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A new series of perylene and hemicoronene diimides, obtained by visible light photocyclization, are presented,
between them some remarkable examples that are soluble in only water, and give nanoparticles by self-
association. Those compounds work as new fluorescent materials in water by complexation with cucurbit[7]
uril, as well as selective G-quadruplex binding ligands with remarkable cytotoxic activity when the interaction
with G4 was sufficiently strong.

1. Introduction

Fluorescent organic nanoparticles constitute an active subject of
research in pharmacological transport or sensing devices as an alterna-
tive to the noble metal classic nanoparticles [1,2]. Assembling of organic
nanoaggregates has been a rich source of nanomaterials for practical
applications [3-6]. The study of aggregation of perylenediimides [7] has
established an archetype in organic nanoaggregation [8-13].
Water-soluble perylenediimides and their self-organized nano--
architectures had enormous implications in biology and materials
[14-20]. Extended hemicoronenediimides have been intensely studied
as well, on the way to valuable semiconducting materials [21-27] We
have previously reported the ability of a water-soluble perylenediimide
to bind to G-quadruplex structures in solution and its application as a
new molecular tool for fishing these G-quadruplexes in solution [28]
Some previous studies have found good binding activity to some
water-soluble coronene [29-31] and hemicoronene [32] derivatives.
Fluorescent sensing of G-quadruplex structures constitutes a powerful
way to elucidate their biological role [33,34] and discrimination be-
tween G-quadruplex over duplex is a challenging but crucial goal in
cellular studies [35] Despite the recent advances made in the
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development of selective fluorescent probes for G-quadruplex structures
[36,37], new G-quadruplex lighting-up probes are valuable tools for
cellular imaging. We have now designed an easy route to water soluble
hemicoronenediimide derivatives having an aromatic core, encircled by
a hydrophilic periphery, that are suitable for self-assembly applications
and new fluorescent nanomaterials. We have also extended the synthesis
to their corresponding hydrophobic counterparts, showing that the hy-
drophilicity is important for their exceptional characteristics. In this
paper we want to introduce their synthesis, their notable self-assembly
characteristics, their unique applications as supramolecular turn-on
fluorescent materials in water, and their emission upon binding to
G-quadruplex structures.

2. Results and discussion

Our synthesis started by the Suzuki reaction of the bromoper-
ylenediimide 1 with one equivalent of a N-Boc protected piperazinyl-
pyrimidine boronic ester 2 (Scheme 1) in conditions previously estab-
lished by the group for related Suzuki reactions [38-40] The N-Boc
protected derivative 3 (90% yield) was obtained after work-up of the
reaction. Irradiation of 3 in dichloromethane (DCM) under visible light
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(halogen lamp, 50W, 4 cm distance) and open air for 3 h, gave 4 (95%
yield). Finally, N-Boc deprotection of all compounds by treatment with
trifluoroacetic acid in DCM for 20 min quantitatively gave the unpro-
tected compounds 5 and 6, both of them bearing three unprotected
secondary amine groups on the periphery (Scheme 1).

After collecting the physicochemical characteristics of the obtained
compounds, we noted that the N-Boc protected compounds 3 and 4 were
somewhat fluorescent in solutions of a few organic solvents, showing
low quantum yields, from 0.3 to 0.6 in DCM or CHCls, and typical
lifetimes of 5 ns (see Experimental section for details). Instead, the un-
protected compounds 5 and 6, were almost non-fluorescent compounds,
soluble in water but almost non-soluble in common organic solvents.

Deposition of 2 uL of a recently prepared sample of 6 on a mica sheet
showed, after evaporation of water, the presence of stable spherical
nanoparticles in AFM (tapping mode, force constant 2.8 N m™}, room
temp., scan rate 1-2 lines per second). Instead, the non-cyclized relative
of the latter compound, 5, showed mainly the presence of microplates in
AFM (Fig. 1).

The water-soluble nanoparticles from 5 and 6, were also character-
ized by DLS (Figs. S26-527 and S39-S41).

The study of aggregation or disaggregation related to fluorescence
variations in low molecular weight organic nanoparticles in water
constitutes an outstanding approach to new supramolecular systems;
therefore, we tested the ways to mastering the disaggregation mecha-
nism by molecular recognition.

