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Abstract

In this study, an original aza-BODIPY system comprising two Gd*>* complexes has been designed and
synthesized for magnetic resonance imaging/optical imaging application, by functionalization of the
boron center. This strategy enabled to obtain a positively-charged bimodal probe, which displays an
increased water-solubility, optimized photophysical properties in the near-infrared region, and very
promising relaxometric properties. The absorption and emission wavelengths are 705 and 741 nm
respectively, with a quantum yield of around 10 % in aqueous media. Moreover, the system does not
produce singlet oxygen upon excitation, which would be toxic for tissues. The relaxivity obtained is
high at intermediate fields (16.1 mM™.s™* at 20 MHz and 310 K) and competes with that of bigger or
more rigid systems. A full relaxometric and O NMR study and fitting of the data using the Lipari-
Szabo approach showed that this high relaxivity can be explained by the size of the system and the
presence of some small aggregates. These optimized photophysical and relaxometric properties
highlight the potential use of such systems for future bimodal imaging studies.

Introduction

Imaging and especially molecular imaging has gained an increasing interest during these last years.
Indeed, the insights in this field facilitate an earlier and more reliable diagnostic, enable the
monitoring of the efficiency of a therapy, and even assist the surgeon during operations.™®
Therefore, molecular imaging can benefit to a large number of pathologies. Moreover, this imaging
approach also permits the discovery of novel biological targets or biomarkers and help to understand
mechanisms of different diseases. Each molecular imaging technique has its own advantages and
drawbacks and synergy is expected by association of two complementary modalities in a single
molecular probe.” This is particularly true when combining the two non-ionizing techniques:
Magnetic Resonance Imaging (MRI) with Optical Imaging (Ol). Indeed, MRI has an excellent spatial
resolution and offers 3D anatomical and also functional information, which is ideal for in vivo
imaging, but it suffers from low sensitivity. On the other hand, Ol exhibits high sensitivity and high
microscopic resolution (<10 nm in the case of super resolved fluorescent microscopy), but suffers
from poor tissue penetration.® Another advantage of Ol is that it enables real time imaging.
Moreover, more recently, despite its limited penetration depth, it has gained an increasing interest in
the clinic for intra-operative fluorescence assisted surgery, where the use of fluorescence imaging



particularly helps the surgeon to better delineate tumor margins, identify the lymph nodes invaded
by cancer cells...’

In order to perform bimodal MRI/OI, there is an increasing interest in the conception of new efficient
multimodal probes. Indeed, combination of these two imaging modalities into a single molecule
assures the identical biodistribution compared to the combination of two separate imaging agents,
and thus enables to perform a much more accurate diagnosis. The design of such bimodal probes is a
real challenge, mainly because of the difference of sensitivity between MRI and Ol. Therefore, the
majority of the reported MRI/OI agents are based on functionalized polymers or nanoparticles.
However small molecular bimodal agents were also reported and proved to be very effective. These
agents combine fluorine atoms for °F MRI or one, two, or more complexes, which are active in MRI,
such as Mn®" or Gd*" complexes, and one fluorophore, which can be a dipyridophenazine,
fluorescein, cyanine, rhodamine, quinoline, BODIPY... 08

For in vivo optical imaging applications, the fluorophores need to absorb and emit in the spectral
range, where biological tissues are more transparent and less scattering. This region, often called
biological, transparency or theranostic window, corresponds to near infrared (NIR, as example NIR |
corresponds to 650-900 nm)."**' Development of NIR fluorophores is a hot topic because, despite
the diversity of reported fluorophores, it seems that none of them is ideal for in vivo applications,
and that most of them lack of chemical and photochemical stability, are poorly water soluble, low
emissive, difficult to functionalize and their synthesis is time-consuming.””>> Very recently, the aza-
BODIPY family attracted considerable attention because it may be one of the best candidates to
tackle all these issues. These very stable BODIPY derivatives display a lower brightness than well-
known NIR cyanines such as ICG and IRDye® 800CW (Figure 1), but can be rapidly synthesized in large
scale and are easily functionalized.?®
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Figure 1: structure of some optical imaging clinically used contrast agents and of Wazaby (water-
soluble aza-BODIPY), we reported previously”’

