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Résumé 

Les superoxide dismutases (SODs) sont des metalloenzymes qui jouent un rôle important dans 

les défenses cellulaires anti-oxydantes en régulant la concentration en ion radical superoxide, 

un dérivé réactif de l’oxygène (DRO). Il a été montré que les SODs, et les défenses anti-

oxydantes en général, sont déficientes chez les patients atteints de maladies inflammatoires 

chroniques de l’intestin (MICI). Il en résulte une augmentation de la concentration en DRO qui 

semblerait être impliquée dans la pathogénèse des MICI. L’utilisation de complexes 

métalliques à faible poids moléculaire mimant l’activité SOD pourrait donc constituer une 

solution prometteuse pour le traitement des MICI. Deux sortes de mimes de SOD ont été 

étudiées ici : 1) des mimes bio-inspirés de la SOD2 endogène et 2) des complexes peptidiques 

à base de Cu et Mn. 

Dans le premier cas, une stratégie biomimétique a été suivie et a conduit au développement 

de Mn1, un complexe de Mn reproduisant le site actif de la SOD2 et son activité. Ce composé 

a une activité anti-inflammatoire sur cellules et sur modèle murin. Cependant, Mn1 est très 

flexible, ce qui favorise la décoordination du Mn qui peut s’échanger avec d’autres cations. 

Dans le but de s’affranchir des problèmes d’échanges métalliques et déprotonation, des 

groupements cyclohexyle (C) et propyl (P) ont été ajoutés. Le groupe cyclohexyle a été 

introduit de sorte à rigidifier la structure du complexe pour améliorer son inertie. Les 

complexes Mn1C, Mn1P et Mn1CP obtenus possèdent une activité SOD légèrement améliorée 

mais surtout une résistance fortement accrue aux échanges métalliques. De plus, ils sont 

capables d’exercer des effets anti-inflammatoires et anti-oxydants à plus faible dose que Mn1 

sur un modèle de cellules intestinales stimulées au LPS. Cela peut être corrélé au moins en 

partie à leur plus grande inertie dans l’environnement cellulaire. La détection et la 

quantification des espèces actives sont indispensables pour comprendre et rationaliser les 

activités observées in cells. Cependant, elles ne sont pas évidentes pour de tels composés 

labiles qui peuvent souffrir d’échanges métalliques au sein des systèmes analytiques. En lien 

avec sa meilleure inertie, nous avons pu détecter et quantifier la présence de Mn1CP dans les 

cellules par spectrométrie de masse (MS). Cette technique ne permettait pas la détection de 

Mn1 et Mn1P, qui a nécessité le couplage de la spectrométrie de mobilité ionique avec la MS. 

Par ailleurs, nous avons étudié la localisation intracellulaire de Mn1 et Mn1CP et en particulier 
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leur capacité à atteindre les mitochondries, principaux foyers cellulaires du stress oxydant, 

par microscopie de fluorescence aux rayons X. Dans ce but, une sonde à base de Re ciblant les 

mitochondries a été développée et utilisée. Enfin, le potentiel thérapeutique des mimes a été 

évalué sur un modèle murin de colite aigüe. Les complexes de Mn ont été vectorisés dans des 

bactéries lactiques afin de les protéger de l’acidité gastrique lors de leur administration orale. 

L’administration par gavage de Mn1C a permis de légèrement réduire la sévérité de la colite. 

Concernant le second type de mimes de SOD, ils sont constitués de ligands peptidiques qui 

présentent l’avantage d’être génétiquement encodables. De cette façon, des bactéries 

lactiques ont été modifiées génétiquement de sorte à exprimer ces peptides qui possèdent 

une activité SOD après coordination du cuivre ou du manganèse. La construction génétique a 

été vérifiée à trois niveaux : contrôle de la présence du gène, vérification de l’expression du 

peptide cloné et de son activité SOD en présence du métal adéquat. De plus, la co-incubation 

de cellules intestinales avec les bactéries lactiques recombinantes s’est montrée ici encore 

efficace pour limiter la sécrétion d’interleukin-8, une cytokine pro-inflammatoire, induite par 

le LPS. Les bactéries servent alors à la fois de vecteur de délivrance protecteur et d’usine de 

production des mimes de SOD. 
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Abstract 

Superoxide Dismutases (SODs) are metalloenzymes involved in the cellular antioxidant 

defenses. They regulate the concentration of the superoxide anion, a reactive oxygen species 

(ROS). It has been shown that SOD and others antioxidant defenses are weakened in patients 

with chronic inflammatory bowel diseases (IBDs). The resulting increase in ROS amount may 

contribute to the pathogenesis in IBDs. Low-molecular weight complexes, mimicking SOD 

activity, may be promising antioxidant metallodrugs for the management of IBDs. Two kinds 

of SOD mimics were considered here, 1) bio-inspired Mn complexes and 2) peptidyl Cu or Mn 

complexes. 

On the one hand, a biomimetic strategy has led to the development of Mn1, a Mn complex 

reproducing SOD2 active site and its SOD activity and showing an anti-inflammatory activity 

in cells and in mice. However, Mn1 being flexible is prone to metal-assisted dissociation in 

biological environment. Aiming at improving its bioactivity and at preventing any 

deprotonation issue during the subsequent speciation studies, a cyclohexyl (C) and a propyl 

(P) groups were included in its structure. More precisely, the cyclohexyl group was introduced 

to rigidify the ligand and thus to improve the kinetic inertness of the resulting Mn1C and 

Mn1CP complexes. Mn1P, Mn1C and Mn1CP demonstrated slightly higher intrinsic SOD 

activity and a slower kinetics of metal exchanges. Very interestingly, they were shown to 

provide anti-inflammatory and antioxidant effects in intestinal LPS- stressed epithelial cells at 

lower doses than Mn1. This can be at least partly correlated to their higher inertness in the 

cellular environment. The understanding of the SOD mimics bioactivities can be boosted by 

the direct detection and quantification of the active species inside the cells, which is not 

straightforward due to their propensity to exchange metal ions, in particular in the analytical 

systems. Because of its higher kinetic inertness, Mn1CP was successfully detected inside cell 

lysates by classical mass spectrometry (MS), and its intracellular concentration was estimated. 

On the contrary, the more labile Mn1 and Mn1P complexes were not detected by this 

technique. Very interestingly, coupling ion mobility and MS allowed us to successfully detect 

and quantify Mn1P in cells. Besides the cellular uptake, the intracellular location of the SOD 

mimics is a key factor for bioactivity. The distribution of Mn1 and Mn1CP within cells and in 

particular their ability to reach the mitochondria, regions rich in ROS, were examined by X-ray 
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fluorescence microscopy. For this purpose, we developed and used a mitochondria-targeting 

X-ray probe bearing a Re. Lastly, the bioactivity of Mn1 derivatives was investigated in a 

murine model of acute colitis. To protect the Mn complexes from decoordination and 

degradation in the acidic gastric conditions upon oral administration, they were vectorized 

inside food-grade bacteria. The mice that orally received Mn1C by gavage showed a slightly 

better recovery than mice from the control group. 

 

On the other hand, SOD mimics based on peptidyl ligands are advantageously genetically 

encodable. In this way, food-grade lactic acid bacteria were engineered to express and secrete 

the peptidyl ligand of Mn- or Cu-based SOD mimics. One peptide developed as a Cu-complex 

catalase mimic was also studied, catalase being an antioxidant protein controlling the 

hydrogen peroxide concentration, another deleterious ROS. The engineering was checked at 

three levels: sequencing of the cloned gene, expression of the encoded peptides and SOD 

activity of the expressed peptides upon metal coordination. Interestingly, the recombinant 

lactic acid bacteria producing either the Cu or Mn peptidyl SOD mimics were efficient in 

limiting the secretion of interleukin-8 inflammatory marker in LPS-stimulated intestinal cells. 

The bacteria hence serve as both protective delivery vectors and production factories of the 

SOD mimics. 
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TLR : Toll-Like Receptor 
TNBS: Trinitrobenzene sulfonic Acid 
TNF-a: Tumor necrosis factor-a 
TOF-MS: Time of flight mass spectrometry 
TPP: Triphenylphosphonium 
TNBS: TrinitroBenzene Sulfonic Acid 
UC: Ulcerative Colitis 
WB: Western Blot 
WHO: World Health Organization 
WT: Wild-type 
XAS: X-ray Absorption Spectroscopy   
XANES: X-ray Absorption Near Edge Structure  
XIES: Xylose-Inducible Expression System 
XRF: X-Ray Fluorescence  
XFM: X-ray Fluorescence Microscopy 
XTT: 2,3-Bis-(2-méthoxy-4-Nitro-5-sulfophényl)-2H-tétrazolium-5-carboxanilide 
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I. General introduction 

I.1. Reactive oxygen species and oxidative stress 

I.1.a.  Definition of reactive oxygen species 

Reactive oxygen species (ROS) are defined as byproducts of the dioxygen reduction. Indeed, 

molecular dioxygen can undergo either a single-step four-electron reduction leading directly 

to the formation of water or partial and consecutive one-electron reductions, then producing 

a series of ROS [1]. In more details, the first monoelectronic reduction of dioxygen results in 

the formation of superoxide radical anion O2
•-, abbreviated as superoxide thereafter. 

Superoxide contains an additional electron in one of the two degenerate orbitals of ground 

state dioxygen, creating thus a single unpaired electron (S=1/2) and a net negative charge of 

−1. Superoxide is the first ROS in the cascade of ROS and can act as precursor of other ROS. 

The further addition of electrons, one after another, generates stepwise hydrogen peroxide 

(H2O2) and hydroxyl radical (HO•) (Figure 1). O2
•-, H2O2 and HO• can then react with other 

cellular components to form other ROS such as alkoxyl RO•, peroxyl radical ROO• or 

hydroperoxyl radical HOO•.  

Figure 1: Figure from [1]. Reduction cascade of dioxygen resulting in the sequential formation of (1) superoxide, 
(2) hydrogen peroxide and (3) hydroxyl radical.  

I.1.b. Generation of ROS in cells 

ROS are generated by multiple endogenous processes that were summarized by A. Snezhkina 

et. al in Table 1 [2]. However, the mitochondrial respiration [3] and the NADPH oxidase 

enzymes [4] are considered to be the two major producers of ROS. First, mitochondrial 

respiration, that is part of all normal aerobic life, plays a key role in oxidative ATP production 

via a reverse process of photosynthesis in which dioxygen is converted into water. However, 

a decoupling in the four-electron transfer occurring along the electron transport chain is 

known to affect about 3% of processed dioxygen. This is responsible for the aforementioned 

(1) 

(2) 
(3) 
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incomplete reduction of dioxygen into superoxide [1,3]. Consequently, high amounts of 

superoxide are released in the mitochondrial matrix and into the intermembrane 

mitochondrial space. Note that many others enzymes were shown to induce ROS generation 

in the mitochondria, including cytochrome P450 enzymes, NADH-cytochrome b5 reductase, 

various dehydrogenases, monoamine oxidases (MAO) and mitochondrial aconitase [5]. 

 

Table 1: Table adapted from [2]. List of ROS and major mechanisms of their generation and detoxification. * : 
described in [6]. ** : reviewed in [7]. CYP = Cytochrome P450 

Secondly, while multiple enzymes produce ROS as secondary effects, nicotinamide adenine 

dinucleotide phosphate (NADPH) oxidases (NOXs) constitute the rare enzymes for which ROS 

production is the primary action. NOXs enzymes are located in the plasma membrane and in 

the phagosomes (created after bacteria phagocytosis) and catalyze the reduction of dioxygen 

into superoxide and hydrogen peroxide via NADPH oxidation [8]. Lastly, Haber-Weiss 

chemistry is strongly involved in the production of hydroxyl radical in living cells. As illustrated 

in Figure 2, reduced metal cations such as iron Fe(II) can induce the reduction of hydrogen 

peroxide into hydroxide and hydroxyl radical (Fenton reaction) via metal oxidation into Fe(III) 
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[9]. In turn, Fe(III) can be reduced back to Fe(II) by superoxide: this renders the process 

catalytic (Haber-Weiss reaction) (Figure 2). To limit this phenomenon, cells have developed 

multiple storage components (ferritin, lipocalin-2, siderophores, etc.) to tightly regulate the 

cellular ferrous availability. 

Figure 2: Figure from [1]. (3) Haber Weiss reaction: (1) oxidation of low-oxidation state metal ion by hydrogen 
peroxide (Fenton reaction) and (2) cycling back to low-oxidation state with superoxide. 

In addition to all processes mentioned in Table 1, ionizing radiations such as X-rays or UV also 

mediate the decomposition of water into hydroxyl radical within biological systems [10]. 

I.1.c. ROS reactivity 

Because of its triplet spin-state, molecular dioxygen reacts very slowly with organic molecules 

that are in singlet spin state according to the spin conservation rule (Figure 3). In contrast, for 

radical ROS like O2
•- and HO•  that possess only one unpaired electron (S=1/2), the spin-state 

kinetic barrier is relieved, which renders them much more reactive [11]. Consequently, the 

activation of dioxygen into excited singlet oxygen or ROS (doublet in the case of O2
•- and HO•) 

is required to allow the incorporation of oxygen into organic molecules such as alkanes. In this 

way, ROS are considered as a way to provide the molecular diversity observed in living 

organisms that probably accelerated evolution and adaptation to changes in the oxidative 

environment at the origins of life [1,12]. 

 

Figure 3: Figure from [13]. Molecular orbital diagrams of the oxygen states in molecular dioxygen, singlet 
dioxygen and superoxide radical anion. 

(1) 

(2) 

(3) 
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All ROS possess inherent chemical properties that confer them not only different reactivities 

but also different biological targets. For instance, the reactivity of aforementioned ROS can be 

ranked with the following order: H2O2 < O2
•- < HO• [14]. 

On one hand, HO• indiscriminately attacks every bio-molecules around it with a kinetic rate 

limited by diffusion. HO• consequently has a very short half-life (10-9 s) and reacts at its site of 

formation. Its extreme reactivity is related to its very high one-electron redox potential 

(E°(HO•/H2O) = 2.33 V/NHE). HO• can engender very important damages through the oxidation 

of lipids, DNA (attack of the guanine residues mostly) [15] or proteins and is consider as the 

most dangerous and toxic ROS. On the other hand, H2O2 and O2
•- are much less toxic and 

deleterious than HO•. O2
•- possesses a lower but still high one-electron redox potential (E°(O2

•-

/H2O2) = 0.93 V/NHE) compared to hydroxyl radical. Consistently, its half-life is longer (10-5 s) 

which allows superoxide to migrate and reach further targets. However, superoxide is also 

confined close to its production site since its negative charge prevent any diffusion through 

membranes. While superoxide oxidizes a smaller range of biomolecules than hydroxyl radical, 

it is still involved in DNA nicking, in lipid peroxidation and in the inactivation of enzymes 

containing iron-sulfur clusters [16]. For its part, H2O2 is the most stable ROS with a half-life 

around 10-2-10-3 s and has the ability to cross membranes thanks to its neutral charge. H2O2 is 

notably responsible for the oxidation of cysteines (that will be detailed in the next section) but 

its oxidizing power mostly results from its conversion to hydroxyl radical by the Haber-Weiss 

reactions. 

I.1.d. Functions of ROS  

ROS have two faces: they are indeed key actor of both redox biology and oxidative stress. ROS 

can hence induce opposite effects, depending not only on their concentration but also on their 

cellular location which itself depends on their site of production and their stability (type of 

ROS). 

On one hand, excessive intracellular levels ROS induce oxidative stress. Oxidative stress indeed 

refers to an overproduction of ROS that damage lipids, proteins and DNA and subsequently 

alter cell homeostasis, structures, and functions [6,16]. As a results, high intracellular ROS 

levels were shown to contribute to the development of various human pathology including 

cardiovascular, neurodegenerative and metabolic disorders as well as cancer, diabetes and 
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inflammation [17]. On the other hand, appropriate levels of ROS were shown to dictate redox 

biology. At controlled concentrations, ROS maintain the redox balance of the cells that is 

essential for the proper course of physiological processes. In this way, ROS are strongly 

implicated in the redox signaling of various pathways initiating for instance cellular 

differentiation, cell adhesion and growth, tissue regeneration and prevention of aging [18]. 

Moreover, small increases of ROS can be useful when considering that they do not always 

cause toxicity to the host but rather to invading pathogens. Indeed, macrophages, white blood 

cells and other immune cells are known to generate oxidative burst to eliminate infectious 

microorganisms [19]. 

The redox-dependent oxidation of cysteines within proteins is a relevant example to illustrate 

that the local concentration in ROS is an important determinant of whether redox biology or 

oxidative stress occurs. At nanomolar levels, H2O2 reversibly oxidized cysteines residues 

present in the thiolate anion form (Cys-S-) into the sulfenic form (Cys-SOH) (Figure 4) or 

disulfide bridges. This first-degree of oxidation can divert transiently the target protein from 

its original enzymatic function and this way serves as reversible signal transduction 

mechanism associated to redox biology [20,21]. However, higher levels of ROS may induce 

higher oxidation states, from sulfenic species (Cys-SOH), into sulfinic (SOH2) and sulfonic 

(SO3H) ones. These modifications are irreversible and consequently lead to permanent protein 

damages. 

 

Figure 4: Figure adapted from [18]. Illustration of the reversible and irreversible oxidation of cysteines mediated 
by hydrogen peroxide. Trx stands for disulfide reductases thioredoxin and Grx for glutaredoxin. 

The dual role of ROS in cancer development constitutes another interesting example revealing 

the two faces of ROS [22,23]. Indeed, ROS participate in the tumor initiation, progression and 

resistance to therapy through oxidative damages of cellular structures, in particular DNA 

(somatic mutations, genome instability, activation of oncogenes and inactivation of tumor 

Trx, Grx

Reversible Irreversible

High ROS levels
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suppressor genes). However, in turn, elevated ROS levels can promote tumor cell death. This 

strategy to take advantage of ROS toxicity against cancer cells has been effectively used for 

anticancer treatment [24].  

I.1.e. Antioxidant defenses: focus on superoxide dismutase and catalase 

To fight oxidative stress while ensuring redox homeostasis, the concentration in ROS is tightly 

regulated by an arsenal of endogenous molecules that react with ROS to form nontoxic or less 

toxic products. These antioxidant defenses gather redox enzymes and stoichiometric 

scavenger [25,26]. The formers are specific to one type of ROS; the most important are 

detailed below and summarized in Figure 5. First, superoxide dismutase enzymes specifically 

catalyze the dismutation of superoxide into dioxygen and hydrogen peroxide [16]. 

Alternatively to SODs, a superoxide reductase (SOR) enzyme was shown to reduce superoxide 

into H2O2 without releasing dioxygen in an air-sensitive bacteria [27,28]. In turn, H2O2 is mostly 

converted to water by peroxiredoxin/thioredoxin reductase systems. Under increased 

amount of H2O2, the glutathione peroxidase/ glutathione reductase systems and catalase 

provide additional support to catabolize H2O2 [26,29]. The activity of these enzymes is 

continuously regulated to finely tune the concentration in each ROS.  

 
Figure 5: Figure adapted from [13]. Schematic illustrations of the catalytic defenses dedicated to protect the cells 
from oxidative stress. 

In addition to these catalytic defenses, cells are equipped with stochiometric scavengers of 

ROS. The two most predominant are ascorbic acid and the tripeptide glutathione (GSH) which 

NOXs
Mitochondrial respiration

(complex I and III)
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are present in cells at millimolar concentrations [29,30]. GSH detoxify ROS through its 

oxidation into glutathione disulfide (GSSG). GSH can then be regenerated by NADPH-

dependent glutathione reductase (Figure 5). Exogenous non-enzymatic ROS neutralizers are 

also able to complement endogenous defenses, they include vitamin C and E, flavonoids and 

carotene [26,29,31]. 

I.1.e.i. Superoxide dismutases (SODs) 

SOD enzymes constitute the first line of defense against oxidative stress since superoxide is 

the primary ROS generated from the cascade of dioxygen monoelectronic reduction (I.1.a). 

Related to their key protective role, SODs are found in many organisms : almost all aerobic 

ones and some of the anaerobic [28]. These metalloenzymes catalyzes very efficiently the 

dismutation of superoxide — oxidation to dioxygen and reduction to hydrogen peroxide — at 

a rate close to the diffusion limit. To this end, SODs require a metallic center that is 

successively oxidized and reduced via a ping-pong mechanism as represented in Figure 6. 

 
Figure 6: Figure from [1]. Simplified catalytic cycle of metal-containing SOD enzymes. 

All SODs, whatever their difference in structure, possess a high catalytic rate (»109 M-1.s-1) that 

can be correlated to their favorable standard redox potential (»0.36 V/NHE) [32]. As a matter 

of fact, whatever the metal involved in the active site of SODs, the redox potentials are all 

positioned in a narrow potential range around the optimal value, i.e., at the midpoint potential 

between superoxide oxidation (-0.18 V/NHE) and reduction (0.91 V/NHE pH7) (Figure 7) [33]. 

Moreover, the presence of positively charges residues arranged as a funnel in SODs structure 

facilitates the approach of negative-charged superoxide toward the active site and hence 

contribute to the high catalytic activity. Owing to these advantageous parameters, SODs are 

very efficient in maintaining low and steady-state level of superoxide inside cells (superoxide 
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content was measured around 0.2 pM and 30 pM in E. coli and mammalian cells respectively) 

[34,35]. 

Eukaryotic cells produce three different SODs, numbered from 1 to 3, and differing by the 

metal involved in their active site (copper-zinc, the zinc playing mainly a structural role, or 

manganese) and by their cellular location [1,28,36]. SOD1 or Cu/ZnSOD is primarily located in 

the cytosol but is also found in the nuclear compartments, in the mitochondrial 

intermembrane space and in peroxisomes. SOD2 or MnSOD is exclusively compartmentalized 

in the mitochondrial matrix. Lastly, SOD3 or EC-SOD is another Cu/ZnSOD secreted in the 

extracellular environment and binds to the outer plasma membrane and extracellular matrix 

[37,38]. Among these 3 SODs, MnSOD was shown to be the most crucial for survival [1], which 

could be related to its compartmentalization in the mitochondria, the major site of ROS 

production. Additional SODs were found to be expressed only by prokaryotic cells: an iron SOD 

(FeSOD), mainly found in the chloroplasts of plant cells, a rarer nickel SOD (NiSOD) primarily 

present in the cytoplasm [28,32,39–41] and a class of copper-only SODs discovered in C. 

Albicans [42]. 

 
Figure 7: Figure from [43]. X-ray crystal structure of the four type of SODs (NiSOD [44], FeSOD [45], MnSOD [46] 
and Cu/ZnSOD[47]) and their active site. The standard potentials of the SODs at pH 7 are indicated [1]. 

The crystallographic structure of each SOD is given in Figure 7. Briefly, the active site of MnSOD 

is constituted of a Mn(III) cation in a trigonal bipyramidal geometry, the Mn-ion being bound 
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to two histidines and one aspartate in the equatorial plane and a third histidine and one water 

molecule in axial positions. Interestingly, FeSOD shows the same first coordination sphere 

around the iron center. In SOD1, catalysis was shown to occur at the copper center which is 

surrounded by three histidine in its first coordination sphere. The zinc center was first believed 

to only serve as a structural scaffold until S. Nedd et. al report in 2015 its participation in the 

catalysis efficacy via the adjustment of Cu site reduction potential and geometry [48]. 

I.1.e.ii. Catalases enzymes (CATs) 

The catalase enzymes (CATs) are present in all aerobic species suggesting they may play an 

important role as part of the antioxidant defenses. Still, CATs are mostly restricted in the 

peroxisomes and are active only upon severe oxidative stress conditions, which limit its 

essentiality under healthy physiological conditions. However, the lack of CATs activity in 

knock-out mice was shown to increase the risk of oxidative stress-mediated pathology [49]. 

CATs catalyze the dismutation of H2O2 into H2O and O2 via a two-step reaction detailed in 

Figure 8. The detoxification of H2O2 by CATs implies a two-electron redox process 

accompanied with the transfer of two protons [50]. CATs are known to display high catalytic 

rate with respect to the auto-dismutation of H2O2 (kcat » 107 M-1.s-1) and high turnover 

numbers: the Braunschweig Enzyme Database (BRENDA) indicates that one catalase molecule 

is able to dismute 2.8 millions H2O2 per second [51]. Besides their optimal redox properties, the 

presence of an access channel that favors the approach of the reagents (H2O2) and the release of 

the products (H2O and O2) was reported to contribute to the efficacy of the catalysis [52]. 

 
Figure 8: Catalases accelerate the breaking down of two hydrogen peroxide molecules into two water molecules 
and one of dioxygen. 

CATs can be subdivided in two groups: the heme-containing catalases (that comprise the 

human CAT) and the manganese (non-heme) catalases. 

The active site of the heme-containing CATs is composed of an iron center, penta-coordinated 

by a tyrosine proximal ligand (Tyr358) in addition to the 4 pyrroles of the porphyrin (N-Fe 

bonds). A distal histidine residue (His75) was also shown to be strongly implicated in the 
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catalysis mechanism by stabilizing CAT- H2O2 adducts via proton exchanges [53,50,54]. A 

proposed mechanism of the histidine-mediated catalytic cycle is illustrated in Figure 9. In 

addition to these monofunctional CAT, heme-containing class comprises a less widespread 

subsection (only found in bacteria, archaebacteria, and fungi) that display both catalase and 

peroxidase activity.  

