Chemistry
Europe

European Chemical
Societies Publishing

Full Paper

Chemistry—A European Journal doi.org/10.1002/chem.202102737

@ Investigation on Optical and Biological Properties of 2-(4-

Dimethylaminophenyl)benzothiazole Based

Cycloplatinated Complexes

Rebeca Lara,” Gonzalo Millan,™ M. Teresa Moreno,” Elena Lalinde,*™ Elvira Alfaro-Arnedo,®
Iciar P. Lopez," Ignacio M. Larrédyoz,*< and José G. Pichel*"* <

Abstract: The optical and biological properties of 2-(4-dimeth-
ylaminophenyl)benzothiazole cycloplatinated complexes fea-
turing bioactive ligands ([{Pt(Me,N-pbt)(CsFs)iL] [L=Me,N-
pbtH 1, p-dpbH (4-(diphenylphosphino)benzoic acid) 2, o-
dpbH (2-(diphenylphosphino)benzoic acid) 3), [Pt(Me,N-
pbt)(o-dpb)] 4, [{Pt(Me,N-pbt)(CsFs)},(u-PR,P)]  [PR,P=0-
(CH,CH,0C(0)C¢H,PPh,), 5, PR;,P =O{(CH,CH,0);C(0)
C,H,PPh,}, 6] are presented. Complexes 1-6 display 'ILCT and
metal-perturbed *ILCT dual emissions. The ratio between
both bands is excitation dependent, accomplishing warm-
white emissions for 2, 5 and 6. The phosphorescent emission

is lost in aerated solutions owing to photoinduced electron
transfer to 30, and the formation of 'O, as confirmed in
complexes 2 and 4. They also exhibit photoinduced phos-
phorescence enhancement in non-degassed DMSO due to
local oxidation of DMSO by sensitized '0,, which causes a
local degassing. Me,N-pbtH and the complexes specifically
accumulate in the Golgi apparatus, although only 2, 3 and 6
were active against A549 and Hela cancer cell lines, 6 being
highly selective in respect to nontumoral cells. The potential
photodynamic property of these complexes was demon-
strated with complex 4.

)

Introduction

Since the serendipitous discovery of cisplatin antitumor
activity," research into the development of new platinum-
based drugs focused not only on systems having similar
architecture but also on different architectures and different
oxidation states has been very active.” Furthermore, aiming to
overcome the drawbacks (e.g. nephrotoxic side effects) and
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chemoresistance of the clinically established platinum antitu-
mor agents (cisplatin, carboplatin and oxalaplatin),” research
has been also shifting to multimetallic systems,” to other metal
ions®™ and to the incorporation of different organic molecules
into metal complexes to form drugs with dual activity.2*"
Several reviews cover different aspects of these complexes,
including strategies based on biologically targeting groups,?*"!
photoactivated complexes” or recent progress in the applica-
tion of tumor targeting groups,?*®! nanostructures for selective
release mechanisms®® or simultaneously acting as co-delivery
and agent for imaging.”!

The mechanism of action of many cisplatin-like anticancer
drugs mainly relies on nuclear crosslink DNA,?* although other
complexes are known to stablish noncovalent interactions such
as electrostatic, groove binding or mt-stacking, ultimately leading
to apoptosis in fast-dividing cells.**'” Interactions of Pt
complexes with cytoplasmic nucleophiles, including mRNA,?9'"
as well as, multiple mitochondrial and extra mitochondrial
proteins,***'? which induce oxidative and reticular stress
damage responses, have also been reported. Specifically,
enzyme inhibition was a recently disclosed significant and
alternative mechanism for Pt-based anticancer therapeutics.®'*

Concerning new metal-based antineoplastic agents devel-
opment, improving its biological properties in terms of cellular
selectivity and therapeutic efficiency reducing side effects is
doubtlessly a crucial factor. In this context, the rational design
of luminescent complexes able of accumulating or interact with
different cellular organelles acting as molecular probes for
cellular imaging or as new trackable anticancer drugs has
become one of the prime research interest for the last
decade.”™ ™" Among the various luminescent transition metals,
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square planar cycloplatinated complexes represent a particu-
larly interesting group because of their efficient phosphores-
cence with tunable emission color, and long-lived emissive
excited states.”>*' |n addition, their strong propensity to form
noncovalent -7t and Pt-Pt interactions endows supramolecular
nanostructures,'® which usually exhibit enhanced red-shifted
emissions, with interesting applications in different fields,
including biological organelle monitoring.®>'!

Despite the extraordinary growth of phosphorescent cyclo-
platinated complexes studies,"” reporting on their potential
biomedical applications are still rather limited.'® In this regard,
the presence of strong o (M—C) bonds associated to a more or
less m-extended cyclometalated framework enhances the com-
plex stability and their planarity promotes typical intercalation
processes with DNA' or with telomeric G-quadruplex,'#'8¢19
which can be tracked with fluorescence or confocal microscopy.
The auxiliary ligands could be selected to induce simultane-
ously covalent binding, which can be favored by the strong
trans-effect of the metalated C atom. For instance, Tunik, Chou
and co-workers have recently reported the selective coordina-
tion of a cycloplatinated fragment to the histidine residue of
ubiquitin to form {[Pt(ppy)(PPh,)]/ubiquitin} conjugates, with
concomitant switch-on of strong emission upon interaction of
the Pt fragment with the imidazole function.”

Designing transition metal complexes with selective and
specificity toward a particular organelle, which is a crucial factor
in the development of next generation metal-based drugs, is
also a challenging task. Indeed, targeting a different organelle
instead of the nucleus is an alternative approach to improve
the efficacy of a drug, thus overcoming typical resistance
caused by nucleotide excision repair mechanism.2#**¢2" |n this
context, the structural framework of cycloplatinated complexes
could also be tailored through substituent modification to
satisfy the requirements of an organelle-targeting drug. Finally,
it is worth mentioning that in case of lack of activity in the dark
these phosphorescent complexes, exhibiting suitable charge
transfer *ILCT, 3MLCT or 3LLCT excited states, can also be
exploited as photosensitizers to induce reactive oxygen
species.??

Benzothiazole is a central structure of diverse natural
compounds and of many other small organic molecules with a
wide range of applicability in medicinal chemistry. In particular,
2-arylbenzothiazoles have demonstrated potent antitumor
activity® and efforts have been directed toward their use as
amyloid-binding biomarkers.” In particular, 2-(4-dimeth-
ylaminophenyl)benzothiazole (Me,N-pbtH), a simple molecule
with donor-acceptor properties, has been extensively studied
due to its facile preparation and interesting photophysical
properties.”” However, although some Ir'" complexes based on
Me,N-pbt have been reported and applied as yellow phosphor-
escent materials,”” as far as we know, reports related to
biological activity of cyclometalated complexes based on this
ligand are extremely limited.””

In this topic, our group following our interest in platinum
complexes featuring chromophoric benzothiazole units,® re-
cently reported on the synthesis and intriguing photophysical
properties of several [Pt(Me,N-pbt)CIL] [L=DMSQO; 1,3,5-triaza-7-

Chem. Eur. J. 2021, 27, 15757 -15772 www.chemeurj.org

phosphaadamantane (PTA); 3,3,3"-trisulfonate sodium salt
(TPPTS)] related with reversible and irreversible protonation
processes.”” Bioactivity studies revealed perinuclear staining
and moderate cytotoxic activity for the DMSO and PTA
complexes towards the human tumor cell lines A549 and Hela,
which was suggested to be governed by inhibition of tubulin
polymerization. Similar perinuclear localization with improved
bioactivity was observed in pentafluorophenyl-cycloplatinated
complexes [Pt(CAN)(CsFs)L] (CAN=ppy, dfppy) incorporating
DMSO and the biocompatible phosphine 4-(diphenylphosphi-
no)benzoic acid (PPh,C,H,COOH, dpbH) as auxiliary ligands,
whereas the lack of activity of the complexes featuring the
peptide-tagged ligand PPh,C¢H,CONHCH,COOMe (dpbGlyOMe)
was attributed to their low solubility in the biological
medium.”?? Immunostaining studies with complex [Pt-
(dfppy)(CeFs)(dpbH)] on A549 and Hela revealed that effectively
have antitubulin activity more efficient in the A549 cell line.

