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In vitro and in vivo trackable titanocene-based
complexes using optical imaging or SPECT+

Océane Flores,® Audrey Trommenschlager,? Souheila Amor,? Fernanda Marques, (2
Francisco Silva, ©° Lurdes Gano, ¢ ° Franck Denat,?

Maria Paula Cabral Campello, (@ *P Christine Goze,? Ewen Bodio { *® and

Pierre Le Gendre*®

A novel Ti/*n-heterometallic radiotheranostic along with non-radioactive Ti/In, Ti/Lu, and Ti/Y ana-
logues has been reported, thanks to the design of a challenging synthesis of the first titanocene-DOTA
ligand. The corresponding titanocene-BODIPY complex was developed for in vitro tracking by optical
imaging. The different complexes were characterized and their antiproliferative properties were evaluated
on three cancer cell lines (A2780, B16F1, and PC3). As a proof of concept, initial studies in healthy mice
were performed with a Ti/*!In derivative to obtain information about its uptake, its biodistribution, and
its excretion. Confocal microscopy experiments were performed with fluorescent complexes to track it

rsc.li/dalton in vitro.

Introduction

Among the numerous metals studied for their biological activi-
ties, most of them are electron rich metals, so-called “late
metals” (e.g. platinum, ruthenium, gold, copper etc.), while
electron poor metals “early metals” are much less
studied.”” Nevertheless, titanium complexes appeared to be
worth studying because of their anticancer properties.*” At
the end of the 70s, Kopf and Kopf-Maier reported the first anti-
cancer Ti-based complex: titanocene dichloride (Fig. 1).*°
They based their choice on its structural analogy with cispla-
tin." Indeed, its two close chlorido ligands allow thinking that
it can intercalate between DNA bases like cisplatin. Titanocene
dichloride displayed promising results both in vitro and
in vivo.""'? Thus, it entered clinical trials in the early 90s as a
novel potential anticancer agent.'>'® Unfortunately, it was
dropped in phase II due to a lack of efficacy in patients.'*
Among the cited reasons for this failure, its poor solubility and
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Fig. 1 Structures of three Ti-based complexes. Concerning budotitane,
other isomers are possible.

stability in water appeared to be the major issue.'>'® As a
result, during the last 30 years, numerous studies have
reported the biological evaluation of differently substituted
titanocenes (e.g. titanocene Y'”),"®>* budotitane, which fail in
clinical trials,>®>” or post titanocenes (e.g. Tshuva’'s
complexes)®?*° for improving the efficacy of the complexes,
their water solubility, and their resistance to hydrolysis
(Fig. 1). An alternative strategy has been reported more
recently: it consists of using nano-structured materials as safe
vehicles for delivering titanocene complexes.®!

Another challenge faced by Ti-based complexes is the determi-
nation of their mechanism of action in vitro and in vivo. To date,
contrary to the first hypothesis suggesting that titanocene dichlor-
ide behaves as cisplatin, at least “10 distinct mechanisms of
action have been proposed for titanium-based therapeutics”.**>?
Cini, Bradshaw, and Woodward published a few months ago a
very interesting tutorial review to deal with this subject.”

Such issues prompted us to design trackable Ti based thera-
peutics. Only a few trackable titanium complexes have been

This journal is © The Royal Society of Chemistry 2017
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Scheme 1 Strategy envisioned in this work: combination of Gansauer’s synthesis of water soluble titanocene and our experience in grafting probes
to metal complexes (only one configuration of titanium is represented in the scheme for the purpose of clarity but all the compounds are syn-

thesized as racemic mixtures).

described to date. Some studies have reported the use of **Ti,
which is a p™-emitter (3.1 h half-life), to perform PET (Positron
Emission Tomography).>**> These articles are really interest-
ing but **Ti is poorly available and the strategy employed is
limited to salan complexes or in situ generated transferrin Ti
complexes and is not suitable for titanocene complexes.