Figure 9: Figure from [55]. Mechanisms of heme-containing CATs for H2O2 dismutation [50,54]. Briefly, a first H2O2 

molecule oxidizes the Fe(III) heme leading to the release of one water molecule and the formation of an unstable 
oxoferryl porphyrin cation radical [Fe(IV)=O]. Then a second H2O2 rapidly reacts with the porphyrin-Fe(IV)=O to 
reform porphyrin-Fe(III) via the formation of a porphyrin-Fe(III)-OH intermediate and the subsequent generation 
of one molecule of water and dioxygen.  

Lastly, the MnCAT was isolated in various bacteria: mostly lactic acid bacteria. Crystallographic 

and mechanistic studies revealed that MnCAT possess two manganese centers that both cycle 

between Mn(II) and Mn(III) [56,57]. The two manganese ions are hexacoordinated with an 

octahedral geometry (Figure 10). First, they are linked by a μ-oxo bridge, a μ-hydroxo one and 

another one formed by the carboxylate moiety of the glutamate residue Glu65. Proximal 

histidines (His69 and His181), monodentate or bidentate glutamate (Glu35 and Glu148) and a 

water molecule complete their first sphere of coordination.  
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Figure 10: Figure from [57]. Crystallographic structure of MnCAT isolated from L. plantarum. (Left) Electron 
density map of the dinuclear manganese active site. (Right) Geometric details (bond lengths). 

To sum up, Figure 11, published in a review from M. Schieber and N. Chandel, provides an 

overview of the basic knowledges on ROS : 1) major production by NOXs enzymes and during 

the mitochondrial respiration, 2) detoxification of ROS by antioxidant enzymes such as SOD, 

CAT, PRx and GPx, 3) protective functions of ROS in redox biology and 4) deleterious effects 

of ROS in oxidative stress. Case 4 is observed when the concentration in ROS is not properly 

regulated either because they are overproduced or because the defenses are weakened. 

Oxidative stress situations were shown to participate in the physiopathology of various 

diseases such as inflammatory disorders. 

 

Figure 11: Figure from [22]. Illustrations summarizing the basics of ROS. 
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I.2. Inflammatory bowel diseases: inflammation and oxidative stress 

I.2.a. Inflammatory bowel diseases: a global health issue 

Inflammatory Bowel Diseases (IBDs) are chronic disorders characterized by a severe 

inflammation of some part of the gastro-intestinal tract. They include Crohn’s disease (CD) 

and ulcerative colitis (UC) that differ at least by the location of the inflammation. They both 

can cause diarrhea, rectal bleeding, anemia, weight loss and abdominal pains [58]. IBDs 

constitute a global health issue as their incidence is particularly high (and keep increasing) in 

developed countries reaching in cumulative incidence (over life time) 1 per cent in Europe. 

[59,60]. The number of IBDs cases in the world is estimated at 6.8 millions people [61]. For 

now, no curative therapy exists to treat IBDs and patients mostly receive drugs aiming to 

control inflammation in order to alleviate the symptoms and to prevent the flare-ups. The 

main treatments include corticosteroids and immunomodulators comprising small molecules 

and monoclonal antibodies targeting specific inflammatory pathways or cytokines [62]. 

However, these expensive drugs are not always efficient and can induce loss of response and 

adverse effects. Eventually, surgery, and particularly intestinal resection, is often advocated 

to reduce symptoms or following complications [63]. There is therefore an urgent need for 

novel, safe and efficient therapeutic alternatives to fight IBDs.  

I.2.b. Intestinal inflammation and dysbiosis of the intestinal microbiota in 

IBDs 

Aiming the development of therapy to “cure” IBDs, the scientific community has mostly 

focused on one well-recognized feature of IBDs: the dysbiosis of the intestinal microbiota 

(Figure 12). Intestinal microbiota is made of a large and complex variety of micro-organisms 

indigenous or transient. While most of them are commensals, others, named pathobionts 

(mostly proteobacteria), are pathogenic and can have pro-inflammatory effect when allowed 

to grow in number. To prevent dysbiosis and maintain the intestinal homeostasis, the gut-

associated lymphoid tissue (GALT), must specifically eliminate the pathogenic species while 

tolerating the symbiotic ones via a dynamic equilibrium between regulatory T cells and 

activated effector T cells. Moreover, the mucus layer present in the semi-permeable intestinal 

epithelial barrier protects the intestinal epithelial cells from commensal bacteria and 

pathobionts [64,65]. If bacteria eventually penetrate into the mucus, intestinal epithelial 
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Paneth cells are responsible to secrete antimicrobial peptides to eliminate them and regulate 

the microbial load at the mucosal surface (Figure 12) [66]. In addition, when bacteria 

translocate from the intestinal lumen to the inner layers of the mucosa, the host immune 

response is activated and produce pro-inflammatory mediators. Consequently, when IBD 

dysbiosis is seen, it favors inflammatory responses due to broken homeostasis between 

regulatory and effector T cells leading to excess production of inflammatory mediators. This 

causes exacerbated mucosal immune response and results in inflamed tissues, disrupted and 

dysfunctional intestinal barrier, mucosal inflammation and more generally in IBDs symptoms 

(Figure 12) [59,67].  

IBDs are thus characterized by an impairment of the gut microbiome composition associated 

to an excessive amount of commensals and pathobionts and reduced amount of symbiotics 

[68]. In particular, the number of F. prausnitzii bacteria, known to display protective effects 

via the blockage of NF-kB and IL-8 production, is significantly reduced in IBDs patients 

microbiota [69]. As mentioned above, the gut microbiome alteration, combined with genetic 

and environmental (diet, stress, drugs) factors, is both the result and the cause of an 

overreactive immune system.  

To revert the IBD dysbiosis, manipulating gut microbiota using for example probiotics or fecal 

microbiome transplants are currently evaluated in clinical trials through a very attractive 

approach [70–72]. 



 
 
 

 26 

Figure 12: Intestinal inflammation in IBDs (scheme drawn with Biorender). (Left) Intestinal homeostasis is 
associated to functional epithelial barrier and healthy microbiota. (Right) Intestinal inflammation is accompanied 
with damages in the mucus layer and dysbiosis of the microbiota. 

I.2.c. IBDs and oxidative stress 

As a reminder, oxidative stress (OS) is characterized by an excessive amount of reactive oxygen 

and nitrogen species ROS/RNS in the tissues resulting from an imbalance between prooxidants 

and antioxidants. ROS were reported to play a key role in regulating the activation of the 

immune system and mediating inflammation [22]. Indeed, redox homeostasis is efficient in 

maintaining a healthy immune system. In contrast, decreased level of ROS leads to immuno-

suppression while oxidative stress (increased ROS levels) contributes to auto-immunity and 

subsequently to inflammation [22]. Not surprisingly, many studies evidenced the implication 

of OS in IBDs. They investigate the molecular basis of OS as pathophysiological component 

[73–75]. OS was notably associated to several IBD clinical features, including tissue injury and 

fibrosis, mucosal erosions and the ulcerative colitis–associated colorectal cancer [73]. For 

these reasons, oxidative stress biomarkers were proposed as a way to diagnose IBDs [76].  

The mechanisms underlying oxidative stress and inflammation are intimately intertwined. 

Oxidative stress is thus considered as both a cause and a consequence of the inflammation, 

playing a key role in IBDs physiopathology [77]. To go more into details, ROS were suggested 

to contribute to the pathogenesis of IBDs via different processes. First, their sensing by innate 

immune receptors from the Toll-like (TLRs) and the NOD-like (NLRs) families is known to 

induce the activation of signaling pathways triggering the inflammation [77]. Besides, the 
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activation of TLRs or NLRs receptors was also shown to stimulate the production of ROS by 

mitochondria and NOXs enzymes, thus amplifying the inflammatory process [22,78]. Secondly, 

oxidative stress causes impairment in the mucosal barrier permeability allowing bacteria 

present in the intestinal lumen to cross the mucosal barrier and infiltrate the sterile 

epithelium. The host responds to this bacterial invasion with the engagement of neutrophils 

cells that initiate the inflammatory process. This theory, named the “radical induction theory”, 

thus proposes a strong involvement of OS in the inflammatory trigger on the intestinal mucosa 

[79,80]. Thirdly, it is well-established that ROS can activate the NF-kB inflammatory pathway. 

The activation mechanisms have long been investigated and publications mentioned mostly 

the classical IKK-dependent pathway but also other more atypical pathways such as the IkBa 

Y42 phosphorylation [81]. Lastly, more recent findings identified oxidative-stress related 

genetic susceptibility loci for IBD, again supporting the implications of OS in IBD pathogenesis 

[82]. In return, the inflammatory process results in the release of large amounts of ROS by the 

activated immune cells (macrophages, leukocytes, phagocytes, neutrophils) as part of the host 

defense mechanism. Moreover, the inflammation mediates the overexpression of other 

various ROS-producing enzymes such as lipoxygenases (LOX), myeloperoxidase (MPO), and 

inducible isoforms of nitric oxide (NO) synthase (NOS2) [76]. The subsequent oxidative burden 

is responsible for major cell injury and participate in maintaining and even exacerbating the 

ongoing inflammation. To conclude, OS is assumed to be not only one source of the 

inflammation but also its etiology. This constitutes thus a vicious spiral deeply implied in IBDs 

physiopathology.  

The OS occurring in IBDs patients is detectable at different levels: the direct presence of ROS, 

the oxidation of biomolecules and the depletion of antioxidant activity. This last point was 

largely demonstrated in various clinical cases [83–87]. The activity of the main antioxidant 

enzymes responsible for the catalytic consumption of ROS were assessed in patient samples. 

The activity of SOD enzymes was in particular significantly reduced in plasma [83,85,87] from 

IBDs patients compared to healthy subjects. Interestingly, K. Szczeklik et. al observed that the 

SOD activity was returned at normal levels in CD remission group [87]. Furthermore, L. 

Kruidenier et al. reported that the expression and concordantly the activity of the extracellular 

SOD is diminished in tissues homogenates from IBDs patients compared to the control group 

[84]. Likewise, the activity of the MnSOD was abnormally reduced in IBD tissues. However, 
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immunological assessment indicated an increase in MnSOD content suggesting that MnSOD 

is overexpressed but in an enzymatically inactive form [84]. The activity of other endogenous 

antioxidant enzymes were also shown to be imbalanced in IBD patients including catalase 

(CAT) and glutathione peroxidase (GPx) [85]. To sum up, the antioxidant enzymes do not fulfill 

their mission of counterbalancing the pro-oxidants activity in IBDs cases. In other words, they 

are not efficient enough in regulating the ROS concentrations and hence maintaining the 

redox homeostasis. These observations emphasize the potential of antioxidant drugs as 

promising therapeutic to compensate for these deficiencies in endogenous defenses and 

hopefully to control the inflammation in IBDs. 

I.2.d. Administration of antioxidant enzymes for IBDs treatment 

Considering the tight correlation between oxidative stress and inflammation as well as the 

deficiency in SOD and CAT enzymes in IBDs cases, the administration of SOD and CAT enzymes 

at therapeutics purposes were explored in both murine colitis model and IBDs clinical cases. 

A relevant example is that of the Cu/ZnSOD that was efficient in attenuating different markers 

of inflammation (weight loss, macroscopic/microscopic damage scores..) in mice suffering 

from TNBS-induced colitis and daily treated with subcutaneous doses of the enzyme [88]. 

Based on these promising findings, the Cu/ZnSOD was very early (in 1991) examined in Phase 

II trial for CD treatment by subcutaneous injection [89]. The trial obtained 73% positive results 

for short term response and 82% positive results for long term evolution. Lecithinized SOD 

(SOD covalently bound to 4 phosphatidylcholine-derivative molecules named lecithin) also 

afforded significant amelioration in UC patients [90]. Moreover, a dietary supplementation 

with SOD purified from Bacillus amyloliquefaciens appears to protect against OS and to 

improve inflammation in γ-radiation- and DSS-induced colitis mouse model [91]. For its part, 

catalase was also examined as a potent IBD treatment in murine model [92,93]. In 2016, K.E. 

Barrett and D.F. McCole highlighted the ability of catalase to slightly improve DSS-induced 

colitis in mice and more importantly to suppress the DSS-induced decrease in baseline ion 

transport [92]. More recently, an atypical commensal E. coli strain expressing an additional 

extra-cellular catalase permitted to decrease H2O2 levels in DSS-induced murine colitis. This 

antioxidant activity was correlated with reduced diseases activity scores [92]. 
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I.2.e.  A new therapeutic strategy : administration of low-molecular weight 

SOD and CAT mimics. 

Overall, proteins make poor drugs for the following reasons. First, they poorly penetrate inside 

the cells because of their large molecular radius and inappropriate charge density. 

Consequently, only little fraction of the administered SOD/CAT proteins will reach the action 

site where oxidative stress occurs in the cells. The administrated circulating enzymes are 

rapidly cleared in the kidneys. Secondly, the enzymes possess short half-lives as they are not 

very stable outside of their native environment. Last but not least, the administration of 

proteins originating from foreign organisms frequently results in a strong immunogenicity 

leading to an unwanted immune response against them. To overcome these limitations, the 

use of synthetic low-molecular weight molecules reproducing the antioxidant activity of the 

SOD or CAT enzymes was explored. Based on their lower molecular weight and the possibility 

to tune their charge density, these synthetic SOD or CAT mimics may afford improved 

pharmacodynamics and pharmacokinetics properties. They are also less subjected to 

immunogenicity issues. A general description of the existing SOD mimics is provided in the 

next section. 

I.3. Metal complexes with SOD activity, so-called SOD mimics 

Multiple redox-active metal-based compounds were described in the literature for their ability 

to catalyze superoxide dismutation. A number of reviews from Salvemini et. al [94], Iranzo et. 

al [95], Miriyala et. al [96], Batinic et. al [97], Policar et. al [1] or Signorella et. al [98] provide 

a comprehensive overview of the state of the art of SOD mimics and report the major 

knowledges on the understanding of their activity. 

I.3.a. Important criteria for efficient SOD mimics 

To exert efficient therapeutic effects, SOD mimics need to exhibit several characteristics that 

are shared by native SODs: high intrinsic SOD activity, high bioavailability and appropriate 

cellular location. The combination of these parameters, detailed below, constitutes a 

guideline for the design of SOD mimics.  

I.3.a.i. Intrinsic SOD activity 
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The most valuable characteristic of SOD mimics as drug candidates is undoubtedly their ability 

to catalyze the dismutation of superoxide: the faster the kinetic of the dismutation, the better 

the antioxidant benefits. Two major features were delineated to obtain the most kinetically 

competent SOD mimics: 1) a finely tuned redox potential and 2) favorable electrostatic 

attraction of superoxide. 

� Tuned redox potential 

We already mentioned in section I.1.e.i that the optimal redox potential for SOD activity is 

equal to 0.36 V/NHE, the midpoint potential between superoxide oxidation and reduction. At 

this potential, the two half-reactions (oxidation to dioxygen and reduction to H2O2) occur at 

the same rate. For the purpose to finely tune the redox potential close to this optima value, 

the coordination sphere of the metal ion can be adapted. According to its Lewis nature, the 

ligand can control the redox potential through electronic effects. As an example, the hexaaqua 

Mn(III)/Mn(II) couple possess a too high redox potential (1.51 V/NHE) to catalyze superoxide 

dismutation. Consequently, the acceleration of the reaction with superoxide require to reduce 

the redox potential. To this end, one could for instance stabilize Mn(III) via the coordination 

of electrons-donating group (N-donors) that will increase the electron density onto the 

manganese center. In addition, the tuning of redox potential can be achieved by modulating 

the charge of the ligand and the geometry of the complexes. On one hand, a negatively-

charged ligand (resp. positively charged) decreases (resp. increases) the redox potential. On 

the other hand, the redox potential can be decreased by using a ligand that constrains the 

complex in an axial-distorted octahedral structure (Jahn-teller effect) [1,99]. 

� Electrostatic guidance of superoxide 

In addition, researchers have focused on mimicking the positively-charged entrance funnel 

found in native SODs [100], that guides superoxide from the protein exterior toward the active 

metallic center [101]. In this way, the presence of charges and their topography within Mn-

porphyrin was shown to strongly impact the catalytic rate for superoxide dismutation 

[101,102]. In more details, the distribution of charge at the far periphery of the porphyrin was 

less efficient in accelerating superoxide dismutation than when distributed over a donut 

above the manganese center. Otherwise, the group of C. Policar conjugated a SOD mimic to 

cationic unstructured polyarginine moiety (up to 9 moieties)  to favor the approach of 
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superoxide via electrostatic effect, [103] and they showed that only the three closest charge 

from the metal center were electrostatically efficient. 

I.3.a.ii. Bioavailability 

� Stability and inertness 

To exhibit beneficial effect in cells or in vivo, the SOD mimics have to remain intact in the 

biological conditions. However, the cellular environment is very rich in competitive free metal 

ions (or loosely bound metal ions) and metal-coordinating bioligands that may react with the 

SOD mimics and inactivate it (via metal or ligand exchanges). For this reason, efforts must be 

made to design inert and stable SOD mimics. 

� Cellular penetration 

The ability of SOD mimics to penetrate inside cells is an essential parameter for therapeutic 

effects. Since this parameter was corelated with amphiphilic properties, some SOD mimics 

were conjugated to lipophilic alkyl chain to promote their cellular uptake [104]. Alternatively, 

other SOD mimics were coupled to moieties that are specifically recognized by cells and 

subsequently internalized (galactose or lactose) [105,106]. 

I.3.a.iii. Cellular distribution 

Lastly, the cellular distribution of SOD mimics is an important determinant of the bioactivity 

[97]. As a matter of fact, in a study from Munroe et. al, the absence of bioactivity observed 

for yet SOD-active metal complexes was attributed to their mislocation [107]. Indeed, to 

induce benefits, the SOD mimics need to reach the ROS-enriched cellular regions. Based on 

the fact that oxidative stress is mostly initiated in mitochondria, some SOD mimics were 

functionalized with mitochondria-targeting moieties (mostly cationic and hydrophobic) 

including mitochondria-targeting peptide [106] and triphenylphosphonium moieties [108]. 

The improvement of the protective effects displayed by the SOD mimics were linked to their 

increased accumulation at the mitochondria. In addition, Mathieu et al. study a SOD mimic 

conjugated to a multimodal probe based on a Re(CO)3 lipophilic complex [109]. They showed 

that the resulting conjugate goes to the mitochondria and they linked the amount at the 

mitochondria with the anti-inflammatory activity. 
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In the end, another primary requirement, that applied to any drugs, is of course the non-

toxicity of the metal complexes. 

I.3.b. State of the art of metal-based SOD mimics 

This section aims to summarize the major advances in the development of metal complexes 

mimicking SOD. The SOD mimics described in the literature gather complexes containing iron, 

copper, nickel or manganese center. However, the manganese-based complexes represent 

the large majority of designed SOD mimics since manganese is preferred for in cells or in vivo 

applications due to its lower toxicity (do not catalyze Fenton reaction) and higher 

bioavailability (see section II.1.b.i).  

I.3.b.i. Iron-, copper- and nickel-based SOD mimics 

The first metal complex with SOD activity that has been described in the literature is a Fe(III) 

porphyrin: Fe3+-tetrakis(4-N-méthylpyridyl)porphyrine, abbreviated Fe(TMPyP)3+ (Figure 13 

(A)) [110]. Fe(TMPyP)3+ is able to catalyze superoxide dismutation with a high catalytic rate 

(3.107 M-1.s-1) but is afterwards rapidly degraded by produced H2O2 leading to the release of 

toxic free iron, probably reduced in the intracellular reducing environment into Fe(II), resulting 

in an increased HO• production (see section I.1.b) [111]. One copper porphyrin (Cu2+-Br8TM-

4-PyP4+) whose structure is given in Figure 13 (B) was also reported to display a significant 

SOD activity (3.106 M-1.s-1) and to be more resistant to demetallation than the analog Mn 

complex [112]. Indeed, while being more toxic when free, the use of copper led to more stable 

complexes with higher association constant. Otherwise, most of the discovered copper 

complexes with SOD activity are based on peptidyl ligands inspired from Cu/Zn SOD active site 

and thus rich in histidines (see section I.1.e.i). One Co(II) complexes has also been described, 

built on a glycoligand [113]. Lastly, few nickel complexes were designed based on the active 

site of the native Ni-SOD that contain 2 nitrogen and 2 sulfur donating atoms in its first sphere 

of coordination (see section I.1.e.i) [114–116]. 
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Figure 13:Structure of the (A) iron and (B) copper porphyrin-based SOD mimics mentioned in the text. (A) 
Fe(TMPyP)3+, (B) Cu(Br8TM-4-PyP)4+, (C) tri-peptide asparagine-cysteine-cysteine mimicking the coordination 
sphere in NiSOD [114]. 

I.3.b.ii. Manganese-based SOD mimics 

A large variety of manganese complexes have been described in the literature for their SOD 

activity [1,94–96,117,118]. Most of them consist of porphyrin, cyclic polyamine or salen-type 

ligands coordinating a Mn(II) or Mn(III) ion. Others contain a N3/4O ligand bio-inspired from 

the active site of endogenous MnSOD. 

� Porphyrin-based Mn complexes 

Figure 14: (A) Chemical structure of Mn(III)-porphyrin SOD mimics. Multiple R substituents have been tested [119]. 
(B) Best reported MnP: Mn(II)-Br8TM-3-PyP4+ 
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The Mn-porphyrins (MnPs) count among the most developed and efficient SOD mimics. 

Porphyrins are of particular interest for in vivo applications because they are non-toxic and 

form very stable metal complexes. Moreover, they are chemically accessible meaning that the 

core structure can be quite easily functionalized with a large range of substituents to modulate 

their redox potential and thus their SOD activity [119]. The catalytic rate for superoxide 

dismutation of MnPs are usually found around 107-108 M-1.s-1. One MnP in particular, Mn(II)-

Br8TM-3-PyP4+ (Figure 14 (B)), stands out with a catalytic rate equal to 7.108 M-1.s-1, 

approaching that of the native enzyme [120]. Surprisingly, besides their SOD activity, MnPs 

were shown to act as pro-oxidant, possibly through the production of H2O2 and the oxidation 

of various cellular components (p65 subunit of NF-кB, complex I and III and IV in the 

mitochondria…) [121]. Researchers have taken advantages from the prooxidant activity of 

MnPs to selectively fragilize tumor cells (that are more sensitive to H2O2), while protecting 

normal cells via the anti-superoxide activity [119,122,123]. In this way, two MnPs: MnTE-2-

PyP5+ (BMX-010) and MnTnBuOE-2-PyP5+ (BMX-001) entered clinical trial as anti-cancer drug 

candidates. MnTE-2-PyP5+ is also in phase II clinical trial for atopical dermatitis treatment (= 

eczema, appears in response to excessive epidermal inflammation). The use of porphyrin-

related ligands such as corroles was also investigated as scaffold for the design of manganese 

SOD mimics [117]. However, this did not lead to as efficient SOD mimics. 

� Pentaazamacrocyclic Mn complexes 

The Mn(II) pentaazamacrocycles (Mn-PAM), also called cyclic polyamines, constitute another 

important class of Mn-based SOD mimics. Similarly to MnPs, their catalytic rate ranges around 

107-108 M-1.s-1 and reach up to 109 M-1.s-1 for the most efficient (named GC4419 and 

represented in Figure 15 (B)) [124]. Complex M4043 (Figure 15 (A)) is probably the most 

studied MnPAM. Its SOD activity was largely demonstrated outside of any cellular 

environment (kcat=1.2x107 M-1.s-1) and in cells. M40403 was notably involved in two clinical 

trials for cancer and hypotension treatment. Unfortunately, while M40403 was well tolerated 

in humans, the two clinical trials were suspended or terminated due to lack of therapeutic 

action. For its part, GC4419 is currently tested in phase II clinical trial for its ability to reduce 

oral mucositis in patients suffering from head and neck cancer [125]. 
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Figure 15: Structure of two Mn-PAM mentioned in the text: (A) M40403 and (B) GC4419. 

� Salen- based Mn complexes 

Another acknowledged kind of Mn-based SOD mimics consist in Mn complexes with an open-

chain tetradentate N2O2 ligand named salen. This latter is synthetized from one 

ethylenediamine moiety and two phenol groups functionalized with aldehyde forming a bis-

Schiff base ligand (Figure 16 (A)). Nevertheless, even the two most efficient Mn-salen (EUK-8 

and EUK-134, Figure 16) described in the literature possess limited intrinsic SOD activity (kcat 

» 106-107 M-1.s-1) and suffer from low stability, linked to the open-chain ligand [126,127].  

 
Figure 16: (A) Structural scaffold of salen-type ligands. (B) Structure of EUK-8. (C) Structure of EUK-134. 

� Mn-N3/4O complexes inspired from endogenous MnSOD active site 

The group of C. Policar has been focused in designing complexes that reproduce the chemical 

environment of Mn in native SODs [1,43,128–131]. As a reminder (see section I.1.e.i), the Mn 

ion in MnSOD is surrounded by three histidines (N-bonding) and one aspartate (O-bonding). 

Hence, to mimic the Mn sphere of coordination in MnSOD active site, this team synthetized a 

first series of tripodal nitrogen-centered ligand bearing a carboxylate moiety (Figure 17) 

[128,129]. They observed that the redox potential of the manganese complexes was higher 

than the optimal value at 0.36 V/NHE. Efforts have then been made to reduce the redox 

potential [132]. First, the carboxylate moiety was replaced with a more electron-donating 

phenol group [131]. Secondly, they incorporated an additional N-bond while taking care to 

(A) (B)

(A) (B) (C)



 
 
 

 36 

leave an inner sphere free site, required for the binding of superoxide to the Mn center. As 

expected (see section I.3.a.i), the decrease in redox potential (to get closer to 0.36 V/NHE) 

was positively correlated with increased catalytic activity for superoxide dismutation [129]. 