Following our project in this topic, we decided to further
investigate the optical and biological properties of new cyclo-
metalated Pt complexes featuring the Me,N-pbt scaffold and
incorporating non-leaving carboxy-substituted phosphine Ili-
gands. Here, we disclosed that Me,N-pbtH ligand is not intrinsi-
cally cytotoxic on human tumoral A549 cells despite its fast
localization on the Golgi bodies in living cells, as revealed
confocal imaging studies. Interestingly we found that their
cycloplatinated complexes display also Golgi targeting selectiv-
ity. In detail, we present here the synthesis, optical properties
and biological activity of new mononuclear complexes [Pt-
(Me,N-pbt)(CeFs)L] (L=Me,N-pbtH 1, p-dpbH 2, o-dpbH 3) and
[Pt(Me,N-pbt)(o-dpb)] 4. Increasing efforts have been recently
devoted to improve the still limited knowledge about structure-
activity correlations on homo and hetero-polynuclear com-
plexes. Therefore, for comparative purposes, and aiming to
examine the impact of the Pt units on their activity, we also
present two dinuclear complexes [{Pt(Me,N-pbt)(C¢Fs)},(u-PR,P)]
[PR,P =0(CH,CH,0C(0O)C¢H,PPh,), 5; PR;,P=0{(CH,CH,0);C(0)
CeH,PPh,}, 6], with the Pt units connected by a diphosphine
having two distinct ethylene glycol units. All complexes display
intraligand fluorescence ('ILCT) and metal perturbed intraligand
phosphorescence (ILCT) dual emissions with a strong phos-
phorescence oxygen dependence. They also exhibit intriguing
photoinduced phosphorescence enhancement in non-degassed
DMSO, ascribed to local oxidation of DMSO to DMSO, by
sensitized 'O, singlet, which remove ?0,, as demonstrated in
complex 2. In contrast to the ligand Me,N-pbtH and 1, 4 and 5,
complexes 2, 3 and 6 revealed cytotoxicity against A549 (lung
carcinoma) and Hela (cervix carcinoma) cancer cell lines, with
higher efficiency and selective toxicity in A549 respect to
nontumor 184B5 (breast epithelium) cell lines. Complex 6,
although not showing low IC;, values, proved to be the most
selective for tumor cells. Furthermore, the potential photo-
dynamic properties of this type of complexes was nicely
demonstrated with complex 4, which exhibited highly efficient
photoinduced cytotoxicity upon a short pulse of light irradi-
ation.
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Results and Discussion
Synthesis and characterization

The synthesis of all complexes is outlined in Scheme 1 (see the
Experimental Section and NMR spectra, Figures S1-S9, in the
Supporting Information). Complex [Pt(Me,N-pbt)(C4Fs)(Me,N-
pbtH)] 1 was prepared following a previous method reported
for similar pentafluorophenyl cycloplatinated complexes.?¢>*”
Briefly, Me,N-pbtH was used to prepare the precursor cis-
[Pt(C4Fs),(Me,N-pbtH),], that was then refluxed in toluene for
10 h to yield 1 as a yellow solid in a very high yield.

Its spectroscopic data confirm that the isomer formed has a
cis-CreCaf  configuration as previously found for related
complexes.”®**% Complexes 2, 3, 5 and 6 were synthesized by
easy displacement of Me,N-pbtH in the cyclometalated complex
1 by the corresponding phosphines p-dpbH and o-dpbH (2, 3)
or diphosphines PR,P and PR;,P (5, 6). The 4- and 2-
(diphenylphosphino)benzoic acid ligands were selected be-
cause previous studies in Pt, Ru and Au complexes have

172 (NBug)o[Pt(CgF5)2(1—Cl)]2

+

2 NMe,-pbtH
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demonstrated that the presence of carboxylic groups improved
antitumor efficacy.”” The synthesis of the diphosphines (PR,P
and PR;,P) have been recently reported by Dyson et al. to assess
the impact of the linker length on the cytotoxicity of dinuclear
Ru" and Au' complexes.®"

Biological tests for water insoluble compounds often rely on
the use of DMSO, therefore due to their further biological
studies we examined the stability of the complexes in solution.
The mononuclear complex 2 and the bimetallic 5 and 6 are
stable not only in CDCl; but also in [DJ]DMSO as assessed by
NMR monitoring. Not unexpectedly, for complex 1 the Me,N-
pbtH was easily substituted by DMSO leading to the solvated
complex [Pt(Me,N-pbt)(C,Fs)DMSQ], as confirmed by NMR, but
the attempts to isolate this complex as a solid from the solution
were unsuccessful. By contrast, in complex 3, the presence of
the COOH group in the ortho position causes a remarkable
congestion around the Pt, which is evidenced in the static
coordination of the C4F ring, exhibiting five fluorine resonances
in the "F{"H} NMR spectrum and broaden 'H resonances due to
the aromatic phenyl rings of coordinated o-dpbH (Figure S3b).
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Scheme 1. Synthesis of 1-3, 5 and 6: i) TIPF,, CH,Cl,, 298 K, 20 h; ii) toluene, A, 10 h; iii) CH,Cl,, 298 K, 10 h.
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This complex is stable in [Dglacetone but evolves slowly in
warm [D¢]DMSO solution (38°C, ~6 days) by a relatively easy
OH activation and release of CsF;H as confirmed by "F{'"H} NMR
(Figure S5). Monitoring of this evolution by *'P{'"H} NMR (Fig-
ure S6) reveals that, in DMSO solvent, the signal due to 3 (8
26.9; 'Jp_p,=2056 Hz) is somewhat broad and also the presence
of small amount of free o-dpbH (0 —5.7), that suggest the
occurrence of a slow equilibrium between 3 and o-dpbH. After
38 h, 3 was still the major component, but the signal due to the
deprotonated chelated complex [Pt(Me,N-pbt)(o-dpb)] 4 (6 8.8;
'Jo_p=4398 Hz) and oxidized phosphine (o-dpbHO, 6 28.8) are
clearly visible. The signal of 4 gradually grows, while that of 3
decreases and after 62 h, and a new complex characterized by
an AB system (6P, 11.6, 6Py 21.1; JP,P;=438 Hz) [Pt(o-
dpb)(C¢Fs)(o-dpbH)] 7 starts to be formed, being clearly visible

o-dpbH
NMe, 3 NMe,
o-dpbH
DMSO .
Q 311K “
S Cl
ZN
Pt// Q\rbpd CoFs
N \ /
2 CeFsH 1 Pt
o-dpbH, dpbH
NMe,
Na,CO3
acetone . NMe;
\ NMez pbtH
NMe, 7 0

Scheme 2. Evolution of 3 in DMSO at 311 K.

upon 6 days. Although we have not detected any other P-
containing species, the formation of the chelate complex 7, is
likely triggered by the N-opening of the hemilabile cyclo-
metalated Me,N-pbt group and coordination of free o-dpbH
(Scheme 2). The N-opening of CAN ligand to give monocoordi-
nated «C ligand could be favored by the presence of free o-
dpbH. Indeed, similar behavior has been observed in reactions
of some C,N-cycloplatinated complexes in presence of excess of
ligands.””*? Further protonation of the metalated C—Pt with
simultaneous chelation of the phosphine and release of free
ligand Me,N-pbtH (observed by 'H NMR) would give complex 7
(Scheme 2). Several attempts to obtain monocrystals of com-
plex 3 evolve with formation of crystals of 7, as has been
confirmed by X-ray (Figure 1). Complex 4 is alternatively and
straightforward formed by reaction of the dimer [{Pt(Me,N-
pbt)(u-Ch},] with 2 equiv. of o-dpbH in presence of Na,CO; as
base.

