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Abstract: Three near-infrared (NIR-I) optical theranostic systems were synthesized, characterized and
studied in vitro and in vivo. These original homo-bimetallic gold(l)-based aza-BODIPY complexes
proved to be trackable through near-infrared optical imaging in cells and in mice. They display anti-
proliferative properties in micromolar range against human and murine cancer cell lines (4T1, MDA-
MB-231, CT26, and SW480). Moreover, the injection of the most promising theranostic agent in CT26
tumor-bearing BALB/c mice induced a significant anti-cancer activity.

INTRODUCTION

Developing new therapeutic agents is a complex task. For a long time, many researchers have
focused their research on the development of therapeutic agents with the highest cytotoxicity in
vitro without worrying about pharmacokinetics or pharmacodynamics, which has often led to
failurse, when the compounds were tested in vivo. Indeed, the ideal compound must not only be
effective when it is in contact with its target, it must also be able to reach it without being degraded,
accumulate at the right place in sufficient quantity, be safe for healthy tissues... The problem is that
the different criteria to be improved to obtain an ideal compound are related to each other and fine
tuning one by modifying the molecule can be detrimental to another one (e.g. increasing the stability
of a product can decrease its therapeutic effect). It is therefore preferable to control as many
parameters as possible to maximize the success of optimization of the therapeutic agent. In
particular, knowing where the compound accumulates, in what quantity, by which routes it is
eliminated, is crucial to rationalize the optimization. There are many techniques that can be used to
do this follow-up, however, most of them are invasive and require numerous samples or animals.
One more and more popular solution is the use of molecular imaging. Indeed, by grafting an imaging
probe onto a therapeutic agent, it can be followed in real time and non-invasively and, thus, it is
possible to collect numerous valuable information on the resulting trackable therapeutic agent thus
formed (often also called theranostics).[1-6]

Like us, different research groups have opted for optical fluorescence imaging.[1,4,7-18] For
example, BODIPY fluorophores were used many times in vitro to track therapeutically relevant metals
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such as Au, Cu, Ir, Os, Pt, Rh, Ru, Ti... Some examples are given on Figure 1 (the subject was reviewed
recently[7]).[4,6,7,19] The choice of optical imaging for such a tracking could be explained by the fact
that it is a versatile, sensitive, non-invasive, and non-ionizing technique, involving inexpensive
equipment compared to most other imaging modalities and limited constraints. Its major drawback is
its low penetrability of biological tissues, which means that today the monitoring of theranostic
agents by optical imaging is mainly limited to studies on cells. The objective of the present study is to
demonstrate that the use of recent and innovative fluorophores — such as aza-BODIPYs — allows such
monitoring in vivo by optical imaging, while maintaining good anti-tumor activity of the therapeutic

part.
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Figure 1: Examples of metal-based BODIPY trackable therapeutics associated with their year of
publication.

Our choice fell on a gold complex for the therapeutic part because unlike most of other metal ions,
gold(l) does not quench fluorescence, and because of its therapeutic properties. [4,10,13,17,20]
Indeed, gold complexes exhibit many biological properties: they can act as antibacterial, antiviral,
antiparasitic agents, and they increasingly appear as a promising alternative to platinum complexes to
fight cancer.[21-27] In particular, auranofin — clinically used for rheumatoid arthritis — has been
repurposed recently as an anticancer drug.[28-32] Several clinical trials are testing its efficacy against
recurrent epithelial ovarian, primary peritoneal, or fallopian tube cancer [NCT01747798,
NCT03456700], lung cancer [NCT01737502], but also leukemia [NCT01419691]).[31] Numerous
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targets have been reported for explaining the mechanism of action of gold complexes.[26]
Concerning gold(l) complexes except topoisomerase,[21] most of the suggested targets of gold(l)
complexes are enzymes, which are not localized in cell nuclei. This point is key because we are
working on BODIPY and aza-BODIPY-based fluorescent platforms, which accumulate in the cell
cytoplasm.[33—-35] Among these enzymes, we can cite glutathione reductase, cysteine protease, and
the most commonly studied are thioredoxin reductases (TrxRs).[20,36,37] All there enzymes contain
thiols and/or selenol. The fact that gold complexes would target these enzymes is attributed to the
strong binding affinity of gold ions for thiols.

For this study, we decided to focus on aza-BODIPY platforms because we wanted to track gold
complexes both in vitro and in vivo and aza-BODIPY dyes emit in the near infrared (NIR, 700 — 900 nm
for NIR 1), an area of the electromagnetic spectrum where biological tissues are more transparent,
scattering phenomenon is reduced, and the light toxicity is limited. Aza-BODIPY fluorophores are
chemically and photochemically stable, exhibit good quantum vyield and, unlike many fluorophores
emitting in NIR, are easy to functionalize. Their main drawback, like most organic fluorophores, is
their low solubility in water. However, we recently showed that the substitution of the fluorine atoms
present on the boron atom of the aza-BODIPY core by ammonium arms made it possible to
significantly improve the water-solubility of this type of fluorophores and to limit aggregation
phenomena.[35,38,39] In addition, it is possible to use advantageously these arms to introduce
different groups of interest,[35,39,38,40] such as the two phosphines-gold, we decided to introduce
as therapeutic moieties (Figure 2).

Aza-BODIPYs have been used as trackable therapeutic agents for photodynamic therapy (PDT)[41,42]
or to monitor boron clusters for boron neutron capture therapy (BNCT).[38,39] However, the
previous study reporting an assay for tracking a cytotoxic metal complex — an analogue of carboplatin
— led to the loss of anti-proliferative activity.[43] The present study will describe not only the
synthesis and characterization of three innovative aza-BODIPY-based gold(l) complexes, but also the
evaluation of their biological properties as well as their efficiency for in vitro imaging. Moreover, the
in vivo anti-cancer activity of the most promising complex and its ability to be tracked in vivo by
optical imaging was also investigated.