2.1. Host-guest interactions with cucurbiturils

The piperidine and the piperazine groups on the boundaries of the
obtained compounds are expected to interact easily with cucurbiturils in
water [41,42]. Cucurbiturils have been used for the preparation of su-
pramolecular luminescent sensors [43], light-harvesting materials [44],
for enhancing fluorescence of perylenediimides in water [45,46] and
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several supramolecular applications [47-50]. To test the interactions,
we performed experiments by adding aqueous solutions of cucurbit[n]
urils: CB [5], CB [6], CB [7] and CB [8], in 1:1, 1:5, 1:10 and 1:20
colorant/cucurbituril molar proportions to 10 pM aqueous solutions of 5
or 6. The compounds showed a neat increase of fluorescence in the
presence of CB [7] exclusively (Fig. 2).

The fluorescent titration curves and the titration profiles of 10 pM
solutions of 5 and 6 in water, with increasing amounts of CB [7], showed
an asymptotic increase of fluorescence until a large excess of CB [7] was
added (Fig. 2). In this way, 5 and 6 solutions in water became brightly
fluorescent in the presence of a large excess of CB [7], constituting
additional examples of the existing short collection of fluorescent per-
ylene- and hemicoronenediimides in water solutions. CB [7] usually
hosts smaller molecular guests [46,47,51,52] than the larger CB [8]
which is able to host large aromatic hydrocarbons [41,44,45,53,54]
Therefore, in this series the complexation with CB [7] should happen by
the periphery of the compounds giving rise to disaggregation to form
individual complexes in solution. Assuming this head to tail model, the
achieved values for 5@2CB [7] system were K; = 883 + 26 M~ and Ky
= 4190 + 370 M~! and for 6@2CB [7], K1 = 219 + 63 M™* and K» =
8989 + 728 M ! by using the Thordarson models [55-57]. To under-
stand the interactions, we performed theoretical DFT calculations of the
expected complexes (Fig. 3) and further calculations of stability (see the
Supporting Information, Table S02, pp. S33-534). The structures of the
species formed in the interaction of 5 and 6 with two molecules of CB [7]
were modelled using DFT calculations (see Experimental section for
details). Two possibilities were explored for each compound, the inter-
action of the two CB [7] units through the apical piperidine groups or
the interaction of one CB [7] through the apical piperidine group and the
second CB [7] surrounding the equatorial piperazine ring. For 5, the
option with both units CB [7] located through the apical piperidine
heterocycles is found to be 7.34 kcal/mol less stable than the option with
one CB [7] unit surrounding one apical piperidine ring and the second

R=H

Scheme 1. Synthesis of perylene- and hemicoronenediimides.
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Fig. 1. AFM images of samples deposited on mica sheets from water solutions 0.1 pg/mL: (a)(b)(c) samples of 6 at different scales, (d) outline of a typical spherical
nanoparticle of 6, (e) 3D view of a sample of 6. (f)(g) AFM images of samples of 5 at two scales, (h) outline of a typical nanoplate of 5.

CB [7] unit surrounding the equatorial piperazine ring. Interestingly, for
6 the option that locates both CB [7] units surrounding the apical
piperidine groups is found to be 11.10 kcal/mol more stable than the
option in which there is one CB [7] unit surrounding one apical piper-
idine ring and the second CB [7] unit is surrounding the equatorial
piperazine ring, exhibiting the enhanced rigidity of the hemicoronene
core system (Fig. 3).

The theoretical calculations supported that K;.; should be greater
than Kj.3 but, according to the Thordason model, for 5@2CB [7] system,
K; is much lower than K5 and for 6@2CB [7], K; is also much lower than
Ko which is not expected; but we should take into account that disag-
gregation equilibria are at work because these compounds formed high
order aggregates (Fig. 1 and Supp. Info. S26-S27 and S39-S41). Thus,
our experimental K; is a pseudo-constant that includes the disaggrega-
tion constant (Kp) and the binding constant Kj.;. Since the analytical
concentration used for the calculation of the binding constants is too
high in relation to the available concentration of the monomer species,
this binding constant K; is underestimated.