The complexes were characterized by several conventional
methods, including ESI-MS, 'H, *'P{'"H}, "°F{'"H} and "C{'"H} NMR
spectroscopy, and CHN elemental analysis (Figures S1-S9).
From the structural point of view, the most characteristic is the
resonance due to the ortho proton ''H, which appears as a
doublet (1) or dd (2-6) with the expected Pt satellites (*Jp, =
59-77 Hz), as the most shielded signal (0 5.92-6.04) due to its
proximity to the diamagnetic current of the cis-C4F5 ring. The *'P
{'"H} NMR spectra of 2-6 display a singlet in the range 23.4 to
26.9 ppm with 'J,_, values (1975-2056 Hz) characteristic of P
trans to C. In complex 4, the signal is notably up field (6 8.81),
due to the formation of a six membered cycle, and the 'J;_,,
coupling up to 4398 Hz, confirming the geometry of the
chelating Ph,P-COO™ ligand, which locates the P atom trans to
the N atom of low trans influence.

The structures of complexes 2, 4 and 7 were further
confirmed by X-ray crystallography (Figure 1), and some
crystallographic data are listed in Tables ST and S2. All
complexes display the expected slightly distorted square-planar
geometry. The Pt—C, Pt—N, Pt—P and P—O bonding distances
around the Pt are similar to those previously described.””** In 2
and 4, the Me,N is essentially coplanar with the bt unit and
with the Pt coordination plane, which favors m--m stacking in
the crystal packing (Figure S10-S12). We note that crystals of 2,

Figure 1. Molecular structures of 2:iPrOH-CH,Cl,, 4-CHCl; and 7-2MeOH (ellipsoids at 30% probability).
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which were obtained by slow diffusion of iPrOH in a CH.Cl,
solution, crystallize as 2-iPrOH-CH,Cl,. The iPrOH was incorpo-
rated through the formation of hydrogen bonds with the
carboxylic acid of the p-dpbH (H--01=2.025A, 02-0=
2.566 A), giving rise to the formation of dimers. Complex 7
crystallizes as 7-2MeOH and the two molecules of MeOH are
also involved in hydrogen bonding interactions. One is
contacting with the CO group of the chelating Ph,P-COO~
(0--H=2.028 A) ligand and the second with the hydroxy unit
OH of the coordinated o-dpbH (O--H=1.856 A). As shown in
Figure S12, further contacting through the MeOH of two
distinct units (O--H=1.948 A) generates a cyclic dimer.

Photophysical properties and calculations

Absorption spectra. UV/Vis absorption of complexes 1-6 were
collected in CH,Cl, solutions (Table S3) and assignments were
done from TD-DFT calculations in CH,Cl, for selected complexes

0,30 - ====NMe,pbtH
0,25 +
0,20

0,15

Absorbance (a.u.)

0,10

0,054

0,00

T T
450 500

Figure 2. UV-vis absorption spectra of L, 1-6 in CH,Cl, (5x10~° M) at 298 K.
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(1, 2 and 4; Tables S4-S6 and Figures S13-516). The electronic
spectra, together with that of free ligand, are shown in Figure 2,
whereas the comparison of the calculated (stick bars) and the
experimental spectra for 1, 2 and 4 are given in Figure S13. As
shown in Figure 2, complex [Pt(Me,N-pbt)(C¢Fs)(Me,N-pbtH)] 1,
featuring the cyclometalated and the pending N-coordinated
Me,N-pbtH groups, displays a distinctive strong band at 395 nm
and a shoulder 436 nm, respectively.

The low-energy shoulder, which coincides with the low
energy band of the remaining cyclometalated complexes 2-6, is
assigned to a charge transfer transition 'ILCT with a remarkable
Me,N to benzothiazole character on the cyclometalated group.
In this complex, the most intense low energy absorption is S,
(calcd 402 nm) and corresponds to the excitation HOMO—L 41
located on the Me,N-pbt. However, the strong band at 395 nm
is contributed from two close excitations (S; and S, H-1—
LUMO, L+1) having mixed 'IL'CT, located on the pending
Me,N-pbtH ligand (L), and 'L'LCT character. In the phosphine
(2, 3) and diphosphine (5, 6) complexes, the low energy feature
is mainly assigned, as in 1, to a spin allowed charge-transfer
(Me,N —bt) transition located on the cyclometalated ligand,
having in these complexes some 'LL'CT contribution. The
presence of two chromophores in the bimetallic complexes 5
and 6 is reflected in the strong difference in the intensity of this
band, which essentially doubles its € value (Figure 2, Table S3).

For complex 2, the calculated two low energy absorptions
correspond to HOMO—LUMO, L+ 1 with the HOMO and L+1
located on the Me,N-pbt ligand and LUMO on the PhCOOH
group (Figure 3). For the chelating complex 4, the low energy
band located at 435 nm has 'ILCT character with negligible
contribution of the PPh,COO™ ligand because the increasing
energy separation between the LUMO located on the Me,N-pbt
and the upper L+ 1 having contribution of the PCOO™ unit. The
slight red shift of this band compared to that of complex 2
(430 nm) is reflected in the calculations (Figures 3 and S14-

Q \ r
[
i
%fé“f‘ 4
7z \
-. 'cr
—_— LCT
------ et
------- et

H-1

Figure 3. Schematic representation of selected frontier orbitals and the most important low energy absorption transitions of 1, 2 and 4.
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S16). It is interesting to note that in these complexes the
transitions having notable contribution from the platinum are
located at higher energy. In complex 1, the orbitals with
remarkable Pt content (H-2 and H-3, close in energy) are
involved in the excitations Ss and S, located at 355 and 344 nm,
having "ML'CT and '"MLCT character, respectively. In complex 2,
the transition S; (H-2 to L+ 1) calculated at 334 nm has 'MLCT
character, whereas in complex 4, are the excitations S; and S,
(351, 347 nm), which present a mixed '"MLCT/'LL'CT parentage.

Compound Medium (T/K)

Table 1. Photophysical data of L and complexes 1-6 in different media
(CH,Cl, 10~* M or polystyrene 1:10 w/w).

Aem/NM () [T /ps]

deg. CH,Cl, (298)
CH,Cl, (298)

Me,N-pbtH ~ PS 4267
CH,Cl, (298) 418"
CH,Cl, (77) 4219
1 PS 490™, 560 (25 %) [27.6]

474", 562 [18.3]
468", 555

deg CH,Cl, (298)
CH,Cl, (298)
CH,Cl, (77)

CH,Cl, (77) 458", 552 [102]

2 PS 4949, 568 (19%) [37.9]
deg. CH,Cl, (298) 4789, 568 [35.4]
CH,Cl, (298) 4762
CH,Cl, (77) 466", 561 [165]
DMSO (298) 4907, 580
PS 490", 564 (20%) [30.2]

476", 568 [28.0]
4749
462", 557 [144]

4 PS
deg. CH,Cl, (298)
CH,Cl, (298)
CH,Cl, (77)

4943 564 (17 %) [32.3]
480, 564 [27.2]

4779

463", 562 [142]

5 PS
deg. CH,Cl, (298)
CH,Cl, (298)
CH,Cl, (77)

4949, 568 (19%) [30.2]

484" 570 [18.1]

4821

468™, 564 [154, 59 %; 236, 41 %]

6 PS
deg. CH,Cl, (298)
CH,Cl, (298)
CH,Cl, (77)

496", 570 (20%) [35.6]

484", 570 [22.6]

483"

472", 565 [133, 36 %; 210, 64%]

[a] Lifetime lower than 4 ns. (deg: degassed).