Concerning in vitro tracking, surprisingly we did not find
any in vitro study involving a fluorescent probe.i Dillon
reported the use of X-ray fluorescence for mapping the distri-
bution of Cp,TiCl, in cells, but the study highlights the lack of
sensitivity of this technique to obtain exploitable data.*®

Over the past few years, we have developed trackable com-
plexes of late metals to gain insights into their mechanism of
action.*””"” In the present work, we decided to apply the same
strategy to early metal complexes and more precisely to titano-
cene complexes. We targeted titanocene complexes functiona-
lised with a fluorescent probe, ideal for in vitro visualization of
metal complexes, and complexes functionalised with a chelat-
ing agent for a radiometal, which is much more adapted for
in vivo imaging (Scheme 1).

Concerning the fluorescent probe, BODIPY was selected,
thanks to its high chemical stability and quantum yield,
including in physiological media.***° For in vivo tracking, we
selected a macrocycle (DOTA) to chelate radioactive metals for
enabling SPECT (Single Photon Emission Computed
Tomography) or PET studies. The synthesis of such titanocene

1 Gansiuer only suggests the possibility of using a pyrene for doing so.®

This journal is © The Royal Society of Chemistry 2017

complexes is particularly challenging. One might envisage a
conventional three step sequence consisting of the synthesis of
probe-functionalised cyclopentadienyl ligands, deprotonation,
and salt metathesis with a CpTiCl; precursor. However, unde-
sired reactions between the probe and the base and/or with
the highly oxophilic titanium precursor can be anticipated. To
avoid these issues, we decided to draw our inspiration from
Gansiduer’s work (Scheme 1). Indeed, Gansduer developed a
clever strategy to functionalize a posteriori titanocene deriva-
tives by developing a titanocene bearing a highly electrophilic
acyl chloride. More than just making it possible to introduce
different amines, this method results in the formation of cat-
ionic titanocenes.” Very interestingly, despite moderate anti-
proliferative properties, these complexes are water soluble and
stable for several hours in physiological media (excepting a
more or less rapid exchange of the chlorido ligand by a water
molecule).

Thus, we decided to take advantage of this post functionali-
zation to design water soluble trackable titanocene complexes
and graft the probe in the final stage, which is highly advised
when working with radionuclides.

Results and discussion
Synthesis

The titanocene carboxylate 1 was prepared according to
Gansduer’s four step procedure and can be stored for several

Dalton Trans., 2017, 46, 14548-14555 | 14549



Published on 27 June 2017. Downloaded on 03/11/2017 11:06:27.

Paper

months at room temperature even when air-packed.>® Complex
1 was then activated by thionylchloride to furnish acyl chloride
2, which is directly reacted with the desired amine in the pres-
ence of sodium hydride (Scheme 2). One can notice that
depending on the amine, the protocol needs to be carefully
tuned: solvent, stoichiometry, reaction time, treatment etc.
especially, we took advantage of the usual acidic treatment to
hydrolyse the ester arms of the DOTA macrocycle 5 right after
the coupling reaction with 2 to obtain a free carboxylic acid
complex Ti-DOTA-1.

The synthesis of Ti-DOTA-1 was particularly challenging
due to the high oxophilicity of Ti(iv). To succeed, titanocene
derivatives must not be used in the presence of a carboxylate,
and therefore, we decided to use a DOTA precursor bearing
protected ester arms, which can be hydrolysed thereafter. It
may be the reason why, to the best of our knowledge, it is the
first titanocene-polyazamacrocycle ever reported. It is worth
noting that once the carbonyl is coordinated to titanium, the
complex is far less sensitive to nucleophiles such as carboxy-
late groups or even water etc. This stability enables the purifi-
cation of the complexes on preparative HPLC. Moreover, this
strategy may be transposed to the preparation of cationic tita-
nocenes bearing unprotected amino-acid (previously, only

SOCl,,1 h, 1. t.

\
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“ester”-protected amino-acids have been tethered to titano-
cenes (Scheme 1)*"). With Ti-DOTA-1 in hand, a complexation
study was performed on non-radioactive indium to optimize
the reaction conditions for the subsequent radiometallation.
The complexation of In(m) is quantitative after 1 h of reaction
at 37 °C in acetate buffer (pH =~ 5.7) (Scheme 2). Similar
results have been obtained for Lu(ur) and Y(ur) (see the ESIt for
details).