 
Figure 17: Figure from [43]. Structure and kinetic constant for superoxide dismutation of bio-inspired SOD mimics 
developed in the group of C. Policar. The mimics are ranked according to their redox potential. 

In conclusion, multiple types of metallic complexes with different degrees of SOD activities 

were explored as antioxidant therapeutics. A last common type, that was not detailed here, 

gather the peptidyl SOD mimics: the section III.1.c is dedicated to their description. 

I.3.c. Metal complexes with CAT-like activity 

The dismutation of superoxide results in the release of H2O2, another ROS that, while less 

reactive and toxic, can induce oxidative damages when a threshold is exceeded. For this 

reason, many work have been focused on the development of catalytic H2O2 scavengers in 

parallel to that of SOD mimics to reduce synergistically oxidative stress [133]. To detoxify H2O2, 

two main strategies were considered: the mimicking of CAT or peroxidase reactivity, which 

are in fact frequently co-existent in redox-active metal complexes [134]. This section aims to 

provide a short overview of the small molecular complexes mimicking CAT described in the 

literature. In addition to their distinct redox potential, the major difference between CAT 

mimics and SOD mimics is the ability to transfer two electrons to ensure the bi-electronic 

process of catalase, while SOD activity only requires mono-electronic catalysts. 

I.3.c.i. Mononuclear Fe- or Mn- CAT mimics 
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A large number of reported CAT mimics was initially developed as SOD mimics. Indeed as the 

redox properties required for both reactivity are close, many SOD mimics were found to 

additionally possess substantial CAT activity [135,136]. This class of CAT mimics mostly 

comprises Mn and Fe porphyrins and Mn salens [135]. For instance, the MnPs labelled 

MnTMPyP, MnTBAP, MnTE-2-PyP5+, MnTDE-2-ImP5+ and AEOL 11207 (Figure 18 (A)) were 

reported to exhibit dual SOD and CAT activity [137–139]. Likewise, numerous manganese 

salen complexes from the EUK series (EUK-8/113/134/172/178/189 etc.) are able to dismute 

H2O2 at a rate close to that measured for the aforementioned MnPs [127,140]. However, the 

activity remains much lower than that of the native enzymes (»0.001-0.05%). Interestingly, 

EUK derivatives conjugated with cyclopentane-fixed auxiliaries (Figure 18 (B)) [55,141] or with 

cyclodextrins [142] or bearing electron-withdrawing substituents on the phenyl ring [143,144] 

(e.g. sulphonato-, halide (Figure 18 (C)) display enhanced CAT activity. In contrast, the famous 

MnPAM SOD mimics M40403 and M40404 display no detectable CAT-like activity.  

 

 
Figure 18: Structure of some complexes/ligands mentioned in the text. (A) AEOL 11207. (B) Mn-salen complex 
functionalized with acid-base auxiliary. Multiple auxiliary groups R have been tested [55]. (C) Difluoro- and 
dichloro-substituted Schiff-base ligands (X = F or Cl). The halogenated substituents impact specifically the CAT 
activity. (D) Fe-tetraaza macrocycle. (E) CAT mimic based on NSNSN motif.  (F) Unsymmetrical hexadentate N3O3 
ligand possessing SOD and CAT activity upon Mn(III) binding. 

Furthermore, other types of mononuclear iron and manganese complexes were shown to 

catalytically scavenge H2O2 to oxygen and water [145]. One example was published by W. 

Sicking et. al and revealed the ability of a non-heme tretraaza macrocycles Fe(III) complex 

(Figure 18 (D)) to catalyze H2O2 dismutation [146]. Moreover, the use of linear pentadentate 
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ligands forming a NSNSN binding motif prove to be efficient for dismuting H2O2 with high 

kinetic rate and turnover efficiency (similar to  that of MnPs and EUK Mn salen complexes) 

upon coordination to Mn(II) (Figure 18 (E)) [147,148]. The resulting Mn(II) complexes are 

besides relatively stable in aqueous environments, in particular compared to salen-type 

complexes that are rapidly degraded in water. In addition, the groups of S. Signorella and C. 

Hureau designed stable mononuclear Mn(III) complexes composed of unsymmetrical N3O3 

ligands which display both CAT- and SOD-like activity (Figure 18 (F)) [149]. For non-heme 

mononuclear CAT mimics, a dimerization probably occurs to provide the two required 

electrons for each of the metal centers. 

I.3.c.ii. Bio-inspired dinuclear Mn(II) CAT mimics 

Another class of metal complexes with catalase activity are the di-manganese complexes 

whose structure was bio-inspired from that of the natural enzyme MnCAT described in section 

I.1.e.ii. The review entitled “Bio-inspired Functional Mimics of the Manganese Catalases” 

published by S. Signorella and C. Hureau provides a comprehensive overview of this kind of 

CAT mimics. Some relevant examples will be briefly summarized here. The first example of 

structural and functional analog of the L. plantarum MnCAT active site was reported by 

Dismukes and coworkers in 1987 (Figure 19 (A)) [150]. Briefly, they designed a septadentate 

ligand, containing 4 benzimidazole groups linked to a diaminopropanol moiety, that is able to 

bind two manganese ions. Interestingly, the binuclear Mn(II) complex successfully catalyzes 

the dismutation of H2O2 via a mechanism similar to that of the native enzyme.  

Later, the group of Signorella developed multiple synthetic di-manganese MnCAT biomimetic 

complexes [143,151–153] that were highly efficient to disproportionate H2O2 in aqueous 

solution. The structure-activity relationship study evidenced a correlation between the nature 

of the bridging and terminal ligands with the redox potential and thus with the catalase 

activity. In addition, the use of alkoxo- bridging ligand was associated with higher rate 

constant for H2O2 dismutation, independently to the redox potential (Figure 19 (B)). This was 

explained by their ability to serve as intramolecular bases that favors the proton transfer 

required for the catalysis. Following this same strategy, numerous phenoxo-, aceto- or 

carboxylato- bridged di Mn complexes were developed (Figure 19 (C,D)) and showed high 

catalytic activity for H2O2 disproportionation [145]. 
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Figure 19: Dinuclear manganese complexes designed as small artificial MnCAT enzymes.(A) First- developed 
MnCAT analog.(B) Example of alkoxo-bridged MnCAT mimic. (C) Example of phenoxo-bridged MnCAT mimic. (D) 
Example of carboylato-bridged MnCAT mimic [145] 

To conclude on Mn CAT mimics, it has to be highlighted that their catalytic cycle were shown 

to frequently involve high valent intermediates with the cycling between Mn(III)2 and Mn(IV)2 

I.3.c.iii. Copper-based CAT mimics 

Alternatively to iron and manganese CAT mimics, few mononuclear and dinuclear copper 

complexes were developed and explored for their CAT activity. This section presents non-

exhaustively some examples of Cu-based CAT mimics described in the literature. In the 1960s, 

a first demonstration, that mononuclear Cu(II) complexes with various ligands (peptides, 

nucleotides, RNA, DNA etc.) can displayed CAT activity, was reported by H. Sigel [154]. In 

particular, a Cu(II) complex composed of a bipyridyl ligand was shown to display catalase and 

peroxidase activities. Likewise, the coordination of Cu(II) with a ligand composed of a 

phenanthroline moiety and two N-Benzoylanthranilic acid groups (Figure 20 (A)) was shown 

to confer it with significant CAT activity [155]. Similarly a tetraazamacrocylic Cu(II) represented 

in Figure 20 (B) was shown to decompose both O2
•- and H2O2 catalytically with high rate[156]. 

As last example, a four-coordinating N2O2 ligand (Figure 20 (C)) was evidenced to act as CAT 

and SOD mimics upon coordination of one Cu(II) ion. Related to its CAT and SOD activity, the 

mononuclear Cu(II) complex showed anti-metastatic properties in glioma cells and in 3D 

multicellular spheroids [157]. 

 
Figure 20: Mononuclear copper(II) CAT mimics mentioned in the text. 
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The examples of dinuclear copper complexes with CAT activity are rarer. They include 

macrocyclic dinuclear structures [158,159] or N3O ligands like that given in Figure 21 

[160,161].  

 

Figure 21: Dinuclear Cu(II) CAT mimics. (A) Polyamine macrocyclic bearing alkyl substituents and bridged by 
xylylene. (B) N3O3 ligands with dual OSD/CAT activity. 

The comparative study of the catalytic rate for H2O2 dismutation between the different kinds 

of CAT mimics is not straightforward because the data published in the literature are not 

always comparable. Indeed, the CAT mimics were studied in various solvents (H2O, DMF, 

MeOH) at different pH but more importantly the values reported by the authors to describe 

the kinetic of H2O2 dismutation are of various natures/types. These kinetic parameters include 

the initial rate of O2 production (M.s-1), the endpoint (maximal concentration of produced O2), 

the first-order kinetic constant (s-1) or the second-order kinetic constant (M-1.s-1). In general, 

the second-order kinetic constant of the described cupper-based CAT mimics is around 1-10 

M-1.s-1, which represents about 0.0001% to 0.001% that of the native di-manganese catalases 

(ca. 3.1 x 106 M-1.s-1). 

To conclude this part, we must also mention that, similarly to SOD mimics, the presence of at 

least one labile coordination position on the metal center of the CAT mimic is required for 

binding H2O2 substrate. 

I.4. Evaluation of the SOD mimics activity 

The following section intends to describe the main tools provided to evaluate the reaction 

kinetic of superoxide with the SOD mimics in vitro and in cells. There is some confusions 

regarding the use of the term in vitro; in vitro refers here as the intrinsic ability of the 

complexes to catalyze superoxide dismutation outside of any cellular context, whereas 

biologist would use it for an activity in cell cultured as opposed to in vivo. 

I.4.a. Determination of the intrinsic SOD activity  

I.4.a.i. Indirect assay of SOD activity: the McCord and Fridovich assay 

(A) (B) 
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Among the techniques used to assess SOD activity, most rely on an indirect monitoring of 

superoxide consumption. In these methods, superoxide is provided in an aqueous buffer at a 

constant rate. The superoxide concentration reaches this way concentrations close to that 

observed physiologically under oxidative stress conditions, as a continuous flow. The most 

known SOD indirect assay is undoubtedly the assay originally developed by McCord and 

Fridovich in 1969 and largely optimized since then [162]. 

 
Figure 22: Global strategy of the McCord and Fridovich assay for an indirect measurement of the SOD activity. 

Briefly, this assay is based on the oxidation of xanthine into uric acid catalyzed by the xanthine 

oxidase enzyme which results in a continuous and slow flow of superoxide in water [162,163]. 

A kinetic competition to react with superoxide then occurred between the putative SOD 

mimics and a superoxide UV-vis indicator, which changes color upon oxidation with 

superoxide. The UV-visible monitoring of the superoxide-induced oxidation of the indicator is 

required because the direct spectrophotometric detection of superoxide is not possible due 

to its weak absorption coefficient and its low concentration in the assay conditions. A number 

of superoxide marker have been developed including cytochrome c Fe(III), XTT (2,3-Bis-(2-

méthoxy-4-Nitro-5-sulfophényl)-2H-tétrazolium-5-carboxanilide) or NBT (nitro blue 

tetrazolium) [164]. As illustrated in Figure 22, this assay allows to retrieve the IC50 

corresponding to the concentration of SOD mimic necessary to slow down the reduction of 

the redox indicator by 50%. However, this value is dependent on the used superoxide indicator 
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and its concentration. For comparison with available data published in the literature, one 

needs to calculate the apparent catalytic rate for superoxide dismutation of the SOD mimic 

from the following formula : kcat = kXTT∗CXTT/IC50 [1,129]. In the case of cytochrome c	Fe(III), 

NBT and XTT, the kinetic constants are respectively equals to kcyt-c(pH=7.8)=2.6×105mol-1.L.s-

1 [165], kNBT(pH=7.8)=5.9×104mol-1.L.s-1 [166] and kXTT (pH=7.8)=8.6×104mol-1.L.s-1 [167]. 

Alternatively to the enzymatic generation of superoxide, L. Costanzo et. al obtained a slow 

flow of superoxide through the photolysis of ketoprofen when irradiated at 313 nm with 

intensity comparable to sunlight. Then, the SOD mimics likewise compete with cytochrome 

for the dismutation of superoxide, allowing the determination of the catalytic constant which 

were found similar to that measured with the classical xanthine/xanthine oxidase assay [168]. 

The McCord and Fridovich assay was applied to a large number of SOD mimics 

[169,170,168,171,172]. The main advantages of this assay is its simple setting up as it requires 

only commercially available reagents and a classical UV-visible spectrophotometer and that it 

replicates the biologically relevant slow flow of production of superoxide. However, this 

indirect method is most of the time not sufficient to prove the catalytic action of the SOD 

mimics rather than a stoichiometric one due to the low concentration of superoxide. To 

observe several turnovers of SOD mimics reaction with superoxide, higher concentrations of 

superoxide need to be achieved. In this way, direct assays were established but required non-

routine and onerous systems. 

I.4.a.ii.  Direct assays of SOD activity 

To distinguish between a catalyst and a scavenger, the reaction of superoxide dismutation has 

to be observed with a high turnover number. In this way, systems providing superoxide in 

large excess compared to the SOD mimics are required. Such high concentrations of 

superoxide are not physiological but allow ascertaining the catalytic reactivity of some SOD 

mimics. 

First, superoxide can be produced in high amount in anhydrous aprotic medium, where no 

protons are available for the reduction of superoxide intro hydrogen peroxide, thus restricting 

the self-dismutation of superoxide [128,129]. Hence, the dissolution of KO2 or the 

electrochemical reduction of dissolved dioxygen were shown to be an efficient way to 

generate superoxide in DMSO, DMF or ACN. The presence of metal complexes with different 
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hydration levels evidenced their catalytic SOD activity. Moreover, the isolation of 

intermediates metal-O2
•- adduct under low temperature and their characterization by 

spectroscopy (UV-visible or EPR) inform on the reaction mechanisms [173]. However, such 

anhydrous conditions are not reminiscent of that encountered in biological environment. The 

two following techniques for SOD activity determination are compatible with aqueous 

solutions: pulse radiolysis and stopped-flow. Pulse radiolysis assay is based on the use of high-

energy ionizing radiation to generate rapidly and quantitatively a pulse of highly concentrated 

superoxide in dioxygen-saturated alkaline or ethanolic aqueous solutions [174–176]. 

Micromolar concentrations of superoxide were this way reached following short ionizing 

pulses of high intensity (1.5 µs, 4 MeV). Secondly, the mixing of SOD mimics with a large excess 

of superoxide was conducted by stopped-flow experiments. Superoxide radical is stabilized at 

high concentration in an aprotic solvent which is then rapidly diluted in an aqueous solution 

containing the SOD mimics. The fast mixing of the two reagents allows a kinetic monitoring of 

the reaction in few microseconds delay [177]. These two methods are said to be direct assays 

as they directly rely on the spectrophotometric detection of concentrated superoxide around 

250 nm. The monitoring of superoxide disappearance in presence of SOD mimic while taking 

into account the spontaneous dismutation of superoxide enable the calculation of the kinetic 

constant for superoxide dismutation of the SOD mimics. They were most of the time 

consistent with that from the McCord and Fridovich assay [103,129,130,178]. When 

significant differences were observed between the data obtained from direct and indirect 

assays [179], they were explained by various processes whose intensity is dependent on the 

assay time scale or on in superoxide concentration. For instance, the re-oxidation of the 

reduced redox indicator by molecular oxygen is responsible for an under-estimation of SOD 

mimics activity in indirect assay. 

To sum-up, the directs assays provide evidences on the catalytic nature of SOD mimics metal 

complexes but the indirect ones are established in conditions closer to the physiological 

situations. The two approaches are thus complementary. 

I.4.a.iii. Critical factors for interpretation 

The mentioned-above direct and indirect assays for SOD activity were largely applied to a wide 

range of SOD mimics [1,122].  
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However, to better interpret the kinetic measurement of superoxide dismutation and in 

particular to correctly attribute the SOD activity, speciation studies are of main importance. 

For these reasons, one should notably consider the stability constants and the protonation 

constants of all the compounds present in the solution to calculate a pertinent catalytic rate 

[168,180]. 

Last but not least, one must highlight the strong dependence of the assays on the 

experimental variables [181]. Indeed, whatever the technique used, a minor change in pH, in 

buffer nature, concentration or ionic force or in temperature impacts the measured kinetic 

constants. One must consequently keep a close look on the experimental conditions before 

comparing data. 

I.4.a.iv. Evaluation of intrinsic CAT activity 

The last chapter of this manuscript will deal with metal complexes displaying both SOD and 

CAT activity. This section provides a short overview of the main techniques used to evaluate 

the CAT activity of CAT mimics. 

The easiest and most common way for measuring CAT activity is based on the colorimetric 

measurement of H2O2 disappearance over time   . This can be achieved by spectrophotometric 

assays based on the color change of probes upon reaction with H2O2 specifically. They include 

permanganate, ferrous ions/xylenol orange, ferrous ions/thiocyanate, ammonium molybdate, 

pyrogallol red, cobalt/bicarbonate ions, etc. 

The decrease in the absorbance of the probe or the increase in that of the H2O2-oxidized probe 

are directly related to the amount of residual unreacted H2O2 (that were not decomposed by 

the CAT mimic) and in turn inversely proportional to CAT activity. 

These colorimetric assays were optimized over time to exclude the interferences that arise 

from the presence of other unrelated compounds absorbing at the same wavelength such as 

amino acids and proteins in serum [185]. Moreover, a strong advantage of this method is its 

easy implementation on multi-well plates for a rapid screening of many compounds at the 

same time [183]. 

Likewise, a chemiluminescence assay for H2O2 measurement at sub-micromolar 

concentrations was also developed by S. Mueller et. al as a way to assess catalase activity 
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[188]. The assay is based on the oxidation of luminol by hypochlorous acid (NaOCl) resulting 

in a diazaquinone which is specifically converted by H2O2 into an excited aminophthalate that 

emits luminescence signal. 

The described-above methods constitute accurate and sensitive methods for evaluating H2O2 

disappearance. Nevertheless, to prove that the observed anti-H2O2 activity occurs through a 

catalase pathway involving the dismutation of H2O2 into water and dioxygen, one can consider 

measuring the formation of dioxygen. Among the different methods reported for O2 

measurement, one of the most known is probably the Clark oxygen electrode that was initially 

established by L.C. Clark et. al in 1953 to determine oxygen levels in blood [189]. The Clark 

oxygen electrode was then adapted to the determination catalase-like activity of redox-active 

therapeutics in classical aqueous buffer [135,190]. 

The functioning of the Clark electrode relies on the reduction of dissolved dioxygen into water 

at the cathode electrode (platine) while Ag is oxidized into AgCl at the anode electrode (Figure 

23). For the experimental set-up, the electrode is immerged in a solution of H2O2 prealably 

purged with inert gas to remove all dioxygen trace. The CAT mimic is then added in the 

solution and the formation of dioxygen is monitored by means of the current intensity 

between the anode and cathode [135]. 

Figure 23: Principle of the Clark dioxygen electrode for measurement of catalase activity. (Left) Schematic 
representation of a Clark electrode from O. Connell (Wikipedia) and redox reactions occurring at each electrode. 
(Right) Figure from K. Coulibaly PhD manuscript. Example of dioxygen monitoring data obtained with the Clark 
electrode when evaluating the catalase activity of a CAT mimic. 

Cathode: O2 + 4H+ + 4e-
 
→ 

2H2O  

Time 
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From the kinetic of dioxygen formation for different concentration in CAT mimic, the pseudo-

first order rate constant for CAT activity as well as the turnover number and frequency can be 

calculated. 

I.4.a.v. In-gel activity assays for the determination of SOD and CAT activity 

In addition to the activity assays presented in the last section, activity gels were designed as a 

preferential mean to detect and quantify SOD or CAT activity in biological samples (cell or 

tissue homogenates) [191,192]. Indeed, the very crowded biological environment is separated 

on gel by electrophoresis which allows to distinguish the activity coming from the studied 

therapeutic to that from unspecific proteins for instance. In contrast, the activity measured in 

biological samples using the above-mentioned assays could not be rigorously attributed to the 

target compound. Moreover, the gels assays are known to require less proteins compared to 

classical assays as they do not require sample dilution steps. 

The protocol for SOD and CAT activity gel assay was thoroughly described by C. Weydert and 

J. Cullen [191]. Briefly, the constituents of the biological samples are let to migrate in gel by 

electrophoresis under non-denaturating conditions. For SOD activity gel assay, the gel is then 

incubated in presence of riboflavin, as a source of superoxide in the presence of light, and of 

NBT (nitro blue tetrazolium), as UV-visible detector. Similarly to the McCord and Fridovich 

kinetic assay in solution, NBT enters in competition with the SOD mimic to react with 

superoxide and forms yellow tetrazolium within the gel. For CAT activity gel assay, following 

separation of native protein, the gel is incubated in presence of H2O2, ferric chloride (FeCl3) 

and potassium ferricyanide (K3FeCN6). Again, the ferrous reagents compete with the CAT 

mimic to react with H2O2 and form Prussian blue. In both cases, the presence of a clear 

achromatic bands are thus indicative of SOD and CAT activity.  

These activity assays on gel took however more time than the other activity assays. Indeed 

they classically last between 24 to 48 hours [191]. Moreover, the acquisition of quantitative 

results using gel assays is less obvious and requires an external standard (commercial purified 

enzyme at known catalytic rate). Such in-gel methods are then rather considered as qualitative 

or semi-quantitative. 

I.4.b. Evaluation of SOD mimics activity in cellulo: HT29-MD2 cells 
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Many cellular models have been investigated for the evaluation of SOD mimics bioactivity. I 

will here focus on the HT29-MD2 cell line on which I have been working. But one will find in 

Annex a broad-based review of the existing and published cellular model used for SOD mimics 

screening as well as of the main biological effects induced by SOD mimics observed in these 

models. Overall, it has to be kept in mind that the bioactivity of the SOD (resp. CAT) mimics 

observed in cells or in vivo may not be (at least not totally) related to their SOD (resp. CAT) 

activity but to other antioxidant (reaction with other ROS) or even pro-oxidant effects (cf. 

MnPs, see section I.3.b.ii “Porphyrin-based Mn complexes”). For these reasons, these 

compounds should rather be referred, more broadly, as redox-active therapeutic. This non-

specificity of SOD and CAT mimics renders the study of their mechanism of action more 

tedious but may be to their advantage in pre-clinics and clinics. 

HT29-MD2 cell line consists in human colon HT29 cells that were stably transfected to 

overexpress MD2, a soluble coreceptor of toll-like receptor 4 (TLR-4) [193]. The receptor TLR-

4, present at the surface of cell membrane, is responsible for the recognition of 

lipopolysaccharides (LPS). LPS are bacterial toxins composed by a lipid and a polysaccharide 

moiety. They are one of the main constituents of Gram negative bacteria external membrane. 

Upon LPS stimulation of TLR-4 receptors, intestinal cells are known to trigger a strong 

inflammatory response toward the activation of NFkB pathway particularly [194,195]. 

Figure 24: Figure done by M. Zoumpoulaki, a former PhD student in the lab. Schematic illustration of HT29-MD2 
cell line. 
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Unmodified HT29 cells, as intestinal epithelial cells, are not adapted to study intestinal 

inflammation as they have been conferred a limited response to LPS via a reduced expression 

of TLR4 and MD2 in order to better tolerate the presence of commensal bacteria. Transfection 

of HT29 cells with MD2 was shown to increase cell sensitivity and responsiveness to LPS by 

100-fold according to measurement of several inflammatory markers (Interleukin-8 IL-8, 

cyclooxygenase-2 Cox-2) [193,196]. Moreover, the mechanisms of oxidative stress and 

inflammation (notably NFkB) are known to be tightly intertwined [81,197]. Hence, ROS levels 

are regulated by the NFkB signaling, which is itself affected (activation or inhibition) by ROS. 

Consistently, a strong overexpression of MnSOD antioxidant enzyme was observed in HT29-

MD2 cells challenged by LPS suggesting the presence of an oxidative stress situation [172,196]. 

HT29-MD2 cells activated by bacterial LPS were hence used as a cellular model of 

inflammation mediated by oxidative stress to evaluate both the antioxidant and anti-

inflammatory properties of antioxidant therapeutics. 

I.5. Objectives of the PhD 

My PhD project is articulated along two main projects both addressing the benefits of 

metallodrugs mimicking the activity of the superoxide dismutase enzymes, that constitute the 

first line of cellular antioxidant defense, in the context of IBDs. 

Concerning the first project, the so-called SOD mimics are metal complexes composed of 

synthetic ligands containing a diaminoethane scaffold bearing one phenolate and two 

imidazole moieties. In contrast, in a second part, I have undertaken the study of SOD mimics 

based on a peptidyl ligand. The manuscript is thus divided in two parts detailing both types. 

The first section focuses on Mn(II) complexes derived from Mn1, a SOD mimic widely studied 

by the C. Policar’s team. First, a brief bibliographic review on Mn1, on inertness of metal 

complexes and on analytical techniques available for SOD mimics detection in cells is reported. 