0,6 -

0,4

Emission intensity (a.u.)

0,2

0,0

T T T
450 500 550

T T T T
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A (nm)

Figure 4. Emission spectra of 1-6 in PS 1:10 w/w at 298 K (4., 420 nm).
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Emission spectra. Table 1 summarizes the photophysical
data of the complexes measured in CH,Cl, solution (298, 77 K)
and polystyrene (PS) film and selected spectra are provided in
Figures 4-6. Remarkably, most complexes exhibit, upon excita-
tion into the charge transfer intraligand band (4., 420 nm), dual
fluorescence and phosphorescence emissions that originate,
according to calculations, from Pt-perturbed intraligand Me,N

12 - a)

Intensidad {u.a.)

Intensidad (u.a.)

S00 550 600 650 700
i(nm)

Figure 5. Emission spectra of 1-6 in CH,Cl, (107 M) at 298 K (1., 420 nm) a)
degassed and b) aerated.

10 ==== Aem= 495 Nm
e, o ‘,' === Aem= 570 NM
_ [ —— A= 320 nm
3 0381 N ':, o= 340 Nm
S \ x4 _
z L ',' g' Aex= 365 nm
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2 o6l ; ! Aey= 380 Nm
£ / | —— A= 420 N
- ’
s / —— Ae= 450 NM
8 04-
£ /
w ’
- Il
0,24.°
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Figure 6. Excitation and emission spectra of 2 in polystyrene 1:10 w/w at
298 K.
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-pbt charge transfer 'ILCT and °ILCT, respectively. As can be
seen in Figures 4 and 5, all phosphorus-based ligand complexes
2-6 display both in PS and in CH,Cl, at 298 K a dual emission,
which comprises a short-lived (<4 ns) high energy unstructured
band (HE) in the blue region (centered at ca. 490-496 nm in PS
and 474-484 in CH,Cl,) and a long lived low well-structured
energy band (LE) in the yellow-orange region (574-570 nm PS;
564-570 CH,Cl,). The most significant difference between fluid
and doped systems is the slight bathochromic shift of the HE
band in rigid PS (by ca. 10-14 nm).

As shown in Figure 5b, the short-lived HE band is essentially
unaffected by the oxygen, being therefore ascribed to
fluorescence (F) located on the Me,N -pbt ('ILCT). The emission
lifetime of the LE band ranges between 30.2 and 37.9 ps in PS
and from 18.1 to 35.4 ps in CH,Cl, and is completely quenched
in an air equilibrated CH,Cl, solution, as shown in Figure 5b.
These long-lived excited states and their strongly sensitivity to
the presence of oxygen are indicative of triplet parentage.
Interestingly, we observed that the ratio between both bands is
excitation-dependent with a remarkable increase of the
phosphorescent LE band by exciting at higher energies, as is
illustrated for complex 2 in Figure 6, clearly evidencing hyper-
intersystem crossing (HISC), that is, the occurrence of a
distinctly faster population of the T, state from higher S, states
having notable metal contributions.* Our calculations suggest
that for complex 2, S, and Ss excitations calculated at 345 and
333.8 nm, respectively (H-1, H-2—L+1) have a notable plati-
num contribution (H-1 82% Pt; H-2 59% CAN, 37 % Pt), whereas
for complex 4 is S, having MLCT/L'LCT character (Table S6). In
accordance with this behavior, the comparison of the excitation
spectra of both bands reveals that while the fluorescent HE
band mainly proceeds of excitation of the 'ILCT, the phosphor-
escent LE band is also notably populated from high-energy
excited states (below 350 nm; see Figure 6 for 2). The presence
of impurities was rigorously ruled out.

Based on TD-DFT calculations on complexes 2 and 4, the
spin density of the optimized T, state is primarily located on the
Me,Npbt with minor metal contribution (Figure 7). Therefore,
the low energy band is ascribed to metal-perturbed intraligand
phosphorescence *ILCT. Comparison of the energy maxima
reveals a slight bathochromic shift for bimetallic complexes (5,
6 484, 570 nm) and for the chelating o-dpb (4 480, 564 nm) in

6.0 % Pt
1 2 4

4.5 % Pt 5.7 % Pt

Figure 7. Spin-density distribution for the lowest triplet excited states in 1, 2
and 4.
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relation to the related mononuclear complexes (2 478, 568 nm;
3 476, 568 nm) and a minor blue shift in the fluorescence band
by substituting the carboxyl unit from the para to the ortho
position (480 in 4 vs. 476 nm in 3). This is indicative of the
negligible role of the auxiliary ligands in the excited states in
accordance with the calculations. The measured quantum
yields, @p, using a calibrated integrating sphere are similar in
all complexes (17-20%).

It should be pointed out that dual emissions have been
previously reported in some Pt, Ir and Au luminescent
complexes, particularly featuring highly delocalized lumino-
phores as ligands.'**<3435 The growing interest in this type of
phosphors might be attributed to its potential application,
especially in the field of single component white-emitting
diodes (WOLEDs).2*3 |n these single white emitting molecules
the emission can be fine-tuned from cold to warm white and its
application in single component WOLEDs could avoid undesired
phase separation and color variation problems that commonly
occur in multiple-component emitters.?” The behavior of
complexes 2-6, featuring Me,N-pbt cyclometalating framework,
indicates that they do not follow Kasha'’s rule, which states that
emission from a luminophore will occur from the lowest lying
excited state.”® Dual F and P emissions in metal complexes is
usually a consequence of the relatively slow rate of the S,—T,
intersystem crossing (ISC) due to the low contribution of the
metal center in the involved m-mt* ligand-centered excited state
allowing the F (S,—S,) to compete with the ISC.2**¥ |n these
systems, the rate constant for phosphorescence emission is also
increased due to a proximal heavy atom. As suggested by DFT
calculations on selected complexes 2 and 4, the Pt contribution
to the low-lying ILCT excitation is negligible (Figure S17).
Consequently, the intersystem crossing (i) from the S, to the
emitting T, state decreases, being slow enough to allow the
effective population of both S, and T, states and leading to the
observed dual emission.

In fluid solution, the lower ratio F/P is observed for the
chelating complex 4, increasing the F in the order 4<6~5<
2 <3, which is reflected in the final color of the emission
(Figure 5a), nearly warm-white for complexes 2, 5 and 6. The
ratio F/P decreases for all complexes in rigid media, both in PS
and in glassy CH,Cl, solution at 77 K, with the lower F/P value
for the most constrained compound 4 featuring two chelating
ligands (Figures 4 and S18). In contrast to the behavior of
complexes 2-6, the precursor complex 1, bearing the pendant
N-coordinated Me,N-pbtH ligand, is only weakly fluorescent in
strictly degassed CH,Cl, and in PS (<5 %), but phosphoresces at
560 nm with a quantum yield of 25% in PS. Interestingly, in air-
equilibrated CH,Cl,, the phosphorescent emission diminishes
notably in 1 and is completely lost in complexes 2-6 while the
fluorescence remains, leading to a weak final naked-eye blue
emission (Figure 5b). For 1, the lower trans influence of the N-
pyridine donor atom in relation to P for complexes 2-6, likely
causes a shortening in the Pt—C metalated bond, rendering the
ISC more efficient. In addition, our calculation indicates that
whereas in complexes 2 and 4 the T, state is well above of the
T, (and also the S,), in complex 1, the T, having IL'CT character
is close to T, (T, 2.2754 eV; T, 2.4871 eV) and below to low lying
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excitations S,,, (considering vertical transitions), thus decreas-
ing the AE(S,—T,) gap (Figure 8), which has been previously
suggested to increase the Intersystem Crossing. Therefore, in
complex 1, an ISC from S, to T, followed by a fast internal
conversion from T, to T, could also efficiently populate the
lowest triplet state at a faster rate than for the phosphorous
containing complexes 2-6.