NIR optical imaging
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Figure 2: Targeted theranostics and rationale for the chosen functionalizations.



RESULTS AND DISCUSSION
Synthesis of gold-based complexes and photophysical characterization

The first step is the synthesis of the bis-acid platform Wazaby7 (Scheme 1). This platform was
designed for in vivo applications due to its good water solubility and its excitation and emission in NIR
(the presence of the methoxy group in para position of the aromatic ring allows a bathochromic shift
in comparison to phenyl). Wazaby7 was synthesized in two steps, starting from the corresponding
difluoro-aza-BODIPY 1, following the method we previously reported[44]: substitution of the fluorine
atoms of the boron center using the Grignard reagent of N,N-dimethylpropargylamine, leading to
compound 2, followed by the quaternization of the amino groups. It is worth noting that Wazaby7
platform can be synthesized in less than five days in gram-scale. Gold(l) complexes were then
introduced via peptidic coupling reaction with more than 80% yield to give azaBODI-Au-1 (Scheme 1).
It should be noted that the chloride counter-anions present in Wazaby7 (due to the treatment with
HCl at the end of the reaction), are partially replaced by PF¢ anions coming from the HBTU
(Hexafluorophosphate Benzotriazole Tetramethyl Uronium) coupling agent. In order to have only
chloride counter-anions, we subjected azaBODI-Au-1 to an anion exchange on resin that can be
checked by ionic chromatography and 3!P-NMR (Figure 3).

azaBODI-Au-1 (before anion exchange)
PFE- 1

azaBODI-Au-1 (after anion exchange)

b 10 b0 B0 BB a0 B 0 3 A0 &1 80 100 -2M faf ) 30 0 1B 30
2 {ppm}

Figure 3: 31P-NMR of azaBODI-Au-1 before (up) and after (bottom) anion exchange

This first trackable therapeutic agent can be easily modified by reacting azaBODI-Au-1 with a thiol in
the presence of a base. The reaction can be easily monitored by 3!P-NMR (Figure 4). Indeed, the
substitution of the chlorido ligand by the sulfur derivative results in a downfield of the signal in
3Ip.NMR, as well as a strong widening of the latter, as usually observed for such a ligand
exchange.[16,45,46]

azaBODI-Au-1
24.6 ppm

azaBODI-Au-2
28.2 ppm

31 29 27 25 23
f1 (ppm)

Figure 4: 3'P-NMR of azaBODI-Au-1 (red) and azaBODI-Au-1 (blue)
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Scheme 1: Syntheses of the three theranostics starting from the water-soluble platform
corresponding “BF,” Aza-BODIPY 2 ((i) N,N-dimethylpropargylamine, EtMgBr, THF, 1.5 h, reflux; (ii) 4-
(bromomethyl)benzoic acid, NaHCOs, THF/H20, 5 h, r.t.; (iii) HBTU, DIPEA, [Au(Cl)P(Ph),CH,CH,NH,],
DMF, 4 h, rt.; (iv) [HSCH.CH.NMe,-HCl], DIPEA, DCM, 20 h, 0 °C-r.t.; (v) HSCH,CH,SOsNa, NaOH,
acetone, 3 h, 0°C->12 °C).

We chose two different thiols: one bearing a dimethylamino group and another one bearing a
sulfonate. Our objective was to study the impact of the overall charge of the trackable therapeutic



agent (or theranostic) on its biological properties. Indeed, it has been shown that it can have an
impact on the cellular uptake,[47] the mode of transport in the cells[48], etc. At physiological pH,
azaBODI-Au-1 possesses two positive charges (two ammonium arms), azaBODI-Au-2 can be charged
4+ (two ammonium arms and protonation of the two NMe; groups brought by the thiolato ligand),
and azaBODI-Au-3 is neutral (two ammonium arms and two negative charges brought by the two
sulfonates). Another interest of exchanging the chlorido ligand of gold center by a thiolate is the fact
that the resulting complexes will be more thermodynamically stable.[49] It will be interesting to
investigate if this higher stability will improve the activity of the complexes or if it will be detrimental.
The three gold(l)-aza-BODIPY complexes underwent ion exchange on resin to obtain chlorides as
counter-anions.
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Figure 5: Absorption and emission spectra of Wazaby7, azaBODI-Au-1, azaBODI-Au-2, and
aza-BODI-Au-3 in DMSO at 25 °C (absorption and emission are normalized).

The photophysical properties of the three novel homo-bimetallic complexes azaBODI-Au-1, azaBODI-
Au-2, and azaBODI-Au-3, as well as the corresponding bis-acid aza-BODIPY — Wazaby7 — were
investigated (Table 1). As expected, the different aza-BODIPY derivatives display a maximal absorption
wavelength around 694 nm, corresponding to the S0-S1 transition band and with a high coefficient
absorption (between 60,000 and 70,000 M.cm™), and the second S0-S2 band appearing at around
450 nm for the three systems. All the different complexes possess a maximal fluorescence emission
wavelength around 730 nm with relatively high quantum yields (Table 1). Moreover, we confirm the
strong photobleaching resistance of our aza-BODIPY (under the same irradiation conditions, the
brightness of azaBODI-Au-1 decreases of around 30% vs around 80% for ICG). Interestingly, the
introduction of the two gold(l)-complexes as well as the ligand exchanges do not significantly affect
the photophysical properties of the aza-BODIPYs, as we could observe previously.[4,50] The
absorption and emission spectra are almost superimposable and the brightness is similar for all the
compounds (Figure 5). The excitation spectra also match the absorption spectra for all the
compounds, confirming the presence of one S1-S0 single emitting state.