Photophysical characterization

The photophysical properties of the new fluorescent complex
BODI-Ti-1, as well as the corresponding BODIPY-aniline 4,
were measured in DMSO (Table 1).

The two compounds present the classical absorption fea-
tures of the BODIPY, ie. an Sy-S; transition absorption band
around 525 nm, and the Sy-S, absorption band around
380 nm (see the ESIT for details). The presence of “NH,” in
compound 4 induces a strong quenching of the fluorescence,
which can be explained by a PET (Photoinduced Electron
Transfer), while the formation of the amide link leads to the
recovery of the fluorescence. It is worth noting that, contrary to
some “late metals” (e.g. copper, platinum, ruthenium), the

4 (1 eq), NaH (5 eq) %‘CI Compound 4
CHCI,,48 h, 1. t. o
i HzN/\/N
BODI-Ti-1 /\‘(OtBu
TN N
o o)
2 1) 5 (1 eq), NaH (5 eq), CH,Cl,,48 h, . t. N N
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Scheme 2 Synthesis of the different titanocene derivatives 3, BODI-Ti-1, Ti-DOTA-1, and Ti-DOTA-In-1 (only one configuration of titanium is rep-
resented in the scheme for the purpose of clarity but all the compounds are synthesized as racemic mixtures).
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Table 1 Photophysical data of compounds 4 and BODI-Ti-1 in DMSO
at 293 K (lexc = 488 nm)

Compound Jabs (NM) Jem (nM) eM ' em™) @ (%)
4 522 539 31000 0.4
BODI-Ti-1 526 539 26 000 82

“Rhodamine 6G (®¢ = 92%, Ay = 530 nm, in water).”?

presence of titanium does not affect the fluorescence
emission.

In vitro imaging

The localization of the complex BODI-Ti-1 in cells was investi-
gated by confocal microscopy (Leica TCS SP8). PC3 and
B16F10 cells are incubated with a low concentration of
BODI-Ti-1 (1 uM) for 4 h at 37 °C. The significant intensity of
fluorescence collected after 4 h of incubation confirms the
excellent photophysical properties of BODI-Ti-1 and indicates
an excellent cell uptake of these complexes.

The resulting images clearly indicate an accumulation of
BODI-Ti-1 in the cytoplasm and not in the nucleus. At low con-
centrations, the distribution of the complex seems homo-
geneous in the cytoplasm (Fig. 2A). However, when BODI-Ti-1
is imaged at 25 pM (and even more at 50 pM - data not

A DIC BODI-Ti-1

DRAQ5

MERGE

PC3

B16F10

w

PC3

B16F10

Fig. 2 Confocal immunofluorescence analysis of PC3 and B16F10
labelled with BODI-Ti-1. (A) Cells are incubated with 1 uM BODI-Ti-1
(green) for 4 h at 37 °C and nuclei are counterstained with DRAQ5 (red,
fluorescent DNA dye). (B) Cells are incubated with 25 pM BODI-Ti-1
(green) for 1 h and 4 h at 37 °C in a H301 T Unit Bold Line top stage
incubator (images were acquired during the time-lapse experiment).

This journal is © The Royal Society of Chemistry 2017

View Article Online

Paper

shown), a stronger fluorescence can be observed close to the
nuclear membrane along with specific spots in the cytoplasm.
Thus, BODI-Ti-1 may preferentially accumulate in the mito-
chondria, in the endoplasmic reticulum, and/or in Golgi
apparatus (Fig. 2B).

Evaluation of antiproliferative properties

The antiproliferative properties of the six Ti-based complexes
(3, BODI-Ti-1, Ti-DOTA-1, Ti-DOTA-In-1, Ti-DOTA-Lu-1, and Ti-
DOTA-Y-1) were evaluated on human ovarian (A2780), mouse
melanoma (B16F1), and human prostate (PC3) cancer cell
lines (see the ESIf for details). After 72 h of incubation,
Gansiduer’s complex 3 displays low cytotoxicity in the different
cell lines (40-60% cellular viability at 200 uM), while the
BODIPY derivative BODI-Ti-1 displays strongly better antiproli-
ferative properties (50-60% viability at 20 uM). DOTA deriva-
tives do not display significant cytotoxicity even at 200 pM.