However, despite their potential, there are only very scarce reports of bimodal MRI/Ol probes
including (aza)-BODIPY. They have been used in combination with several fluorine atoms for “F
MRL" or with two GADTPA complexes,’® or GADOTA complexes in a monomolecular system® or in a
polyrotaxane”. The sensitivity of *>F MRI remains lower than that of ‘*H MRI. GADTPA complexes are



not the best candidates for in vivo use (vide infra) and the relaxivity of the BODIPY-GADOTA system
(vide infra) can certainly be optimized. This leaves room for improvement of such systems. It should
also be noted that a bisGdDTPA-aza-BODIPY system was recently reported by Kim, Long and coll. to
track in vivo phagocytic immune cells by MRI/OI bimodal imaging, highlighting the potential of such
systems.”®

Despite their interesting properties, the limited use of BODIPY in bimodal imaging can certainly be
explained by their poor water solubility, which is problematic for their use in vivo, and particularly for
MRI.332 Several groups tethered water-solubilizing groups to the aza-BODIPY core, but even if
sometimes it enabled in vitro and in vivo investigations, the resulting probes were still subject to
significant aggregation phenomena (requiring the addition of surfactant).’®**?* Very recently, some
of us succeeded in designing fully water-soluble aza-BODIPY derivatives, called Wazaby (for water-
soluble aza-BODIPY), thanks to the introduction of ammonium groups via boron functionalization
(functionalizing boron induced aza-BODIPY faces hindrance, which prevented aggregation) (Figure
1).”” These probes were bioconjugated onto antibodies, were very stable in physiological media, and
presented better in vivo optical properties than the Cy5, used as a control.

Building on this success, we decided to further investigate the potential of these Wazaby dyes and to
conceive MRI/Ol MOnomolecular Multimodal Imaging Probes (MOMIP). For this aim, we decided to
attach two gadolinium complexes onto the boron-functionalized arms of the Wazaby scaffold, thanks
to the strategy developed previously (Figure 2). Concerning the aza-BODIPY core, we chose an aza-
BODIPY bearing methoxy groups on the aromatic rings at the “south” of the molecule (also called
proximal phenyl groups in aza-BODIPY chemistry) in order to shift the maximal absorption
wavelength around 690-700 nm. To maximize this effect (maximal absorption wavelength >700 nm)
by creating a greater “push-pull” effect, bromine atoms were introduced on the aromatic rings at the
“north” of the molecule (distal phenyl groups). It has to be noted that this functional group would
enable further functionalization of the molecule in the future (extension of conjugation or
introduction of a bioconjugatable handle if vectorization is needed).”
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Figure 2 : Targeted bimodal probe and justification of the chosen functionalization

In MRI, DOTAREMZ® is one of the most clinically used contrast agents due to its high thermodynamic
stability and kinetic inertness, which is essential for the safe use of the probe.36 Indeed, free
gadolinium ions are highly toxic, and recently, complexes with lower kinetic inertness have been
shown to increase the risk of nephrogenic systemic fibrosis (NSF), especially for patients having renal
failure.¥ As macrocyclic chelates are known to be more stable than linear ones, a DOTA derivative
(DOTA monoamide or DOTAMA) was used for Gd** complexation.