Table 1: Main photophysical data of Wazaby7, azaBODI-Au-1, azaBODI-Au-2, and azaBODI-Au-3 in
DMSO at 298 K.

Compound Amax, abs (NM) | Amax,em (MM) | &xmax(Mt.cm?) | ®* (%) | Br (Ml.cm?)
Wazaby7 694 727 60,000 32 19,200
azaBODI-Au-1 695 732 70,700 27 19,090
azaBODI-Au-2 693 728 68,100 29 19,750
azaBODI-Au-3 695 730 64,000 25 16,000

* reference: aza-BODIPY 1 ¢ = 36% in chloroform, 298 K, Aexc = 620 nm[51]

In vitro investigations

The anti-proliferative properties of the three gold(l)-based aza-BODIPY were investigated in murine
and human breast (4T1 and MDA-MB-231, respectively) or colon (CT26 and SW480, respectively)
cancer cell lines, and on normal cell line (HMEC, human mammary epithelial cells) (Table 2). The aza-
BODIPYs complexes were then compared with auranofin as a benchmark gold-based therapeutic
(Table 2). AzaBODI-Au-1, azaBODI-Au-2, and azaBODI-Au-3 exhibit strong anti-proliferative activities.
Indeed, even if auranofin displays slightly lower ICso values, values below 10 uM are rare for metal
complexes tethered to a fluorophore. In our previous studies, the gold(l)-based theranostics, whether
the fluorophore was a coumarin, a BODIPY or another organic fluorophore, exhibited anti-
proliferative activities of the order of 30 to 80 uM. One hypothesis could be that the Wazaby platform
carries two gold complexes, but this has to be confirmed as some studies show that the correlation is
not obvious.[4] We can also notice that AzaBODI-Au-1 and azaBODI-Au-3 gave the same results,
whereas azaBODI-Au-2 showed more limited activity on the 4T1, CT26, and SW480 cells. As a control,
the anti-proliferative properties of compound 1 and Wazaby7 were investigated onto the four cancer
cell lines and display ICso > 100 uM, which highlights that the toxicity does not come from azaBODIPY
backbone. It is also worth noting, that the three theranostics display comparable 1Cso on healthy cell
line and on cancer ones (healthy cells are known to be very sensitive), whereas auranofin is so toxic
on HMEC that its ICso is lower than 0.5 uM.

To go deeper into the mechanism of action of the different compounds, we measured the quantity of
gold in the cells by ICP-MS after 4 hours of incubation of 5 UM of gold complexes (Table 3). It clearly
appears that the complexes with chlorido ligands - azaBODI-Au-1 and auranofin - accumulate
significantly less than those with thiolato ligands. If we keep in mind that there are two gold
equivalents per azaBODI-Au-1 and only one for auranofin, we can consider that they accumulate in a
similar way. In contrast, azaBODI-Au-3 accumulates significantly more than azaBODI-Au-2. It may be
an impact of the global charge of the molecule, because, as indicated before and without considering
the counter ions, azaBODI-Au-3 is globally neutral while azaBODI-Au-2 is charged 4+. Based on these
results, it appears that the anti-proliferative properties of the compounds cannot be directly related
to their ability to accumulate in cells. On the other hand, it seems that the “Au-ClI” complex is more
active than the “Au-S” ones. Indeed, azaBODI-Au-1 accumulates 1.6 to 4.5 times less than azaBODI-
Au-3, while exhibiting the same activities.

Table 2: ICso values (uM), determined by MTS assay at 48 h, of azaBODI-Au-1, azaBODI-Au-2,
azaBODI-Au-3, and auranofin on 4T1, MDA-MB-231, CT26, SW480, and HMEC cell lines.

Compounds ICsotSEM (LM)
4T1 MDA-MB-231 CT26 Sw480 HMEC
azaBODI-Au-1 4.3+0.5 9.7+0.7 4.1+0.2 4.2+0.5 3.4+0.9
azaBODI-Au-2 9.9+0.6 10.2+0.2 10.1+0.5 10.2+0.6 5.6+0.1
azaBODI-Au-3 4.8+0.4 9.2+0.6 4.5+0.6 4.3+0.6 5.0+0.1
auranofin 3.4+0.9 2.1+1.0 2.5+0.5 2.1+0.7 <0.5




Table 3: Cellular uptake of azaBODI-Au-1, azaBODI-Au-2, aza-BODI-Au-3, and auranofin in 4T1, MDA-
MB-231, and CT26 cells treated or not (control) with 5 uM of metal complexes for 4 h at 37 °C
analyzed by ICP-MS.

Gold uptake (mg Au / g protein
Compounds 4T1 MDA-MB-231 CT26
Untreated cells <0.5 <0.5 <0.5
azaBODI-Au-1 15.3 7.2 13.3
azaBODI-Au-2 24.1 11.9 15.9
azaBODI-Au-3 29.6 32.6 21.8
auranofin 10.5 3.0 3.7
4T1 - azaBODI-Au-1 4T1 - azaBODI-Au-2 4T1 - azaBODI-Au-3
204 L=
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Figure 6: Histograms of 4T1 cells incubated with azaBODI-Au-1, azaBODI-Au-2, and azaBODI-Au-3 at
5 uM from flow cytometry measurements. The fluorescence signal was collected using a band pass
filter 730/40 nm.