Ganséduer suggested that the differences he observed com-
paring the IC5, values of the complexes of his choice could be
explained by the steric hindrance of Ti-based complexes or
their ability to react with DNA. However, according to our
results, the key parameter seems to be the cell uptake of the
complexes. Indeed, an optical imaging study suggests a high
uptake of BODI-Ti-1 in cells (Fig. 2), while a cellular uptake
study with a radioactive complex [*''In]-Ti-DOTA-In-1 indicates
a very low uptake (<1%) of the complex in A2780, B16F1, and
PC3 even after 48 h of incubation (see the ESIT for details). In
the present work, this uptake seems to be regulated by the
hydrophilic/lipophilic balance of the complexes.

In future work, it would be interesting to graft a vector to
Ti-DOTA derivatives for enabling the complexes to enter the
cells (e.g. steroid,>® estrogen receptor modulator,>® cholesterol
etc.’!), and therefore to significantly improve their antiproli-
ferative properties.

Radiolabelling study

Complexation of ""'In. Radiolabelling of Ti-DOTA-1 was per-
formed according to the protocol fine-tuned for the complexa-
tion of a non-radioactive indium salt: 1 h at 37 °C in
ammonium acetate buffer. The radiolabeling procedure led to
the formation of the desired compound with a radiochemical
yield of =x62%. The purification was performed by HPLC
leading to the complex [""'In]-Ti-DOTA-In-1 in 28% overall
yield.

Stability studies. Stability studies have been performed in
cell culture medium and human serum (see the ESI} for
details). These experiments indicate that the compound
["""In]-Ti-DOTA-In-1 is stable in cell culture medium until
24 h, but at 48 h the formation of another species was
observed. The compound is less stable in the presence of
human serum since after 1 h another peak begins to appear
on the chromatogram. This new peak grows in intensity with
time during incubation and at 48 h this new species becomes
the majority. It is worth noting that HPLC-MS studies on non-
radioactive analogues indicate that the second species should
differ only by its “X-type” ligand. Indeed, the mass spectrum

Dalton Trans., 2017, 46, 14548-14555 | 14551
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obtained for the second peak indicates the dominance of the
[M — CI*" ion. Thus, it is very likely that Ti-DOTA-In-1 loses its
chlorido ligand which is replaced by “-OH” or by a water mole-
cule. As a consequence, the main structure of the bimetallic
complex is stable and no release of '''In was observed up to
48 h.

Preliminary in vivo study

To gain insight into the in vivo behaviour of the complex
["""In]-Ti-DOTA-In-1, preliminary tissue distribution studies
were carried out in CD-1 mice. Data from these studies,
expressed as % LA. per g, at 15 min and 1 h p.i. are summar-
ized for the most relevant organs in Fig. 3.

The biodistribution profile of the complex indicates a mod-
erate blood clearance and a high kidney uptake (11.9 + 5.0 and
11.0 + 2.2% L.A. per g, at 15 min and 1 h p.i., respectively). No
relevant radioactivity accumulation in any particular organ was
found except for those highly vascularized like the liver, heart
and lung. The kidney uptake associated with the overall
excretion rate at these early time points (38.6 + 4.2 and 59.5 +
4.7% L.A., at 15 min and 1 h p.i., respectively) indicates the
urinary tract as the predominant excretory pathway, which is
in agreement with the strong hydrophilic character of the
complex.

Experimental
General information

All of the analyses were performed at the “Plateforme
d’Analyse Chimique et de Synthese Moléculaire de I'Université
de Bourgogne” (PACSMUB). The identity and purity of the
compounds were unambiguously established using high-
resolution mass spectrometry and NMR. High resolution mass
spectra were recorded on a Thermo LTQ Orbitrap XL ESI-MS
spectrometer. NMR spectra (‘H, ''B, '°F, *C) were recorded on
Bruker 300 Avance III, 500 Avance III, or 600 Avance II spec-
trometers. Chemical shifts are given relative to TMS and were
referenced to the residual solvent signal 'H and **C. The list of
abbreviations for signals in NMR is as follows: s = singlet, d =

