by hydrogemdso with protic solvents, namely by
protonation of the N atom of the pyridine ring. Té@me explanation can justify the low
fluorescence quantum yields obtained in chlorofoas,the formation of hydrogen bonds

between chloroform and proton acceptor molecul&adsvn since a long time [29].

Table 2. Maximum absorptionX,,9 and emission wavelengtha.f), molar absorption coefficientg)(and
fluorescence quantum yield®{) for compound®aand2b in several solvents.

Aabs(NM) (€/20° Mtem™) Aem(NM) d:?
Solvent
2a 2b 2a 2b 2a 2b
359 (0.37), | 360 (0.39),
Cyclohexane 310 (0.54), | 311 (0.61),| 425 427 0.26 0.29
288 (3.07) | 289 (3.06)
. 360 (0.55); | 361 (0.46),
Dioxane 289 (3.00) | 280 (3.00) | 240 441 0.27 0.28
355 (0.50), | 361 (0.45),
Ethyl acetat8 309 (0.77),| 312 (0.71) 448 453 0.07 0.09
287 (3.40) | 288 (3.02)
354 (0.58), | 355 (0.45),
Dichloromethane 310 (0.89),| 311 (0.69), 447 451 0.13 0.16
288 (3.49) | 288 (2.80)
: . 358 (0.56), | 357 (0.59),
N,N-Dimethylformamidé 289 (3.39) | 290 (3.02) 465 470 0.20 0.12
. . 362 (0.62), | 364 (0.47),
Dimethylsulfoxide’ 2900 (3.42) | 291 (2.71) 475 479 0.34 0.29
354 (0.55), | 355 (0.38),
Acetonitrile 309 (0.84), | 310(0.60),| 459 461 014 | 012
286 (3.46) | 287 (2.48)
354 (0.57), | 361 (0.46),
Chloroform® 311 (0.91),| 313(0.87)| 445 448 0.03 0.02
289 (3.50) | 290 (2.88)
359 (0.56), | 361 (0.41),
Ethanol 310(0.88), | 311 (0.77),| -
288 (3.72) | 289 (2.83)
358 (0.56), ,
Methanol 310 (0.89), | Sor ((%"866))'
287 (3.69) :

? Relative to quinine sulfate in,80, 0.05 M @ = 0.546 at 25 °C [16]). Error about 10%.

® Solvents cut-off Dimethylsulfoxide: 270 nmN,N-Dimethylformamide: 275 nm; Ethyl acetate: 265 nm;
Chloroform: 250 nm.
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Figure 1. Normalized fluorescence spectra ofl8° M solutions of compounga in several solvents
(Aex=360 nm). Inset: Absorption spectrum ok1®® M solutions of 2a in acetonitrile and

dimethylformamide, as examples.
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Figure 2. Normalized fluorescence spectra ofl8° M solutions of compoundb in several solvents
(Aex=355 nm). Inset: Absorption spectrum ok1®° M solutions of 2b in acetonitrile and

dimethylformamide, as examples.

For both compounds, significant red shifts are olesik for emission in polar solvents (50
nm between cyclohexane and dimethylsulfoxide fongound2a and 52 nm fo2b). In the
absorption spectra, the red shifts are negligiblgble 2), indicating that solvent relaxation

after photoexcitation plays an important role. igo solvents, a clear band enlargement in
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emission is also observed (Figs. 1 and 2), whialsiglly related to an intramolecular charge
transfer (ICT) mechanism and/or to specific soledffécts [18].

The solvatochromic plots for compour@s-b, shown in Figure 3, are reasonably linear, the
slope being larger for compou@t. This shows that the presence of the methoxy girotipe

metaposition causes an enhance of the ICT charactiecéxcited state.

el O Compound 2a
[J Compound 2b
4 5
_. 6000 |
£ 5 @ ®
g
1>"
>° 5000 (2)
0
4000 +
0.0 0.2 0.4 0.6
Sen)

Figure 3. Solvatochromic plots (equation 4) for compou2dsand 2b. Solvents: 1 - cyclohexane; 2 -
dioxane; 3 - chloroform; 4 - ethyl acetate; 5 -hilicomethane; 6 - dimethylsulfoxide; 7N,N-
dimethylformamide; 8 - acetonitrile (valuessafindn were obtained from ref. [30]).