As the compounds are fluorescent, it was also possible to determine their accumulation in cells by
FACS analysis. This technique is less precise, but it is faster and less expensive than the ICP-MS assays.
Thus, the cell uptake was confirmed by FACS analysis for azaBODI-Au-1, azaBODI-Au-2, and azaBODI-
Au-3, but not for auranofin (Figure 6). The three compounds efficiently accumulated in a time-
dependent manner in the cells (Figure 6, Figure S18, and Figure S19). Indeed, the fluorescence
intensity is already high at 15 min and gradually increases up to 24 hours.
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Figure 7: Normalized activity of TrxRs from CT26 cells treated with 5 UM of the azaBODI-Au-1,
azaBODI-Au-2, azaBODI-Au-3, and auranofin during 24 h (n = 4). Results are expressed as mean % *
SEM, Student t-test: *p < 0.05.




As stated before, the capacity of complexes to accumulate in cells is not sufficient to explain their
anti-proliferative properties. We therefore decided to study their ability to inhibit the activity of
thioredoxin reductases (TrxRs), a potential target of gold(l) complexes. The inhibition of these
enzymes, upregulated in certain cancers and regulating oxidative stress, results in cell apoptosis.
From a mechanistic point of view, the selenocysteine of these enzymes would replace the ligand "X"
of the gold complex (chlorido or thiolato), which would induce the inhibition of TrxRs. We then
evaluated the activity of the TrxRs after incubation of the CT26 cells in the presence of the gold
complexes. At 5 uM, azaBODI-Au-1, azaBODI-Au-2, azaBODI-Au-3, and auranofin strongly inhibits
TrxRs (Figure 7). In particular, the activity of TrxRs is almost undetectable for azaBODI-Au-1, whereas
it is reduced by a factor of four to ten for the other complexes. Taking into account that azaBODI-Au-
1 accumulates less in cells than azaBODI-Au-2 and azaBODI-Au-3, it is clear that its ability to inhibit
TrxRs is much greater. This could partly explain why its relatively low accumulation is not correlated
with a lower anti-proliferative activity. Such a difference in terms of inhibition of TrxRs can be
explained, as mentioned above, by a difference in reactivity between the “Au-Cl” and “Au-S” bonds
with respect to the enzyme. It can also be mentioned the accessibility of the gold center, which is
easier in the case of azaBODI-Au-1 because the chlorido ligand is less bulky than those of azaBODI-
Au-2 and azaBODI-Au-3. In addition, the azaBODI-Au-2 and azaBODI-Au-3 “X” ligands are either
positively or negatively charged, which may hinder the approach of the enzyme. It should also be
noted that even if azaBODI-Au-1 inhibits significantly more TrxRs than azaBODI-Au-3 into CT26 cell
line, they display similar anti-proliferative properties, thus, it is not possible to make a strict
correlation between inhibition of TrxRs and anti-proliferative properties.

AW 52aBODI-Au-1

Figure 8: A- Confocal microscopy imaging (merge) of MDA-MB-231 cells labelled with compound 2,
azaBODI-Au-1, azaBODI-Au-2, and azaBODI-Au-3. Cells were incubated with the aza-BODIPY
derivative (red) at 5 uM for 15 min, 1 h, 2 h, 4 h, and 24 h at 37 °C. The nuclei are counterstained with
Hoechst 33342 (blue, fluorescent DNA dye). B- Confocal microscopy imaging (merged) of 4T1 cells
labelled with azaBODI-Au-1. Mitochondria were labeled using Mito-tracker green (Life Technology),
nuclei are counterstained with Hoechst 33342 (blue, fluorescent DNA dye), and azaBODI-Au-Cl (red)
was incubated at 5 uM for 45 minutes.

In order to complete this in vitro study, we took advantage of our compounds being trackable by
optical imaging to visualize their localization in cells at different times. The experiments were
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conducted on human MDA-MB-231 cells (Figure 8A, Figure S15) and mouse 4T1 cells (Figure S16).
The confocal imaging demonstrated a fast and efficient cell internalization of the three theranostics
as well as aza-BODIPY 2 (Figure 8A, Figure S15, and figure S16). They mainly localized inside small
cytoplasmic vesicles and close to the nucleus, at longer time they seem to accumulate in Golgi
apparatus. One should note the absence of gold complexes inside the nucleus and the
counterstaining experiment with a mito-tracker did not highlight a significant uptake of the azaBODI-
Au-1 in mitochondria (Figure 8B).

In vivo investigation

After these promising in vitro results, we decided to investigate the most promising complex in vivo.
Our choice fell on azaBODI-Au-1, which offered the best compromise between biological activity and
imaging properties.

First, the stability of azaBODI-Au-1 was studied in DMSO, known to be a very coordinating solvent,
and in the presence of phosphate buffer (PBS). This experiment was monitored by NMR (Figure 9 and
Figures S11-S14). The 'H-NMR enables to have information on the stability of the overall molecule
and the 3'P-NMR enables to ensure the stability of the “P-Au” part. This follow-up, carried out over
one week, shows without ambiguity that azaBODI-Au-1 is perfectly stable in DMSO and in the
presence of PBS.

azaBODI-Au-1

PBS
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Figure 9: NMR stability study of azaBODI-Au-1 in DMSO/PBS solution.

The anticancer activity of azaBODI-Au-1 was then evaluated on BALB/c mice bearing syngenic colon
CT26 flank tumors. Twice a week, azaBODI-Au-1 was injected intravenously into the mice at a
concentration of 0.5 mg/kg. Interestingly, the decrease of the tumor growth was observed within a
few days after the first injection and continued all along the study (Figure 10). It is worth noting that
no sign of acute toxicity (no loss of weight, no signs of pain) was detected all along the treatment
duration.
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Figure 10: Anti-tumor effect of azaBODI-Au-1. Tumor-bearing BALB/c mice (n=6/group) were treated
intravenously twice per week with 0.5 mg/kg of azaBODI-Au-1 (in DMSO) or with the same quantity
of DMSO (control). Tumor growth was determined 3 times per week using a caliper. Results are
expressed as means + SEM, Two-way Anova: **p<0.01.