15
m0,25h m1lh
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Fig. 3 Biodistribution of [**In]-Ti-DOTA-In-1 at 15 min and 1 h after
administration in CD-1 mice.
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doublet, hept = heptuplet, m = multiplet, ps = pseudo-singlet,
pt = pseudo-triplet, pq = pseudo-quadruplet and brs = broad
singlet. Semi preparative HPLC were performed on a Thermo
Scientific Dionex UltiMate 3000 system with an UltiMate 3000
diode array detector according to different methods which will
be described thereafter. Analytical HPLC was performed using
a Kinetex C18 2.6 pm-100 A, 2.1 x 50 mm column with CH;CN/
0.1% TFA and H,0/0.1% TFA eluents: linear gradient from 5%
to 100% [CH3CN/0.1% TFA] for 5 min, 100% [CH;CN/0.1%
TFA] for 2 min, returning to initial conditions by linear gradi-
ent for 0 to 95% [H,0/0.1% TFA] for 1 min.

Synthesis

All reactions were carried out under an atmosphere of argon
using standard Schlenk glassware or in a glove box, unless
otherwise stated. All commercially available reagents were
used without any further purification. CH,Cl, and DMF were
dried using an MBRAUN SPS 800 solvent purification system
or distilled under argon from appropriate drying agents, and
either used directly or stored under argon. DOTA derivative 5
was obtained from CheMatech®. Ti-Based complexes 1, 2, and
3 and BODIPY derivative 4 were synthesized following reported
procedures.’">>

BODI-Ti-1. In a Schlenk tube, titanocene-carboxylate 1
(40.6 mg, 0.130 mmol, 1 eq.) was dissolved in SOCI, (0.39 mL,
5.454 mmol, 42 eq.) and stirred for 1 h at room temperature.
Excess SOCI, was removed under vacuum at 50 °C for 3 h. The
resulting titanocene-acyl chloride was then dissolved in CHCl;
(0.65 mL) and added to a mixture of NaH (15.6 mg,
0.649 mmol, 5 eq.) and BODIPY-aniline 4 (51.8 mg,
0.131 mmol, 1.01 eq.) in CHCl; (0.65 mL). The solution was
stirred at room temperature for 48 h. After filtration by using a
cannula, the resulting solution was evaporated and dried
under vacuum, to obtain 5 as a red powder (54 mg, yield:
57%).

Ti-DOTA-1. In a Schlenk tube, titanocene-carboxylate 1
(102 mg, 0.326 mmol, 1 eq.) was dissolved in SOCI, (1 mL,
14 mmol, 42 eq.) and stirred for 1 h at room temperature.
Excess SOCI, was removed under vacuum at 50 °C for 3 h. The
resulting titanocene-acyl chloride 2 was then dissolved in
CH,Cl, (2 mL) and added to a mixture of NaH (39 mg,
1.630 mmol, 5 eq.) and DO3A¢Bu-N-(2-aminoethyl)ethanamide
(201 mg, 0.326 mmol, 1 eq.) in CH,Cl, (2 mL). The solution
was stirred at room temperature for 48 h. After filtration
through Celite, the resulting solution was washed with 1 M
HCI (5 mL) and stirred for 1 h in order to hydrolyse the pro-
tecting ester arms. The aqueous layer was then isolated and
evaporated to yield Ti-DOTA-1 as a red powder (212 mg, crude
yield = 84%).

Semi-preparative HPLC purification was performed on a
BetaBasic C18, 5 um, 30 x 150 mm column using the following
eluent system: 100% [H,0/0.1% TFA] for 10 min, linear gradi-
ent from 0% to 40% [CH3;CN/0.1% TFA] for 40 min, 40%
to 100% [CH3CN/0.1% TFA] for 5 min, returning to initial
conditions by linear gradient from 0 to 100% [H,0/0.1% TFA]
for 1 min. Purification yield = 30%.