Results and Discussion
Synthesis

Aza-BODIPY 2 was synthesized at the gram scale according to the method we previously reported,”’
starting by the synthesis of the aza-BODIPY 1,*® followed by the substitution of the fluorine atoms on
the boron center using the Grignard reagent of N,N-dimethylpropargylamine. The resulting
intermediate platform was then alkylated by an excess of 4-(bromomethyl)benzoic acid in presence
of NaHCO; (Scheme 1) to give Wazaby5. Special attention was paid to the base employed as proton
scavenger. A stronger base led to the formation of small amount of ester side product — alkylation of
the carboxylate —, leading to a tricky purification.
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Scheme 1: synthetic route toward the bimodal probe Gd,-Wazaby6

Wazaby5 was reacted with a macrocyclic derivative (DO3A(tBu)sNH,) in classic peptidic coupling
reaction conditions and directly treated by HClI 3M in order to hydrolyze the protected
tertiobutylester arms. The bis-DOTA derivative was then purified by semi-preparative HPLC to lead to
the formation of pure Wazaby6. It is worth noting that the fluxionality of macrocycles implied to
record NMR spectra at high temperature. A representation of variable temperature 'H-NMR of
Wazabyé is displayed in Figure S2.

Gadolinium was introduced into the two macrocycle cavities by reacting 2.4 eq of Gd(CF;S0O;3); salt
with Wazaby6 in water in presence of sodium hydroxyde. The resulting homobimetallic complex Gd,-
Wazaby6 was characterized by high resolution mass spectrometry (HRMS), HPLC, elemental analysis
and ionic chromatography but not NMR due to its paramagnetic character.






Photophysical studies

As highlighted in the introduction, aza-BODIPY fluorophores display very interesting properties for in
vivo optical imaging. However, in general, their main drawback is their poor solubility and their
tendency to aggregate in water and in physiological media, despite the introduction of solubilizing
groups. Most of the time, imaging experiments are performed in the presence of surfactants like
Cremophor EL or castor 0il.**™** Therefore, it was crucial for us to investigate the photophysical
properties of our bimodal compounds in organic solvent (DMF, DMSO), as well as in PBS (Phosphate-
Buffered Saline), without adding any surfactant.

Table 1: photophysical data of Wazaby5, Wazaby6, and Gd,-Wazabyé in different solvents at 298 K
at 2 uM (Aey. = 670 nm).

Amax Abs EXmax Amax Em
Compound Solvent ’ ’ %]*
. [nm] [M'1 cm'l] [nm] ®r [%]
Wazaby5 DMSO 704 74,000 739 29
DMSO 705 82,000 741 15
Wazaby6
PBS 705 46,000 741 10
DMSO 705 78,000 739 22
Gd,-Wazaby6 PBS 705 41,000 741 9
water 705 49,000 741 10 3

* reference: aza-BODIPY 3 (& = 36% in chloroform, 298 K, Aex. = 670 nm)™*

The photophysical data of Wazaby5, Wazaby6, and the related bimetallic complex Gd,-Wazaby6
were studied in DMSO, DMF, and PBS, and results are depicted in Table 1, Figure 3, and Table S2. The
three compounds display comparable absorption and emission profiles, with absorption wavelength
at =705 nm and emission maxima at =740 nm. Interestingly, the introduction of the two macrocycles
as well as the complexation of the two gadolinium atoms had almost no impact on the photophysical
properties of the fluorophore.

When comparing Wazaby6 and Gd,-Wazaby6 in DMSO and PBS, we can notice that the absorption,
emission and excitation profiles of the compounds are comparable in both media (Figure 3), even if
we can observe that absorption band is slightly larger than excitation one between 600 and 650 nm
in PBS. It suggests that very limited aggregation occurs in PBS. If these spectra are compared to the
ones of Kim’s and Long’s system,”® it clearly highlights the interest of boron-functionalization for
limiting aggregation phenomenon, which is really frequent for aza-BODIPY fluorophores.
Interestingly, the quantum vyield efficiency remains comparable both in organic solvents (around
20%) and in PBS (around 10%). Such values are good for NIR emitters and are clearly enough to
undertake future Ol experiments.