From ab initio molecular quantum chemistry calculations, obtaimveth Gaussian 09
software[31] and use of a 6-311+G(dp) basis set at the TB-BET (B3LYP) level of
theory [32] in gas phase, the cavity radiR®s #énd the ground state dipole momeany) (were
determined for the two compounds (Table 3). The dpgchgeometry of the ground state of
the di(hetero)arylether®a-b shows that the methoxyphenyl moiety is completely af the
plane of the thienopyridine system. In the lowedtited state a distortion occurs, which is
much more pronounced in compou2ig where the two moieties are further apart (Figlre
The directions of the calculated dipole momentshi@ ground and excited state are also
indicated in Figure 4, evidencing a change in ttited state dipole moment vector to almost
the opposite direction relative to the ground state. This clearly indicates that the angle
between the two dipole moment vectors cannot béeotegl and must be considered in the

solvatochromic plots (Bakhshiev’s equation (4)).
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Figure 4. Optimized geometries of compoungsand2b obtained by Gaussian 09 software (grey: C
atoms; white: H atoms; red: O atoms; blue: N atoyedlow: S atoms). Left: ground state; Right:
lowest excited singlet state. The arrows indichgedirection of the dipole moment.

The absolute value of the difference in the excéred ground state dipole moment vectors,
estimated from the solvatochromic plots (FigureaByl from molecular quantum mechanical
calculations, are presented in Table 3. The obtauadges are similar and, therefore, both
methods point to the presence of a significantgdaransfer mechanism in the excited state,

more pronounced for compougb.

Table 3. Cavity radius R), ground fig) and excited statepyf dipole moments obtained from
theoretical calculations, and absolute value ofdipele moment dlﬁerencék(e P-g‘) from quantum

mechanical calculations and from the solvatochrqutots.

Excited state dipole

Cavity Ground state ‘ fe—H ‘ (D) ‘ He— ﬂg‘ (D) from
: . moment,i. (D), from 9 _
Compound rad:gt\Js,R dipole mDoment, theoreetical from theoretical  solvatochromic
(A) Hg (D) calculations calculations plots
2a 54 2.8 4.7 7.1 6.5
2b 5.8 4.7 3.4 7.7 7.2
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Figure 5 displays the representation of HOMO andMiQJ molecular orbitals for the two
compounds, obtained with the calculated optimizeongetries for the ground and the lowest
excited singlet state. It can be observed thatH®®O and LUMO molecular orbitals are
mainly located in the thieno[3@pyridine system, with a small contribution of tle¢her
oxygen atom. The HOMO-LUMO transition (for both gesines) of these compounds shows
a significant charge transfer from the amine griiged to the thiophene ring and from its S
atom to the pyridine moiety. A charge density daseein the oxygen atom of the carbonyl
group is also observed in the HOMO-LUMO transitidhis confirms the CT character of the

excited state for both compounds.

.48

HOMO
Excited state geometry

Ground state geometry COMPOUND 2b Excited state geometry

Figure 5. Representation of HOMO and LUMO molecuabitals of the di(hetero)arylethefa
(above)and 2b (below). Left: Optimized geometry for the groundtet Right: Optimized geometry
for the lowest excited singlet state.

The photophysical behavior of both compounds shdwet they can be considered as
solvatochromic probes. The significant sensitivitiy tbe fluorescence emission to the
fluorophore environment can be very useful whenbimg the location/behavior of these

compounds in liposomes.

3.4. Fluorescence studies in nanoliposomes

Fluorescence experiments of both compounds encpdulin liposomes of several
compositions were carried out. These liposomes w@mgposed either by neat phospholipids,
or by phospholipid mixtures, with or without chdlm®l (Ch) and PEG. Several different
lipid compositions were studied, keeping in mintufe drug delivery applications @ and

2b as potential anticancer drugs.
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First, liposomes of neat DPPC (zwitterionic), DMPa&ionic), DODAB (cationic) and Egg-
PC (zwitterionic, composed of a phosphatidyl chelmixture) with encapsulated compounds
were prepared and fluorescence emission was meditor both gel (below the melting
temperatureT,) and liquid-crystalline (abové,,) phases of the lipid. At room temperature,
the phospholipids DPPC and DODAB are in orderedobeke, where the hydrocarbon chains
are fully extended and closely packed. DMPG hashimg transition temperature very near
room temperatureT(, = 23 °C). The melting transition temperature of B§g-s very low
[33] and this lipid is in the fluid liquid-crystatle phase at room temperature. Fluorescence
spectra of compound®a-b incorporated in these liposomes are presentedgunrd-6. The
maximum emission wavelengths in Egg-PC and DPPQ limiembranes point to a
hydrophobic environment for both compounds in lipeembranes (Figure 6, Table 4). In
DODAB and DMPG aggregates, a band enlargement arghifa to higher emission
wavelengths is observed, indicating a more hydratedronment for the compounds in these
aggregates. The red shift is more significant fahlmmmpoundsn DMPG aggregates, which
can be explained by the formation of DMPG unilaarellesicles with perforations [34], or

leaky vesicles [35], where the compounds may femenpenetration of water molecules.