Secondly, a novel generation of Mn1-derived SOD mimics were prepared and studied leading 

to a publication. Briefly, these newly-designed SOD mimics were assessed for their higher 

resistance to metal exchanges, and thus higher inertness, and their intrinsic SOD activity. Their 

improved anti-inflammatory and antioxidant bioactivities were evidenced using the above-

presented cellular model and correlated to their physico-chemical properties [172]. The most 

inert Mn1CP derivative was also successfully detected and quantified in cells using mass 
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spectrometry. Due to their high lability, the detection of the other SOD mimics in their intact 

form required analytical system in which metal exchanges are limited. Ion-mobility 

spectrometry coupled to mass spectrometry was in this case highly efficient. To our 

knowledge, this work constitutes the first example of IMS-MS application for the 

determination of SOD mimics speciation inside cells. This resulted in a second publication 

disclosed in a third subsection [198]. Fourthly, we investigated the distribution of Mn1 

derivatives within the cells using micro X-ray fluorescence. Lastly, the anti-inflammatory 

activity of the SOD mimics was evaluated in vivo in a murine model of chemically-induced 

colitis.  

The second section presents SOD and CAT mimics made of peptidyl ligands chelating either 

Cu(II) or Mn(II) ions. Another objective of my PhD was to construct recombinant lactic acid 

bacteria (recLAB) for the production of the peptidyl ligands constituting these SOD and CAT 

mimics. Following an elaborate overview on the benefits of probiotics and recombinant 

probiotics in IBDs, the next part presents the results obtained for this second project. In more 

details, L. lactis MG1363 and NZ9000 and L. plantarum NCIMB8826 strains were genetically 

modified to contain one of the gene coding for the peptidyl ligands of the mentioned-above 

SOD or CAT mimics. After checking the expression of the peptidyl ligands by the recLAB, the 

SOD/CAT activity of the expressed peptide upon bacteria supplementation with the 

appropriate metal (Cu(II) or Mn(II)) was examined. Finally, co-incubation experiments of the 

recombinant bacteria with LPS-stimulated intestinal epithelial cells were conducted to 

evaluate the anti-inflammatory properties of the recLAB in cells. A “declaration of invention 

(DI)” is in progress with the aim to apply for a patent afterwards. 
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II. Mn(II) complexes SOD mimics based on synthetic open-

chain ligands : relationship between inertness, activity in 

cells and in vivo, intracellular penetration and distribution. 

II.1. Introduction 

II.1.a. Mn1, a Mn(II) complex SOD mimic inspired from the MnSOD active 

site 

A general state of the art of existing SOD mimics was described in introductive chapter I. I will 

here focus on Mn1, a Mn(II) complex bio-inspired from the native MnSOD active site, which 

was developed and largely characterized by the group of C. Policar. 

Mn1 was first synthetized in 2007 and is composed of a pentadentate N4O ligand, named 

EnPI2, containing a di-amino ethane moiety bearing two imidazole and one phenolate groups 

[131]. The structure of Mn1 and the X-ray crystal structure of the di-nuclear Mn(II) complex 

[Enpi2-Mn(II)-Mn(II)-Enpi2] are given in Figure 25. The cyclic voltammogram of Mn1 revealed 

that Mn1 possesses a redox potential (0.44V/NHE  in PIPES pH 7.5 [131]) close to the targeted 

redox potential (0.36 V/NHE) compatible with a fast catalysis of superoxide dismutation 

[1,129,196]. Consistently, Mn1 displays SOD activity with an apparent catalytic rate equal to 

7.106 M-1.s-1 according to McCord and Fridovich assay [131]. 

 

Figure 25: (A) Structure of Mn(II)-EnPI2 complex Mn1. (B) Crystal structure [Enpi2-Mn(II)-Mn(II)-Enpi2] from 
Cisnetti et. al obtained from X-ray diffraction data [131]. Ellipsoid plot of the centrosymmetric cationic moiety, 
produced with Mercury 1.4.2. Ellipsoids are drawn at 50 % probability level. 

The bioactivity of Mn1 was evaluated in different cell lines (Figure 26). Mn1 was first tested 

on activated RAW 264.7 macrophages [199]. These immune cells generate strong ROS fluxes 

upon activation and thus constitute a relevant cellular model. The quantification of 

(A) (B)
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extracellular superoxide in RAW 264.7 supernatants evidenced the anti-superoxide activity of 

Mn1. Later, the antioxidant and anti-inflammatory effects of Mn1 were evaluated on HT29-

MD2 cells [196]. Again, Mn1 had interesting bioactivity as it was able to attenuate the LPS-

induced increase in inflammatory marker IL-8 secretion and the overexpression of MnSOD. 

During my master internship, the kinetics of Mn1 bioactivities on HT29-MD2 cells were 

investigated (Figure 27). It appeared that Mn1 was able to reduce the monitored effects of 

LPS (IL-8 secretion and MnSOD overexpression) that appeared after 1-3h of LPS challenge. 

Interestingly, it seemed that there is a delay between inflammation apparition (observed 

through iL-8 secretion) and MnSOD overexpression. This delay maybe due to protein 

expression that requires more time.  

 

Figure 26: Evaluation of Mn1 bioactivity in (1) Raw 264.7 and (2,3) HT29-MD2 cell lines. (1) Measurement of the 
superoxide amount in Raw 264.7 supernatants [199]. (2) Quantification of IL-8 levels in HT29-MD2 supernatants 
[196]. (3) Quantification of MnSOD expression versus actin expression in HT29-MD2 lysates [196]. (1,2,3) The data 
are plotted as a percentage compared to LPS control. A = control without LPS, B = LPS, C = LPS + Mn1 100µM, D 
= LPS + MnCl2 100µM and E = LPS + bovine SOD 100 U/mL. Note that raw 264.7 are activated via the addition of 
IFN-g and PMA besides LPS. 

(1) (2) (3)



 
 
 

 52 

 

Figure 27: Kinetic study of the effect of Mn1 on the secretion of IL-8 and MnSOD expression on LPS-activated 
HT29-MD2 cells. (1) Amount of IL-8 released in the supernatant as a function of the incubation time, measured 
by ELISA. (2) Quantification of MnSOD in cell lysates as a function of the incubation time by Western Blot. 

A former PhD student of the laboratory (LBM) studied the cell feedback to LPS and Mn1 at the 

proteome level to decipher the mechanisms of action of both LPS and Mn1. To this end, she 

conducted proteomics and redoxomics studies via the OcSILAC (Oxidized Cysteine Stable 

Isotope Labeling of Amino acids in Cell culture) strategy and identified numbers of proteins 

either up-regulated or down-regulated and either oxidized or reduced in response to LPS and 

Mn1 treatment. 

To endorse the attribution of the observed bioactivity to Mn1 in HT29-MD2 cells, the intra-

cellular penetration of the SOD mimic was checked by EPR and ICP-MS [172,196], and found 

consistent by the two techniques. The quantification results confirm its accumulation inside 

the cells with a maximal threshold reached after about 3 hours of incubation. Lastly, high 

spatially resolved synchrotron-based X-ray fluorescence microscopy experiments revealed a 

diffuse distribution of Mn1 throughout the cell body [196]. 

Regarding its promising activity in cells, Mn1 was then administrated by oral gavage in mice 

subjected to DNS-induced colitis [196]. This murine model of colitis will be detailed later. Mn1 

was prepared at relatively high concentration (4 mM) in a basic buffer in order to protect it 
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from the acidic gastric conditions. Remarkably, mice treating with Mn1 recovered earlier and 

displayed globally improved health status compared to mice treated with the vehicle (Figure 

28). Further in vivo assays would require efficient delivery vectors to optimize the activity of 

Mn1 and reduce the administration doses. 

 

Figure 28: Effect of Mn1 on weight variation in a DNBS-induced murine model of colitis. Mice were treated daily 
by oral gavage, starting the day of DNBS injection, with 100 μL of vehicle (NaHCO3 4.2%), MnCl2 (8 mM), or Mn1	
(4 mM) in NaHCO3 4.2% [196].   

Finally, some efforts were made to increase its bioactivity by conjugating it with three 

different peptidyl moieties: two cell-penetrating peptides (CPP) namely a poly-arginine 

peptide (R9) and a CPP inspired from TAT and penetratin (RW9) and a mitochondria-

penetrating peptide (MPP). Note that for both CPP, they may also mimic the positively charged 

electrostatic funnel encountered in native MnSOD which favors the guidance of negatively-

charged superoxide toward the manganese active center [103,200]. Even if the conjugation 

with these moieties did not allow reaching higher intracellular concentration, in the case of 

Mn1-R9, a better anti-inflammatory activity than Mn1 ones was observed at a lower 

incubation concentration (10 µM). 

II.1.b. SOD mimics metal complexes: choice of manganese (II)  

II.1.b.i. Advantages of Mn(II) over other transitions metals 

The general introduction highlighted the efficacy of redox-tuned metal complexes to 

reproduce the SOD activity. Manganese(II) ion appears to be a valuable metal cation in the 

design of such SOD mimics for a number of reasons. First, manganese(II) is better tolerated in 

living systems in comparison to other transitions metal such as Cu(I) and Fe(II). Both of them 

are indeed able to take part in the Haber-Weiss chemistry, responsible for the formation of 
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the highly reactive and toxic hydroxyl radical (Figure 29). In more details, the oxidation of the 

metal cation (Cu(I) or Fe(II)) is able to mono-electronically reduce H2O2  into HO- leading to a 

HO• flow (Fenton reaction) and the low oxidation-state metal can be then regenerated by 

reacting with superoxide or other reductants (Figure 29).  

(1) H2O2 + Mn+ → HO- + HO• + M(n+1)+ (Fenton reaction)  

(2) O2
•- + M(n+1)+ → O2 + Mn+ 

      H2O2 + O2
•-  → HO- + HO• + O2 (Haber Weiss reaction)  

Figure 29: Haber Weiss reaction 

Secondly, manganese(II) has a high bioavailability compared to the other divalent transition 

metal cations (Figure 30). This aspect can be related to the low affinity of manganese for 

bioligands. Indeed, the half-filled electron outer shell precludes any ligand-field stabilization, 

yielding to Mn(II) complexes that are less stable and more labile than any other divalent 

transition metal complexes (Figure 30) [201,202]. Moreover, the endogenous content in 

manganese(II) is very rich in in a large variety of organisms. In particular L. plantarum [203], 

D. radiodurans [204–206], C. elegans [205,207] and S. cerevisiae [208] were shown to 

accumulate large amount of manganese (» mM) which was correlated with important 

protective effects against oxidative stress. The antioxidant effects were associated to non-

proteyl complexes (referred to as “manganese-antioxidants”) notably based on lactate and 

phosphate ligands [209,210]. While its too high redox potential prevents any catalytic activity, 

the hexaaqua Mn(II) complex was also shown to act as a weak stoichiometric scavenger of 

superoxide [130,209]. Overall, manganese in its various forms (free cations or coordinated to 

salts/cellular metabolites, etc.) is widely recognized for its protective effects against oxidative 

stress [211–213]. 

In addition, manganese is known to play a vital role in humans as it is involved as co-factor of 

many enzymes (phosphoenolpyruvate decarboxylase, arginase, glutamine synthetase, 

MnSOD etc.). Moreover, manganese starvation through calprotectin-induced manganese 

chelation was described as a defense mechanism used by host against pathogens infections 

[214]. However, like any compound, manganese becomes toxic when in excessive amount. 

Fortunately, biological systems have developed effective ways to control the homeostasis of 

endogenous metal and hence maintain manganese abundance at regulated levels [215]. 
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Eventually, the lower toxicity, the higher bioavailability and the well-demonstrated 

antioxidant benefits of manganese make its use as redox-active metal center of SOD mimics 

particularly suitable. For all these reasons, many Mn(II) complexes chelated with various 

ligands were investigated for their SOD activity but they all suffer from the same limit: the 

highly labile nature of Mn2+ (Figure 30).  

 
Figure 30: Figure from [215]. Schematic illustration of the bioavailability, the competitiveness for ligand binding 
and the chelate M2+ stability of biologically important first-row transition metals. The trend in metal(II) complex 
stability is overall inversely related to competitiveness which itself is inversely related to the metal 
“bioavailability” in the biological environment. 

II.1.b.ii. Efforts to counterbalance the lability of Mn(II) complexes 

As mentioned earlier, the symmetric d5 electron configuration system of the Mn2+ ion results 

in a lack of inertness of Mn(II) complexes. Consequently, many Mn(II) complexes such as the 

SOD mimic mangafodipir [Mn(DPDP)]3- were found to undergo fast dissociation under in vivo 

conditions [96,216]. The dissociation can occur either via spontaneous pathway, proton-

assisted pathway or metal-assisted pathway for which a competing ion (such as Mg2+, Ca2+, 

Zn2+ or Cu2+) replaces the manganese center resulting into transmetallation of the complex. 

As the free ligands or the ligands coordinated to other transition metals do not possess the 

appropriate redox properties to catalyze SOD, it is mandatory to design stable Mn(II) chelates 

with enhanced inertness. Regarding these considerations, efforts have been made to rigidify 

the structure of the ligands in order to promote the inertness of the Mn(II) complex. A first 

great improvement was achieved by the group of G. Tircso that designed an EDTA-derived 

ligand based on a trans-1,2-diaminocyclohexane backbone (Figure 31) [217]. The resistance 

to metal exchange of the corresponding Mn(II) complex, named Mn-CDTA (cyclohexyle 
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diamine tetraacetate), was more than 100 fold better compared to the corresponding 

complex possessing an ethylene backbone (EDTA). It was suggested that CDTA ligand provides 

a compact and pre-organized coordination cavity suitable for manganese encapsulation. This 

example constitutes one of the first proof that open-chain ligands can form Mn(II) complexes 

with acceptable lability. Recently, the structure of CDTA was improved by incorporating a 

pyridyl-N donor group with the aims of further rigidifying the chelate  (Figure 7) [218,219]. 

The resulting [Mn(PyC3A)(H2O)] open-chain chelate displayed a 2-fold decreased Mn2+ 

dissociation rate in the presence of competing Zn2+ ions compared to Mn-CDTA.  

Figure 31: Ligands mentioned in the text. 

In contrast, Mn(II) complexes made of macrocyclic ligands were recognized as the most 

kinetically inert and stable systems. They notably include Mn(II) chelates with the common 

polydentate macrocyclic NOTA and DOTA ligands (Figure 7) [220]. The dissociation kinetic 

study of [Mn(DOTA)]2- and [Mn(NOTA)]- revealed unexpectedly high inertness with respect to 

transmetallation in the presence of a high excess of zinc exchanging ion. This was explained 

by different reasons: 1) the saturation of the Mn2+ coordination with exclusively ligand donor 

atoms, 2) the remarkably high thermodynamic complexes stability resulting from the 

macrocyclic ligands and 3) the formation of stable dinuclear Mn2+–L–Zn2+ complexes. 

Following the promising direction of [Mn(DOTA)]2--like and [Mn(CTDA)]2--like structures, a 

new complex, MnPC2A-EA (Figure 31), based on a pyclen macrocycle containing a pyridine 
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and bearing an ethylenediamine pendant arm was designed [221]. Interestingly, the 

dissociation proceeded almost 200 times slower than for [Mn(PyC3A)(H2O)]. At its publication 

date in 2020, MnPC2A-EA had the highest resistance to dissociation reported so far for a 

monohydrated Mn2+ complex. However, a bispidine type ligand (L1 = 2,4-pyridyl-disubstituted 

bispidol bearing one methylene carboxylic acid) developed by D. Ndiaye et. al leading to a 

Mn(II) complex with higher resistance toward metal exchange has been described very 

recently [222]. The rigid and preorganized bispidine skeleton endows its Mn2+ complex with 

unprecedented resistance to acid catalyzed dissociation and metal exchanges. In particular, 

no dissociation of MnL1 through metal exchange were observed for 140 days when incubated 

in presence of 50 equivalents of Zn2+. Likewise, the rate constant for proton assisted 

dissociation was found two orders of magnitude lower than that reported for MnPC2A-EA. 

To conclude, the inertness has been largely recognized as a very important feature to be 

considered for the in vivo applications. While manganese complexes do not appear at first 

sight as ideal candidate due to their general lability, many published data have unambiguously 

shown that Mn2+ complexes with improved inertness can be developed. For now, the most 

promising structures for Mn(II) complexation consist in bispidine-type and macrocyclic 

chelators. Nevertheless, some rigidified linear structure including trans-1,2-cyclohexylene 

backbone and pyridine moiety were also shown to provide slow dissociation  . Such ligand 

skeleton could be adapted to Mn1 in order to improve its kinetic inertness and hopefully its 

bioactivity. 

II.1.c. Detection and quantification of Mn(II) complexes within cells 

The biological efficiency of SOD mimics is obviously dependent on their intrinsic SOD activity 

but other parameters are also of main importance. Among them, cellular uptake, speciation 

in biological environments and subcellular distribution are key features that have to be 

characterized to better understand SOD mimic bio-activities. 

Several analytical techniques are available to investigate these parameters, especially in the 

case of metal complexes. They will be briefly detailed in the following section. 

II.1.c.i. Overall cellular uptake of SOD mimics 

� Metal content measurement 
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Most of the existing SOD mimics contain a metallic center. The quantification of the associated 

metal hence permits, in a first approximation, to estimate the amounts of intracellular SOD 

mimic. Two main techniques for the quantification of metal ions are used: inductive-coupled 

plasma mass spectrometry (ICP-MS) and electron paramagnetic resonance (EPR) which have 

both been widely applied to biological samples. EPR detects only paramagnetic metal ions 

such as Mn(II) (S=5/2) and is less sensitive than ICP-MS.  

ICP-MS and EPR were commonly used by the group of C. Policar to quantify SOD mimics 

penetration inside HT29-MD2 cells [171,172,196,223]. ICP-MS analysis were also conducted 

by K. Cheng et al. to assess the intracellular accumulation of the well-studied MnTM-4-PyP 

(Mn-porphyrin) SOD mimic in rat cortical neurons [224]. Another example of ICP-MS 

quantification reported by TP. Ribeiro et. al proved that Mn-complexes SOD mimics have the 

ability to enter inside S. cerevisiae [225]. A close alternative to ICP-MS is inductive-coupled 

plasma atomic emission spectroscopy (ICP-AES). ICP-AES similarly allows the quantification of 

metals based on the emission of electromagnetic radiation at wavelengths specific to the 

excited chemical element. ICP-AES has been notably used to evaluate the cell penetration of 

four Mn(II) complexes SOD mimics in rat aorta smooth muscle cells. Interestingly, the efficacy 

of cellular uptake was correlated to the lipophilic properties, assumed to favor the 

transmembrane passage of the complexes [226]. 

All of ICP-MS and ICP-AES techniques do not allow to detect and quantify the intact SOD-active 

metal complexes but only provide the total cellular content in metallic elements. Before being 

analyzed, the cell homogenates are in fact acidified to free the metal of interest from all 

coordination sites and then afford an accurate quantification of its total amount. The 

measurement of physiological metal levels in control cells incubated without SOD mimics is 

thus required to discriminate between the amount of metal coming from the SOD mimics to 

the endogenous one. Nevertheless, the incubation with SOD mimics may itself alter the 

homeostasis of the metal ions within the cells and thus could bias the quantification. 

Interestingly, EPR can inform on its part about the coordination state of the metal. To illustrate 

this point, in the 80’s, DE. Ash and VL. Schramm successfully distinguished free and bound 

Mn(II) in rats hepatocytes from EPR signals [227]. Indeed, they noticed that the six sharp lines 

of hexaaqua Mn(II) EPR signal are typically broadened when bound to small molecules 

because of the coordination sphere geometry, being distorted from the regular octahedron.  
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X-ray fluorescence (XRF) is another available technique useful to quantify heavy metallic 

elements in freeze-dried whole-cell pellets [228]. 

� Ligand content evaluation 

To overcome the drawbacks associated to the quantification of the metallic center, other tools 

were described in the literature relying on the quantification of the overall complex or to the 

ligands via either 1) UV-visible absorption or 2) fluorescence spectroscopy. 

First, UV-visible spectroscopy is suitable for the quantification of porphyrin-based SOD mimics 

(MnP). The UV spectra of porphyrins indeed possesses a characteristic band around 400 nm 

named the Soret band. The measurement of the area under Soret band was then largely used 

to calculate the levels of porphyrins inside cell lysates [122,171,229,230]. The group of Batinic-

Haberle largely followed this approach to quantify the cellular accumulation of various MnP 

[122,230]. They notably evaluated MnP SOD mimics levels in cytosolic and membrane fraction 

of SOD deficient E. coli and S. cerevisiae. Likewise, A. Tovmasyan et al. and A. Vincent et. al 

performed UV spectroscopy to assess the cellular uptake of MnPs respectively in 4T1 cells and 

in HT29-MD2 cells [171,229]. 

Another strategy to detect SOD mimics in biological samples consists in conjugating the SOD 

mimics with a fluorescent dye. Hence, spectrofluorimetric measurement of cell lysates 

confirmed the presence inside human neuroblastoma cells of manganese (II) 

pentaazamacrocyclic SOD mimics labelled with fluorescent rhodamine B or pyrene tags [228].  

Besides allowing an accurate monitoring of the SOD mimic’s ligand uptake inside cells, 

fluorescence microscopy can inform on the subcellular distribution. For this reason, this 

technique will be detailed later in the corresponding section II.1.c.iii 

II.1.c.ii. Study of SOD mimics speciation in the cellular environment 

The analytical techniques described above proved to be efficient for the quantification of SOD 

mimics cellular uptake. However, they do not give further information on their speciation in 

the cells. Still the investigation of the cellular fate of SOD mimics (stability, oxidation state, 

etc.) is required for a better understanding of their mechanisms of action.  

Liquid chromatography coupled to tandem mass spectrometry (LC-MS/MS) allowed, beyond 

the intracellular quantification of SOD mimics, the detection of the entire SOD-active metal 
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complexes (and not just the metal or the ligand) in cells and in vivo [223]. The MS/MS 

detection of the intact SOD mimics in cell lysates was successfully used to demonstrate their 

intracellular stability. In other case, chemical modification of the SOD mimics (degradation, 

protonation etc.) may be evidenced according to LC-MS/MS. LC-MS/MS methodology was 

applied to the detection of Mn1 in HT29-MD2 lysates [196]. They observed two peaks 

corresponding to the free ligand EnPI2 and the expected complex (at m/z 355.2 and 408.2, 

respectively) and other peaks related to their fragmentation patterns. This specific LC-MS/MS 

signature of Mn1 and EnPI2 thus revealed the presence of intact Mn1 in cells lysates and its 

partial decoordination either in the cellular environment or under the LC-MS/MS conditions. 

Another possible approach to explore the speciation of MnP SOD mimics in cells relies on 

resonant Raman (RR) spectroscopy in the 1250-1550 cm-1 range. RR spectroscopy informs on 

both cellular uptake and redox state of the MnP SOD mimics. Indeed the RR bands of 

porphyrin-based metal complexes are characteristic of the redox state, the spin and the axial 

coordination of the metal center [231]. In particular the band at 1370 cm-1 assigned to Mn(III)-

porphyrins is shifted toward lower frequencies (1347 cm-1) for Mn(II)P [232]. The group of R. 

Radi monitored the intensity of this RR band to investigate the redox state of two MnPs 

incubated with isolated mitochondria and bovine aorta endothelial cells (BAEC) [16]. They 

observed that Mn(III)Ps accumulated inside BAEC and were then rapidly and mostly reduced 

to Mn(II)P by the intracellular components. Interestingly, the addition of SIN-1 

(Morpholinosydnonimine), that generates spontaneously nitric oxide and superoxide, in BAEC 

medium induces the oxidation to Mn(III) of the MnPs. This study supports RR spectroscopy as 

an efficient and useful way to conduct redox speciation analysis of MnPs in biological systems 

and hence to rationalize the antioxidant activity of the SOD mimics. 

Lastly, C. Weekley et. al recently reported the ability of two X-ray absorption spectroscopy  

(XAS) subsets: X-ray absorption near edge structure (XANES) and Extended X-ray absorption 

fine structure (EXAFS) to explore MnPAM metabolism in cells [228]. XANES provide 

information on manganese oxidation state and on the first coordination sphere of Mn while 

EXAFS completes the analysis by estimating the distance between the Mn center and the 

atoms of the first and second coordination sphere. Their data revealed inter alia that up to 

85% of the original MnPAM SOD mimics remained intact and most of the residues were 
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metabolized into Mn(II) phosphates. Interestingly the degree of biotransformation into 

Mn(II)-phosphate did not correlated with the thermodynamic stability of MnPAM 

II.1.c.iii. Subcellular distribution of SOD mimics 

For an optimal bioactivity, the SOD mimics must reach the regions rich in ROS, namely 

mitochondria, to exert their anti-superoxide activity more efficiently. The elucidation of SOD 

mimics distribution inside the cell is of great interest. To this end, researchers have adapted 

some of the techniques described above to microscopy for cellular imaging.  

Hence, as mentioned above, fluorescence microscopy was largely applied to the intracellular 

imaging of SOD mimics ligand containing fluorescent moiety. For instance, a peptidyl mimic of 

SOD and glutathione peroxidase was conjugated to both a fluorescent FITC moiety and a cell-

penetrating peptide TAT [233]. This allowed to check the SOD mimics penetration inside L02 

cells with the aid of the TAT sequence and to map the intracellular localization. Similarly, Y. 

Fang et. al encapsulated a CuZnSOD mimic in mesoporous silica nanoparticles functionalized 

with FITC to image it in cells [234]. Nevertheless, the conjugations of SOD mimics to 

fluorescent dye may perturb the redox properties of the complexes and more importantly 

may alter their cellular penetration and distribution. 