It is well known that the presence of “heavy atoms” induces an increase of the spin-orbit coupling
and therefore promotes the generation of singlet oxygen.*>** However, this effect is generally more
substantial when the heavy atoms occupy a position in the core region of the aza-BODIPY. In the
present study, a non-toxic probe is under scope, thus, the production of singlet oxygen needs to be
controlled. In order to test if toxic singlet oxygen is generated, the probes were dissolved in a non-
protic solvent (DMF) for feasible observation of the phosphorescence band of singlet oxygen at
1270 nm, as protic solvents will efficiently quench its emission.* In every case this band was found to
be absent, which confirms that neither Wazaby6 nor Gd,-Wazaby6 produce singlet oxygen, when



irradiated (see supporting information for details). Moreover, preliminary antiproliferative tests on
HepG2 cells (Human hepatocellular carcinoma, ATCC® HB-8065") confirmed that Gd,-Wazaby6 do
not display significant toxicity (ICso at 24h > 100 uM). Additional experiments will be performed in the
future to ascertain this aspect.
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Figure 3: Normalized absorption, emission, and excitation spectra of Wazaby6 and Gd,-Wazaby6 at
298 K (Aex = 620 nm for emission spectra, detection at A.,, = 820 nm for excitation spectra)

Relaxivity studies

Given the good solubility of the system, relaxivity measurements could be undertaken to
characterize the efficiency of the system as an MRI probe. To this aim, NMRD (Nuclear Magnetic
Resonance Dispersion) profiles were measured in water at 0.64 mM at pH = 7.2 in the field range 40
kHz — 400 MHz at two different temperatures (298 K and 310 K) as illustrated in Figure 4.
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Figure 4: '"H NMRD profile of Gd»-Wazaby6 0.64 mM in water, pH = 7.2 at 298 K (M) and 310 K (A).
The lines represent the best fit to the SBM theory.



Interestingly, the temperature dependence of the system shows that we are in an intermediate
regime where the rotation of the system starts to limit relaxivity rather than the water exchange
rate. Indeed, the 37°C relaxivities are very close and even higher than those at 25°C. Typically, when
the rotation is the limiting parameter (as observed for small molecular systems), relaxivity is
decreasing when increasing temperature, whereas when the water exchange rate is limiting,
relaxivity is increasing with increasing temperature. This result is also in accordance with the
characteristic hump of slowly-rotating species visible on the NMRD profiles at intermediate fields
(20-80 MHz). As this system remains quite flexible, we decided to investigate the relaxivity as a
function of the Gd** concentration. Relaxivities were measured in the Gd** concentration range 0.1 —
4 mM (0.05 — 2 mM for the system) both in water at pH = 7.2 and in PBS at pH = 7.4, and the results
are presented in Figure 5. At the concentration used for measuring relaxivities (0.64 mM of Gd,-
Wazaby6), we can see that some aggregation occurs both in water and PBS probably due to
interactions between the aza-BODIPY units. This is in accordance with the photophysical studies,
highlighting small aggregation, but which doesn’t prevent water solubility. The aggregation is favored
in PBS, which can be explained by additional electrostatic interactions between the Gd,-Wazaby6
cation (positive charge) and PBS (minus charge). This phenomenon certainly explains the
temperature dependency of this otherwise quite flexible system.
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Figure 5: Relaxivity of the complex as a function of Gd** concentration at 298 K, 20 MHz, in water at
pH=7.2(®) andin PBSatpH =7.4 ().

The relaxivity of the system at 0.64 mM in water and at 20 MHz, 310 K is 16.1 mM™s™. As a
comparison, and as expected due to the aggregation phenomenon, it is considerably higher than that
of the mononuclear GADOTA-BODIPY complex (3.9 mM™.s™)" and the relaxivity of the Bis-GdDTPA-
aza-BODIPY system is 13.3 mM™s? at 60 MHz and room temperature28 (see Figure S10 for
structures). The relaxivity is in the same order of magnitude than a multimodal polyrotaxane
comprising cyclodextrins bearing GADOTAMA or BODIPYs (r; = 18.60 mM™.s")* or a porphyrinic
system DPP-ZnP-GdDOTA (see Figure S10; r; = 17.9 mM"l.s"l) presenting also some aggregation.46
Finally, the relaxivity compares well with those of nanosized objects such as MOFs*’ and micelles*®*.