DFT calculations for the three complexes 1, 2 and 4
demonstrated that the vertical AE(T;-S,) (2.01273 1; 1.98693 2;
1.99012 eV 4) is above the energy necessary to activate ground-
state molecular oxygen (30, 0.98eV) and promote the
formation of '0, species.*” This fact and the long lifetime of the
phosphorescence band for these complexes (Table 1) could
explain the observed quenching of the metal-perturbed 3ILCT
by the oxygen molecular *0,.*" To asses if these complexes are
able to generate singlet oxygen, the triplet 0, emission was
monitored for complexes 2 and 4 in CH,Cl, solution (1072 M). As
shown in Figures 9 and S19, both complexes display an intense
emission band at around 1270 nm upon excitation at 455 nm.
The value of the quantum yield (®,) of 4 in MeCN solution,
determined by the changes in the absorption spectra of the 'O,
scavenger, 1,3-diphenylbenzofuran in the presence of 4 and in
the presence of [Ru(bpy);ICl,, as the reference (see the

1 2 4
3.5
S, m——
s, s, T £ e T,
. 3 51 51—- 2 51
>
3
ﬁ 25 ‘Hﬂiﬁé T, ELLL‘E\
< T T m— T,
2
0] —— S —— S —— S

0

LU'CT MLCT

Figure 8. Schematic representation of the energy levels of selected singlet
and triplet states calculated for the ground state geometry of 1, 2 and 4.
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Figure 9. Emission band of the singlet oxygen from a fresh solution of 4 in
CH,Cl, (1072 M).
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Supporting Information, Experimental Section and Figure S20),
was calculated to be 34%. This result indicates that these
complexes might be used as photosensitizers to provide
cytotoxic 'O, in photodynamic therapy.

In anticipation of photo-biological studies on these com-
plexes (see below), we also examined the emission of the
complexes in aerated DMSO. Under these conditions, the
phosphorescence was completely quenched for complexes 2-6.
Interestingly, for these complexes, we observed that, in aerated
DMSO solutions, upon prolonged exciting at 365 nm with a
hand UV-Vis lamp (1 min), the initial blue emission, due to the
'ILCT fluorescence, was gradually changing from the bottom
appearing initially a white warm and finally a pale orange
enhanced emission. The intense orange emission was switched
off by simply shaking of the solution and the process can be
repeatedly again by exposure to the UV-Vis light. This behavior,
attributed to a photoinduction of the metal perturbed 3ILCT
phosphorescence, was not observed in solvents others than
DMSO (CH,Cl,, CHCl;, THF, acetone or MeOH). This phenomen-
on, although unusual has some precedents.*? Thus, Che et al.
reported an enhancement of the phosphorescent emission of a
cycloplatinated complex upon prolonged exposure to light in
DMSO"# and Lu et al, more recently published that the long-
lived phosphorescence of Au' arylacetylide complexes could be
reversibly activated in aerated DMSO by photo-irradiation.*® [t
was proposed that during the photo-activation process, trace
amounts of DMSO molecules were oxidized by sensitized
singlet oxygen into dimethylsulfone (DMSO,), creating a local
free 30, microenvironment that triggers the quenched phos-
phorescence molecular.

Complex 2 was chosen for a more detailed study and the
results are depicted in Figure 10. Figure 10a shows the photo-
graphs of the emission of a freshly prepared solution of
complex 2 (non-degassed DMSO, 10~* M) upon photoirradiation
at A, 365 nm for 5 min. Shaking the solution in air extinguishes
the orange emission and return to the blue emission (see the
Supporting Movie). The emission spectra were recorded on the
spectrofluorometer upon excitation at 365 nm for 17 min. As
can be seen in Figure 10b,c, in addition to the fluorescence
band at 488 nm, an structured emission band with a peak
maximum at 588 nm gradually developed, after a short
incubation period of about 30s, increasing very fast during the
first 7 min and then more slowly reaching the maximum at
about 17 min. Concomitantly, the F band at 488 nm only
experiences a minor decreasing of intensity of about 10%. The
intensities of both bands with the time and excitation spectra
are depicted in Figure 10b,c, while the change in the color
rendering index is indicated by the xy coordinates on a
chromaticity diagram (Commission International de I'Eclairage,
CIE) in Figure 10d. The excitation spectrum monitoring the
580 nm band resembles to that of monitoring at 488 nm, but
develops a peak at ~330 nm, indicating also hyper-intersystem
crossing (HISC) in this solvent. Thus, phosphorescent emission
not only derives from the 'ILCT but also emanates from high
energy excited states having 'ILCT/'MLCT character.

Upon shaking the solution to allow oxygenation of the
solution, the phosphorescence is quenched, and the initial
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Figure 10. a) Evolution of 2 in DMSO with irradiation at A., 365 nm. b) Excitation and emission of 2 in DMSO 10~* M in the presence of O, with different
irradiation times. c) Intensity of the emission maxima vs. time, d) CIE color coordinates of the emission.

blueish emission is restored. This photoswitched-on and oxy-
gen-quenched-off cycle of the phosphorescent band process
can be repeated at least five times with similar intensities on
both bands. As was previously noted, the role of DMSO solvent
is decisive. In aerated conditions, the °ILCT excite state is
deactivated by energy transfer to 0, to produce singlet 'O,
(Figure S19b). As noted before, it has been reported that this
behavior is likely driven through the photooxidation of two
molecules of DMSO by each sensitized '0, to produce dimeth-
ylsulfone, thus causing a local deoxygenation that activates the
phosphorescence. In our system, '°F, and *'P NMR monitoring
reveals that complex 2 is relatively photostable. However, upon
prolonged irradiation of a DMSO solution of 2 with a hand-held
lamp at 365 nm, we were unable to detect the generation of
dimethylsulfone by 'H NMR. Therefore, we suspect that the
amount of DMSO, generated seems to be to free the micro-
environment of 2 from O, but not to be detected by 'H NMR.

Biological studies

We next analyzed several biological capabilities of the ligand
Me,N-pbtH and complexes 1-6. As noted before, in DMSO
solution complex 1 evolves to the solvate [Pt-
(pbt)(C4F5)(DMSO)],2” whereas complex 3 evolves to the bis-
chelating 4, as was assessed by NMR spectroscopy. In DMSO/
cellular medium the dinuclear derivative 5 precipitates to a
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large extend, whereas complexes 2 and 6 were found to be
stable with no evidence of relevant changes by UV-Vis
spectroscopy (Figure S21). For all complexes was determined
their cytotoxicity against two different tumor and one non-
tumor cell lines by the MTS-based method, their relative
lipophilicity by RP-UPLC (Reversed-phase chromatography) and
the interaction with DNA by gel electrophoresis. In addition,
their cellular location and a possible mechanism of action by
depolymerization of tubulin were studied by confocal micro-
scopy and immuno-staining, respectively. Furthermore, consid-
ering the easy generation of singlet oxygen from these
derivatives and their possible capabilities as photosensitizers,
the cytotoxicity in the presence and absence of UV light
irradiation was measured for one of the non-cytotoxic com-
pounds.