This journal is © The Royal Society of Chemistry 2017
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Ti-DOTA-In-1. InCl; (6 mg, 0.0271 mmol, 1.05 eq.) is dis-
solved in 0.05 M HCI (4.5 mL). An aqueous solution of 1 M
NH,OAc (0.5 mL) is added to reach the desired pH value
(=5.7). Ti-DOTA-1 (20 mg, 0.0257 mmol, 1 eq.) in 0.5 mL H,O
is then added and the mixture is stirred at 37 °C for 1 h. The
solvent is then evaporated under vacuum.

Semi-preparative HPLC purification was performed on a
BetaBasic C18, 5 um, 30 x 150 mm column with the following
eluent system: 100% [H,0/0.1% TFA] for 15 min, linear gradi-
ent from 0% to 40% [CH3;CN/0.1% TFA] for 40 min, 40% to
100% [CH;CN/0.1% TFA] for 5 min, returning to initial con-
ditions by linear gradient from 0 to 100% [H,0/0.1% TFA] for
1 min (14% ACN).

Ti-DOTA-In-1 is obtained as an orange powder (10 mg,
40%).

Photophysical measurements

UV-Visible absorption spectra were recorded on a JASCO
V630BIO spectrometer. The steady-state fluorescence emission
spectra were obtained by using a JASCO FP8500 spectro-
fluorometer instrument. All fluorescence spectra were corrected
for instrument response. The fluorescence quantum yields (@)
were calculated using the equation:

1 — 10 Ar(e)
1 — 10-A0)

oy’ Jo. Is (e, Ap)dAp

— = X <o X
Grr - nr* [ Isr(Ag, Ap)dAp

where @p and ®gg are the fluorescence quantum yields of the
compound and the reference respectively. A(1z) and Ag(1g) are the
absorbances at the excitation wavelength, and n is the refractive
index of the medium. Iy and Izy are the fluorescence intensities
of the compound and the reference respectively. Rhodamine 6G
(@ = 0.92 in water) was used as the standard.” In all @ determi-
nations, a correction for the solvent refractive index () was
applied.

Photophysical data of the different compounds were deter-
mined in DMSO at 293 K.

Confocal microscopy experiments

Cells (PC3, B16F10) were seeded on a chambered coverglass
(12 Well Chamber-ibidi) and allowed to recover. After 24 h,
cells were incubated with 1 uM of BODI-Ti-1 for 4 h, and then
washed with 1x PBS. For co-localization experiments, cells
were fixed and permeabilized with iced methanol for 10 min
at room temperature. Methanol was removed, the cells were
incubated with a 5 pM DRAQ5 solution for 5-10 min and then
mounted with Fluoromount-G® (Southern Biotech).

Confocal imaging was performed using a confocal laser-
scanning microscope (Leica TCS SP8) with a x63 HCX PL APO
oil immersion (ON 1.4) objective lens, which allowed obtaining
DIC (Differential Interference Contrast) and fluorescence
images (1024 pixels x 1024 pixels) simultaneously, and LASX
software (Leica Microsystems, Ltd). The samples were excited
using internal microscope lasers and the emission intensity
was recorded at an appropriate emission wavelength.
Fluorescence images were sequentially acquired. For co-localiz-

This journal is © The Royal Society of Chemistry 2017
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ation experiments, BODI-Ti-1 (green) was excited at 488 nm
and its emission was recorded from 493 to 600 nm, whereas
DRAQ5 (red) was excited at 638 nm and its emission was
recorded from 661 nm to 778 nm. Image processing and ana-
lyses were carried out using Fiji/Image].