In order to gain more insight into the parameters governing relaxivity, 70 measurements as a
function of temperature have been performed. Variable temperature O T, measurements give
access to the water exchange rate, k. The Y0 T, data are determined by dipole-dipole and
qguadrupolar relaxation mechanisms and provide information about the rotational correlation time,
Tz. The 7O chemical shifts give indication of the number of water molecules directly coordinated to
Gd*, g. Longitudinal, transverse 70 relaxation rates and chemical shifts were measured as a function
of the temperature on aqueous solution of Gd,-Wazaby6 at 2.39 mM, and on a diamagnetic
reference (HCIO,, pH 3.3) at 9.4 T. Due to the concentration used for the study, 0 chemical shifts
and T, values were too close to those of the reference to yield reliable data. Only Y0 T, data were
analyzed and are presented in Figure 6.
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Figure 6: Temperature dependence of the reduced *’O transverse relaxation rates of Gd,-Wazaby6
(2.39 mM) at 9.4 T. The continuous curve represents the best fit to the experimental data points.

The reduced YO transverse relaxation rates first increase (up to ca. 318 K), then decrease with
increasing temperature indicating that the complex is in the slow kinetic region at low temperatures
and in the fast exchange region at higher temperatures. In the slow kinetic region, 1/T,, is directly
determined by the exchange rate constant k.,, whereas in the fast exchange region, it is determined
by the transverse relaxation rate of the coordinated water oxygen, 1/T,.,, which is in turn influenced
by the water exchange rate, k., the longitudinal electronic relaxation rate, 1/T,., and the scalar
coupling constant, A/h.

Due to the different concentrations used for the *’O NMR (4.78 mM of Gd**) and NMRD samples
(1.27 mM of Gd*) and the aggregation process previously evidenced, the *’O NMR and NMRD data
have been analysed separately according to the Solomon-Bloembergen-Morgan theory.

Table 2 : Best-fit parameters obtained from the independent fitting of the 'H NMRD profiles (Figure 4)
to the SBM theory, including the Lipari-Szabo approach to describe internal flexibility and the
transverse ’O NMR relaxation rates as a function of temperature (Figure 6) at 9.4 T. The number in
brackets represents the error on the last digit.

Parameters szizl;yG [DPP-ZnP-GdDOTA] © (mGicde?Igr-‘ronCrlr;)d Zn-LZF2Gd®
ry (mM*s™; 20 MHz, 37°C) 16.1 17.9 17.9° 15.8
q° 1 1 1 1
ko8 (10° s 2.81 [+ 0.08] 4.1 4.9 1.6
AH” (k).mol™) 40 [+ 1] 49.8 52 40
AS” (J.K*.mol™) 13 [+ 3] - +67 -
E, (kJ.mol™) 7 [£4] 40 20 20
7% (ps) 111 [+ 9] 245 430 145
E, (k).mol™) 5+ [1.5] 14 35 13
T, (ps) 1840 [+ 70] 2640 1600 1160
s 0.30 [+ 0.01] 0.26 0.23 0.64

“fixed in the fit;° at 60 MHz and 298 K; © From ref *°; ¢ From ref *%; € From ref *°

In the fitting procedure, the number of water molecules directly coordinated to Gd** was fixed to 1
as it is expected for GADOTAMA complexes. In the fit of the proton relaxivities, the water exchange
parameters were fixed to values obtained in the O NMR study. The rotational dynamics could be
only described by applying the Lipari-Szabo approach. In this approach, that separates local and
global motions, characterized by the local and global rotational correlation times, T|298 and rgm,
respectively, and a model independent order parameter, S It reflects the degree of spatial
restriction of the local motion with respect to the global motion. Its value ranges from 0 to 1, with S°

= 0 if the internal motions are isotropic, and S* = 1 if the internal motions are completely restricted.