2.2. Interaction with G-quadruplex structures

In the initial tests, 5 and 6 were not sensitive to common cations,
anions, acids or oxidants, but they could be applied to the detection of
biomolecules in solution, concretely to the non-canonical highly poly-
morphic G-quadruplex structures (G4). We tested the ability of com-
pounds 5 and 6 to “turn on” their emission upon G-quadruplex binding.
We included three G-quadruplexes with different topologies (a parallel:
c-myc, an antiparallel: CTA22 and a hybrid type, hTelo) and a duplex
(ctDNA) to investigate their topological preference as well as their
selectivity towards G-quadruplex over duplex DNA. Both probes were
selective for G-quadruplex since no emission was detected upon duplex

addition (Fig. 4). By contrast, they “turned on” their emission in the
presence of G-quadruplex structures. 5 was the most sensitive probe,
being its fluorescence highly enhanced upon the addition of equimolar
amounts of the antiparallel G-quadruplex CTA22.

In order to confirm the G4 binding ability of the previously synthe-
sized water-soluble compounds, 5 and 6, FRET melting assays were
performed. Several G4 oligonucleotides in different conformations,
parallel (c-myc, 25Ceb, 21R), antiparallel (21CTA, TBA, Bom17) and
hybrid-type (hTelo) quadruplexes as well as an intramolecular duplex
(dX) were included. The radar plot of the ATm of various oligonucleo-
tides in the presence of 5 and 6 is shown in Fig. 5. From these results we
can see that perylenediimide 5 and the hemicoronene 6 showed very
good thermal stabilization values under the experimental conditions,
especially for 5, with the highest stabilizing effect on antiparallel G4s
over the parallel G4s. These results are in good agreement with fluo-
rescence measurements.

To understand the interaction between 5 and CTA22 a molecular
docking study was performed to predict the most stable conformations
of the interaction in the simplest 1:1 complex. The lower energy struc-
ture from the docking study was then further optimized using the
semiempirical GFN2-xTB method (See Experimental part) (Fig. 6).

The calculation structure showed a remarkable molecular comple-
mentarity between CTA22 and 5, the lateral pyrimidine group in this
case looked to play a crucial role in the molecular interaction, and the
restricted rotation of the group possibly contributed to the increased
fluorescence of the complex. The analysis of the interactions between 5
and CTA22 did not show n-stacking interactions between the base pairs
and the perylene moiety (see the Supporting Information
Figs. S66-570). Instead, 5 and CTA22 were bonded through hydrogen
bond interactions between hydrogen atoms of deoxyribose in adenine-
7/guanine-9, or the NHy group of adenine-19, and oxygen atoms of
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Fig. 2. Fluorescent titration curves and titration profiles of 10 pM solutions of 5 and 6 in water with increasing amounts of CB [7]. Inset: solution samples of 5 and 6

under UV light, 365 nm, before and after titrations with CB [7].

the diimide groups of 5.

2.3. Cellular studies

To enable the potential application of these materials in biological
media, it is important to evaluate their toxicity. 5 and 6 could be
internalized and visualized in A549 (lung adenocarcinoma) cells after
1h of incubation (See the Supporting Information Figs. S71-572). Then,
their antiproliferative activity was tested by means of the MTT Assay.
The biological behavior strongly differs since 6 is not cytotoxic in tumor
A549 and non-tumor Hek293 cells after 72h of treatment. By contrast, 5
is a cytotoxic compound. In fact, apoptotic bodies were observed after
6h of treatment with 10 pM of 5 (Supp. Info. S73). The half maximal
inhibitory concentration (ICsg value) was calculated and compared with
the widely applied anticancer agent cisplatin (CDDP). 5 (1.3 + 0.1) is
more cytotoxic than CDDP (4.0 + 0.4) in lung adenocarcinoma cells
(A549). Interestingly, the ICs value in A549 cells was lower than in non-
cancer Hek239 cells (30.6 + 1.5), revealing some selectivity of 5 to-
wards cancer cells (Fig. 7). Therefore, a better performance in fluores-
cence increase in the presence of G4 and cytotoxic activity was found for
the perylenediimide 5 than for the hemicoronene 6.