Cytotoxic activity: The ICs, values were determined against
human tumor: A549 (lung carcinoma) and Hela (cervix
carcinoma) and nontumor 184B5 (breast epithelium) cell lines
after cellular exposure to the compounds for 72h and
compared to cisplatin as a reference (Table 2 and Figure S22).
The ligand Me,N-pbtH and complexes 1, 4 and 5 did not show
cytotoxic effects against A549 cells, probably due to the lack of
free carboxylic groups, and in case of 5 could be additionally
due to its low solubility in aqueous solutions. Thus, they were
considered non-toxic, and not further analyzed in Hela and
184B5 cells. The lack of toxicity of 1 contrasts with the
moderate toxicity previously found in the related 2-phenyl-
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Table 2. IC;, values [uM]® and selectivity index® of the cytotoxic
complexes 2, 3 and 6 in human cell lines A549, HelLa and 184B5, compared
with cisplatin.

|C50[a] Sl[b]
Complex  A549 Hela 184B5 A549  Hela
2 8.39+0.75 38.82+1.05 23.46+046 2.80 0.60
3 11.59+140 16.51+£0.57 18.60+£1.63 1.60 1.13
6 1043+0.05 43.25+1.23 NT (>100) >95 >23
cisplatin ~ 6.45+047 13.60+0.99¢ 5734045 089 042

[a] ICs, values are presented as mean+standard error of the mean of
three different experiments performed in sextuplicate. [b] As determined
in ref. [29]. [c] As determined in ref. [30]. [d] As determined in ref. [27]. NT:
nontoxic; ICs, values could not be determined as a relevant percentage of
cytotoxicity was not achieved at any concentration tested.

benzothiazole-DMSO complex [Pt(pbt)(CsFs)(DMSO)L.EY In con-
trast, 2, 3 and 6 exhibited cytotoxic activity in both tumor cell
lines, in all cases with values of 1Cs, lower in A549 cells.

Compound 2 displayed the lowest IC;, value towards the
A549 cell line (8.39 uM), being almost as cytotoxic as cisplatin,
and 6 the highest in Hela cell line (43.25 uM). All three
complexes were more active towards the A549 cell line than to
Hela, in accordance with previous results found with related
[Pt(CAN)(C4F5)L] complexes (CAN=ppy, dfppy, L=DMSO, p-
dpbH).” Interestingly, higher 1C,, values towards breast 184B5
nontumor cells were observed by 3 (18.60 uM) and 6 (>
100 uM, considered nontoxic). ICs, value of complex 2 towards
this cell line (23.46 uM) although was also higher towards A549
cells, was lower towards Hela. Of note, ICs, values towards
184B5 cells showed by cisplatin (5.73 pM) was the lowest of all
complexes tested (Table 2). In agreement, similar 1Cs, values for
cisplatin toward these cells were previously reported.”

Based on the IC;, assessment, the higher values of
selectivity index (SI; >2) were demonstrated by cytotoxic
compound 6 towards tumor A549 (>9.5) and Hela (> 2.3) cells,
and to a lower extent by complex 2 towards A549 cells (2.80)
against nontumor 184B5 cells. SI values for complex 3 were
1.60 (A549) and 1.13 (Hela), which indicated low selective
toxicity towards cancer cells, since SI <2 is assumed to give
general toxicity.*” The lowest SI values (< 1) were shown by
complex 2 in Hela (0.60) and by cisplatin (0.89 in A549 and 0.42
in HelLa). Low Sl values for cisplatin, related platinum deriva-
tives, and other organometallic complexes with cytotoxic
activities toward A549, Hela, and other cancer cell lines have
been previously described, although not using 184B5 cells as
nontumor cell lines**

Relative lipophilicity: In order to stablish a possible correla-
tion between the cytotoxicity and lipophilicity, the relative
hydrophobicity of 1-6 was determined by RP-UPLC. Complexes
were dissolved in methanol/H,0 (10% v/v, ~10 um) and mobile
phase used were A (H,0 with 0.1% HCOOH) and B (acetonitrile
with 0.1% HCOOH,). The relative lipophilicity of the complexes
was based on the retention times (t;) accounting the relative
interaction between the hydrophilic mobile phase and hydro-
phobic stationary phase (Aquity UPCL BEH C,;). The more
lipophilic complexes should have longer t;.*" As was expected,
the mononuclear complexes give lower retention times than
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the diplatinum complexes (complex/t; min 1/6.0; 4/6.3; 2/7.8; 3/
7.9 vs. 5/11.8; 6/10.4, 11.6). Intriguingly, two different retention
peaks, with identical isotopic mass, were found for complex 6.
This fact might be tentatively due to the very long carbon chain
of the diphosphane (PR;,P) that induces the displacement along
the column of two conformers. The RP-UPLC was interfaced
with an QTOF mass spectrometer using ESI(+). The ESI-MS of
the 5.98 min of 1 shows the isotopic pattern at m/z 616.05,
assigned to the loss of Hpbt ligand (M —Hpbt]*, whereas the
isotopic pattern for the rest of samples (2-6) in their retention
time corresponds to the [M+H]* peak (Figure S23). There is no
a clear relationship between the lipophilicity and cytotoxicity.
Indeed, the low lipophilic 2 and 3 revealed the highest
cytotoxicity in A549 and Hela cells, respectively. However, the
most lipophilic 5 is not cytotoxic and 6, of high lipophilicity,
exhibited the lowest cytotoxicity in Hela cells and was not
cytotoxic towards breast 184B5 nontumor cells.

Photoinduced cytotoxicity of complex 4: Luminescent cyclo-
metalated I'" and also Pt" compounds have been previously
described as efficient photosensitizers for the generation of
singlet oxygen ('0,),**! and a few of them were reported to
exhibit photodynamic therapeutic effects.?***”! As the com-
plexes reported here are able to generate 'O, upon irradiation,
they can be considered as potential tools in phototheranostics.
We decided to evaluate the potential use of complex 4 in
photodynamic therapy based on its fast cellular internalization
(see below) and non-cytotoxic effects in normal cell culture
conditions. Its photostability was initially monitored by NMR
analysis under similar irradiation conditions and using pro-
longed exposures times. To assess its photobiological activity,
A549 and Hela cells were treated with complex 4 in Hank's
balanced salt solution (HBSS) for 1h at 37°C to give the
compound time to enter the cells. Subsequently, the cells were
irradiated with a 396 nm LED lamp located 91 mm apart (~
5 mW/cm?) for 1 min (“photoinduced” plate). After irradiation,
the cells were washed and incubated in complete RPMI medium
(without complex 4) for another 72 h. Then, the viability of the
cells (ICso) was assessed by the MTS test, as described in the
Experimental Section. As shown in Figure 11, upon light
irradiation for 1 min, complex 4 exhibited high antitumor
activity in both cell lines, leading to ICs, values of 0.83 and
1.50 uM in A549 and Hela cells, respectively. Notably, the
induced phototoxicity lead to higher anticancer activity than
that determined for 2, 3 and 6 cytotoxic compounds and
cisplatin under non-irradiated conditions (Table 2). Increasing
radiation time of A549 cells up to 3 min barely increased
cytotoxicity, achieving an IC;, value of 0.63 pM. Non-irradiated
cells did not show cytotoxicity of 4 in any of the cell lines
(Figure 11). Additional tests irradiating cells up to 30 min in
HBSS alone further discarded direct phototoxic effects of UV
light.