The fitting has been restricted to frequencies above 6 MHz for NMRD data as at low magnetic fields
the SBM theory fails in describing electronic parameters and rotational dynamics of slowly rotating
species. Details of the analysis and the equations used in the fit are given in the Supporting
Information, and the most important parameters obtained are listed in Table 2. A complete list of the
parameters fitted for our system is also given Table S1.

For comparison, three other systems have been presented within the table (Table 2): a porphyrinic
system with a GADOTAGA appended (DPP-ZnP-GdDOTA); a GADOTAC,, complex in its micellar form,
and a 30 aminoacid peptides derived from a Zn-finger peptide and bearing a GdDOTAMA complex in
a folded form (Zn-bound form; Zn-LZF2Gd). They have been chosen because: (1) they have been all
analyzed using the Lipari Szabo approach; (2) the porphyrinic system has a similar molecular weight
as our system and shows some small aggregation as well; (3) the GADOTAC,;, is in its micellar form
which could “mimick” an aggregated state; (4) the peptidic system has a similar coordination sphere
for Gd** than our system and the relaxivity behavior as a function of temperature is similar (relaxivity
limited by rotation rather than water exchange rate).

The fitting of the 0 data yields a value of k., of 2.81.10° s, which is lower than that of GADOTA (k.,
= 4.1.10° ') as expected when a carboxylate function is replaced by an amide function, and in the
same range than other GADOTAMA complexes (ca. 2.10° s').>! It suggests that the aggregation
process, which certainly occurs through the BODIPY moiety, does not affect the water exchange rate
of the system. The activation entropy calculated is also positive and in the same order of magnitude
as that of complexes possessing similar coordination spheres. The water exchange mechanism has
not been directly assessed (it is beyond the scope of this study), but the activation entropy calculated
gives an indication of a dissociative mechanism as expected for nine-coordinated Gd*" complexes. In
dissociative mechanism, the steric crowding is of primary importance as the determining step is the
dissociation of the water molecule. A highly-crowded environment will favour this dissociative
activation step. As carboxylate functions are more coordinating than amide function, they imply
more constraints explaining why GdDOTA complexes have higher water exchange rates than
GdDOTAMA complexes.

The local and global correlation times of the system are within the same range as those of similar
systems giving rise to similar relaxivities as shown in Table 2. The low value of S?, comparable to
those of DPP-ZnP-GdDOTA or the micellar system, shows that the motion of the Gd**-coordinated
water proton vector is largely decoupled from the overall motion of the aggregates. This can be
explained by the quite flexible chain between the Aza-BODIPY core and the Gd*" complexes. If we
look in more detail, the global correlation time of the system correlates well with that of the micellar
system, or that of DPP-ZnP-GdDOTA having a similar molecular weight and presenting some
aggregation. It is slightly higher than that of the peptidic system with a higher molecular weight but
which is not in an aggregated form. All this confirms that some aggregation occurs for our system.
The value of the local correlation time, consistent with that of a small Gd** complex, corroborates the
flexibility around the Gd>* complexes and shows that the aggregation certainly occurs through the
aza-BODIPY core.

Finally, the temperature dependence of the relaxivity of our system is related to the low water
exchange rate of the system together with a slow motion explained by the size of the complex and
the presence of some aggregation. The same behavior is not observed with the porphyrinic system
due to the difference in the water exchange rates (explained by the different Gd** coordination
spheres). On the contrary, the peptidic system presents the same (even exacerbated) temperature
behavior, which is explained by a more rigid system with slightly lower water exchange rate, despite
the same Gd** coordination sphere. To sum up, the high relaxivity observed is due to the size of the
system and the presence of some small aggregates.



Preliminary imaging studies on phantom and measurements in HSA

Phantom images of the system Gd,-Wazaby6 have been recorded both in MRI and in fluorescence to
highlight its potential.

T,-weighted images were recorded at 7 T, and show a greater contrast compared to the commercial
GdDOTA at the same concentration (150 uM) (Figure 7).

GdDOTA Water

Figure 7: T;-weighted MRI phantom images of Gd,-Wazaby6 (150 uM), GADOTA (150 uM) and water
(reference) at 7 T using spin-echo sequence with TE = 50 ms and TR = 500 ms.