3. Experimental

General procedure for the Suzuki coupling. N,N'-Bis-(1-(tert-
butoxycarbonyl)piperidin-4-yl)-1-bromoperylene-3,4:9,10-tetracarbox-
ylic diimide (1) (230 mg, 0.28 mmol) was dissolved in toluene:n-
butanol:water (4:1:0.4) (65 mL) in a dried Schlenk flask under an inert
atmosphere. Then, Pd(PPhs)4 (31.2 mg, 0.03 mmol), cesium carbonate
(140 mg, 0.41 mmol) and 2-(4-(N-tert-butyl-1-carboxylate)piperazin-1-
yD)pyrimidine-5-boronic acid pinacol ester 2 (110 mg, 0.28 mmol) were
added. The reaction mixture was stirred under reflux (95 °C) for 24 h. A
color change of the reaction mixture from red to dark red was observed.
The solvent was removed under reduced pressure and the residue was
subjected to column chromatography (silica gel, CH;Cly:MeCN, 2:1 to
CH,Cly:MeOH, 50:1) to afford the monosubstituted perylenediimide 3 as
a red solid (252 mg, 90%).

N,N'-Bis-(4-(tert-butoxycarbonyl)piperidin-4-yl)-1-((4-(tert-butox-
ycarbonyl)piperazin-1-yl)pyrimidin-1-yl)perylene-3,4:9,10-tetra-
carboxylic diimide 3. MP (°C): >350 °C. R¢ (CH2Cly:MeOH, 50:2): 0.40.
FT-IR (KBr, cm’l): 3055 (C-H, aromatic), 2975 (C-H, aromatic), 2930
(C-H, aliphatic), 2860 (C-H, aliphatic), 1696 (C=O0, carbamate), 1654
(C=0, imide), 1591, 1514 (C=C), 1480, 1424 (C-N), 1361 (C-N),
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Fig. 3. (a) Calculated structure of complex 5@2(apical)CB [7], relative energy (7.34 kcal/mol), and (b) 5@2(apical-equatorial)CB [7], relative energy (0 kcal/mol).
(c) Calculated structure of complex 6@2(apical)CB [7], relative energy (0 kcal/mol), and (d) 6@2(apical-equatorial)CB [7], relative energy (11.10 kcal/mol).
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Fig. 4. Variation of the fluorescence intensity of 5 pM of 5 and 6 in the pres-
ence of 5 pM of hTelo, CTA22, c-myc and 10 pMgp ctDNA. [Probe]/[G4] = 1

and [Probe]/[duplex] = 0.5.
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Fig. 5. Radar plot of the ATm of various oligonucleotides in the presence of 10
M of 5 and 6. All fluorescent oligonucleotides were tested at 0.2 pM strand
concentration. [probe]/[oligo] = 50.
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9H, 3 x CHs), 1.50 (s, 9H, 3 x CHs). 13C NMR (75 MHz, CDCls) &: 163.9
(C=0), 163.7 (C=0), 163.6 (C=0), 160.9 (C=0),157.8 (C=0), 154.8
(C=0), 135.9 (CH), 135.7 (CAr), 134.9 (CAr), 134.9 (CAr), 134.5 (CAI),
133.4 (CH), 131.2 (CAr), 130.6 (CAr), 129.3 (CAr), 124.9 (CH), 124.0
(CAr), 123.7 (CAr), 123.5 (CAr), 123.2 (CAr), 123.0 (CAr), 122.9
(CAr),122.9 (CAr), 80.3 (C), 79.8 (C), 79.8 (C), 52.3 (CH), 52.2 (CH),
43.9 (CHy), 29.8 (CHy), 28.7 (CH3), 28.6 (CH3), 28.4 (CHy). HR-MS
(MALDI-, DIT): m/z calcd. for Cs7;HgaoNgO19 ([M]): 1018.4583; found:
1018.4367. UV-VIS (CHxCly) Amay/nm (e/M t.em™'): 540 (12971).
Emission (CH2Cly, Aex = 437 nm) Amax/nm: 632. 7/ns (CHoCly, 12): 4.90,
(1.12). @ (CHyCly, hex = 455 nm): 0.34 + 0.01.