In addition, XRF microspectroscopy has been more and more employed to image with high 

spatial resolution the distribution of the metal of some therapeutic complexes, including SOD 

mimics [196,228,235]. For instance, JB. Aitken et. al employed XRF imaging to localize the MnP 

MnTnHex-2-PyP5+ inside A549 cells (Figure 32 (2)) [236]. For their part, C. Weekley et. al used, 

in the one hand, fluorescent confocal microscopy to image the ligand of the above-mentioned 

MnPAM SOD mimics coupled to a fluorescent tag inside SH-SY5Y human neuroblastoma and 

A549 human lung cancer cell lines (Figure 32 (1)) [228]. The maps reveal a preferential 

localization of the rhodamine or pyrene-conjugated SOD mimic in the cytosol. In the other 

hand, they have used XRF and XAS techniques to map heavy elements in the cells at the 

micrometer scale [228]. They were then able to compare the cellular distributions of 

manganese with that of the fluorescent tags (Figure 32 (1)). For rhodamine conjugates, the 

localization of Mn did not match with that of the fluorescent tag suggesting either 

decoordination of the Mn complex or cleavage of the rhodamine. In contrast, a clear 
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colocalization was noticed between pyrene tag and Mn which indicate that the complex most 

probably remains intact in the cells. 

  

Figure 32: Investigation of SOD mimics intracellular distribution: imaging of SOD mimics inside cells by classical 
fluorescence and X-ray fluorescence microscopy. (1) Figure from C. Weekley et. al [228]. SH-SY5Y cells were 
treated for 24h with the pyrene-labelled MnPAM. (a) Distribution of pyrene tag and manganese in fixed SH-SY5Y 
cells obtained by respectively classical fluorescence and XRF. (b) Confocal fluorescence microscopy image of the 
pyrene tag (blue) in living cells (bright field). (c) High-resolution XRF maps of manganese in fixed cells. (2) Figure 
from JB. Aitken et. al [236]. XRF elemental maps of phosphorus (showing the nucleus) and of manganese (showing 
drug localization) of A549 cells treated with MnP MnTnHex-2-PyP5+. (3) Figure from E. Mathieu et. al [196]. XRF 
elemental maps of potassium (showing the nucleus) and of manganese (showing drug localization) of HT29-MD2 
cells treated with Mn1. (4) Elemental distribution of P, Mn and Re in HT29-MD2 cells incubated with the conjugate 
Mn1+Re probe at 100µM for 2 hours. Top right image represents the overlay of Mn (magenta) and Re (green) 
map. The overlap of both elements are displayed in white. 

Moreover, XRF Mn map of cells incubated with Mn1 has shown an homogenous distribution 

of Mn suggesting that this complex does not accumulate in specific organelles (Figure 32 (3)) 

[196]. More recently, efforts have been devoted to colocalize the ligand and the metal to 

potentially afford insights in locations where the complexes are intact. Briefly, Policar et al. 

(1) (2) 

(3) 

(4) 
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have conjugated the Mn1 complex with a rhenium-based multimodal probe [223]. The 

resulting complex was investigated in HT29-MD2 cells and the subcellular distribution of Mn 

(the redox active site) and Re (linked to the ligand) were determined using XRF 

microspectroscopy (Figure 32 (4)) [223]. In this situation, a single XRF experiment was required 

to colocalize the metal (Mn) and the ligand (Re). They have shown that Mn and Re maps 

partially overlap suggesting that some intact complex remained in cells (Figure 32 (4)). The 

non-homogenous and punctuated distribution of Mn and Re indicated a different cellular 

localization than the parent Mn1 complex (that showed a homogenous distribution [237]) 

highlighting the fact that conjugation of the Re probe had a non-negligible impact on the SOD 

mimic cellular distribution. 

To conclude, classical fluorescence, XRF and XAS are useful techniques to determine SOD 

mimics intracellular uptake and localization and to relate it to their chemical form and physical 

properties. The intracellular distribution data can also be confirmed via the quantification of 

SOD mimics contained in cell fractions specifically enriched with particular organelles such as 

mitochondria [223].  

II.2. Publication: “Inertness of superoxide dismutase mimics Mn(II) complexes 

based on an open-chain ligand, bioactivity, and detection in intestinal 

epithelial cells”  
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Inertness of superoxide dismutase mimics Mn(II) complexes based on an 

open-chain ligand, bioactivity, and detection in intestinal epithelial cells 

Gabrielle Schanne[a],[b], Martha Zoumpoulaki[a], Géraldine Gazzah[a], Amandine Vincent[a], 

Hugues Preud’homme[c], Ryszard Lobinski[c], Sylvie Demignot[b],[d], Philippe Seksik[b],[e], Nicolas 

Delsuc[a], Clotilde Policar[a] 

[a] Laboratoire des biomolécules, LBM, Département de chimie, Ecole Normale Supérieure, PSL University, 
Sorbonne Université, CNRS, 75005 Paris, France 
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[c] IPREM-UMR5254, E2S UPPA, CNRS, Technopôle Helioparc, 2 avenue P. Angot 64053 Pau Cedex 9 (France) 

[d] EPHE, PSL University, 75014 Paris, France 
[e] Gastroenterology Department, Saint-Antoine Hospital, Sorbonne Université, APHP Paris, France. 

I conducted the work presented below and I have contributed to the writing of the following 

paper (proposal of a draft that was corrected and edited by my supervisors) [172]. 

The objective of this project was to increase the inertness of Mn1 that is subjected to metal 

exchanges with the competing free metal ions present in the cellular environment. Mn1 also 

undergoes fast transmetallation within non-metal-free analytical systems preventing the 

accurate detection, quantification and speciation study of Mn1 in cells using classical mass 

spectrometry (MS) techniques coupled to liquid chromatography [198].  

We designed here a new generation of SOD mimics derived from Mn1 and modeled by the 

CDTA ligand described by FK. Kalman et. al which is known to enhance the inertness of the 

Mn(II) chelate [217]. The Mn(II) complexes based on rigidified open-chain EnPI2-derived 

ligands were as expected more resistant to metal exchanges and displayed higher bioactivity 

in cells. Moreover, we succeed in detecting and quantifying the intracellular presence of the 

most inert SOD mimic in its intact form using classical MS experiments. 

Abstract 

Oxidative stress is known to play a major role in the pathogenesis of inflammatory bowel 

diseases (IBDs) and, in particular, superoxide dismutase (SODs) defenses were shown to be 

weakened in patients suffering from IBDs. SOD mimics, also called SOD mimetics, as low 

molecular weight complexes reproducing the activity of SOD, constitute promising antioxidant 

catalytic metallodrugs in the context of IBDs. A Mn(II) complex SOD mimic (Mn1) based on an 

open-chain diamino-ethane ligand exerting antioxidant and anti-inflammatory effects on an 
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intestinal epithelial cellular model was shown to be experience metal exchanges between the 

manganese center and metal ions present in the biological environment (such as Zn(II)) to 

some degrees. As the resulting complexes (mainly Zn(II)) were shown to be inactive, improving 

the kinetic inertness of Mn(II) complexes based on open-chain ligands is key to improve their 

bioactivity in a cellular context. 

We report here the study of three new Mn(II) complexes resulting from Mn1 functionalization 

with a cyclohexyl and/or a propyl group meant to limit respectively (a) metal exchanges and 

(b) deprotonation of an amine from the 1,2-diaminoethane central scaffold. The new 

manganese-based SOD mimics display a higher intrinsic SOD activity, and also improved 

kinetic inertness in metal ion exchange processes (with Zn(II), Cu(II), Ni(II) and Co(II)). They 

were shown to provide anti-inflammatory and antioxidant effects in cells at lower doses than 

Mn1 (down to 10 µM). This improvement was due to their higher inertness against metal-

assisted dissociation and not to different cellular overall accumulation. Based on its higher 

inertness, the SOD mimic containing both the propyl and the cyclohexyl moiety was suitable 

for intracellular detection and quantification by mass spectrometry, quantification, that was 

achieved by using a 13C-labelled Co-based analog of the SOD mimics as an external heavy 

standard. 

Introduction 

Superoxide dismutases (SODs) are metalloenzymes that catalyze very efficiently the 

superoxide dismutation at a rate close to the diffusion limit [4]. Superoxide is one of the 

reactive oxygen species (ROS) and is mainly produced at the mitochondria as byproduct of the 

respiratory metabolism in living aerobic systems. SODs are responsible for maintaining 

superoxide at tightly controlled levels and contribute to prevent oxidative stress situations 

known to be implicated in various diseases [5]. In their active site, all of the SODs contain a 

metal cation (Cu(Zn), , Cu, Fe, Mn or Ni) that cycles between two redox states to successively 

reduce superoxide to H2O2 and to oxidize it into O2. Three different kinds of human SODs have 

been described: two copper/zinc SODs, SOD1 found in the cytosol and in the mitochondrial 

intermembrane space [6] and SOD3 found in the extracellular environment [7] (within the 

extracellular matrix and at cell surface), and the manganese SOD (SOD2) localized in the 

mitochondria matrix [8]. Inflammatory bowel diseases (IBDs) including Crohn’s disease and 

ulcerative colitis are accompanied by an over-expression of the intestinal MnSOD in an 
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enzymatically inactive form and by an under-expression of the intestinal cytoplasmic Cu/Zn 

SOD [9]. These deficiencies in the SOD antioxidant system may cause or, at least, exacerbate 

the oxidative stress observed in IBDs which is known to be closely related to chronic 

inflammation [10–12]. A SOD-based antioxidant treatment thus appears as a promising 

therapy for IBDs. MnSODs were shown to efficiently reduce lipid peroxidation and neutrophil 

recruitments and to attenuate the inflammation in both DSS-induced and TNBS-induced colitis 

murine models [13]. However, the use of purified enzymes as therapeutics is still limited by 

their short half-life, the triggered immunogenicity and their low cell-penetration [14]. To 

overcome these shortcomings, the use of synthetic low-molecular weight SOD mimics, also 

called SOD mimetics, was examined as therapeutic candidates for IBDs management [14,15].  

A large variety of SOD mimics have been reported including iron, copper, zinc and manganese 

complexes [14–23]. Manganese complexes are favored in comparison with Cu, Fe and Ni 

complexes since manganese, if released, is better tolerated by cells and does not catalyze the 

Fenton or Haber-Weiss reactions that lead to the formation of the extremely reactive and 

toxic HO• radical[24]. Manganese SOD mimics described in the literature include complexes 

with ligands such as porphyrins [17,25–31], salens [32,33], cyclic polyamine [14,34–40] 

phthalocyanines [41] or peptidyl ligands [42–44]. We have been developing a 1,2-

ethanediamine-centered ligand, called EnPI2 [45], inspired by the MnSOD active site, with a 

coordination sphere consisting of three imidazole and one phenolate, easily amenable to 

synthetic modulation [46–49]. Mn(II)-EnPI2, labelled Mn1, is a positively charged complex 

with a redox potential close to the optimal value for superoxide dismutation [45,47]. Mn1 

shows a clear anti-superoxide activity out of any cellular context, as well as antioxidant and 

anti-inflammatory effects on intestinal epithelial cells and macrophages [47,50,51]. Mn1 also 

ameliorates DNBS-induced colitis in a murine model according to the weight variation and 

macroscopic scores [47]. 

The structure of EnPI2 can be optimized to improve the stability and, especially, the inertness 

of the derived Mn(II) complex since Mn decoordination in cells was suggested in a previous 

study [49]. Indeed, given the symmetrical d5 electronic configuration of the Mn2+ ion, the 

corresponding complexes lack ligand field stabilization energy and are much less stable than 

other divalent transition metal analogues (Ni2+, Cu2+, Co2+, Zn2+…). Consequently, many 

manganese complexes, particularly with open-chain ligands such as EnPI2, may suffer from 
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dissociation [3]. In a recent paper, we have investigated speciation of a complex derived from 

Mn1 based on a ligand tagged with a Re-probe: the Mn and Re X-fluorescence maps, recorded 

above the edges of both Re and Mn, were overlapping, but only partly: a few areas showed 

only Re, revealing indirectly some dissociation have occurred in cells [44]. The dissociation 

may occur via different pathways, such as spontaneous decoordination, acid-catalyzed or 

metal-assisted decomplexation involving Mn2+ exchange with a competitive metal ion. 

However, in biological systems, the endogenous ligands competing for Mn(II) binding also 

have low association constants, rendering the criteria on the association constant 

paradoxically less drastic for Mn(II) than for other metal cations [18,47]. 

To date, the cellular accumulation of SOD mimics was usually examined by measuring the 

increase in the overall intracellular content in manganese using ICP-MS [49,52–54], EPR  [47–

49], Raman [55], X-ray absorption spectroscopy [39] and X-ray fluorescence imaging 

[16,39,47–49], or by detecting the cellular uptake using UV quantification of Mn-porphyrin via 

the Soret band area [19,56] or of fluorescently labelled SOD mimics using laser confocal 

microscopy [39,43,49,57]. At best, these techniques enable determining the intracellular 

distribution of the ligand, complexes and/or of Mn. In the latter case, the differential 

distribution of Mn from that of endogenous Mn provides insight on the Mn-complex 

distribution [16,39,47–49]. However, for the bio-inspired series developed in our group, even 

if the MS-MS spectrum of Mn1 was observed in cell lysates [45], no direct information on the 

speciation and metal exchanges or quantification in cell lysates of the complexes has been 

reported [18,44,46–50].  

As mentioned above, a higher inertness of the manganese complexes would be an important 

asset for improving the bioactivity of the SOD mimics and make them more suitable for in vivo 

application. Open-chain ligands derived from EDTA containing a cyclohexyl group bearing the 

diamino moiety in order to rigidify the structure of the ligand, with appended carboxylate 

(CDTA) or pyridine (PyC3A) (see Figure S1), have been developed by Tóth, Tircso and Caravan 

(Figure S1) [3,58]. The [Mn(II)-(CDTA)]2+ complex revealed a highly improved resistance to 

dissociation via metal exchanges [3]. This behavior was explained by the formation of a pre-

organized and more rigid coordination cavity that encapsulates the manganese ion. Other 

open-chain ligands for Mn coordination were described but they did not reach as good kinetic 

inertness as Mn-CDTA [59]. Mn-CDTA complex is hence considered as the gold standard for 
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rigid and inert Mn2+ complex involving an open chain ligand. Only very recently, E. Tóth 

succeeded in synthetizing a new Mn2+ bispidine chelate with unprecedented kinetic inertness 

[60]. Inspired by these strategies, we have replaced the 1,2-diamino group of EnPI2 by a (±)-

trans-1,2-cyclohexyl diamine to rigidify the structure and hopefully increase the resulting SOD 

mimic inertness. Stability, inertness and more generally bioactivity of the corresponding 

complexes have been investigated. N-propylated analogs of Mn1 and of its cyclohexyl 

analogue were also investigated and evaluated in a cellular model consisting of intestinal 

epithelial cells (HT29-MD2) activated with bacterial lipopolysaccharide (LPS) [61]. We have 

compared the ability of these Mn1-derived SOD mimics to limit oxidative stress and 

inflammation when incubated at different doses ranging from 0.1 µm to 100 µM. We propose 

to use high-definition mass spectrometry to detect unambiguously one of these complexes in 

cells lysates and to quantify their amount by using a 13C-labelled analog as a reference 

standard. 

Material and methods  

- Synthesis of the ligands 

See supplementary information 

- Titration of the ligands by UV experiments 

The concentration of the ligands in solution was determined by a UV-vis titration experiment. 

Small quantities of MnCl2 were successively added to a solution of ligand estimated at ca. 200 

µM (in HEPES 50mM, pH 7.5) and the absorbance of the Mn(II) complexes was monitored at 

288 nm (MLCT Ophenolate →Mn) [47]. The concentration of ligand was calculated from the 

amount of added MnCl2 at the equivalence.  

- Preparation of the complexes for experiments other than cellular assays 

The manganese complexes Mn1, Mn1P, Mn1C and Mn1CP (Figure 1) were prepared by the 

addition of 1 equivalent of MnCl2 to a solution of the ligand (pre-titrated as explained above) 

in HEPES buffer (50 mM, pH 7.5). 
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Figure 1: Structures of the manganese (II) complexes mentioned in the text. 

- Association constants  

The association constants of the manganese complexes were determined by UV-vis titration 

experiments. The absorbance at 288 nm was monitored while adding successively 0.1 

equivalent of manganese to a solution of ligand at 45 μM in HEPES (50 mM pH 7.5). The initial 

concentration in ligand was chosen lower than 100*Kd known for Mn1 (ca. 7.57 10-7 M [47]) in 

order to observe an equilibrium between uncoordinated ligand L, Mn2+ and the complex in 

solution at the 1:1 Mn:L ratio and obtain not only the stoichiometry but also the association 

constant (Cligand should be smaller than 100*Kd; see caption of figure S2) [62]. The association 

constant was then obtained by fitting the theoretical absorbance curve to the experimental 

one using the MATLAB curve fitting tool (Figure S2). The calculations are detailed in the 

supplementary information. The association constants of the Zn(II) and Co(II) complexes are 

too high to be determined using the same protocol, as they would require a too weak 

concentration to meet the criterium of an equilibrium at the 1:1 ratio, too weak to follow the 

complexation using UV-vis. Therefore, we performed competition experiments between the 

Mn(II) and Zn(II) or Co(II) complexes. For Zn(II) complexes, solutions of manganese complexes 

prepared at 10 µM with 200 equivalents of MnCl2 in HEPES (50 mM pH 7.5) were titrated with 

ZnCl2 solution (Figure S19). For Co1CP, a solution of Mn1CP prepared at 40 µM with 50 

equivalents of Mn (in HEPES 50 mM pH 7.5) were titrated with CoCl2 solution (Figure S28). The 

association constants of the zinc or cobalt complexes were then similarly obtained by fitting 

the theoretical absorbance curve to the experimental one using the MATLAB curve fitting tool 

(Figure S19 and Figure S28). The calculations are detailed in supplementary information. 

- Kinetic study of the metal exchanges by UV-spectroscopy 

A solution of each of the SOD mimics was prepared at 0.1 mM in TRIS buffer (50 mM, pH 7.5) 

in a semi-microcuvette (1.5 mL). One equivalent of competitive metal salts (ZnCl2, CuSO4, 

NiCl2.6H2O, or CoCl2) was then added in the microcuvette and, after a quick manual stirring, 

Mn1 Mn1P Mn1C Mn1CP

(TRANS) (TRANS)
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the absorbance at a specific wavelength was measured for about 10 min. The wavelengths 

were chosen to have a high difference in absorbance between the manganese complex and 

the exchanged ion complex (Figure S3, S4, S5 and S6). For Cu2+, Zn2+ and Co2+, the experiments 

were performed at 5°C as the metal exchanges were too fast at 25°C preventing any kinetic 

study. For Ni2+ exchanges study, the temperature was maintained at 25°C. 

- Kinetic study of the metal exchanges using a stopped-flow technique  

Solutions of SOD mimics and competitive metal ions were prepared respectively at 300 µM 

and at 4 mM in TRIS buffer (50 mM buffer pH 7.5). The solutions of SOD mimic and competitive 

metal ion were added in two different syringes (V = 10 mL) of the stopped-flow apparatus and 

a similar mixing sequence were used for each analysis. A total volume of 226 µL were injected 

with a flow rate of 13 mL/s: 88 µL of the SOD mimic solution and 138 µL of the competitive 

metal solution. After mixing in a high-density mixer, the SOD mimic is thus at 120 µM and the 

competitive metal ions at 2400 µM (20-fold excess). The metal exchanges were monitored at 

ambient temperature by UV-vis spectroscopy between 200 nm and 400 nm. The pseudo-first 

order rate were then obtained by fitting the theoretical time-absorbance curve to the 

experimental one using the Biokine32 software. 

- Electrochemistry 

Cyclic voltammetry experiments were performed with manganese(II) complexes solutions at 

100 μM in HEPES buffer (50 mM, pH 7.5, ionic strength = 12.5 mM). Experiments were carried 

out under an argon stream at room temperature. The auxiliary electrode was a Pt wire and 

the working electrode was a glassy carbon or a platinum disk. The reference electrode was a 

SCE saturated with KCl. 

- Intrinsic SOD activity 

The catalytic rate (kcat) for superoxide dismutation with the SOD mimics were determined in 

HEPES buffer (50 mM pH 7.4) using an indirect assay developed by McCord and Fridovich 

[18,45,63–65]. This assay is based on a competition between the SOD mimic and a redox 

marker, in our case XTT (2,3-bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-

carboxanilide), to react with superoxide that is continuously produced via an enzymatic 

xanthine (200 µM) /xanthine oxidase system. In this assay, we used [XTT] = 100 µM. The 

formation of formazan resulting from XTT oxidation by superoxide was monitored by UV 
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spectroscopy. The kcat of the SOD mimics were obtained from the IC50, concentration of SOD 

mimics required to reduce by 50% the formation of formazan and from the known value of 

kcat of XTT [18,66]. 

- Cell culture 

HT29−MD2 intestinal epithelial cells were used for all experiments. HT29 human colon 

adenocarcinoma were obtained from the European Collection of Cell Cultures (Wiltshire, UK) 

and stably transfected to overexpress the protein MD2, a coreceptor of TLR4 necessary to 

confer sensitivity to LPS [61]. Cells were cultured in DMEM supplemented with 10% heat-

inactivated FBS and blasticidin (10 μg/mL) at 37 °C in a 5% CO2/air atmosphere. 

- Cell Activation with LPS and Incubation with the SOD mimics 

Cells were seeded in 12-wells plate (for cells assays) or in T75 flasks (for manganese and 

complexes quantification) at 50 000 cells/cm2 and cultured until 90% confluence. Cells were 

co-incubated for 6 hours with LPS at 0.1 µg/mL and with the complexes at concentrations 

varying between 0.1 µM and 100 µM with a ratio ligand:Mn 1:1.4. An incubation time of 6h 

was chosen based on previously published results on Mn1 intracellular quantification by EPR 

and for the detection of the inflammatory markers, IL8 and COX2 [47]. The titration of 

manganese content over time showed that Mn1 accumulation was stabilized after 3-4 hours. 

We can thus consider that the maximal accumulation is reached after 6 hours, time at which 

the inflammation markers were easily quantified after LPS challenge. Supernatants were 

collected and stored at −20 °C until enzyme-linked immunosorbent assay (ELISA) and lactate 

dehydrogenase (LDH) assay were performed. For cell assays, the cells were washed with 

phosphate-buffered saline (PBS), lysed in PBS containing a 1% Triton X-100 and protease 

inhibitors cocktail, and sonicated. For total Mn and Mn-complexes quantification, the cells 

were washed with PBS, harvested in NH4HCO3 buffer (50 mM, pH 7.4) by scraping and 

sonicated. 

- Cell assays 

Cell assays were conducted as previously described by Mathieu et al. and Vincent et al. [44,47–

49,51]. Briefly, the cytotoxicity of the SOD mimics was assessed using the lactate 

dehydrogenase assay (LDH). The protein concentrations were determined in cell lysates using 

bicinchoninic acid (BCA) protein assay reagents and bovine serum albumin (BSA) as the 
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standard. The amount of interleukin-8 (IL-8) secreted in the cell supernatant were measured 

using a commercially available ELISA kit according to the instructions of the manufacturer 

(DuoSet). The IL8 levels were normalized by the protein content determined in the 

corresponding cell lysates. The expression of MnSOD in cell lysates was examined by Western 

blot. The abundance of MnSOD was normalized to the total amount of protein loaded using 

the stain free imaging technology (BioRad). 

- Quantification of the Mn contents by ICP MS 

The total Mn content was quantified in cell lysates by ICP MS. Cell lysates were acidified using 

2% HNO3, to free Mn from all coordination sites, and filtered. A calibration curve was 

established using a commercial Mn standard. The total Mn amount was normalized by the 

mass of proteins in the cell lysate. 

- Detection and quantification of Mn1CP in cell lysates by mass spectrometry 

The cells lysates were ultra-centrifuged at 100,000 rpm for 20 min and then diluted in 20% 

NH4CO3/ 80% ACN. For the quantification, an external standard was added at 0.4 µM in the 

diluted cell lysates before analysis. The standard consisted of the cobalt(II) complex with 

EnPI2CP labelled with 13C on the phenol moiety obtained using CoCl2. The samples were then 

analyzed by TOF MS in direct infusion mode. Sample injection was performed with a 250 μL 

syringe at 5 μL/min flow rate. Acquisition was performed after 1 min, once the spray was 

stabilized, over 3-5 min. Between each measurement, the system was washed, successively 

with isopropanol, water and isopropanol, to avoid contamination of the next sample and 

capillary blockage. To avoid metal contaminations, ultrapure solvents (acetonitrile, 

isopropanol, water) and metal-free labware were used. A calibration curve was established by 

spiking control LPS-stimulated HT29-MD2 lysates with the Co1CP(13C) standard at 0.4 µM and 

with Mn1CP at concentrations in the range 0.05 µM to 0.8 µM. The ratio between the signal 

intensity of Mn1CP and that of the standard were plotted as a function of Mn1CP 

concentration (Figure S29). For the calibration and quantification, the signal intensity of both 

Mn1CP and the standard were obtained by summing the peak intensities of the noticeable 

isotopes. This quantification based on the use of a heavy analog of Mn1CP as a standard was 

validated by the method of standard additions. For the latter, lysates of HT29-MD2 cells, 

beforehand incubated with Mn1CP at 100 µM for 6 hours, were similarly ultra-centrifuged at 

100,000 rpm for 20 minutes, diluted in 20% NH4CO3/ 80% ACN and spiked with the standard 
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Co1CP(13C) at 0.4 µM. Before MS injection, Mn1CP was spiked at known concentration (0 µM, 

0.2 µM and 0.4 µM) in the lysate. The ratio of the signal intensity of Mn1CP on that of the 

standard were plotted as a function of spiked Mn1CP concentration (Figure S31) and the 

equation of the linear regression gave us the estimated concentration in Mn1CP. 