Before
injection

Figure 11: Distribution of azaBODI-Au-1. Tumor-bearing mice were injected intravenously and
imaged before and 1, 2, 4 and 24 h after injection. The compound accumulated in the tumor area as
indicated by the arrow, and was eliminated through the liver.

These results are very good for a non-vectorized compound. Therefore, we wanted to get information
on the distribution of azaBODI-Au-1 in order to see where it was accumulating. We tracked it by
optical imaging with an excitation at 685 nm and a detection at 705 nm. Even if these filters are not
optimal (maximum of emission of azaBODI-Au-1 is at = 730 nm), azaBODI-Au-1 is perfectly
detectable and trackable in real time for at least 24 h, which proves the good stability of our
compound (Figure 11). Interestingly, the compound accumulated at the tumor site with a maximum
around 4 hours after injection, which can explain the anticancer activity detected previously.
Additionally, a strong accumulation in the liver can be noticed, which is usual for relatively lipophilic
compounds, such as molecules containing organic fluorophores. It can be noted that the tumor-to-
skin ratio of the theranostic compound is relatively stable over time (Figure 12). The distribution
profile (Figure 12B) indicated a major hepatic elimination, while a part of the small compound is
washed out through the kidney route. This is in accordance with the relatively small size of azaBODI-
Au-1, for which the hydrodynamic radius was evaluated at 1.2 nm, i.e. below the size threshold for
the renal filtration. This suggests that the compound, once internalized inside the tumor, remains
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trapped in it, while it is gradually excreted from the liver and the kidneys. Moreover, the tumor-to-
muscle ratio is almost 5 (Figure 12).
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Figure 12: Tumor-to-skin ratio (T/S) determined in vivo by optical imaging (left). Distribution profile
of azaBODI-Au-1 in mice-bearing tumor, 24 h after intravenous administration (right).

Conclusions

We reported the efficient synthesis of the first gold-based aza-BODIPY theranostics. The three homo-
bimetallic complexes display interesting photophysical properties: absorption and emission maximal
wavelengths in the NIR-I region, and good quantum yields up to ~30%. The in vitro results are very
promising. The three gold-based aza-BODIPY have retained excellent anti-proliferative properties
despite the presence of the fluorescence probe, which is not the case for the most of the reported
optical based theranostic agents.[4,7,52—-54] Indeed, they displayed ICso in the micromolar range.
They also showed a very good ability to inhibit TrxRs, in particular azaBODI-Au-1. In addition, the
fluorescence properties of the aza-BODIPY platform were preserved and allowed a localization of the
compounds by confocal imaging (they enter the cells and accumulate into cytoplasmic vesicles).
Interestingly, the most active (cytotoxicity and TrxR inhibition) aza-BODIPY theranostic, azaBODI-Au-
1, induced a very significant anti-cancer effect in vivo and can be tracked in vivo with optical imaging
modalities. It is interesting to note that these very good results were obtained despite a limited
accumulation of the anti-cancer agent within the tumor, the compound going mostly in the liver. This
suggests that the grafting of a vector on this type of platform would dramatically increase their
efficiency, which should be confirmed in next studies. All these results are very promising for future in
vivo investigations and open the door of a novel class of powerful optical theranostic agents.

EXPERIMENTAL

Material and methods

Unless stated otherwise reactions were carried out in HPLC grade solvents under normal
atmosphere. Solvents were purchased from BioSolve. Dry solvents were non-stabilized, purchased
from Carlo Erba and dried using a MB-SPS-800 (MBraun) or PureSolv-MD-5 (Inert®). Wazaby7 was
synthesized adapting to the procedure, we reported previously.[40,44] All reagents were purchased
from Sigma-Aldrich, Alfa Aesar, TCl or ACROS Organics™ and used as received without further
purification. Column chromatography was carried out using alumina gel (Alfa Aesar; aluminum oxide,
activated, neutral, Brockmann Grade Il). Analytical thin-layer chromatography experiments were
performed with Machery-Nagel Alugram Alox N/UV254 aluminum gel (precoated aluminum sheets,
0.2 mm thick). Reactions were monitored by thin-layer chromatography, RP-HPLC-MS and no-lock
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31p_.NMR. (IH, 13C, 1B, 3IP) were recorded at 300K (unless otherwise specified) on Bruker 500 Avance
lIl or Bruker Avance Ill HD 600 MHz spectrometers (equipped with double resonance broad band
probes). Chemical shifts are given relative to TMS (*H, 13C), BFs.Et,0 (1!B) and H3PO, (3'P) and were
referenced to the residual solvent signal. High resolution mass spectra were recorded on a Thermo
LTQ Orbitrap XL ESI-MS spectrometer. NMR and Mass-analyses were performed at the “Plateforme
d’Analyse Chimique et de Syntheése Moléculaire de I’Université de Bourgogne” (PACSMUB).

Synthesis of the ligand precursor 4

Wazaby?7

In a round-bottom flask, aza-BODIPY 2 (250 mg, 370 umol, 1 eq) was dissolved in THF (35 mL) and
deionized water (10mL). Sodium bicarbonate (154 mg, 1.83mmol, 5 eq) and 4-
(bromomethyl)benzoic acid (173 mg, 80 umol, 2.2 eq) were then added and the mixture was stirred
at room temperature (15-20 °C) for 5h. 4-(bromomethyl)benzoic acid was then removed via
extraction using diethyl ether and water. The aqueous phase was concentrated under reduced
pressure and HCl 3 M was added until precipitation. After centrifugation, the solid was dried under
reduced pressure to finally give Wazaby7 as a green solid (270 mg, 68% vyield).