Fluorescence images were recorded thanks to an optical imager for in vivo experiments (IVIS Lumina
lll, Perkin Elmer, Figure 8). Gd,-Wazaby6 was imaged at 150 uM (the concentration used for MRI
imaging), 15 uM, and 1.5 uM in water; Aza-BODIPY 3 was imaged at 150 uM as a control. The first
observation that can be made is the strong fluorescence of Gd,-Wazaby6 with respect to Aza-BODIPY
3 (3 is not fluorescent due to its insolubility in water). Additionally, it is worth noting that
Gd,-Wazaby6 displays higher fluorescence at 15 uM than at 150 uM, which corroborates the fact
that some aggregation phenomenon can occur at high concentration. Moreover, we were pleased to
note that a significant signal can be observed up to 850 nm, especially when exciting the molecule at
700 or 720 nm, meaning that Gd,-Wazaby6 can be detected wherever we want in biological window.

Water
150, uM 15 uM 1.5uM
‘ N - .

_

Aza-BODIPY 3

Figure 8: Phantom optical images of of Gd,-Wazaby6 (150 uM, 15 uM, and 1.5 uM), Aza-BODIPY 3
(150 uM), and water (reference) excitation at 660 nm and detection at 710 nm).

The relaxivity and the optical emission properties of the system have also been measured in the
presence of 0.6 mM of Human Serum Albumin (HSA) (physiological concentration) in order to
simulate biological environment. Concerning the relaxivity of Gd,-Wazaby6 (at 145 uM), a 14 %
increase is observed in water at pH = 7.3, 60 MHz, and 25°C, in the presence of HSA. This increase is
explained by the formation of a supramolecular adduct between the probe and HSA as commonly
observed for hydrophobic systems. Concerning the optical properties, the emission of Gd2-Wazaby6
(at 2uM) increased by 230% in presence of HSA, probably due to the more lipophilic environment.
The improved properties of Gd2-Wazaby6 for both MRI and Ol in presence of HSA are reassuring
regarding its efficiency in real biological media.



These different preliminary studies are very promising for the future use of our probe for in vivo
bimodal imaging.

Conclusion

For the first time, a monomolecular multimodal imaging probe for MRI and Near-Infrared
Fluorescence (Gd,-Wazaby6) was synthesized thanks to a boron functionalization of an aza-BODIPY.
It was fully characterized by usual spectroscopic techniques. The boron functionalization allows good
solubility of the system both in water and PBS and enables full photophysical and relaxometric
characterizations. Interestingly, the quantum yield of fluorescence of this bimodal system is around
10% in PBS, which is particularly high for a near infrared fluorophore. Moreover, this probe does not
induce the production of singlet oxygen, which could be toxic for biological tissue. The relaxivity
observed for Gd,-Wazaby6 is high and can be explained both by the size of the system and the
presence of some small aggregation process, as also observed in the optical imaging studies. Despite
these aggregates the system remains very soluble in water and in biological media, and could be
studied without the presence of surfactant as often needed with BODIPY derivatives. Those small
aggregates do not imply important fluorescence quenching and enable to achieve high efficiency in
MRI (in future work, it will be worth studying whether these small aggregates are still present in
vivo). The relaxivity could also be further optimized by rigidifying the system and modifying the
coordination sphere of Gd*', which is the subject of future studies. All together this suggests that
these bimodal systems hold great promise as MRI and NIR probes in vitro and in vivo imaging.
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Synthesis and characterization of an original aza-BODIPY system comprising two Gd*'
complexes for magnetic resonance imaging (MRI)/optical imaging (Ol) application, by
functionalization of the boron center. This is the first aza-BODIPY based bimodal probe
displaying a high brightness in near infrared fluorescence (Aem = 740 nm), an excellent
relaxivity for MRI, and displaying good water solubility. The novel bimodal probe possesses
all the requirements for in vivo application.