General procedure for the photochemical ring-closing reaction.
Substituted perylenediimide 3 (76 mg, 0.075 mmol) in CH»Cl; (150 ml)
was stirred under visible light irradiation (halogen lamp, GE M280/
FNV/CG 50W 12 V, 50W, GU5.3 2900 K, General Electric) at 4 cm of
distance for 3 h. The solvent was removed under reduced pressure and
the residue was subjected to column chromatography (silica gel, CHoCly:
MeCN, 5:1) to afford 4 (71 mg, 94% yield) as a purple solid.

N,N'-Bis-(1-(tert-butoxycarbonyl)piperidin-4-yl)-[6,7-e]-(2-(4-(tert-
butoxycarbonyl)-1,4-piperazin-1-yl)-1,3-pyrimidin)perylene-3,4:9,10-
tetracarboxylic diimide 4. MP (°C): >350 °C. R¢ (CH,Cly:MeOH, 50: 2):

Fig. 6. Calculated structure of the complex between 5 and CTA22. 0.41. FT-IR (KBr, cm™1): 2968 (C-H, aromatic), 2923 (C-H, aliphatic),
2857 (C-H, aliphatic), 1696 (C=O, carbamate), 1658 (C=O, imide),

1341, 1274, 1246, 1170 (C-N), 1117, 1026, 992, 968, 943, 860, 808, 1598, 1522 (C=C), 1434, 1417 (C-N), 1365 (C-N), 1320, 1250, 1170
748, 720 (fingerprint region). "H NMR (300 MHz, CDCl3) : 8.67 (d,J=  (C-N), 1117, 1024, 814, 720 (fingerprint region). 'H NMR (300 MHz,
8.1 Hz, 1H, Ar-H), 8.66 (d, J = 8.1 Hz, 1H, Ar-H), 8.49 (s, 1H, Ar-H), CHCl3) 8: 9.45-8.89 (m, 3H, 3 x Ar-H), 8.66-8.42 (m, 4H, 4 x Ar-H),
8.43 (s, 2H, 2 x Ar-H), 8.30 (d, J = 8.3 Hz, 1H, Ar-H), 8.29 (d, J = 8.1 5.36-5.19 (m, 2H, 2 x N-CH), 4.62-4.37 (m, 4H, 2 x CHy), 4.15-3.99
Hz, 1H, Ar-H), 8.19 (d, J = 8.3 Hz, 1H, Ar-H), 8.10 (d, J = 8.1 Hz, 1H, ~ (m, 4H, 2 x CH), 3.80-3.66 (m, 4H, 2 x CHy), 3.06-2.81 (m, 8H, 4 x
Ar-H), 5.26-5.11 (m, 2H, N-CH), 4.44-4.22 (m, 4H, 2 x CHb), CHy), 2.06-1.96 (m, 4H, 2 x CH5), 1.62 (s, 18H, 6 x CH3), 1.60 (s, 9H, 3
3.94-3.89 (m, 4H, 2 x CH), 3.61-3.56 (m, 4H, 2 x CH,), 2.92-2.68 (m, ~  CHz). '°CNMR (75 MHz, CDCl3) &: 164.3 (C=0), 164.1 (C=0), 164.0
8H, 2 x CHy), 1.74-1.66 (m, 4H, 2 x CHy), 1.52 (s, 9H, 3 x CH3), 1.51 (s, ~ (C=0), 161.3 (C=0),158.2 (C=0), 155.2 (C=0), 136.4 (CH), 136.1
(CAr), 135.4 (CAr), 135.3 (CAr), 135.0 (CAr), 133.9 (CH), 131.6 (CAr),

A549 cells HEK293 cells
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Fig. 7. A) Survival Curves of 5, 6 and CDDP (positive control) in A549 and Hek293 cells after 72h of treatment. B) Half maximal inhibitory concentration (ICso
values) of 5 in A549 and Hek293 cells. **** Statistical significance, p-value < 0.0001 (t-test).