Cytotoxicity assays

The cell lines PC3 prostate, B16F1 melanoma (ATCC) and
A2780 ovarian (Sigma-Aldrich) were cultured in RPMI 1640
(ovarian, prostate) or DMEM + GlutaMAX™-1 (melanoma)
medium supplemented with 10% fetal bovine serum (Gibco)
at 37 °C, under a humidified atmosphere of 5% CO,. All cells
were adherent in monolayers and when confluents were sub-
cultured with 0.05% trypsin-EDTA (Gibco) and splitted. The
cytotoxicity of the compounds was evaluated by using the
yellow tetrazolium salt MTT that is reduced by viable cells
to yield purple formazan. For the cytotoxicity studies, cells
(10*-2 x 10* cells per well) were seeded in 96 well plates and incu-
bated overnight. Stock solutions (20 mM) of the compounds
were made in water or DMSO (BODI-Ti-1) and then diluted in a
medium to the desired concentrations (0.1-200 uM). For the
higher concentration of the BODIPY compound in medium
(50 uM) the percentage of DMSO was 0.25%, which induced no
cytotoxic effect. Cells were incubated with the compounds in
media for 24 and 48 h. At the end of the incubation period,
the compounds were removed and the cells were incubated
with 0.2 mL of MTT solution (0.5 mg mL~" phosphate buffered
saline (PBS)). After 3 h at 37 °C, 5% CO,, the medium was
removed and the purple formazan crystals were dissolved in
0.2 mL of DMSO by shaking. The cellular viability was evalu-
ated by measuring the absorbance at 570 nm as previously
described.>® Each experiment was repeated at least twice and
each concentration was tested in at least six replicates.

Radiolabeling procedure

40 pL of "™nCl; (700 pCi) were added to 200 pL of InCl,
(6 mg/4.5 mL, 0.05 M HCI). A CH;COONH, solution (1 M, aq.)
was added until reaching pH ~ 5.5 (~100 pL) and then
Ti-DOTA-1 (22.5 pL, 20 mg/500 pL, aq.) was mixed. The solu-
tion was heated at 37 °C for 1 h.

The radiolabeling procedure leads to the formation of the
desired compound [""'In]-Ti-DOTA-1 with a radiochemical
yield of ~62%. After HPLC purification, the overall yield was
~28%. CH3CN and TFA of the HPLC solvents were removed
using N,. ¢, = 8.9 min (method 1), ¢, = 6.4 min (method 2).

HPLC method 1: Solvent A - TFA 0.1% (aq.), B - CH3;CN
(0.1% TFA). 5% to 70% B for 15 min, 70% to 100% B for
1 min, 100% B for 4 min.

HPLC method 2: Solvent A - TFA 0.1% (aq.), B - CH3;CN
(0.1% TFA). 5% to 100% B for 5 min, 100% B for 5 min.

Biodistribution

The in vivo behaviour of ['''In]-Ti-DOTA-In-1 was evaluated in
groups of 3 female CD-1 mice (randomly bred, Charles River,
Spain) weighing approximately 25 g each. Animals were intra-
venously injected with 100 pL (0.9-1.1 MBq) of the complex via
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the tail vein and were maintained on normal diet ad libitum.
At 15 minutes and 1 h post-injection (p.i.) mice were sacrificed
by cervical dislocation. The radioactive dosage administered
and the radioactivity in the sacrificed animals were measured
using a dose calibrator (Capintec, CRC25R). The difference
between the radioactivity in the injected and sacrificed
animals was assumed to be due to excretion, mainly urinary
excretion. Blood samples were collected by cardiac puncture at
sacrifice. Tissue samples of the main organs were then
removed, weighed and counted using a gamma counter
(Berthold LB2111). The biodistribution results were expressed
as the percent of injected activity per organ or g organ (% LA.

per g organ).

Conclusions

For the first time, one BODIPY-titanocene derivative and one
DOTA-titanocene derivative were synthesized. Water soluble
indium, lutetium, and yttrium heterometallic complexes were
easily obtained starting from the corresponding free DOTA-tita-
nocene. The same protocol has enabled obtaining a radio-
active 'In analogue and an in vivo preliminary biodistribu-
tion study proved the feasibility of tracking this complex by
SPECT. Thanks to the first synthesis of a titanocene-BODIPY
complex, it was established that such compounds can be
efficiently tracked in vitro at low concentrations by optical
imaging. Antiproliferative activity evaluation of the different
complexes on several cancer cell lines highlights the impor-
tance of the complex cell uptake.

For future investigations on trackable titanocene thera-
peutics, it will be worthwhile to vectorise these complexes to
increase their cell uptake, and therefore their therapeutic pro-
perties. To finish, we would like to add that it is important to
keep in mind that the probe moiety will impact the biological
properties of this kind of theranostic agent, thus, it has to be
chosen and introduced into the molecule at the beginning of
the study and prior to any optimization process.
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