HR-MS (ESI): calcd for CeoHssB1iNsO62* [M]?* 476.71563 Th; found 476.71604 Th (error: 0.860 ppm). *H
NMR (600 MHz, MeOD-d4): & (ppm) = 2.87 (s, 12H), 3.83 (s, 6H), 3.95 (s, 4H), 4.26 (s, 4H), 7.15(d, J =
8.7 Hz, 4H), 7.43-7.54 (m, 12H), 8.04 (d, J = 8.0 Hz, 4H), 8.15 (d, J = 7.4 Hz, 4H), 8.46 (d, J = 8.7 Hz, 4H).
13C NMR (151 MHz, MeOD-d4): & (ppm) =50.7, 55.5, 56.2, 66.7, 88.4, 115.3, 121.3, 125.4, 128.9,
129.7,129.8, 130.4, 130.7, 131.1, 131.5, 132.7, 133.4, 133.9, 134.0, 134.1, 134.5, 144.1, 144.2, 159.0,
163.7, 168.5. 'B NMR (192 MHz, MeOD-d4): & (ppm) =-12.36. LogP approximation: LogD = 1.36.
Counter-anions have been checked by ion chromatography. Only chlorides were detected.

AzaBODI-Au-1

In a round-bottom flask, Wazaby7 (45 mg, 40 umol) was dissolved in anhydrous DMF (4 mL). A
solution of HBTU (34 mg, 89 umol, 2.2 eq) in anhydrous DMF (5 mL) was added, followed by an
addition of DIPEA (56 pL, 323 umol, 8 eq). After stirring at room temperature (= 20-25 °C) for 15 min,
a solution of 2-(diphenylphosphino)ethylamine-aurichloride (37 mg, 80 umol, 2 eq) in DMF (5 mL)
was added to the mixture. After 4 h, TLC confirmed complete conversion of the reagent. The solvents
were removed under reduced pressure and the crude product was purified on alumina column (DCM
to DCM/MeOH 96/4). After removal of the solvents under reduced pressure, the product underwent
ion exchange (Amberlite IRA-410, ACN/water 1:1). The solid was precipitated from DCM using diethyl
ether to give azaBODI-Au-1 (67 mg, 82% yield) as a green solid.

R¢ (alumina, DCM/MeOH 9:1) = 0.5. HR-MS (ESI): calcd for CasHsaAuzBCl.N;04P2-2HCI?* [M-2HCI]*
883.76583 Th; found 883.76766 Th (error: 2.071 ppm). *H NMR (600 MHz, DMSO-ds): 6 (ppm) = 2.77
(s, 12H), 3.05-3.09 (m, 4H), 3.50-3.55 (m, 4H), 3.77 (s, 6H), 3.98 (s, 4H), 4.21 (s, 4H), 7.14 (d, J =
8.5Hz, 4H), 7.37(d,/=8.5Hz,4H),7.48(t, J = 7.3Hz, 2H), 7.52-7.59 (m, 16H), 7.66 (s, 2H),
7.78 (ddd, J=12.9,7.5, 1.8 Hz, 8H), 7.82 (d, J = 7.9 Hz, 4H), 8.17 (d, J = 7.1 Hz, 4H), 8.45 (d, / = 8.5 Hz,
4H), 8.85 (t, J = 5.4 Hz, 2H, NH). *C NMR (151 MHz, DMSO-ds): & (ppm) = 14.0, 15.2, 18.8, 26.3 (d, Jcr
=37.8 Hz), 26.6, 30.4, 34.4, 35.5, 49.2, 53.8, 55.6, 64.8, 64.9, 87.1, 114.1, 120.8, 123.4, 124.9, 127.8,
128.9 (d, Jcp = 46.1Hz), 128.9, 129.3, 129.4 (d, Jcr = 11.6 Hz), 130.1, 131.7, 132.1, 132.3, 132.7,
133.1(d, Jcp=13.1 Hz), 135.5, 139.2, 141.3, 142.3, 157.1, 161.7, 165.3. 3P NMR (193 MHz, DMSO-
de): 6 (ppm) =24.6. LogP approximation: LogD = 3.81. Counter-anions have been checked by ion
chromatography. Only chlorides were detected.

AzaBODI-Au-2

In a Schlenk tube, 2-(dimethylamino)ethanethiol hydrochloride (10 mg, 73 umol, 2.1eq) was
solubilized in 15 mL of anhydrous DCM. Anhydrous DIPEA (60 pL, 10 eq.) was added and the
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suspension was stirred in the dark under argon at 20 °C for 10 minutes. In a second Schlenk tube,
azaBODI-Au-1 (70 mg, 35 umol) was dissolved in 35 mL of anhydrous DCM. The solution was stirred
at 0 °C for 5 minutes. The suspension from the first Schlenk tube was then slowly added via canula to
the second Schlenk tube in the dark at 0 °C. The mixture was then stirred at room temperature (=
20°C) for 18 h. 2-(dimethylamino)ethanethiol hydrochloride (6 mg, 42 umol, 1.2eq.) and
anhydrous DIPEA (60 pL, 10 eq.) dissolved in anhydrous DCM (2 mL) were added and the mixture was
stirred for 2 additional hours. After completion (monitored by TLC), the solvents were removed
under reduced pressure, and the residue was purified by alumina gel chromatography (eluent
DCM to DCM/MeOH 97/3). lon exchange was performed (Amberlite IRA-410, ACN/water 1:1) and
after removal of the solvents under reduced pressure, the solid was precipitated from DCM using
diethyl ether to give azaBODI-Au-2 (50 mg, 63% yield) as a green powder.