N. Busto et al.

131.0 (CAr), 129.7 (CAr), 125.3 (CH), 124.4 (CAr), 124.1 (CAr), 123.9
(CAr), 123.7 (CAr), 123.4 (CAr), 123.3 (CAr),121.0 (CAr), 80.8 (C), 80.2
(C), 80.2 (C), 52.7 (CH), 52.6 (CH), 44.3 (CH3), 30.2 (CHy), 29.1 (CH3),
29.0 (CHs), 28.8 (CHy). HR-MS (MALDI-, DIT): m/z calcd. for
Cs7HgoNgO19 (IM]): 1016.4427; found: 1016.4467. UV-VIS (CHCls)
Amax/NM (g/M’1~cm’1): 536 (2996). Emission (Toluene, Aexy = 435 nm)
Amax/nm: 602. 7/ns (Toluene, y2): 5.29 (57.56%) and 9.99 (42.44%)
(1.10). @ (Toluene, Aex = 435 nm): 0.63 £ 0.01.

General procedure for removal of N-Boc protecting groups.
Trifluoroacetic acid (210 pl) was added dropwise to a stirred solution of
perylenediimide 3 or hemicoronene 4 (60 mg each) in CH»Cl; (2.0 ml).
The reaction mixture was stirred for 2 h. Then, aqueous NaOH (1 M) was
added on the solution until basic pH (8-9). Finally, the mixture was
extracted with CH2Cl, (2 x 50 mL), the combined organic extracts were
washed with water (50 mL) and dried (MgSO4). Then the solvent was
removed under reduced pressure to afford 5 (41 mg, 97% yield) or 6 (40
mg, 95% yield) all obtained as dark red solids.

N,N'-Bis(piperidin-1-yl)-1-((piperazin-1-yl)pyrimidin-1-yl)perylene-
3,4:9,10-tetracarboxylic diimide 5. MP (°C): >350 °C. R¢ (CHyCly:
MeOH, 50:4): 0.01. FT-IR (KBr, cm’l): 3438 (N-H, amine), 2968 (C-H,
aromatic), 2933 (C-H, aliphatic), 2846 (C-H, aliphatic), 1696 (C=0,
imide), 1595, 1514 (C—=C), 1445 (C-N), 1365 (C-N), 1330, 1201 (C-N),
1134, 832, 808, 793, 748, 720 (fingerprint region). 'H NMR (300 MHz,
MeOD) §: 8.61-8.53 (m, 3H, 3 x Ar-H), 8.43-8.36 (m, 1H, Ar-H),
8.28-8.06 (m, 2H, 2 x Ar-H), 7.72-7.54 (m, 2H, 2 x Ar-H), 5.48-5.27
(m, 2H, 2 x N-CH), 4.22-4.18 (m, 4H, 2 x CHy), 4.14-4.11 (m, 7H, 3.5
x CHjy), 3.63-3.57 (m, 4H, 2 x CHj), 3.26-3.22 (m, 4H, 2 x CHy),
3.10-3.05 (m, 4H, 2 x CHj), 2.14-2.04 (m, 4H, 2 x CHy). HR-MS
(MALDI-, DIT): m/z caled. for C4oH3gNgO4 ([M]): 718.3011; found:
718.3051. MS (MALDI+, DCTB) 5+CB [7]: m/z caled. for
(C42H38N304+C42H42N28014) ([M + CB [7]]+)2 1880; found: 1879. MS
(MALDI+, DCTB) 5+2CB [71: m/z caled. for
(C42H33N804+2C42H42N23014) (IM+2CB [7]]+) 3044, found: 3048.
UV-VIS (CHCl3) Amax/nm (¢/M~‘-cm™%): 530 (705). UV-VIS (H,0)
Amax/NM (s/M’1~cm’1): 537(1708). Emission (CHCl3, Aex = 435 nm)
Amax/nm: 597. 7/ns (CHCl3 y2): 4.30 (1.28). @ (CHCl3, Aex = 450 nm):
0.12 + 0.01. Emission (H20O, 5+CB [7], Aex = 435 nm) Apax/nm: 540.
7/ns (H20, y2) 5+CB [7]: 4.59 (17.50%) and 9.54 (82.50%) (1.05). &
(H20, Aex = 450 nm) 5+CB [7]: 0.25 + 0.01.