The relevant photoinduced cytotoxicity found with complex
4 using UV light with a wavelength close to its strong low
energy 'ILCT electronic absorption (Figure 2) and a very short
period of time (1 min) is remarkable, since previously reported
transition metal complexes that have entered clinical studies for
cancer photodynamic therapy required much longer photo-
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Figure 11. Dose-response curves for a) A549 and B) Hela cells treated with
complex 4, either with (triangles) or without (circles) UV light: irradiation
with a UV 396 nm LED for 1 min and the MTS cytotoxic assay performed
after 72 h. Non-UV, non-irradiated cells were manipulated identically to
irradiated. ICs, values are presented as mean =+ standard error of the mean
of three different experiments performed in sextuplicate.

induced exposures. Thus, the Ru" derivative TLD1433, which is
in phase clinical study for treating invasive bladder cancer,
required photoinduction exposures of 48 minutes or longer to
reach 1Cs, values of 0.062 uM (SKMEL28 melanoma cell line,
400-700 nm; 34.7 mW/cm?).”¥ In case of WST11, a Pd derivative
already used in trials for prostate cancer photodynamic
therapy,”” when tested in H5V endothelial cells rendered an
ICs, value of 0.8 uM after 10 min of irradiation (650-800 nm,
12 J/cm?).5% Given that these results depend on each particular
experimental set up, to make a clear comparison of their
photoinduced cytotoxic potency it would require measure-
ments under the same conditions. Potential applications of Pt"
compounds in photodynamic therapy were also explored.”™ In
this way, analyses of the photophysical properties of a Pt'-
BODIPY derivative revealed that it was able to enhance the
cytotoxic 'O, production."® Furthermore, a cyclometalated Pt"
complex was reported to induce irreversible DNA single strand
breaks following irradiation, and that oxygen was essential for
the photoinduced action.”>? Based on its optical and biological
properties, we could also hypothesize that upon irradiation of
cells in presence of 4, the metal perturbed ?ILCT excited state of
the complex is able to promote intracellular generation of
cytotoxic 'O, by energy transfer to the molecular oxygen, to
generate reactive oxygen species, the main mechanism for
photodynamic therapy-initiated cell death.”® Overall, it is clear
that complex 4 is a non-cytotoxic 2-(4-dimethylaminophenyl)
benzothiazole based cycloplatinated complex that rapidly
penetrates and accumulates in the cytoplasm of cells (see later)

Chem. Eur. J. 2021, 27, 15757 -15772 www.chemeurj.org

and can act as an effective photosensitizer in cancer cell lines.
Altogether, these properties highlight its potential for photo-
dynamic therapy applications against tumors.

Interaction of complexes with DNA: Most platinum-containing
molecules exert cytotoxic effects by binding to DNA through
various mechanisms, and depending on the ancillary ligands,
they can either covalently bind nitrogenous bases or act as
DNA intercalators or aggregators."® " |n order to evaluate
their capacity to interact with DNA complexes 1 (non-cytotoxic
as a reference), 2 and 6 (both cytotoxic) were incubated in
increasing molar ratios with a fixed amount of pBR322 plasmid
DNA. Complex 3 (cytotoxic) was not assessed due to its
chemical instability. To provide a basis for comparison, cisplatin
was used under the same concentrations and conditions.
Finally, the ability of complexes and cisplatin to modify the
electrophoretic mobility of the plasmid forms was assessed in
agarose gels as previously described® (Figure S24). Binding of
cisplatin to plasmid DNA results in an electrophoretic shift,
decreasing the mobility of the CCC (covalently closed circular,
supercoiled) plasmid form and increasing the mobility of the
OC (open circular, relaxed; Figure 524, left).”**? Conversely, no
electrophoretic mobility changes were observed after DNA
treatment with any of the complexes tested (1, 2 and 6) in the
same conditions (Figure S24, right). These results suggest that
these compounds do not interact with the DNA, therefore
pointing to an alternative cytotoxic mechanism of action for 2
and 6.

Lack of DNA binding properties in different types of
cycloplatinated platinum(ll) derivatives have been previously
reported by others,”>** and also by us, in similar complexes
([Pt(CAN)(C¢Fs)L] [CN =C-deprotonated 2-phenylpyridine, 2-(2,4-
difluorophenylpyridine); L=PPh,CH,COOH,
PPh,CsH,CONHCH,COOMe, P(C¢H,SO;Na)]* containing biocom-
patible phosphines as ancillary ligands. Of note, a progressive
reduction of both the CCC and OC bands staining intensity was
noticed after treatment with complex 1, and to a lesser extend
with 6 (Figure S24), an effect that was intensified in a
concentration-dependent manner but neither exhibited by 2
nor by cisplatin. Possible interpretations of these results could
be a complex-mediated induction of either DNA precipitation
or DNA degradation.

Effects on microtubule polymerization: Given our previous
experience with related cycloplatinated complexes®?” and the
lack of effect on DNA interaction of the 2-(4-dimeth-
ylaminophenyl)benzothiazole based cycloplatinated complexes,
we decided to test whether cytotoxic compounds 2 and 6 were
able to inhibit tubulin polymerization as a mechanism of
toxicity. A549 cells were exposed to 100 uM 2 and 6 for 6 h or
100 uM nocodazole for 2 h. Cells were fixed and stained for
tubulin with an appropriate antibody as described in the
Experimental Section. The captured laser-scanning confocal
microscopy (LSCM) images are shown in Figure 12. As expected,
treatment with the microtubule targeting agent nocodazole
profoundly altered microtubule dynamics in A549 cells, causing
a notable microtubule disassembly. On the contrary, A549 cell
exposed to compounds 2 and 6 did not show any sign of
tubulin depolymerization even though some of them started to
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NOCODAZOLE 2
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Figure 12. Laser scanning confocal microscopy images of fixed A549 cells treated with a) 100 uM nocodazole (microtubule targeting agent) for 2 h, b) 100 uM
compound 2 for 6 h, or ¢) 100 pM compound 6 for 6 h; d) control cells. Red: tubulin antibody staining (4., 543 nm); Blue: nuclei marker (DAPI, 4., 405 nm).

CONTROL, untreated cells (scale bars: 10 pm).

show detachment from the substrate and blebbing, which is a
sign of toxicity and potential cell death.

Thus, these results suggest that depolymerization of tubulin
is not involved in the cytotoxicity mechanism of compounds 2
and 6, and contrast with our previous findings on related
cycloplatinated systems based on ppy, dfppy and pbt chromo-
phores that showed different levels of microtubule disassem-
bling capacity.””*® As we have neither found evidence of
interaction with DNA nor altering tubulin polymerization in
case of 2 and 6, alternative mechanisms should be considered
to explain their cytotoxic activity.

Cytolocalization: In order to study the cellular uptake of the
ligand (Me,N-pbtH) and the cycloplatinated complexes 1, 2, 4-
6, a confocal fluorescence imaging study was carried out in
lung mouse embryonic fibroblasts (LMEFs) and A549 cells at
37°C, in a 5% CO, atmosphere, as described in the Experimen-
tal Section. We did not observe any intracellular fluorescence
signal in cells without compounds even after incubation for
24 h. As shown in Figure 13, addition of the ligand and

MezaN-pbtH 1

2-5 min

compounds 1, 2, 4, 6, elicited a visible intracellular green
fluorescence signal, indicating successful internalization. Inter-
estingly, none of the compounds were found inside the nucleus
of the cells, which is in agreement with our DNA interaction
assays. In accordance with its lack of toxicity, compound 5 did
not enter the cells (data not shown), probably due to its low
solubility in the medium.

Time-course analysis to monitor their internalization was
performed into A549 cells. Ten uM solutions were added to the
cells and micrographs were captured at the indicated times
(Figure 13). Surprisingly, Me,N -pbtH was found to internalize
very quickly as revealed by the bright green fluorescence within
the first 2-5 min (Figure 13). Compound 1 was found to enter
the cells faster than the rest of the compounds, while 2 and 6
were slower and peaked at 22 h.