Rf (alumina, DCM/MeOH 9:1) = 0.3. *H-NMR (600 MHz, 318 K, DMSO-d6): & (ppm) = 2.08 (s, 12H),
2.45 (t, J = 5.5 Hz, 4H), 2.77 (s, 12H), 2.91 (t, J = 7.2 Hz, 4H), 2.98-3.02 (m, 4H), 3.52-3.58 (m, 4H),
3.70-3.80 (m, 6H), 3.97 (s, 4H), 4.19 (s, 4H), 7.00-8.82 (m, 50H, Harom, NH). 31P-NMR (243 MHz, 328 K,
DMSO-d6): 6 (ppm) =28.2 (broad). LogP approximation: LogD = 1.44. Counter-anions have been
checked by ion chromatography. Only chlorides were detected.

AzaBODI-Au-3

In a Schlenk tube, sodium 2-mercaptoethanesulfonate (5.4 mg, 33 umol, 2.2 eq.) were suspended in
3.5mL of degassed acetone and a solution of 0.1 M NaOH (150 yL, 1eq.) were added. The
suspension was stirred in the dark under argon at 10-15 °C for 10 minutes. In a second Schlenk tube,
azaBODI-Au-1 (30 mg, 15 umol) was solubilized in 4 mL of degassed acetone. The solution was stirred
at 0 °C for 5 minutes. The suspension from the first Schlenk tube was then slowly added via canula to
the second Schlenk tube in the dark. The mixture was then stirred at 12 °C for 3 h. After completion
monitored by 3'P-NMR, the crude product was evaporated to dryness, solubilized in a
dichloromethane/methanol mixture, then filtrated to remove uncolored particles. lon exchange was
performed (Amberlite IRA-410, ACN/water 1:1). The product was obtained after complete
evaporation to give azaBODI-Au-3 (15 mg, 44% vyield) as a green powder.

HR-MS (ES|) caled for C92H92AUzBN7O10P2$4-C2H403522+ [M-C2H40352]2+ 954.75375 Th,‘ found
954.751919 Th (error: -1.927 ppm). *H NMR (600 MHz, DMSO-ds): 6 (ppm) = 2.68-2.73 (m, 4H), 2.77
(s, 12H), 3.01-3.06 (m, 4H), 3.06-3.12 (m, 4H), 3.52-3.60 (m, 4H), 3.73 (s, 6H), 4.02 (s, 4H), 4.22 (s,
4H), 7.17 (d, J = 8.5 Hz, 4H), 7.44 (d, J = 7.9 Hz, 4H), 7.48-7.57 (m, 18H), 7.67 (s, 2H), 7.76-7.84 (m,
8H), 7.91 (d, /= 7.8 Hz, 4H), 8.18 (d, J = 7.5 Hz, 4H), 8.48 (d, J = 8.4 Hz, 4H), 8.98 (s, 2H, NH). 3C NMR
(151 MHz, DMSO-dg): & (ppm) = 14.0, 16.7, 18.0, 18.8, 19.9, 22.1, 23.8, 26.4-26.6(m), 28.4-29.1 (m),
30.4, 30.7, 31.3, 32.6, 33.7, 33.9, 35.1, 35.4, 48.6, 49.2, 51.3, 54.1, 54.9, 55.3, 55.7, 59.7, 64.9, 69.8,
87.1, 114.2, 120.8, 123.4, 127.8, 128.8-129.1 (d, Jc13.p = 50.7 Hz), 128.9, 129.3-129.4 (m), 129.5,
129.7, 130.0, 130.3, 131.7, 131.8, 132.5, 132.8, 133.1, 133.2 (d, Jc1s-r = 13.2 Hz), 135.5, 141.2, 142.3,
157.1, 161.7, 165.3, 174.5. 3'P-NMR (202 MHz, DMSO-d6): & (ppm) = 25.4 (broad). Counter-anions
have been checked by ion chromatography. Only chlorides were detected.

FCS analysis (hydrodynamic radius)

FCS study was performed using a confocal laser-scanning microscope (LSM 710 Carl Zeiss, Jena,
Germany) with a 40x water immersion C-Apochromat objective lens (numerical aperture (N.A.) =
1.2). The measurements were carried out at room temperature in 8-well Lab-Tek | chambered
coverglass (Nalge Nunc International, Illkirch, France). The 633 nm He—Ne laser beam was focused
into 20 uL solutions at 100 um over the cover glass. The fluorescence emission was collected through
a pinhole and a 650 nm-long pass filter. Photon counts were detected by an Avalanche PhotoDiode
at 20 MHz for 30 seconds, and repeated 10 times in triplicates. The data evaluation was performed
using the Zeiss FCS Fit software (Zeiss, Jena, Germany). The intensity autocorrelation curves were
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fitted using a free diffusion model with one component. A preliminary calibration step with Cy5
made it possible to evaluate the size of the confocal volume (=1 fL). The hydrodynamic radius was
calculated using the Stokes-Einstein equation.

Biological experimental procedures
Cell culture

Mouse and human breast (4T1 and MDA-MB-231 respectively) and colon (CT26 and SW480
respectively) cancer cell lines, were cultured in RPMI supplemented with 10 % FBS. All the cells were
cultured at 37 °C under a humidified atmosphere containing 5 % CO,. The cells were detached by
trypsin and re-seeded at least 1 day before any experiment.