N,N'-Bis-(piperidin-4-yl)-[6,7-e]-(2-(1,4-piperazin-1-yl)-1,3-pyr-
imidin)perylene-3,4:9,10-tetracarboxylic diimide 6. MP (°C): >350 °C.
R¢ (CH,Cl5:MeOH, 50:4): 0.01. FT-IR (KBr, em™Y): 3433 (N-H, amine),
2917 (C-H, aromatic), 2855 (C-H, aliphatic), 2725 (C-H, aliphatic),
1659 (C=0, imide), 1596 (C=C), 1439 (C-N), 1370 (C-N), 1321, 1255
(C-N), 1193, 1126, 1042, 850, 795, 746, 711 (fingerprint region). 'H
NMR (300 MHz, deuterated-TFA) &: 10.71-10.55 (m, 1H, Ar-H),
10.47-10.28 (m, 1H, Ar-H), 10.16-9.94 (m, 1H, Ar-H), 9.47-9.35 (m,
2H, 2 x Ar-H), 9.23-9.16 (m, 1H, Ar-H), 9.15-9.07 (m, 1H, Ar-H),
5.82-5.49 (m, 2H, 2 x N-CH), 4.90-4.58 (m, 4H, 2 x CHy), 3.94-3.78
(m, 8H, 4 x CH,), 3.47-3.25 (m, 8H, 4 x CH>), 2.29-2.17 (m, 4H, 2 x
CH,). HR-MS (MALDI-, DIT): m/z calcd. for C4oH3e¢NgO4 ([M]):
716.2854; found: 716.2827. UV-VIS (DMSO) Amay/nm (¢/M *-cm™1):
535 (10916). UV-VIS (H20) Amax/nm (¢/M*-cm™1): 475 (8400). Emis-
sion (DMSO, Aex = 430 nm) Apax/nm: 646. z/ns (DMSO, y2): 1.45
(52.55%) and 4.97 (47.45%) (1.25). @ (DMSO, Aex = 435 nm): 0.03 +
0.01. Emission (6+CB [7] (1:100 mol/mol in water), Aoy = 430 nm)
Amax/nm: 538. 7/ns (H20, y2) 6+CB [7] (1:100 mol/mol in water): 4.42
(80.87%) and 10.25 (19.13%) (0.99). @ (H50, Aoy = 435 nm) 6+CB [7]
(1:100 mol/mol in water): 0.30 £ 0.01.

Theoretical calculations. Geometry optimizations of interaction
between CB [7] and 5 or 6 have been performed with the ORCA 4.2.1
software [58,59]. For the DFT calculations, the hybrid functional B3LYP
[60,61] along with double-zeta basis set def2-SVP [62] and auxiliary
basis def2/J [63] for the description of all the elements. The dispersion
interactions have been taken into account using the atom-pairwise
dispersion correction with the Becke-Johnson damping scheme (D3BJ)
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[64,65]. Geometry optimizations of interaction between 5 and structure
CTA22 [66] have been performed as well with the ORCA 4.2.1 software
[58,59]. The structure of the telomere was downloaded from RCSB
website (PDB ID: 2km3) [67] The compound 5 has been previously
optimized through DFT theory using the hybrid functional B3LYP [60,
61] and 6-31G** basis set for all the atoms [68]. The docking was done
with the help of the AutoDock 4.0 software [69] using an efficient and
durable algorithm, Lamarckian Genetic Algorithm (LGA) [70]. The
conformation with the lowest binding energy was further optimized
using the GFN2-xTB method [71] as it is implemented in the ORCA 4.2.1
software. The model of the complex between 5 and CTA22 was per-
formed with PyMOL [72].

Fluorescence enhancement experiments. Fluorescence measure-
ments were performed in a Shimadzu Corporation RF-5301PC spectro-
fluorometer (Duisburg, Germany) in a 1 cm path-length cells at 25 °C.
The emission of 5 pM of the compounds under study in annealing buffer
(90 mM LiCl, 10 mM lithium cacodylate (LiCaC) and 10 mM KCl at pH =
7.2) was measured in the absence and in the presence of 5 M strand
concentration of c-myc (dTGAGGGTGGGTAGGGTGGGTAA), CTA22
(dAGGGCTAGGGCTAGGGCTAGGG) and hTelo (dAGGGAGGGT
AGGGTAGGGT 10 pMgp (concentration expressed in base-pairs) of
ctDNA (calf thymus DNA).