However, although 1 entered the cells very fast, total
cellular accumulation was higher for 2, 4 and 6 (Figure 13),
what is also in agreement with the antiproliferative action of 2
and 4 and the negligible cytotoxicity found for complex 1. All of

Figure 13. Laser scanning confocal microscopy images of live A549 cells incubated with 10 pM Me,N-pbtH (ligand), 1, 2, 4 or 6 for the indicated times (.,

405 nm. NE: non-emissive).
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them showed the same pattern of cellular staining along the
incubation time, displaying a predominant emission in the
perinuclear region of the cells. To identify the preferred
localization within the cytoplasm staining assays with specific
intracellular organelle biotrackers for mitochondria (MitoTrack-
er’) and lysosomes (Lysotracker’) were performed in combina-
tion with the free ligand Me,N -pbtH and complexes 1 and 2.
Figure 14 shows LMEFS treated for 22 h with 10 uM ligand, 1 or
2, and the MitoTracker and Lysotracker” markers. Compounds
1, 2, 4 and 6, as well as the ligand (Me,N -pbtH), showed lack of
accumulation in mitochondria and minor accumulation in the
endosomal/lysosomal compartments (Figures 14 and S25, re-
spectively). Similar results were observed in A549 tumor cells,
although with less detail due to their smaller proportion of
cytoplasm and roundish morphology.

Given that the observed perinuclear localization of the
compounds in the cells (Figure 13) was suggestive of Golgi
apparatus localization, we incubated the cells with the
commercially available Golgi apparatus marker BODIPY TR C5
Ceramide BSA and Me,N -pbtH or compound 2. As shown in
Figure 15, at concentration 10 uM, the emission of the com-
pounds is seen in green (a) and the Golgi marker in red (b), a
clear coincidence is observed when they are superimposed (c).
This indicates that most of the signal colocalized with the Golgi
apparatus marker, pointing that our compounds localized
preferentially in this organelle. These photos have been taken

after 2 h of exposure to the ligand (and the marker) and 4 h
with compound 2.

For the platinum compound 2, which is slower to internalize
in the cell, this distribution does not change much with the
time. However, for the ligand, when this is added before the
marker, it enters so rapidly that it ceases to fully colocalize in
the Golgi apparatus and begins to be observed in scattered
lysosomes.

In this context, by taking advantage of their favorable
luminescence properties, a growing number of d° (I"", Ru") and
d® (Pt", Au") cyclometalated complexes, have been successfully
developed exhibiting selective organelle staining with specific
organelle accumulation 2492bde1ab-d1521a54 Among subcellular
organelles (mitochondria, nucleus, lysosomes, ER, Golgi appara-
tus), Golgi apparatus targeting metal complexes are extremely
rare,”*?'>*>) despite this organelle is a key structure for trans-
porting and secreting some important proteins/enzymes, such
as cyclooxygenase-2, which are overexpressed in cancer cells.
To date, a few I cyclometalated complexes have reported
specific target to Golgi apparatus.”**'¥ Lo and co-workers
reported some dendritic cationic luminescent [{Ir(NAC).},(bpy-
n)l(PF,), complexes exhibiting a high cytotoxicity (HelLa line),
which was suggested to originate primarily from their binding
to the Golgi body.”® By contrast, Wong, Ho and co-workers
have reported a negligible cytotoxic neutral heteroleptic [Ir-
(CAN),(CAN)] complex, based on the donor-acceptor Me,N-
PhPy and Ar,B-PhPy cyclometalated groups, that demonstrated

Figure 14. Laser scanning confocal microscopy images of live LMEF cells incubated with 10 uM a) Me,N-pbtH, b) 1 or ¢) 2 for 22 h and simultaneous co-
staining with LysoTracker and MitoTracker. Green: Ligand/compound (4., 405 nm); Red: LysoTracker (Lysosomal marker, 4., 543 nm); Magenta: MitoTracker
(Mitochondrial marker, 4., 633 nm). Yellow indicates colocalization between ligand or compounds (green) and LysoTracker (red). There is no evidence of co-

localization of ligand or compound with MitoTracker (scale bars: 10 pm).

NMe,-Hpbt

Figure 15. Laser scanning confocal microscopy images of live A549 cells incubated with a) 10 uM Me,N-pbtH (ligand) for 2 h or b) 10 uM 2 for 4 h (ligand/
compound signal in green, 4., 405 nm, left) and in the presence of BODIPY TR C5 ceramide (Golgi apparatus marker; signal in red, 1., 543 nm, center).
Superimposed images are shown on the right; yellow/orange indicates colocalization between ligand/compound and BODIPY TR C5 ceramide in the Golgi

apparatus (scale bars: 10 um).
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a strong two-photon induced phosphorescence with specific
Golgi-imaging in HeLa and A549 cell lines.””

Here, we show that Me,N-pbtH ligand and 2 localize in the
Golgi complex. However, the ligand has not demonstrated to
be cytotoxic on human tumoral cells, rapidly accumulates in
living cells and mainly localizes in the Golgi bodies demonstrat-
ing an emission intensity even higher than that of the
commercial Golgi marker itself. These results are of great
interest, demonstrating a possible application of the Me,N-pbtH
ligand as a marker (“tracker”) of the Golgi apparatus organelle.

Conclusions

By using the donor-acceptor 2-(4-dimethylaminophenyl)
benzothiazole ligand (Me,N -pbtH), novel neutral pentafluor-
ophenyl mono- and dinuclear cycloplatinated complexes featur-
ing biologically active phosphine donors as auxiliary ligands (1-
3, 5, 6) have been prepared. Complex [Pt(Me,N -pbt)(CeFs)(o-
dpbH)] 3 is unstable in DMSO giving rise to [Pt(Me,N -pbt)(o-
dpbH)] 4 and small amounts of [Pt(o-dpb)(C¢Fs)(o-dpbH)] 7.
Complexes 1-6 emit both fluorescence and metal-perturbed,
intraligand-based phosphoresce caused by slow intersystem
crossing (ISGC; S, to T,). Due to the hyper-ISC phenomenon, the
ratio between both bands is excitation-dependent giving rise to
nearly warm-white emissions for complexes 2, 5 and 6. More-
over, they exhibit intriguing photoinduced phosphorescent
enhancement emission in non-degassed DMSO, ascribed to
local oxidation of DMSO to DMSO, by sensitized 'O, singlet,
which remove *0,, as demonstrated in complex 2.

There is continuing search for new biocompatible photo-
sensitizers for use in photodynamic therapy. In this context,
these complexes are able to generate singlet-oxygen species
with potential in photodynamic therapy. In vitro studies reveal
that only 2, 3 and 6 are active against A549 and Hela cancer
cell lines, with higher efficiency in A549. Interestingly, complex
6 is highly selective for tumor cells without causing any
cytotoxic effect on the nontumor cell line. The lipophilicity of
the bimetallic complexes featuring ethylene glycol units (5 and
6) is higher than the mononuclear derivatives (1-5), but no
clear relationship with the antitumoral activity was found.
However, we demonstrated that under a short photoirradiation
time (1 min) complex 4 exhibits high cytotoxicity with ICg,
values at nanomolar concentration in both type of tumor cell
line, which has relevance for those engaged in PDT research.
These complexes do not enter the nucleus and do not interfere
with tubulin depolymerization, as previously observed in
related cycloplatinated systems based on ppy, dfppy, and pbt
chromophores. Cytolocalization studies revealed that ligand
Me,N-pbtH and these complexes enter the cells and accumulate
preferentially in the Golgi apparatus, subsequently transferring
to the endosomal/lysosomal compartment. Importantly, the
non-cytotoxic Me,N -pbtH ligand could be used as an
alternative or new cheap Golgi marker. Consequently, given
their different cytotoxic profiles these complexes can be used
as subcellular organelle markers or cytotoxic compounds either
in their parent form or after photoactivation.

Chem. Eur. J. 2021, 27, 15757 -15772 www.chemeurj.org

Deposition Numbers 2081196 (for 2-iPrOH-CH,Cl,), 2081197
(for 4-.CHCl;) and 2081198 (for 7-2MeOH) contain the supple-
mentary crystallographic data for this paper. These data are
provided free of charge by the joint Cambridge Crystallographic
Data Centre and Fachinformationszentrum Karlsruhe Access
Structures service.
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