——Egg-PC (25 °C) ——Egg-PC (25 °C)

N DODAB (25°C) || #/AZN DODAB (25 °C)

B ---- DODAB (50 °C) ---- DODAB (50 °C)
\\t‘.n‘ ...... DPPC (25°C) ||  JA/f \Wy - DPPC (25 °C)
\'\l\"."“. ................ DPPC (50°C) [ &/ A\Wh e DPPC (50 °C)
Wy === DMPG (17 °C) y: % - DMPG (17 °C)
Wy e DMPG (50 °C) L A DMPG (50 °C)

Fluorescence intensity (a.u.)

Compound 2a Compound 2b

400 500 600 400 500 600
A (nm) A (nm)

Figure 6. Normalized fluorescence spectra of compouaiand2b (3x10° M) in lipid aggregates of
Egg-PC, DPPC, DMPG and DODAB, below (17 °C or 25 &Ad above (50 °C) the melting
temperature of the lipids.
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Table 4. Steady-state fluorescence anisotropy ¥alues and maximum emission wavelengths.)( for
compound®aand2b in lipid aggregates, below (17 °C or 25 °C) andva(50 °C) transition temperature of the
lipids. Anisotropy values in glycerol at room temgeire are also shown for comparison.

- Compound2a Compound?b
Lipid TECC
P! ¢C) Aem(nm) r dem(NM) r
Egg-PC 25 433 0.121 436 0.120
25 432 0.196 433 0.186
DPPC 50 432 0.095 434 0.075
25 439 0.179 437 0.155
DODAB 50 438 0.115 436 0.112
17 443 0.147 447 0.154
DMPG
50 442 0.105 446 0.108
Glycerol 25 420 0.295 418 0.30¢

Fluorescence anisotropy) (measurements (Table 4) can give relevant infoonmatbout the
location of the compounds in liposomesyascreases with the rotational correlation time of
the fluorescent molecule (and, thus, with the \8#tgoof the fluorophore environment) [36].
Anisotropy values in a viscous solvent (glycerolgrev also determined, for comparison.
Steady-state fluorescence anisotropy results (THbédlow concluding that both compounds
are mainly located in the inner region of the lipig@mbrane, feeling the penetration of water
molecules, especially in DMPG aggregates. The tiandrom the rigid gel phase to the fluid
liquid-crystalline phase is clearly detected byo#able decrease in anisotropy at 50 °C. iThe
values in Egg-PC liposomes at 25 °C (fluid phase)aso significantly lower than those
observed in lipids which are in the gel phase igttdmperature.

Considering future developments of these compodedigery using nanoliposomes as drug
carriers, several different liposome formulationgrev prepared [37-39], some of them
containing cholesterol (Ch) and polyethylene gly@®EG). The incorporation of Ch may
increase the stability by modulating the fluiditiytbe lipid bilayer, preventing crystallization
of the phospholipid acyl chains and providing stdrindrance to their movement. Further
advances in liposome research found that PEG, wisichert in the body, allows longer
circulatory life of the drug delivery system [7].

Previous studies have shown that DODAB-based lip@so exhibit very large sizes
(diameter larger than 250 nm) [39-41] and, for tieigson, this cationic lipid was not used in
the liposome formulations prepared. On the contramgst of the nanoliposomes contain
DMPG, as the presence of pores across this lipichiongne has a promising biological

relevance in applications for controlled releasenfmanocompartments [34].
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The size and size distribution (polydispersity indek the prepared nanoliposomes with

encapsulated compoun@a and2b were obtained by DLS. All the liposomes have amea

hydrodynamic diameter lower than 140 nm and gelyel@alv polydispersity (Table 5).The

Egg-PC:Ch (7:3),

Egg-PC:Ch:DMPG (7:3:1) and DSPC:G®B-PEGyy (1:1:0.75)

formulations allowed us to obtain the smaller ngpadome diameters, which are lower than

100 nm for both compounds. The Egg-PC:Ch formutatie the one with a lower

polydispersity.