In vitro confocal imaging

MDA-MB-231 and 4T1 cells were plated in 4-well Lab-Tek | Chamber slide (Nunc™, Thermo Scientific)
(50,000 cells in 500 pL of culture medium) and incubated overnight in RPMI without red phenol
medium at 37 °C and 5% CO,. Uptake experiments were performed by incubating cells with the
different theranostic compounds (5 pM) at 37 °C and 5 % CO,. For confocal imaging, live cells were
scanned by confocal microscopy (Zeiss LMS510 microscope) using a 63x oil immersion objective of
1.2 numerical aperture. Hoechst 33342 was used to label the nucleus (0.5 uM), excited at 405 nm (2-
5%) and its signal was collected from 410 to 499 nm. The theranostic compounds were excited at 633
nm (2% power) and the signal was collected from 640 to 747 nm. Images were processed with
Image) software.

FACS experiment

Similar protocol was observed for FACS experiment, with a 15 min to 24 h incubation with 5 uM
theranostic solution. After washing with PBS, the cells were observed using LSR Il (Becton, Dickinson
and Company, Pont de Claix, France). Cells were gated to exclude cell debris in the control group and
50,000 events were recorded in the gate for fluorescence intensity measurement.

Determination of cytotoxic properties

10° cells were seeded in 96-well flat-bottomed microplates (final volume 100 pL per well) and
incubated for 24h to allow for cell adherence. 10 mM stock solutions were prepared by dissolving the
compounds in DMSO. Fresh medium containing increasing concentrations of the compounds
(ranging from 0.01 to 25 uM) was added and plates were incubated at 37 °C for 48 h. The cytotoxic
activity of compounds and drug references was determined using the MTS assay (Promega®). The
assay is based on the reduction of a tetrazolium compound to a colored formazan in the presence of
an electron coupling reagent (phenazine ethosulfate; PES) and NADH/NADPH produced by
metabolically active cells. Thereafter, 20 puL of MTS (3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxy phenyl)-2-(4-sulfophenyl)-2H-tetrazolium, Promega, Charbonnieres, France) was
added in each wells and absorbance at 490 nm was measured after 3h incubation at 37 °C. The
resulting ICsp values were calculated using GraphPad Prism 5.0 software. Each treatment was
performed in three independent experiments.

Thioredoxin reductase (TrxRs) activity assay

TrxRs assays were carried out on CT26 cells incubated during 24h in RPMI medium containing 10%
FBS with 5 uM of azaBODI-Au-1, azaBODI-Au-2, azaBODI-Au-3 or auranofin. Cells were scratched
from the bottom of the dish after a washing step in PBS. Cell pellets were resuspended in 50 uL of a
lysis buffer CelLytic-M (Sigma-Aldrich) during 15 min, and centrifugated at 16,000g for 10 min at 4 °C.
The supernatants were transferred to 96-well microplates for protein dosage. The protein
concentrations in the cell homogenates were determined by the Lowry method thanks to a protein
Assay Reagents Package Kit (Bio-Rad). From each homogenate 20 ug protein were collected for The

15



TrxRs enzyme activity measurement with a commercially available kit (Sigma-Aldrich). The assay is
based on the reduction of 5,5-dithiobis(2- nitrobenzoic)acid(DTNB) with NADPH to 5-thio-2-
nitrobenzoic acid (TNB) by TrxRs. The yellow color product is measurable at 412 nm by
spectrophotometry. The reaction was performed in a working buffer (100 mM potassium phosphate
with 10 mM EDTA and 0.24 mM NADPH) in a final volume of 200 uL. This reaction was initiated by
the addition of 6 uL DTNB (39.6 mg/mL) diluted in an assay buffer (6 M guanidine—HCl in 0.2 M Tris—
HCI, pH 8.0). The absorbance at 412 nm was measured 18 times within 15 min on a Perkin Elmer
Wallac 1420 Victor2 Microplate Reader. The same experiments were performed for each condition
with a specific inhibitor of TrxRs. The TrxRs activity rate was calculated from the slope of absorbance
at 412 nm versus time after the subtraction of the activity measured in presence of the inhibitor.

In vivo experiments guidelines

All experiments followed the guidelines of the Federation of European Animal Science Associations
and were all approved by the Ministry of agriculture and food (France, Apafis number: #8782 and
Apafis number: #15181) and by respectively the Ethics Committee of Grenoble Alpes
University (Grenoble, France) and the Ethics Committee of Burgundy University (Dijon, France).

Determination of the anti-tumor effect

In order to test the potential anti-tumor effect of azaBODI-Au-1, BALB/c mice (8 weeks old, Charles
River, France) were grafted by subcutaneous injection of murine colon cancer CT26 cells (5.10° cells).
Seven days after tumor implantation (tumor volume around 50 mm3), tumor-bearing mice were
randomized into two groups, one received 0.5 mg/kg of azaBODI-Au-1 (in DMSO) and the other
received the same quantity of DMSO in saline (Control) by intravenous injection (IV) in the vein tail.
These IV injections were performed two times a week and tumor volume assessed three times per
week. Mice whose tumor reached 1,500 mm? were euthanized due to ethical reasons.

In vivo optical imaging

azaBODI-Au-1 distribution was determined on mice bearing sub-cutaneous 4T1 tumor cells. NMRI
mice (6 weeks old, Janvier, France) were injected with 1.10° cells, and imaged when the tumors
reached >300 mm? (i.e. 2 weeks). Mice were imaged before and after injection of 50 pg of azaBODI-
Au-1, at 1, 2, 4 and 24 h using LI-COR Pearl Trilogy system (LI-COR, Germany) at 700 nm. Organs were
imaged at the end of the experiment in the same conditions.
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