FRET Melting Assay. FRET Melting Assay was performed in a real
time Polymerase Chain Reaction (7500 Fast Real Time PCR, Applied
Biosystems) as previously described [73]. Briefly, the double-labelled
oligonucleotides (Table SO1) were purchased from Eurogentec, were
prepared in doubly deionized water at 100 pM strand concentration, and
were stored at —20 °C. They have as the donor fluorophore in the 5" end
FAM (6-carboxyfluorescein) and as acceptor fluorophore TAMRA
(6-carboxytetramethylrhodamine) in the 3’ end oligonucleotides. For
FRET working solutions, they were diluted in annealing buffer consist-
ing of 90 mM LiCl, 10 mM LiCaC and 10 mM KCl at pH = 7.2 except for
the RNA G4, 21R that it is prepared in 99 mM LiCl, 10 mM LiCaC and 1
mM KCl at pH = 7.2. Freshly solutions were prepared by heating at 90 °C
during 5 min and then quickly cooled to room temperature. Then,
samples containing 0.2 pM oligonucleotide in the absence and in the
presence of 10 pM the complexes under study were prepared in 96-well
plates and heated from 25 to 95 °C at 1 °C/min recording the emission of
FAM and TAMRA. Thermal stabilization (ATm) was calculated as the
difference between the mid-transition temperature of the oligonucleo-
tide with and without the drug.

Cytotoxicity. Cytotoxicity was studied by means of the MTT Assay.
For A549 Dulbecco’s Modified Eagle’s Medium (DMEM) was used as
culture medium and for Hek293 Eagle’s Minimum Essential Medium
medium (EMEM) supplemented with 1% of non-essential amino acids.
Both media were supplemented with 10% FBS and 1% amphotericin-
penicillin-streptomycin solution. A549 and Hek293 cells were seeded
in 96-well plates at a density of 3 x 10% and 1 x 10* cells/well and
incubated at 37 °C under a 5% CO, atmosphere. Cells were treated with
different concentrations of the compounds under study during 72 h.
Then, treatment was removed and cells were incubated with 100 pl of
MTT (3-(4,5-dimethyltiazol-2-yl)-2,5-diphenyltetrazolium bromide)
(Sigma Aldrich) dissolved in culture medium (500 pg/ml). After 4h, 100
pl of solubilizing solution (10% (w/v) SDS, 0.01 M HCI) were added to
each well and incubated for other 18 h. At the end, absorbance at 590
nm was read in a microplate reader (Cytation 5 Cell Imaging Multi-Mode
Reader - Biotek Instruments, USA). Four replicates per dose were
included. The ICsq values were calculated from cell survival data of at
least two independent experiments using GraphPadPrism Software Inc.
version 6.01 (USA). In every case, cell death was confirmed by micro-
scopy visualization of the treated cells.

Bioimaging experiments. A549 and HEK293 cells were seeded in
appropriated 96-well plates at a density of 3 x 10° cells/well in 200 pL
DMEM at pH = 7.4 without phenol red and allow to adhere for 24 h at
37 °C and 5% CO,. Then, cells were treated with different concentra-
tions of compounds under study and incubated at 37 °C under 5% CO»
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atmosphere for 4 h. Finally, cells were visualized in a Cytation 5 Cell
Imaging Multi-Mode Reader (Biotek Instruments, USA) in bright field
and orange fluorescence emission with a 20 x objective.

4. Conclusions

In conclusion, we have prepared a new series of perylene and hem-
icoronene diimides. Among them, four compounds were obtained upon
irradiation with visible light that leads to the photocyclization products.
The perylene 5 and its hemicoronene analogue 6 were remarkable ex-
amples of water soluble compounds able to form nanoparticles by self-
association. These compounds that are not fluorescent in their self-
associated form become fluorescent materials due to their disassocia-
tion caused by complexation with cucurbit[7]uril. Both compounds
were selective G-quadruplex binding ligands, being the perylenediimide
5 the most sensitive compound since its emission was highly enhanced
in the presence of G4 structures. In addition, only 5 was a cytotoxic
compound, being more active against A549 lung adenocarcinoma cells
than against the non-cancer Hek293 cells. That is, in terms of cytotox-
icity, we could conclude that for this compound photocyclization is
synonymous of inactivation.
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