Table 5. Mean hydrodynamic diameter and polydispersity efesal nanoliposome formulations with
encapsulated compoung@a and2b, at 25 °C.

Compound?a Compound?b
Formulation Hydrodynamic o\ . .| Hydrodynamic . .
diameter (nm) ydispersity diameter (nm) Polydispersity
(mean £ SD) (mean £ SD)
(mean £ SD) (mean + SD)

Egg-PC:Ch (7:3) 84.4+04 0.19+0.01 87.8%x0.4 0.21£0.01

Egg-PC:Ch:DMPG (7:3:1) 81.2%0.5 0.26 £0.01 90.2+0.5 0.36 +0.02

DPPC:DMPG (1:1) 133.4+£0.6 0.34+0.01 116.2+0.6 0.42 +£0.02

DPPC:DMPG (1:2) 131.7£0.6 0.43+0.02 144 0.4 0.24 +0.01

DPPC:DMPG (2:1) 125.6 £ 0.5 0.39 +0.02 114.1+0.4 0.34+0.01

DSPC:DMPG (5:1) 117.4+£05 0.34+0.01 136.3+0.6 0.35+0.01
Dspc:g:lr?:l?os?;-PE@m 836+0.4  031+00l| 71L7+03 028001

Standard deviations (SD) were calculated from tlmof the data of a series of five experimentsdaoted

using the same parameters.

The two compounds show significant fluorescence sots when incorporated in

nanoliposomes (Figure 7) and steady-state fluonegcanisotropy values are generally high

at room temperature (Table 6).
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Figure 7. Normalized fluorescence spectra of compou@aland2b (3x10° M) in nanoliposomes of

different compositions at room temperature.

Table 6. Steady-state fluorescence anisotropy ¥alues and maximum emission wavelengths,)( for
compoundfa and2b encapsulated in nanoliposomes, at 25 °C and 50 °C.

Formulation Compounda Compoundb
Aem(NM) r dem(NM) r
Egg-PC:Ch (7:3) 25 435 0117 439 0.109
Egg-PC:ChiDMPG (7:3:1) o | s oun| a2 o1of
25 445  0239| 452  0.184
DPPC:DMPG (1:1) 50 444 0.124 443 0.13;
25 444 0220| 445 0176
DPPC:DMPG (1:2) 50 443 0147| 446 0.1252
25 447  0213| 447 0176
DPPC:DMPG (2:1) 50 437  0143| 437 o.11e;
25 458 0215 457  0.210
DSPC:DMPG (5:1) 50 458 0200 457  0.196
DSPC:Ch:DSPE-PEfGy (1:1:0.75) 52)2 jgg g:i;g jjg 8122

Upon increasing temperature, both compounds exaibignificant decrease in fluorescence

anisotropy (Table 6), feeling an increase in fltyidif the nanoliposome membranes at high

temperature. Therefore, both compounds are maiobtéa in the nanoliposome membranes.
The decrease in values at 50 °C is low in DSPC:DMPG (5:1) vesicldge to the higher
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melting transition temperature of DSPGy(F 55 °C [13]), as this phospholipid is still ireth
gel phase at 50 °C. This fact can also contributbeéanore hydrated environment reported by
these compounds in DSPC:DMPG liposomes, as thditsigpf these membranes can prevent
the compounds to penetrate more deeper in the hpgnbranes. Overall, these results
indicate that both compounds can be transportethenhydrophobic region of the lipid

bilayers.

4. Conclusions

New fluorescent methoxylated di(hetero)aryl etherthe thieno[3,2]pyridine series2a-¢
were prepared by a copper-catalyzed Ullmann-tyge €bupling in moderate to good yields,
using an amino acid as the ligand.

Cell growth inhibition assays showed that compoudsand 2b are promising as
antitumoral drugs, presenting very lowsglalues in the three human tumor cell lines tested.

Both compounds have reasonable fluorescence quayitlds and can be considered as
solvatochromic probes.

Our experimental results in nanoliposomes suggestidoth compounds can be transported
in the hydrophobic region of the lipid bilayer. TE®g-PC:Ch (7:3), Egg-PC:Ch:DMPG
(7:3:1) and DSPC:Ch:DSPE-PEG2000 (1:1:0.75) nanstipwes are the best formulations for
encapsulation of these thienopyridines, considdhegsize (diameter lower than 100 nm) and
polydispersity. These results may be important ébure drug delivery applications of these
new potential antitumoral aryletherthienopyridinesing nanoliposomes as drug carriers.
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