Results and Discussion 

- Design and synthesis 

Three new ligands derived from the parent EnPI2 were designed (Figure 1). For EnPI2C and 

EnPI2CP, a cyclohexyl group was added between the two amino groups in order to introduce 

rigidity into the ligands skeleton and consequently reduce the kinetic lability. As previously 

shown, the Mn complex [Mn(CDTA)]2+ or [Mn(PyC3A)]2+ studied respectively by Tircso, Tóth 

and Gale et al. contain a similar diamino cyclohexane motif (Figure S1) and displayed 

remarkably slow dissociation rate, possibly due to a weaker ability to reach open 

conformation [3,58,59]. EnPI2-derived ligands were synthetized using a protocol similar to 

that used for EnPI2, previously reported by Cisnetti et al. [45] but with racemic (±)-(trans)-1,2-

diaminocyclohexane instead of 1,2-diaminoethane as a reagent. Additionally, the secondary 

amine in EnPI2 and EnPI2C were propylated to obtain respectively EnPI2P and EnPI2CP. This 

allows to avoid the formation of a deprotonated form when studied in MS. The propylation 

was performed via a reductive amination using propanaldehyde. 

For physico-chemical characterization (not for cellular assays), the MnII complexes were 

prepared in situ by mixing the pre-titrated ligand (see above) and MnCl2 in a 1:1 ratio in HEPES 

Buffer (50 mM, pH 7.5), as previously described [47–49]. They were labeled Mn1, Mn1P, Mn1C 

and Mn1CP depending on the associated ligand (respectively EnPI2, EnPI2P, EnPI2C and 

EnPI2CP) (Figure 1). Note that for the biological experiments, the SOD mimics were prepared 

with a ratio 1:1.4 ligand: Mn (see below). 

- Physico-chemical properties 

Different criteria are required for an efficient SOD mimics [14,47]. They include a high catalytic 

activity of superoxide dismutation (or intrinsic activity), a good stability in biological 

environment and the ability to penetrate inside cells to reach the site of action. The potential 

of the four SOD mimics to fulfill these criteria were evaluated and compared. 
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Table 1: Association constants of the four ligands with manganese(II) (MnCl2), the catalytic rate constant for 
superoxide dismutation observed with the four Mn-complexes and their redox potentials. The association constants 
were determined by UV-vis titration experiments in HEPES (50 mM, pH 7.5, 25°C, Cligand = 45 µM, see Figure S2) 
and are indicated with the 95 % confidence intervals based on asymptomatic standard errors. These values were 
calculated using the MATLAB curve fitting tool based on a non-linear least-square regression method. The 
calculation of K1 and the UV-titrations plots are detailed in supplementary information and in Figure S2. The catalytic 
rate constant for superoxide dismutation of the manganese complexes were measured in HEPES (50 mM at pH 
7.4) using the McCord and Fridovich assay (Figure S11). The anodic, cathodic, ∆E and midpoint potentials 
(E1/2=(Ec+Ea)/2) of the four manganese complexes were extracted from their cyclic voltammogram given in Figure 
S9. 

- SOD mimics stability 

� Association constants 

The association constant of the four manganese complexes in HEPES (50 mM, pH 7.5) were 

determined by UV-vis titration experiments, as shown in Figure S2, and results are given in 

Table 1. The association constant of Mn1 was found to be (1.215 ± 0.176) × 106 (M-1) which is 

consistent with the previously reported value determined by Isothermal Titration Calorimetry 

[47] and UV-visible [67]. The inclusion of a cyclohexyl group on the diamino-central scaffold 

of both EnPI2 and EnPI2P structures was associated to a weak decrease of the ligands’ 

association constant with Mn2+. The decrease can be explained by the stiffed structure of the 

ligands: the rigidity can induce enthalpically unfavorable constraints leading to a reduction in 

the association constant, and also a slower complexation. The substitution on the secondary 

amine by a propyl group resulted also in a slight decrease of the association constant with 

Mn2+. A similar effect of N-alkylations on association constants was described by Martínez-

Camarena et al. [68]: the presence of isopropyl substituents on the secondary amines of a 

tetra-azacyclophanes ligand was shown to produce a decrease in the stability of the 

corresponding copper complex. Riley et al. reported elsewhere that methyl substituents on 

cyclic polyamine ligands were not affecting clearly the association constant with Mn2+ [69], 

and previous functionalization with peptides showed the same weak effect of tertiarization of 

the secondary amine in EnPI2 [46]. The lower thermodynamic stability of manganese 

complexes compared to other divalent transition metal ions can be explained by the lack of 

L K1 (Mn-L) 
(M-1)

kcat (Mn-L)
(106 M-1s-1)

Ecathodic
(V/SCE)

Eanodic
(V/SCE)

Eanodic−Ecathodic
(mV) 

E1/2
(V/SCE)  

EnPI2 1.22 ± 0.18 × 106 3.40 ± 0.10 0.16 0.24 80 0.20

EnPI2P 1.04 ± 0.18 × 106 4.58 ± 0.01 0.17 0.29 120 0.23

EnPI2C 0.71 ± 0.11 × 106 4.38 ± 0.13 0.12 0.21 90 0.17

EnPI2CP 0.28 ± 0.03 × 106 5.41 ± 0.24 0.20 0.28 80 0.24
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ligand-field stabilization due to the symmetric d5 electron configuration system of the Mn2+ 

ion (Irving-Williams series) [47]. Biological media abound of coordinating biomolecules. 

However, considering the association constant for Mn2+ we have measured, no ligand 

exchange with the competitive biomolecules should take place in the cellular environment for 

any of the studied SOD mimics. Indeed, as mentioned above, the competitive endogenous 

ligands display low association constant with Mn2+, such as the archetypal bioligand: human 

serum albumin (K1 = 8.4 × 103 M-1) [70]. This renders the criteria on the association 

paradoxically less drastic for Mn(II) than for other metal cations [18,47]. The exchangeable 

pool of metal ions [71] contained in biological media could compete with the manganese(II) 

ion resulting in metal ion exchange and possibly loss of activity. However, it should be kept in 

mind that, although metal ions are overall abundant in cells (ca. 70 μM for Cu, 0.001 to 10 μM 

for Fe, 180 μM for Zn for example) [72], metal ions are tightly controlled, either through 

coordination with proteic scaffolds (Zn, Cu) [71] or through precipitation (Fe in ferritine). Thus 

the intracellular exchangeable pools of metal ions are much less concentrated (ca. 10-10 M for 

Cu (Cu(I)), 10-11 M for Zn) [71,73]. Mn(II) has been classified as one of the most available metal 

cation (10-5 M for the bio-available Mn(II) [71], as opposite to Zn and Cu, classified as the most 

competitive [71].  

All these features make the requirement for the stability of complexes less drastic for Mn 

complexes than for any other metal ion [18,47,71]. However, as metal ions exchange their 

ligand are fast, we decided to explore the kinetic inertness of the SOD mimics that could be a 

crucial parameter for a better bioactivity. 
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� Kinetic inertness 

 

 

 
Figure 3: Pseudo-first order rate constants kobs (s-1) characterizing the metal exchanges occurring between the 
manganese center of the SOD mimics with (A) Zn2+, (B) Cu2+, (C) Ni2+ and (D) Co2+. Kinetics of the exchanges 
were monitored in TRIS (50 mM pH 7.5) using a stopped-flow technique in the presence of 20-fold excess of 
competitive metal in order to ensure pseudo-first order conditions. The exchanges were observed 
spectrophotometrically at room temperature and at specific wavelengths chosen to have a high difference in 
absorbance between the manganese complex and the competitive metal complex. The pseudo-first order rate were 
then obtained by fitting the theoretical time-absorbance curve to the experimental one using the Biokine32 software. 
The numerical values of the kobs are given in Table S1. Data represent mean ± SEM for three independent 
experiments and each independent experiments were performed in duplicates. 

The kinetics of the metal exchanges between manganese(II) and four biologically important 

divalent transition metal ions: Cu2+, Zn2+, Ni2+ and Co2+, added at one equivalent in a solution 

of each SOD mimic were monitored spectrophotometrically (Figure 2 and Figure S7). As 

predicted by the Irving-Williams series, metal exchanges take place in all cases until formation 
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Mn1-CP 188 139 133 60 

Figure 2: Kinetics study of the metal exchanges occurring 
between the manganese center of the SOD mimics and 
with Zn2+. The percentage of complexes that underwent metal 
exchanges was monitored spectrophotometrically by following 
the absorbance at a wavelength, chosen to have a high 
difference in absorbance between the manganese complex 
and the Zn(II) complex. The spectra of the Mn(II) complexes 
and Zn(II) complexes are given in Figure S3 and were used to 
choose these monitoring wavelengths. The graph presenting 
the kinetic of metal exchanges occurring between the Mn(II) 
center of the SOD mimics and Cu2+, Ni2+ and Co2+ are given 
in Figure S7. 

Table 2: Half-lives of the metal-assisted dissociation 
reaction of manganese complexes. The exchanges were 
monitored by UV-visible spectrophotometry after addition of 
one equivalent of salts of the exchanging metal ions (ZnCl2, 
CuSO4, NiCl2.6H2O, or CoCl2) in a solution of the manganese 
complexes at 100 µM (TRIS 50 mM, pH 7.5). For Zn2+, Cu2+ 

and Co2+, the experiments were performed at 5°C as the metal 
exchanges were too fast at room temperature (25°C) 
preventing any kinetic study. For Ni2+ exchanges study, the 
temperature was maintained at 25°C. n.d means not 
determined; as in some cases the exchanges were too fast, 
even at low temperature, and could not be monitored by UV-
vis spectroscopy. 
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of 100% of the more stable competitive metal complex [74,75]. To characterize the kinetic 

inertness of the Mn complexes, the half-lives (t1/2) of the transmetallation 1:1 reaction were 

determined for each experiment (). As shown in  and Figure 2, the exchanges are clearly 

slowed down for Mn1C and Mn1CP compared to Mn1 and Mn1P. The comparison of the t1/2 

reveals that the inertness of Mn1CP differs by orders of magnitude in some cases depending 

on the nature of the competing metal ion. This qualitative approach confirms that EnPI2C and 

EnPI2CP constitute rigid open-chain ligands that efficiently reduce the kinetic lability of the 

manganese complexes [3]. In the case of Zn2+ or Cu2+ ions, the propylated complexes display 

higher t1/2 and so increased kinetic inertness compared to the corresponding non propylated 

complexes. A similar trend was observed by Riley et al. who observed that the number of 

hydrocarbon substituents on cyclic polyamine ligands generally increases the kinetic inertness 

of the corresponding manganese complexes to dissociation [69]. However, this effect of the 

propylation is not seen for Ni2+ and Co2+ metal exchanges. 

To ensure pseudo first order conditions and thus retrieve pseudo-first order rate constants, 

the competitive metal ions have to be in large excess compared to the SOD mimic. However, 

in such conditions, the exchanges are too fast to be monitored by classical UV-vis techniques 

with manual mixing, particularly for Zn2+ and Cu2+. Stopped-flow analysis were then conducted 

to study the kinetics of metal exchanges when competitive metal ions were in 20-fold excess. 

The obtained pseudo-first order rate constants (kobs) are given in Figure 3 (and Table S1). The 

new SOD mimics display lower kobs compared to Mn1, confirming that they are more inert. In 

case of Zn2+, Cu2+ and Co2+ exchanges, we observe the same ranking of increasing inertness 

between the SOD mimics, with the following order: Mn1, Mn1P, Mn1C and lastly Mn1CP. 

These results are consistent with the previous UV-vis experiments. However, we observe a 

different trend for Ni2+ exchanges: Mn1P is surprisingly more inert than Mn1C while Mn1P 

undergo faster exchange than the others SOD mimics when in presence of only one equivalent 

of Ni2+ according to UV-vis experiments. The stopped-flow experiments confirm the improved 

resistance to metal exchanges of the new SOD mimics and in particular of Mn1CP that displays 

the lower kobs for each competitive metal ions exchanges.  

- Intrinsic SOD activity 

� Electrochemistry  
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For an efficient intrinsic SOD-like activity, redox potential of the SOD mimics has to be tuned 

between that of superoxide oxidation (E°’(O2aq/O2
.-) = −0.42 V/SCE pH 7, 25°C) and reduction 

(E°’(O2
.-/H2O2) = 0.67 V/SCE pH 7, 25°C) for an efficient catalysis of superoxide dismutation 

[76]. The electrochemical properties of the four Mn complexes were analyzed by cyclic 

voltammetry at a glassy carbon electrode in HEPES (50 mM, pH 7.5, ionic strength = 12.5 mM). 

The Mn3+/Mn2+ redox couples displayed reversible waves (see Figure S9) described in Table 1. 

The values obtained for Mn1 matched those previously reported (0.20 V/SCE) [47] and all of 

the complexes display a midpoint potential in the range 0.17-0.24 V/SCE, close to the optimal 

value for superoxide dismutation (0.12 V/SCE) [18]. It has been shown that the closer the 

Mn3+/Mn2+ midpoint redox potential to 0.12 V/SCE, the higher the intrinsic SOD activity 

(Figure S11) [18,66,77]. The inclusion of a cyclohexyl or a propyl group does not strongly 

impact the redox properties. We observe that the propylation of the secondary amine resulted 

in an increase in the midpoint potential. The propylation may induce a change in the complex 

geometry that disfavors Mn(III) [18]. A similar effect was observed elsewhere upon 

functionalization of the amine in enPI2 with cell-penetrating peptide (positively-charged 

peptides) [46,48]. 

� McCord and Fridovich assay 

The catalytic rate constants for superoxide dismutation kcat of the studied SOD mimics were 

measured under conditions of slow flow of superoxide with the McCord-Fridovich assay in 

HEPES buffer (50 mM, pH 7.4). This assay is based on the competition between a SOD mimic 

and a visible probe specific for superoxide, XTT in this study, to react with superoxide 

[18,49,63,64,78]. This assay is relevant as a characterization of the kinetics under conditions 

of slow flow of superoxide, close to what is encountered in biological environment [18,79]. In 

a series of complexes derived from Mn1, the McCord-Fridovich assay was shown to provide 

kinetic constants consistent to that obtained in a large excess of superoxide with stopped-

flow [46,48,49] or pulse radiolysis [65]. In the McCord-Fridovich assay, the IC50 is defined as 

the concentration of SOD mimics that reduces by 50% the reaction rate of the oxidation of 

XTT indicator (Figure S11). The kcat of the four SOD mimics could be retrieved from their IC50 

and kXTT (2.9×104 M-1s-1) with kcat = kXTT*[XTT]/IC50 [18,44,66] and are reported in Table 1. The 

measured catalytic rate constants fall in a range already observed for similar complexes (» 107 

M-1s-1) [65,66]. We observed that the intrinsic SOD activity increased upon propylation of the 
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secondary amine of EnPI2 and EnPI2C. This is consistent with results recently published by the 

group of E. Garcia-Espana. The authors reported an increase in SOD activity upon N-alkylation 

of tetra-azacyclophanes copper complexes [68]. They ran quantum mechanics/molecular 

mechanics molecular dynamics simulations to rationalize this effect. Briefly, in absence of the 

alkyl groups on the secondary amines of the ligand (L), hydrogen bonds can formed between 

O2
•- and the hydrogen atoms belonging to the secondary amines, which results in an over-

stabilization of the catalyst-substrate adduct, O2
•--Cu(II)-L. By increasing the energy barrier, 

this over-stabilization slows down one half reaction of superoxide dismutation: the reduction 

of the Cu(II) center to Cu(I) and the leaving of dioxygen. The addition of alkyl group on the 

secondary amines allows to prevent the formation of these hydrogen bonds and thus 

increases the catalysts turnover. The intrinsic SOD activity also increased upon inclusion of a 

cyclohexyl group in EnPI2 structure. Mn1CP containing both the cyclohexyl and the propyl 

groups displayed the best intrinsic SOD activity. Lastly, we noticed that the kcat results in the 

EnPI2 series are not consistent with the ranking associated with the electrochemical 

properties of the complexes. This suggests that other factors such as the kinetic inertness of 

the mimics or second coordination sphere effects associated with propylation (see above) may 

prevail over their weak differences in redox potentials [80].  

- Studies in LPS-activated HT29-MD2 cells 

  
Figure 4: Quantification of the inflammatory marker IL-8 in intestinal epithelial cells activated with LPS (0.1 
μg/mL). IL-8 secretion was measured by ELISA in supernatant of LPS-activated HT29−MD2 cells incubated for 6 
hours with the SOD mimics at different concentrations. The IL-8 amount measured for LPS-activated cells is set at 
100 % for each independent experiment. Data represent mean ± SEM for at least three independent experiments: 
the number of independent experiments is indicated above each column. The p-values were calculated using the 
student test (bilateral test with equal variances not assumed). The mean ranks of each column were compared to 
that of the LPS control, each comparison stands alone. (***) p < 0.001, (**) p < 0.01 and (*) p < 0.05 versus LPS 
control, and ns means non-significant. Without LPS, no significant differences were observed between all of these 
conditions (see Figure S15). IL-8 secretion in controls LPS + zinc complexes (Zn1, Zn1C, Zn1P and Zn1CP) are 
shown in Figure S16. 
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Figure 5: Quantification of MnSOD expression in intestinal epithelial cells activated with LPS (0.1 μg/mL). 
MnSOD expression was measured by Western blot in lysates of LPS-activated HT29−MD2 cells incubated for 6 
hours with the SOD mimics at different concentrations. The MnSOD expression intensity measured for activated 
cells is set at 100 % for each independent experiment. The abundances of MnSOD were normalized to 
the total amount of protein in each lane. Data represent mean ± SEM for at least three independent experiments: 
the number of independent experiments is indicated above each column. The p-values were calculated using the 
student test (bilateral test with equal variances not assumed). The mean rank of each column was compared to that 
of the LPS control, each comparison stands alone. (***) p < 0.001, (**) p < 0.01 and (*) p < 0.05 versus LPS control, 
and ns means non-significant. Without LPS, no significant differences were observed between all of these 
conditions (Figure S15). Control MnCl2 at 100 µM was also assessed and did not display any antioxidant activity 
as expected (see figure S13). Full blots are shown in Figure S12. 

� Cellular model 

The four SOD mimics were assessed on a cellular model of inflammation mediated by oxidative 

stress. This model consists of intestinal epithelial cells named HT29-MD2, able to activate the 

inflammatory cascade NFκB after recognition of bacterial lipopolysaccharide (LPS), a 

component of the bacterial cell-membrane, by the toll-like receptors (TLR-4) present at the 

cells surface. To increase their sensitivity to LPS, HT29 cells have been stably transfected to 

over express the MD2 protein, a soluble coreceptor of TLR-4 [61]. This model, in which the 

LPS-induced inflammatory reaction is associated with oxidative stress [47,61,81] was used to 

evaluate this bio-activity of various SOD mimics [44,47–49,51]. 

Prior to the biological evaluation, the cytotoxicity of the four mimics was evaluated by a LDH 

release assay (Figure S14). No cytotoxicity in HT29−MD2 cells (LDH released extracellularly 

<10%) was observed for Mn1, Mn1P and Mn1CP at 100 μM when prepared with a 1:1 

manganese-to-ligand ratio (6h incubation). The non-coordinated ligands were found to be 

cytotoxic in the same conditions, as previously published in the case of EnPI2 [47]. The Zn(II)-

complexes were not cytotoxic: as redox inactive complexes with the same overall charge as 

the Mn-SOD mimics, they constitute a relevant inactive control [47,48]. A weak toxicity was 
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observed in HT29-MD2 cells for Mn1C at 100 µM prepared in the same conditions. This may 

be due to the slower and incomplete complexation of the cytotoxic EnPI2C ligand to 

manganese. To avoid that, all Mn complexes were prepared by mixing the ligand and MnCl2 

in a 1:1.4 ratio for 2 hours prior to the cell incubation. Using this protocol, we achieved to 

reduce the extracellular LDH released below 10% even for Mn1C. 

The following section summarizes the effect of the four SOD mimics in LPS-activated HT29-

MD2 cells. For all experiments, HT29-MD2 cells were incubated with LPS at 0.1 µg/mL to 

induce inflammation with or without the four SOD mimics at different concentrations for 6 

hours. The anti-inflammatory and antioxidant activities of the SOD mimics were evaluated by 

looking at their ability to limit respectively the secretion of interleukin-8 (IL-8) and to reduce 

MnSOD overexpression induced by LPS (Figure 4 and Figure 5) [44,47–49,51]. 

� Anti-inflammatory activity 

As previously published, LPS-activation induced a strong increase of IL-8 secretion in HT29-

MD2 cell compared to control [44,47,48,61]. When co-incubated in presence of all of the 

studied SOD mimics at the non-toxic concentrations 50 µM and 100 µM, LPS-induced IL-8 

levels were significantly reduced (<35% that of LPS positive control). The decrease of IL-8 

secretion in response to LPS was not detected for Mn1 at 10 µM, as previously published [48]. 

In contrast, Mn1P, Mn1C and Mn1CP assayed at 10 µM were still able to reduce the IL-8 

production to 60%, 30% and 50% that of LPS positive control respectively, without reaching 

statistical significance for Mn1P and significantly for Mn1C and Mn1CP (Figure 4). Therefore, 

the new SOD mimics, particularly Mn1C, retain significant anti-inflammatory properties at 

lower doses than Mn1 (even at 1 µM) and are thus efficacious against inflammation at lower 

incubation concentrations than Mn1. Non-significant effect on IL-8 secretion was observed for 

the corresponding zinc complexes Zn1, Zn1C, Zn1P and Zn1CP at 10 µM, that constitutes 

relevant redox-inactive analogs of the manganese SOD mimics (Figure S16) [47,48]. This 

confirms that these specific bioactivities are associated to the Mn complexes redox properties. 

Zn1 activity on cells at 100 µM was already controlled earlier [47] and reveals no effect on IL-

8 secretion and MnSOD expression. Given the high kinetic  rate of metal exchange from Mn1+ 

Zn(II) to Zn1+Mn(II), Zn1 was the most important Zn-analog to control at 100 µM. Still, all the 

Zn-analogs were evaluated at 10 µM since at such concentrations about 30 % of the SOD 
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mimics should be theoretically dissociated (based on the association constants) and subjected 

to Zn-coordination. 

� Antioxidant activity 

The effect of the SOD mimics on MnSOD expression was investigated by Western blot analysis 

(Figure 5). As previously shown by Mathieu et al., the LPS activation of HT29-MD2 cells leads 

to a significant overexpression of catalytically active MnSOD. This is most probably related to 

the establishment of an oxidative stress situation associated with the appropriate cellular 

feedback response to counteract the LPS-induced oxidative stress [44,47,48]. The four studied 

SOD mimics limit significantly the LPS-induced MnSOD overexpression to 19%, 13%, 6% et 12% 

that of LPS positive control respectively when incubated at 100 µM. As previously reported, 

the SOD mimics seem to be able to complement for SOD in cells [44,47,48]. But at 10 µM, the 

effect of Mn1 on MnSOD overexpression was almost completely suppressed (89% that of LPS 

positive control). In contrast, at 10 µM, Mn1C and Mn1CP were still able to significantly limit 

MnSOD upregulation (18% and 45% that of LPS positive control), whereas the activity of Mn1P 

was less efficient with an over-expression to 66% that of LPS positive control. This remanence 

of the anti-inflammatory and antioxidant activity of Mn1C and Mn1CP at concentrations lower 

than those required for Mn1 is consistent with the previous results showing the improved 

capacity of Mn1C and Mn1CP to fulfill the criteria required to get an efficient SOD mimic. 

Therefore, just as for IL-8 secretion, Mn1C can reduce MnSOD overexpression at lower doses 

than Mn1, Mn1P and Mn1CP.  

- Intracellular detection and quantification  

The detection and the quantification of the SOD mimics in HT29-MD2 lysates is important to 

support their involvement on the biological effects observed upon LPS stimulation. 
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Figure 6: Quantification by ICP MS of total manganese content in LPS-activated HT29-MD2 cells incubated with 
the four SOD mimics at 10 and 100 µM for 6 hours. Cell lysates were digested in HNO3 2% to release manganese 
from all coordination sites. The amount of Mn in cell lysates were normalized by the mass of proteins determined 
by BCA assay. Data represent mean ± SEM for at least three independent experiments: the number of independent 
experiments is indicated above each column. The p-values were calculated using the student test (bilateral test 
with equal variances not assumed). The mean rank of each column was compared to that of the LPS control, each 
comparison stands alone. (***) p < 0.001, (**) p < 0.01 and (*) p < 0.05 versus LPS control, and ns means non-
significant. The p-values and significance results corresponding to the comparison of the SOD mimics with each 
other are given in Figure S18. 

The accumulation of the SOD mimics in HT29-MD2 cells was first checked by measuring the 

total amount of Mn content in cell lysates by ICP-MS (Figure 6). A significant increase from 2.1 

(control LPS cells) to 6.4, 3.8, 7.1 and 5.0 nmol of Mn per mg of proteins was recorded in cells 

incubated with respectively Mn1, Mn1P, Mn1C and Mn1CP at 100 µM. This shows that the 

SOD mimics were all able to penetrate and accumulate significantly inside cells. At 100 µM, 

no significant difference in intracellular manganese amount was observed for any of the 4 SOD 

mimics. We only noticed that the addition of a propyl group whether in Mn1 or Mn1C 

structures results to a non-significant but systematic and visible decrease in the amount of 

Mn in cell lysate. This suggests a lower cell penetration of Mn1P and Mn1CP in comparison to 

their respective non-propylated analog Mn1 and Mn1C. This may contribute to the slightly 

improved bioactivity of Mn1C over Mn1CP in HT29-MD2 cells. 

We then sought to detect the active species, i.e. intact manganese complexes, and to study 

their speciation in the cell lysates. To do so, we conducted mass spectrometry experiments on 

lysates of LPS-activated HT29-MD2 cells incubated with the SOD mimics at 100 µM. In the case 

of Mn1, Mn1P and Mn1C, the detection was biased either by deprotonation issues (Mn1 and 

Mn1C) happening in gas phase and/or by rapid metal exchanges with transition metals (Ni, 
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Zn, Fe) present endogenously or in the different parts of the analytical instrument (Figure S20, 

S21, S22, S23, S24, S25, S26 and S27). This prevented us either to detect them in the cell 

lysates or to determine accurately their cellular amount. However, the analysis of pure Mn1CP 

by mass spectrometry reveals that no metal exchange occurred between the Mn(II) center 

and the other metal ions present in the analytical system (Figure S26 and S27), making it 

suitable for unbiased quantification. Indeed, we observe two intense peaks at 504.24 and at 

505.25 m/z corresponding to Mn1CP and its first isotope while the peaks corresponding to the 

complex with other divalent metals cations are not visible except for Zn1CP but with a very 

weak intensity (20-times lower than that of Mn1CP).  

 

Figure 7: Mass spectrum of a LPS-stimulated HT29-MD2 lysate, previously incubated with the SOD mimic Mn1CP 
for 6 hours and ultra-centrifuged at 100,000 rpm for 20 minutes. The lysate (10-15 106cells in 2 mL NH4CO3 50 mM) 
was diluted in 20% NH4CO3/ 80% ACN and spiked with the standard Co1CP (13C) at 0.4 µM. The figure was zoomed 
onto the m/z region for the studied complexes. The peak corresponding to Mn1CP, Co1CP (13C) and their isotopic 
pattern are clearly visible and annotated on the spectrum. Other similar mass spectra of cells lysates incubated with 
Mn1CP are given in Figure S30. Zn1CP(13C) displays peaks with relatively low intensity and was neglected for the 
quantification. 

One example of mass spectrum corresponding to lysates of cells incubated with Mn1CP at 100 

µM is given in Figure 7. Three others examples of obtained mass spectra are given in Figure 

S30. We observed that Mn1CP partially dissociated and exchanged within the cell with Zn(II) 

to form mainly Zn1CP and, to a very extent, Cu1CP. These exchanges were expected 

considering the high association constant of the ligand with Zn(II) (Figure S19). As we checked 

that the Zn(II) complexes do not have any activity in HT29-MD2 cells (Figure S16), this 

exchange merely led to a decrease in Mn1CP concentration in cells which is the bioactive 
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molecule. We also checked the SOD activity of Cu-complexes by McCord and Fridovich. Cu1, 

CuP1, Cu1C and Cu1CP display SOD activity with the following catalytic rates: 0.34	×	106 M-1s-

1, 0.63	×	106 M-1s-1, 0.60	× 106 M-1s-1 and 0.17	×	106 M-1s-1 (Figure S17). The measured 

catalytic rates are all slower than that of the copper salt (CuOAc)2 (14.5 M-1s-1). Then the 

measured SOD activity could be due to released copper (Figure S17), to weakly active Cu-

complexes or to combination of both. Whatever the explanation, this again supports the 

conclusion that these exchanges solely result in a decrease of bioactive Mn1CP bioavailability 

and do not contribute the observed activity in cells. 

Mn1CP in lysates of HT29-MD2 cells was quantified by spiking a standard at 0.4 µM before 

mass spectrometry analysis. The used standard consists of a heavy analog of Mn1CP, namely 

Co1CP (13C) with a Co(II) ion center instead of Mn(II) and a ligand EnPI2CP bearing a phenol 

group labelled with 13C. 13C-labelled cobalt heavy complex constitutes a good standard as (a) 

it is very stable (K1_Co1CP = 4.85 ± 1.15 × 108 M-1, Figure S28), (b) it undergoes minimal metal 

exchange with the free divalent metal ions present in the cell lysates and (c) has 

physicochemical properties close to that of Mn1CP. The peaks corresponding to the standard 

(514.26 m/z, 515.26 m/z) are also clearly visible in Figure 7. In some cases, the spectra 

revealed relatively weak peaks corresponding to Zn1CP (13C) and Cu1CP (13C) that were 

neglected for the quantification. From the ratio of the signal intensity of Mn1CP with that of 

the standard Co1CP (13C) and, using a calibration curve (Figure S29), the amount of Mn1CP in 

the cell lysates could be retrieved by taking into account the dilution done for the sample 

preparation for MS. Eventually, from the concentration of cells in the lysates, the intracellular 

molar amount of Mn1CP can be retrieved and was determined equal to 2.8 ± 0.5 × 10-16 mol 

per cells (mean ± SEM). The results of the quantification for the different cellular samples are 

detailed in Table S2 and were confirmed by the method of standard additions (Figure S31). 

Owing the Irving-Williams series, or association constant, one could fear that no Mn(II) 

complex should be present in cells. However, as mentioned earlier, (i) the endogenous ligands 

that could compete with EnPI2-type ligands also have a weak affinity for Mn(II) (see above the 

association constant of the archetypal HSA for Mn(II)) and  (ii) as highlighted by Giedroc et al. 

metal ions such as Zn(II) or Cu(II) are indeed competitive metal ions, showing high association 

constants for most ligands but their exchangeable pool is also very weak as they are tightly 

controlled in cells by proteins. In contrast, Mn(II) being a weaker binder is non-competitive 
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but much more bio-available [71]. This could explain that, despite the lower stability of Mn(II) 

complexes than Zn(II) or Cu(II) complexes, Mn1CP is clearly present in cells. 

The presence of Mn1CP at 2.8 ± 0.5 × 10-16 mol per cells supports the accumulation and the 

persistence of the Mn complex inside the cells as well as its role in the decrease in IL-8 levels 

and in MnSOD expression observed in LPS-stimulated HT29-MD2. 

Conclusion 

The 1,2-diaminoethane central scaffold of the parent SOD mimic Mn1 was replaced by a (±)-

trans-1,2-cyclohexyl group and substituted with a propyl group on its secondary amine in 

order to improve its kinetic inertness and to avoid any deprotonation during the speciation 

studies by mass spectrometry. Characterization of the resulting complexes demonstrated that 

these Mn1-derived SOD mimics displayed improved features for biological applications. 

Thanks to its rigidified skeleton, Mn1CP in particular, is more resistant to metal exchanges 

that may lead to the formation of redox inactive analogues in a biological medium. The 

modifications of the SOD mimics led to an improvement of the anti-inflammatory and 

antioxidant activities in a cellular model, consisting of epithelial intestinal cells HT29-MD2 

under LPS-mediated inflammation, and relevant to IBD. Indeed, Mn1C displays the best 

bioactivity, with significant effects when incubated at 10 µM. These improved efficacies could 

be correlated to the higher bioavailability of the new SOD mimics in the cellular environment. 

associated to a higher inertness. Note that, at this stage, we cannot exclude the possibility of 

a different sub-cellular location that could also be responsible for the better activity of Mn1C. 

This is now under exploration. 

The rationalization of the SOD mimics bioactivities can be boosted by the direct detection and 

quantification of the active species inside the cells. The detection of open-chain manganese 

complexes in biological environments is not straightforward due to their high lability and thus 

possible metal exchanges. This is what showed the mass spectrometry experiments described 

in this work. For the most inert derivative Mn1CP, we investigate further its intracellular 

accumulation and speciation to quantify it in cells. Mn1CP partially exchanges Mn(II) with 

endogenous Zn(II) but remained present with an intracellular molar amount of 2.8 ×10-16 mol. 

The others Mn SOD mimics studied here were subjected to metal exchanges in the mass 

spectrometer and thus would require other metal-free techniques for unbiased detection. 
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The approach presented here, combining investigation of metal exchanges, bioactivity and 

intracellular detection indicates that kinetic inertness is a key property to be considered for 

biological applications. Overall, the newly-designed more inert SOD mimics display a better 

ratio activity/concentration, and thus constitute promising catalytic drug candidates for 

antioxidant and anti-inflammatory treatments in IBD context. 
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As mentioned in the introduction of chapter II, most of the techniques available for SOD 

mimics quantification in cells relie on the detection of either the ligand or the metallic center. 

This study aims to demonstrate the use of ion mobility spectrometry coupled to mass 

spectrometry (IMS-MS) to track the presence of intact Mn(II) complexes SOD mimics (Mn(II)-

ligand) inside cells.  

The intracellular detection of Mn1 in its intact form is very challenging for three main reasons: 

1) the biological environment is very intricate and overcrowded, 2) Mn1 is subjected to fast 

metal exchanges within the analytical system, hence preventing any unbiased detection and 

quantification and 3) the amine moiety of Mn1 may be deprotonated. 

We report here the capacity of IMS-MS to provide a metal-free (to some extent) detection 

system (MS) and an upstream separation system (IMS) ensuring a second dimension for the 

analyses. This allowed the accurate determination of the intracellular speciation of both Mn1 

and its propylated analog labelled Mn1P.  

This project was led by a former PhD student of the laboratory of Biomolecules : Martha 

Zoumpoulaki. I contributed in the synthesis/purification/titration of the heavy analog of Mn1P 

required for the quantification, in the sample preparation of HT29-MD2 cell lysates prealably 

incubated with the two SOD mimics and in the IMS-MS analysis of these latter samples at 

IPREM in Pau. This work was recently published in Angewandte Chemie journal 

(doi.org/10.1002/anie.202203066). I participated in the paper proofreading.    
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Abstract 
The detection and quantification of exogenous metal complexes are crucial to understanding 

their activity in intricate biological media. Mn(II) complexes are difficult to detect and quantify 

because of low association constants and high lability. The superoxide dismutase (SOD) mimic 

(or mimetic) labelled Mn1 is based on a 1,2-di-aminoethane functionalized with imidazole and 

phenolate and has good intrinsic anti-superoxide, antioxidant and anti-inflammatory activity 

in lipopolysaccharide (LPS)-activated intestinal epithelial HT29-MD2 cells, similar to that of its 

propylated analogue labelled Mn1P. Ion mobility spectrometry-mass spectrometry (IMS-MS) 

is a powerful technique for separating low molecular weight (LMW) metal complexes and can 

even separate complexes with the same ligand but bound to different divalent metal cations 

with similar ionic radii. We demonstrated the intracellular presence of the Mn1 and Mn1P 

complexes, at least partly intact, in lysates of cells incubated with the complexes and 

estimated the intracellular Mn1P concentration using a Co-13C6 analogue. 

Introduction 
 The reliable detection and quantification of exogenous metal complexes, such as 

metallodrugs or metal-based probes in intricate biological media, is essential for a good 

understanding of their bioactivity and can be particularly challenging. Various imaging 

techniques [1] based on fluorescence [2–4], vibrational spectroscopies, including µFourier 

transform infrared spectroscopy (μ-FTIR) [5–12], μRaman [13,14], laser ablation inductively 

coupled plasma mass spectrometry LA-ICP-MS [15,16] or X-ray fluorescence (XRF) [5,17–29] 

can be used for the intracellular detection and mapping of metal complexes. Furthermore, 

mass spectrometry-based techniques [30], such as ICP-MS [30–33], electrospray ionization 

tandem mass spectrometry (ESI-MS/MS) [34], liquid chromatography-mass spectrometry (LC-

MS) [35, 36], as well as electron paramagnetic resonance (EPR) [25,37] or atomic absorption 

spectrometry (AAS) [35, 38–44], have been used for their detection and quantification in cells 

or organisms. 

Manganese(II) complexes, developed as contrast agents for magnetic resonance imaging 

(MRI) [45–51], or as catalytic antioxidants mimicking the mitochondrial manganese 

superoxide dismutase (MnSOD) [52–59], constitute a unique challenge. Biological 

environments are rich in Lewis bases [60] and contain a variety of divalent metal ions that 

constitute an exchangeable pool [61]. Due to their d5 metal ion with no ligand-field-
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stabilization energy (LFSE) [25, 62, 63], Mn(II) complexes display association constants in the 

low range of the Irving and Williams series [64,65]. Their d5 configuration contributes to a low 

kinetic barrier to ligand dissociation or association [25, 62, 63], and renders Mn(II) complexes 

highly labile, with fast exchange of coordinated ligands and metal ions [66,67], except for 

some ligands specifically designed to achieve impressive inertness [46]. The knowledge of the 

speciation of a Mn(II) complex or Mn(II) ion in a biological environment is thus crucial. 

A metal-free analytical environment is needed to avoid adventitious metal ion exchanges 

coming from the analytical system. Considering the plethora of species in the LMW range in 

cells, coupling of MS with a separation system is required. A comprehensive evaluation of 

high-performance liquid chromatography-mass spectrometry (HPLC-MS) for a large-scale 

study of metal complexes was reported elsewhere [68]. It has been also applied very recently 

to a more inert Mn-based complex similar to Mn1 [69]. More labile compounds present 

additional problems, especially when they interact with the stationary phase and the tubing 

of the system. These interactions can lead to metal exchange and the decomposition of the 

target metal complexes. 

Ion mobility spectrometry, first developed by Cohen and Karasek in 1970 [70], to detect traces 

of organic molecules in the gas phase, involves the movement of ions against a gas flow under 

an applied electric field. The velocity of ions is proportional to their reduced mobility constant 

K [cm2 V-1 s-1], which is associated with their rotationally averaged collision cross-section (CCS) 

also noted Ω (in Å2). In IMS coupled with mass spectrometry, ion detection is performed using 

MS [71–73]. IMS-MS is a powerful technique used for structural characterization of 

biomolecules to probe the folding of proteins upon ligand binding [74], and to study the 

dynamic of those interactions [75], to characterize supramolecular complexes showing 

differences in host shape due to guest interaction [76–79]. It can also be used to separate 

species of very similar mobility with a high resolving power (>100 as defined by Ω/ΔΩ 

measured at full width at half maximum) [75]. For instance, IMS-MS was used to characterize 

metal speciation in peptides [80]. Its application to the coordination of LMW ligands is not 

highly developed, probably because the change in shape upon folding around a metal ion is 

small, and as far as we know, IMS-MS has never been applied to study metal speciation [81] 

in LMW complexes in cell lysates. 
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We are interested in bioinspired metal-based catalytic antioxidants [82–84], namely 

manganese(II) complexes that mimic SODs, metalloenzymes that catalyze the dismutation of 

superoxide and constitute the first line of cellular antioxidant defense [52,54]. One of these 

SOD mimics, Mn1 (Figure 1a), involves an open-chain ligand built on a 1,2- diaminoethane-

scaffold, with two imidazole and one phenolate as appended coordinating moieties. Mn1 has 

good intrinsic anti-superoxide activity, as measured by the kcat outside of a cellular context 

[25, 54], in line with its redox potential, which is close to the optimal SOD potential E1/2 (V/SCE) 

typically ranging from 0 to 0.2 V/SCE, with an optimal value at 0.12 V/SCE [52,54,82,85], which 

is the midpoint between E0’
1/2(O2aq/O2°- )=-0.42 V/SCE and E0’

1/2(O2°-/H2O2)=0.66 V/SCE [86]. 

One of the cellular models we use to evaluate SOD mimics [5,22,25,87,88] consists of intestinal 

epithelial cells, HT29- MD2, under lipopolysaccharide activation [89, 90]. Mn1 displayed a 

good antioxidant and anti-inflammatory activity in this model, while its zinc(II) redox-inactive 

analogue, referred to as Zn1, and MnCl2 showed no effect [5,22,25,87]. The quantification 

methods previously used (EPR, ICP-MS, XRF) [5, 22, 25] were focused on the metal ion cellular 

content and its comparison with the endogenous content, assuming that excess of Mn was 

due to internalized Mn1. This could have some drawbacks as incubation with a non-native 

coordination complex may itself alter the homeostasis of the metal ions within the cells*. To 

avoid this possible bias and to also determine the amount of intact metal complex in cells, we 

wanted to directly track it in cell lysates. We showed previously using LC/MS-MS [25], that 

Mn1 penetrates the cells but the fact that the m/z peak of [Mn1]+ (408.1465) is very close to 

that of the m/z peak of [Fe1-H]+ (408.1355), with overlapping isotopic patterns prevented any 

reliable quantitative analysis, as previously performed with a more inert analogue [69]. 

Recently, to investigate the Mn1 subcellular location, a multimodal Re-tris carbonyl probe was 

conjugated to the ligand. The Mn(II) complex showed the same activity as Mn1 but a different 

cellular distribution. Tagging the ligand was used as an indirect way to study speciation. Mn 

and Re were only partially colocalized, suggesting possible dissociation [5]. 
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Figure 1: Chemical structure of MnSOD mimics. a) Mn1 and enPI2 ligand. b) Propylated analogue Mn1P and enPI2P ligand. 
The analogues with Zn(II), not shown in this figure, were labeled Zn1 and Zn1P similar to other metal cations (Co1, Fe1, Cu1, 
etc.). 

This study aims to elucidate the fate of Mn1 and its propylated analogue Mn1P (Figure 1b) in 

HT29-MD2 cell lysates using MS-based methods. To match the conditions under which we 

study the anti-inflammatory and antioxidant activity of the SOD mimics [5,22,25] (Figure 2), 

we co-incubated the SOD mimics with LPS. The fact that Mn of natural abundance is 

monoisotopic precludes considering mass isotopic distribution to ascertain whether a Mn 

complex is present. We have explored here IMS-MS to demonstrate unambiguously the 

intracellular presence of the intact Mn1 and Mn1P complexes (Mn(II)-Ligand) and to estimate 

the intracellular concentration of Mn1P. 

 

Figure 2: Anti-inflammatory and antioxidant activity of Mn1 and Mn1P. LPS-activated (0.1 μg/mL) cells were incubated in the 
presence of MnCl2, Mn1, or Mn1P at 100 μM for 6 h. Non-activated cells were incubated with cell media, Mn1 or Mn1P at 100 
μM for 6 h. Positive and negative controls consist of LPS-activated and non-activated HT29- MD2 cells (light grey), respectively. 
a) Quantification of interleukin 8 (IL-8) inflammation chemokine, in supernatants, measured by ELISA. The IL-8 amount was 
normalized by the total protein amount in each sample and was reported as ng/mg of proteins. Normalized IL-8 amount is 
presented % vs. the LPS positive control. Results represent mean± SEM for three biological experiments in technical duplicates. 
b) MnSOD expression in cell lysates measured by Western Blot. MnSOD expression was normalized to the total amount of 
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protein in each sample. Normalized MnSOD expression intensity is presented % vs. the LPS positive control. Data represent 
mean± SEM with the number of independent experiments indicated above each column. The p-values were calculated using 
the Student’s t-test. The mean rank of each column was compared to that of the LPS control, each comparison stands alone. 
(***) p < 0.001, (**) p < 0.01, and (*) p < 0.05 versus LPS control, and ns means nonsignificant. 

Results and Discussion 
- Physico-Chemical Properties of Mn1 and Mn1P 

Anticipating possible issues with deprotonation of the NH group in Mn1 during MS 

experiments, we decided to derivatize the secondary amine of the 1,2-diaminoethane-

scaffold by adding a propyl chain leading to Mn1P. Mn1P was prepared as Mn1 [5,22,25] using 

a propylated version of the enPI2 ligand as described elsewhere [69]. The functionalization of 

the nitrogen with a propyl group did not greatly alter the properties of the SOD mimic, as 

shown in Tables 1 and 2, and Figures 2, S1a–d. Mn1P showed a peak higher than Mn1 when 

analyzed in 1/1 ratio by ESI-MS, indicating better ionization properties for Mn1P (Figure S1e). 

The crystallographic structure of Mn1P consists of the dimeric [(enPI2P) Mn Mn (enPI2P)] 

(PF6)2, with each Mn(II) ion hexacoordinate with four nitrogen atoms of the anionic form 

enPI2P- of the ligand and two bridging oxygen atoms from the phenolate groups (Tables S1 

and S2, Figure S2). As for Zn1 [5,22,25], the redox inactive analogue Zn1P did not demonstrate 

any anti-inflammatory activity in inflamed HT29-MD2 cells (FigureS3). None of the above-

mentioned complexes was cytotoxic (Figure S4). 

 
Table 1: Comparison of Mn1P and Mn1 physicochemical properties (HEPES, 50 mM, pH 7.5). [a] Measured with a 200 μM 
solution of the complexes in HEPES (50 mM, pH 7.5), with a Pt auxiliary electrode and a glassy carbon disk as working 
electrode, at scan rates 0.1 or 0.2 V/s. See Supporting Information for additional details. [b] Measured using the Fridovich 
assay [54,83,91,92] in HEPES (50 mM, pH 7.5), with cytochrome c Fe(III) as UV/Visible marker, [CytcFe(III)] = 100 μM. See 
Supporting Information for additional details. 

Ligand KMnL KCoL KZnL 

L = enPI2 1.22 ± 0.18 ×106  1.10 ± 0.62 ×108  1.0 ± 0.2 ×1010  

L = enPI2P 1.04 ± 0.18 ×106  2.30 ± 1.32 ×107  6.0 ± 1.4 × 109  

Table 2: Association constants KML (equivalent to M-1) of the studied ligands with Mn(II), Co(II), and Zn(II). Measurements were 
performed in a HEPES 50 mM buffer at pH 7.5 with an ionic strength of 12.5 mM and at 25 °C (see Figure S5 for Co(II) and 
Supporting Information for experimental details). Association constants of the complexes with Cu(II) and Fe(II), less relevant 
in this study, are given only in the Supporting Information for information. 

- IMS-MS: A Powerful Analytical Technique to Discriminate between LMW Complexes 
with Similar Divalent Metal Ions 
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We investigated whether IMS-MS could discriminate between the same LMW ligand bound 

to various divalent metal cations from the first series of the transition elements or Zn(II), that 

are folded differently due to small changes in ionic radii [93]. The capacity to distinguish two 

species with a close CCS, is dependent on the capacity to separate two peaks. If we consider 

that two peaks of equal intensity are resolved if the valley between them is less than 0.1 of 

the peak intensity, the minimum difference in mobility allowing the distinction among two 

species is close to 2 Å2 CCS difference. Table 3 gives the CCS and inverse of the reduced 

mobility constant K0 [73] for a series of complexes derived from enPI2 and enPI2P, namely Mn1 

and its analogues Zn1, Ni1, Fe1, Co1, Cu1 on the one hand, and Mn1P and its analogues Zn1P, 

Ni1P, Fe1P, Co1P, Cu1P, on the other hand (see also Figure 3). Mobilograms extracted at a 

given molecular mass for each complexes analyzed separately, are presented in Figure 4, as 

an overlay. Figure S6 shows that the various complexes can be identified in an equimolar 

mixture of complexes. These data show that the discrimination between the complexes is 

achievable in both series, with CCS ranging from 180.557 to 188.124 Å2 for enPI2 and from 

190.825 to 197.485 Å2 for enPI2P.  

 
Table 3: IMS-MS data of the metallated forms of the enPI2 and enPI2P ligand (with Mn(II), Fe(II), Co(II), Ni(II), Cu(II), Zn(II), as 
in the order of the periodic table). MS and IMS parameters determined after injection at neutral pH (20 μM in 20 % NH4HCO3 
50 mM pH 7.4/80 % acetonitrile or ACN). m/z [L+M]+ exp refers to the experimental m/z value of each species, whereas m/z 
[L+M]+ calc refers to the corresponding theoretical calculated m/z value. δm describes the precision of the measure (m/z) (in 
ppm, or [(m/z)measured - (m/z)theoretical]/(m/z)theoretical × 106). K0 is the reduced mobility constant, with K0 = K × (273/T) 
× (P/760), where K is the mobility coefficient of the ion in cm2/V/s, T is the absolute temperature in Kelvin (fixed at 298 K) and 
P is the pressure in Torr of the N2 gas through which ions move (set to get an accurate CCS for a m/z 622 compound). The CCS 
(or Ω) is related to the ion mobility according to the following equation: K=3/16*!(2𝜋/𝜇 × 𝑘) × 𝑇) × (𝑧𝑒/𝑁 × 𝛺)	 where μ 
is the reduced mass of the ion-gas pair (μ = mM/(m + M), with m and M the ion and gas-particle masses), kB is the Boltzmann 
constant, and ze is the analyte charge [95]. rion is the ionic radius of metal cations in Å. Note that the CCS values measured 
here are highly reproducible with replicates having <0.3% relative standard deviation (RSD) (< 0.6 % in previous work for 
traveling wave mobility techniques) [96, 97]. Typically, the RSD values reported in the literature are < 2 % deviation (uniform 
field mobility techniques)[98] (see Supporting Information for further details). 
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The observed ion mobilities of the metallated forms correlate well with theoretical ionic radii 

of the divalent transition metal cations (high spin, pentacoordinate) [Mn(II) > Fe(II) > Co(II) > 

Zn(II) > Ni(II) > Cu(II)], except Fe1P whose MS peak shows the presence of an additional water 

molecule (Figure 3, Table 3) [93]. Metal complexes can form hydrogen bonds with water 

molecules when in solution [94]. The difference between Fe1 and Fe1P may be related to the 

presence of a more hydrophobic environment for Fe1P (presence of an additional propyl 

group) which protects Fe1P from the loss of a water molecule. In the case of enPI2 and Cu(II), 

the correlation with CCS matched better with an ionic radius for a high spin tetra-coordination, 

maybe suggesting a partial ligand dechelation (Figure 3). Overall, this specificity of CCS with 

the coordinated metal ions opens up interesting perspectives for the study of speciation in 

LMW metal complexes and, here, for the characterization of the complexes in cell lysates after 

cell incubation with Mn1 or Mn1P. Note that the intensity of peaks in the mobilograms does 

not depend on the ion mobility but on the efficiency of electrospray ionization of a metal 

complex. No models allowing a correlation of the efficiency of electrospray ionization with the 

structure of metal complexes are available. 

 
Figure 3: Collision cross-section in Å2 plotted against the ionic radius of metal cations in Å. The rion of any M(II) corresponds to 
a high spin penta- coordination, except for Fe(II) (high-spin hexa-coordination). The rion for Cu(II) is also shown (in yellow) for 
a high-spin tetra-coordination. The rion values were taken from http://abulafia.mt.ic.ac.uk/shannon/ptable.php.[76] 
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Figure 4: Overlay of extracted ion mobilograms of pure solutions of each complex (20 μM). a) IM of [enPI2+H]+, [Mn1]+, [Zn1]+, 
[Ni1]+, [Fe1-H]+, [Cu1]+, [Co1]+ and b) [enPI2P+H]+, [Mn1P]+, [Zn1P]+, [Ni1P]+, [Fe1P+H2O]+, [Cu1P]+, [Co1P]+ were extracted 
with their corresponding theoretical m/z (see Table S3) with 5 mDa precision. All complexes were analyzed separately at 20 
μM in 80 % ACN/20 % NH4HCO3 50 mM pH 7.4. 

- Towards the use of IMS-MS to detect metal complexes in cells 

ESI-MS with a metal-free ionization source allowed the detection of Mn1 (resp. Mn1P) at m/z 

408.1465 (resp. m/z 450.1935) (Figure S7a) by direct infusion of pure Mn1 (resp. Mn1P) 

solutions (50 μM in 20 % NH4HCO3 50 mM pH 7.4/ 80 % ACN). Optimal ionization was observed 

for 80 % ACN (Figure S8). No other metal ions were observed in the pure Mn1 (resp. Mn1P) 

samples when analyzed by ICP-MS (Figure S9). When cell-lysates of LPS-activated HT29-MD2 

cells incubated with Mn1 (100 μM, 6 h) were analyzed using direct infusion in ESI-MS, the peak 

of Mn1 was not seen amongst other more abundant cellular species (Figure S7b), highlighting 

the need for a second dimension. Note that using LC-ESI-MS, when we analyzed pure Mn1 in 

solution, complexes with divalent transition metals other than Mn(II) were observed, showing 

the release of transition metals ions from the analytical system (Figure S10). 

Interestingly, no metal exchange was detectable from a pure solution Mn1 (resp. Mn1P) at 50 

μM when analyzed by IMS-MS direct infusion (Figures S11a, 12a). Similarly, when the ligands, 

enPI2 and enPI2P, were injected, they were not found metallated (Figures S11b, 12b), 

highlighting the fact that at 50 μM, no contamination from the analytical system was 

detectable. Nevertheless, when pure solutions of Mn1 or Mn1P were injected at lower 
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concentrations, some exchange with Zn was observed. When Mn1 was injected at 2 μM, 

although the Mn analogue was the more abundant species, a peak ratio of [Zn1]+/[Mn1]+ of 

1/3 was observed, and [Zn1]+ contribution was higher than [Mn1]+ when a solution of Mn1 at 

0.02 μM was injected (Figure S13a). Similarly, the [Zn1]+/[Mn1]+ ratio was 1/8 when Mn1P 

was injected at 2 μM and was 1/3 when injected at 0.02 μΜ (Figure S14a). Clearly, when 

comparing Figure S13a and S14a, one can tell that Mn1P experienced less exchange with Zn 

than Mn1, especially at lower concentrations. 

We then explored the effect of the cellular medium. When Mn1 or Mn1P were added to cell 

lysates at 2 μM, the Zn analogues were the more abundant species both with Mn1 and Mn1P. 

This showed that the Zn(II) contribution from the cell lysates exceeded the zinc contribution 

from the IMS-MS system (Figure S13b, S14b), which can then be disregarded. Thus, 2 μM is 

the threshold for the detection of these Mn-complexes in cell lysates, with minimal 

interferences from the analytical IMS-MS system. 

- Application of IMS-MS to Detect and Quantify SOD Mimics in Cell Lysates Using a 
Heavy-Ligand (13C6) Co-analogue  

IMS-MS was used for Mn complexes detection by IMS-MS direct infusion of HT29-MD2 cell 

lysates after cell incubation with LPS at 0.1 μg/mL and the compounds at 100 μM for 6 h (see 

Supporting Information, Figure S15). The complexes were detected in cell lysates in extracted 

exact mass and exact ion mobilogram of Mn1 or Mn1P (Figure 5a, b, d, e). Thus, combining 

two orthogonal dimensions (ion mobility and exact mass) is an efficient approach for 

characterizing metal complexes in intricate biological environments, showing here 

unambiguously that both Mn1 and Mn1P are present at least partly intact in lysates of cells 

incubated with the compounds. 

In addition to the IMS-MS signature of Mn1 (resp. Mn1P), we extracted peaks corresponding 

to Zn1 (resp. Zn1P), indicating metal exchanges (Figures 5c–f, S16). In the case of Mn1, we also 

observed peaks resulting from dehydrogenation (Mn1-H and Fe1-H overlapping with Mn1) 

(Figure 5c). Interestingly, IMS-MS is powerful enough to distinguish between isobaric Mn1 and 

Fe1-H. However, the overlapping of the peaks prevented a reliable quantification of low 

cellular levels of Mn1. Since Mn1P undergoes fewer metal exchange events in cells (Figure 

S16) and cannot be dehydrogenated (Figure 5f), it was the most suitable candidate to attempt 

intracellular quantification using an internal standard. 
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Figure 5: Detection of Mn1 and Mn1P in cell lysates by IMS-MS. Cells were incubated with Mn1 or Mn1P (100 μM) and LPS 
(0.1 μg/mL) for 6 h and corresponding cell lysates were ionized in 80 % ACN/20 % NH4HCO3 50 mM pH 7.4. Full heat maps 
with corresponding IMS and MS spectra for a) Mn1 and d) Mn1P. Extracted heat maps with corresponding IMS and MS spectra 
for b) Mn1 and e) Mn1P. The IM of [Mn1]+ was extracted at 408.1465 m/z, 0.909 V.s/cm2, and of [Mn1P]+ at 450.1933 m/z, 
0.960 V.s/cm2 with 5 mDa precision. Corresponding extracted ion mobilograms for c) Mn1 and f) Mn1P. The IM of [Mn1]+, 
[Mn1-H]+, [Fe1-H]+, [L+H]+, [Zn1]+ and [Mn1P]+, [Fe1P]+, [LP+H]+, [Zn1P]+ were extracted with their corresponding theoretical 
m/z (see Table S3) with 5 mDa precision. 

We decided to use Co113C6P (Figure 6a) as an internal standard because a) Co113C6P and Mn1P 

are structurally very similar and possess the same charge, b) Co(II) is not naturally present in 

cells, c) no metal exchange was observed for Co113C6P (resp. enPI2
13C6P) at 50 μΜ by IMS-MS 

(Figure S17) and d) no exchange was observed between Mn1P and Co113C6P, or between Zn1P 

and Co113C6P (1:1 by ESI-MS) even after 24 h (Figure S18). This showed that Co113C6P was 

sufficiently stable and inert. Using a heavy analogue of the ligand (enPI2
13C6P instead of 
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enPI2P) has the additional advantage to enable tracking of possible exchange between Mn1P 

and the standard in cell lysates, and little exchange of Co-Zn was seen in cell lysates. As the 

intensities are dependent on the ionization properties of Mn1P and Co1P (see Figure 4b), a 

calibration curve was established in a pure buffer/ionization solution for the quantification of 

Mn1P (Figure S19). After incubation with Mn1P and LPS, the cell lysates (see Supporting 

Information) were spiked with Co113C6P at 0.02 μM. The estimate of the Mn1P concentration 

in the injected solution of cell lysate (see Supporting Information) was 0.017 to 0.005 μM 

(corresponding to 0.093±0.028 μM in the cell lysate). The intracellular Mn1P concentration 

was estimated at 0.013±0.006 fmol/cell (Figures 6b, S19, Table S4). This value corresponds to 

a minimal quantity of Mn1P found in the cells, as exchange or dissociation may have occurred 

during the lysis process and sample preparation, associated with the possible release of metal 

cation, here seemingly mainly Zn(II), from biological coordination and dilution. 

 
Figure 6: Quantification of Mn1P in cell lysates. a) Chemical structure of 13C6-labeled propylated internal standard (Co113C6P). 
b) Extracted ion mobilogram of cell lysate from cells incubated with Mn1P (100 μM) and LPS (0.1 μg/mL) for 6 h, spiked with 
Co113C6P at 0.02 μM, just before IMS-MS analysis in 80% ACN/20% NH4HCO3 50 mM pH 7.4. The IM of [Co113C6P]+, [Mn1P]+, 
[Zn1P]+, [Zn113C6P]+ were extracted with their corresponding theoretical m/z (see Table S3) with 5 mDa precision. 

Conclusion 
In summary, we have demonstrated that the intracellular detection of the Mn1 and Mn1P 

SOD mimics can be performed using IMS-MS. This technique allowed efficient discrimination 

between the various metallic analogues of LMW complexes. This study exemplifies the IMS-

MS potential for LMW molecules with the same charge and minor shape changes associated 

with small ionic radius differences between metal ions: for instance, Fe1 and Mn1 with 

Δrion/rion of 4% could be distinguished by IMS-MS. Compared to LC-MS, very little metal release 

was observed from the IMS-MS analytical system, which allowed the characterization of labile 

complexes with negligible metal exchange from the analytical system. Therefore, the two-

dimensionality of IMS-MS, involving both ion mobility and m/z ratio can be used to track LMW 
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complexes in an intricate environment such as a cell lysate. This study shows unambiguously 

that both intact Mn1 and Mn1P are present in cell lysates after cells incubation with the 

complexes. In the case of Mn1P, we were able to establish a dynamic range to analyze the cell 

lysates for which the metal exchange was associated, not with the analytical system, but only 

with the metals pool from the cell lysate. Quantification with a heavy 13C6-Co analogue 

allowed us to estimate the content of Mn1P in cells. 
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II.4. Intra-cellular distribution of SOD mimics 

The variations in bioactivity observed over the four Mn1-derived SOD mimics can be explained 

by differences in inertness but also possibly by different intra-cellular localizations. As a 

reminder, the ICP-MS quantification of manganese inside cells allows to rule out the argument 

of difference in cellular penetration. The intra-cellular distribution of SOD mimics is of main 

importance for bioactivity [238]. Indeed, for an optimal action, the SOD mimics have to reach 

regions rich in ROS such as the mitochondria.  

II.4.a. Nano-scale X-ray fluorescence microscopy approach 

We intend to study the intra-cellular distribution of Mn1 derivatives by mapping the 

manganese content of HT29-MD2 cells treated with the SOD mimics. To this end, we 

performed X-ray fluorescence microscopy (XFM) experiments. This analytical technique 

informs on the quantity and location of heavy elements at the single-cell level with high 

sensitivity and spatial resolution. In particular, the use of nano-Synchrotron X-Ray 

Fluorescence allows to map metals in subcellular organelles with resolution up to 40 nm [239]. 

Such nano-scale imaging equipments are available at the French national synchrotron facility 

(SOLEIL, Saclay) and European Synchrotron Radiation Facility (ESRF, Grenoble).  

Prior to their imaging, cells have to be fixed to preserve their structure. This can be achieved 

either chemically via the use of agents (PFA or methanol) known to cause covalent cross-links 

between molecules. Cryofixation is another fixation process in which cells are frozen upon 

ultra-rapid plunging in a liquid ethane bath. The high cooling rate allow to produce amorphous 

ice which does not disrupt the subcellular structures compared to crystallized ice. The 

cryofixation is in most cases privileged as it is more efficient in maintaining the native 

elements bio-distribution and cellular substructures. Indeed, chemical fixation requires 

washing after PFA or MeOH treatment that can drastically modify the cellular distribution of 

diffusible low-molecular weight molecules and ions (that are not fixed). 

II.4.b. Design of a multi-modal probe targeting mitochondria for X-ray 

fluorescence imaging 

While the XFM technologies are making great advances, there is an important need for X-ray 

probes enabling organelle localization when doing XFM imaging [239]. As for classical 
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fluorescence microscopy, such XRF imaging probes targeting specific organelles are indeed 

essential to interpret metal distribution and subsequently elucidate their physiological 

functions. 

As part of my PhD project, I was also involved in the characterization of a new Rhenium tri-

carbonyl probe bearing methylated triphenylphosphonium (mTPP) cations. Thanks to its 

rhenium center, the probe was remarkably convenient for XRF imaging of chemically-fixed 

A549 cells (Figure 33) since Re is in extremely low concentration in biological samples leading 

to very weak background signal [240]. Moreover, excitation of the metal-to-ligand charge 

transfer band (MLCT) at ca. 330 nm leads to luminescence emission at ca. 550 nm, providing 

then an additional modality. Classical fluorescence experiments demonstrate the 

mitochondrial localization of the probe as its signal was colocalized with that of a commercial 

mitochondria tracker, Mitotracker Deep Red (Figure 34) in PFA-fixed cells.  

 
Figure 33: Elemental distributions of Ca, P, Re, and Zn in chemically-fixed A549 cells incubated with the Re-(CO)3-
mTPP probe (20 μM, 4 h) (right). The phosphorus (P), and zinc (Zn, K-lines) maps are used to identify the nucleus 
area. Re was mapped using the Lß lines (~10.15 and 10.28 keV). XFM parameters : excitation at 14 keV; 
integration time = 300 ms per pixel; pixel size = 500 nm. Scale axis in µm. 
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Figure 34: A549 cells incubated with the Re-(CO)3-mTPP probe (20 μM, 4 h) and chemically fixed. Left: fluorescence 
signal of the conjugate (λexc 350 nm); middle: fluorescence signal of Mitotracker Deep Red (λexc 644 nm); right: 
merge of conjugate (green) and Mitotracker Deep Red (red) with their overlay in yellow. 

This work was published in “Inorganic Chemistry Frontiers” journal [241]. I contributed to the 

photophysical characterization of the studied probes (quantum yield evaluation). I also 

conducted the cellular imaging experiments by classical and X-ray fluorescence microscopy 

and processed the obtained images. I have participated in the writing of the manuscript 

(experimental section, figures and supplementary figures linked to my experiments). The 

paper and the SI are given in Annex. 

Finally, the studied Re-(CO)3-mTPP probe possesses very advantageous multimodal and 

mitochondria-targeting features. This makes it a valuable alternative to immunolabeling with 

gold-modified secondary antibodies which may perturb the proteins distributions. 

II.4.c. Co-incubation between the SOD mimics and the Re-based XRF 

probe : nano-XRF imaging. 

II.4.c.i. Objectives 

In addition to their improved inertness, the better bioactivity of Mn1-C, Mn1-P or Mn1-CP 

compared to Mn1 could be due to an accumulation of the SOD mimics at the mitochondria. 

To test this hypothesis, we imaged by nano-XRF microscopy the SOD mimics in HT29-MD2 

cells co-incubated with the Re-based XRF mitotracker probe in cryo-fixed samples. A 

colocalization between the Re signal and that of the Mn would indicate a mitochondrial 

localization of the SOD mimics. In all cases, the accurate localization of manganese complexes 

Re-(CO)3-mTPP 20µM
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in cells will answer the question about their cellular distribution and help to understand their 

beneficial effects in cells. 

The Re-based XRF mitotracker probe was not yet validated in cryofixed HT29-MD2 cells but 

these studies are underway on a classical fluorescence microscope equipped with a special 

cryogenic stage (cryo-CLEM). 

II.4.c.ii. Experimental sections 

� Cells preparation 

HT29-MD2 cells were grown on Si3N4 silicon nitride membranes (purchased from Silson Ltd, 

membrane size: 1.5 mm x 1.5 mm; membrane thickness: 500 nm) to reach around 50% 

confluency. The SOD mimics were prepared with a ratio ligand:Mn 1:1.4 for 2 hours in HEPES 

100 mM prior to the cell incubation to ensure a complete complexation ligand, known to be 

cytotoxic ligands. They were then added to the cellular medium (100 µM final concentration) 

simultaneously with LPS (0.1 µg/mL) and the Re-based mitotracker XRF probe (20 µM). The 

two Mn- and Re- complexes were allowed to co-incubate with the LPS-stimulated HT29-MD2 

cells for 4 hours at 37°C, 5% CO2. 

After incubation, the cells were successively washed with 0.9% NaCl, NaCl 1 M, EDTA 50 mM 

and again with 0.9% NaCl.  

A manual blot of the membranes was then applied to remove the excess aqueous buffer. An 

insufficient blotting results in a thick ice layer covering the cells after cryofixation, which will 

partially absorb the X-ray energy and hence decrease the sensitivity. At best, the remaining 

ice thickness must be around 10-25 µm. Lastly, the cells were cryofixed in liquid ethane and 

stored immerged in liquid nitrogen until the nano-XRF imaging. For the blotting and 

cryofixation steps, we followed the detailed protocol published by C. Bissardon et al. [242]. 

� Synchrotron Radiation X-ray Fluorescence (SXRF) Nano-imaging.  

The samples were examined on the X-ray beamline ID16a of the European Synchrotron 

Radiation Facility (ESRF, Grenoble). The incident beam energy was fixed to 17 keV (above the 

L-edge of Re and K-edge of Mn). During their loading and mapping, the samples were kept 

frozen thanks to a cryo-transfer system, the cryogenic cooling of the sample stage and the 

maintenance of a high-vacuum in the sample chamber. The maps were recorded using a 
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continuous scanning mode with a pixel size of 50 nm and an exposure time per pixel of 50 ms. 

The imaging of one cell hence required about 2 hours. Coarse scans were beforehand 

performed with a lower resolution of 400 nm and a longer exposure time of 100 ms to identify 

interesting cells (rich in K, no metallic hot spot). The fluorescent signal emitted by metallic 

element was collected in each pixel by two independent X-rays detectors “Arwen” and 

“Ardesia16”. The registered 2D-images correspond to a projection of the cells in the z-axis 

normal to the membrane surface. We also conducted 3D XRF nanoimaging by 

fluotomography. In that case, 2D-images were recorded at 24 different angles with a spatial 

resolution of 120 nm and an exposure time of 50 ms. The 24 projections were then spatially 

reconstructed to provide the 3D-distributions of the metallic elements inside the cells. Note 

that for fluotomography, the choice of the 3D-imaged cell has to be carefully done because 

one run lasts about 24 hours. In particular, the chosen cell must not be shaded by close 

neighbor cells because it will be illuminated with low-angled excitation X-rays. 

During the synchrotron beamtime, we have imaged 4 LPS-stimulated cells co-incubated with 

the Re Probe and Mn1 and 6 LPS-stimulated cells co-incubated with the Re Probe and Mn1CP. 

For these two former conditions, we selected one cell that was imaged in 3D via 

fluotomography. In order to compare the SOD mimics distribution in a basal context and under 

oxidative stress, 4 non-activated HT29-MD2 cells co-incubated with the Re-probe and Mn1 

were also imaged. As a control, we mapped LPS-stimulated cells incubated with the Re probe 

only to observe the distribution of endogenous manganese. 

� Data processing 

The sum XRF spectra were visualized on PyMca software. The wavelengths of the emission 

lines of interest are given in Table 2. The spectra deconvolution was then performed by PyMca 

to attribute correctly the overlapping emission lines. This allows to fit unambiguously the full 

spectra with the contributions of all element and hence to extract their individual distribution 

map. Following the deconvolution of the XRF signal collected by the two detectors, the 

weighted sum of each fit was realized, using a MATLAB program developed by the ID16a team, 

giving then the total weighted distribution maps. Lastly, these arbitrary intensity maps were 

converted into ng/mm2 by taking into account the ice thickness and the beforehand 

calibration of the system with an external standard purchased from Axo. The used standard 

was not composed of Mn and Re but of Pb, La, PD, Mo, Cu, Fe and Si elements, that are 
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relevant for the calibration of the fundamental measure parameters. This allows a little bit 

less precise but sufficient extrapolated quantification in area density of all the elements. 

Re 

La,2 = 8.59 keV 

La,1 = 8.65 keV 

Lb,1 = 10.01 keV 

Lb,2 = 10.28 keV 

Lg,1 = 11.69 keV 

Mn 

Ka,2 = 5.89 keV 

Ka,1 = 5.90 keV 

Kb,1 = 6.49 keV 
Table 2: Emission line of Re and Mn elements upon X-ray excitation. 

The area density maps of elemental K, Mn and Re were processed on Fiji. The intensity scale 

bar of Mn images was fixed between 0 to 1 ng/mm2. The colocalization analysis of Mn and Re 

images were performed using the plugin JacoP implemented on Fiji software. 

II.4.c.iii. Results and discussion 

� Re elemental distribution 

The mapping of Re in HT29-MD2 cells incubated with the Re-(CO)3-mTPP XRF probes are given 

in Figure 35, Figure S1, Figure S2, Figure S3 and Figure S4. In all cases, a perinuclear 

accumulation of punctuate appearance consistent with a partial mitochondrial localization 

was observed. These are encouraging results for the validation of this probe as a 

mitochondrial marker of cryofixed HT29-MD2 cells for XRF imaging. Sometimes, Re hot spots 

as in Figure 3 image 4A were observed. These highly concentrated Re spots most probably 

correspond to Re probe that has precipitated during the incubation. 
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Figure 35: Projected 2D- elemental distributions of A. Re, B. Mn and C. K in HT29-MD2 cells measured by XRF 
nano-imaging (excitation at 17 keV, pixel size: 50 nm, exposure time: 50 ms). D. corresponds to the merge of Re 
(green) and Mn (magenta) distributions. The intensity color bar represents the area density (ng/mm2). The 
intensity scale bar of Mn images was fixed between 0 to 1 ng/mm2. K is a highly abundant metal assumed to be 
homogeneously distributed in cells. Its area density mapping hence informs on the cell depth along z-axis at each 
pixel. HT29-MD2 were incubated for 4 hours with (1) LPS (0.1 µg/mL) + Mn1 (100 µM) + Re-probe (20 µM) ; (2) 
LPS (0.1 µg/mL) + Mn1CP (100 µM) + Re-probe (20 µM) ; (3) Mn1 (100 µM) + Re-probe (20 µM) and (4) LPS 
(0.1µg/mL) + Re-probe (20 µM). The Pearson coefficient for Mn and Re colocalization was found equal to 0.47, 
0.64 and 0.32 for (1), (2) and (3), respectively. 

� Mn elemental distribution 

Figure 35, Figure S1, Figure S2 and Figure S3 also show the intracellular localization of Mn in 

non-activated or LPS-activated HT29-MD2 cells incubated with Mn1 or Mn1CP. First of all, a 

relatively intense Mn signal was detected and reached up to 1 ng/mm2 in the cellular 

structure. This signal can be attributed to the manganese coming from the SOD mimics since 

in absence of SOD mimics, the endogenous Mn is hardly detectable (Figure 35: 4B and Figure 

S4). 
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For LPS-stimulated cells incubated with Mn1CP, the intracellular distribution of Mn seems 

more punctuated and localized in the perinuclear region than in LPS-stimulated cells 

incubated with Mn1 (Figure 35: 1B vs 1A). In order to more quantitatively determine the 

colocalization of Mn with Re, Pearson coefficients were calculated (Table 3). To note, a 

coefficient of 1 indicates a perfect co-localization between two signals whereas a coefficient 

of 0 means that the two signals are not colocalized at all. In average, the Pearson coefficients, 

between the Re and the Mn maps are higher in the cells incubated with Mn1CP (0.6) than in 

cells incubated with Mn1 (0.49). This enhanced compartmentalization of Mn1CP compared to 

Mn1 may have a strong impact on its bioactivity. To finish, surprisingly, the Mn distribution in 

cells incubated with Mn1 without LPS challenge is even less localized (Figure 35: 3B and Figure 

S3). This suggests that the LPS- treatment may modify the SOD mimic internalization and 

compartmentalization. Consistently, E. Mathieu et. al have previously demonstrated the 

homogenous distribution of Mn in non-stimulated HT29-MD2 cells incubated with Mn1 on 

Nanoscopium beamline (SOLEIL) [237]. Note that they imaged lyophilized cryofixed cells with 

a lower spatial resolution which may explain why they do not observe any Mn localization at 

all. 

Overall, the colocalization analysis to compare the distribution of Mn with that of Re and the 

merges of Mn and Re maps orient toward a poor mitochondrial localization of the SOD mimics. 

Indeed, the Pearson value do not exceed 0.7 and the Re and Mn images scarcely overlap. Still 

a trend can be observed over the different conditions (Table 3).  

HT29-MD2 treatment Mean Pearson value ± standard deviation 

LPS + Mn1 + Re-based probe 0.49 ± 0.03 

LPS + Mn1CP + Re-based probe 0.60 ± 0.09 

Mn1 + Re-based probe 0.31 ± 0.17 
Table 3: Mean Pearson coefficients calculated via the JacoP module of Fiji to evaluate the colocalization between 
Re and Mn maps for each cells treatment conditions. 

The ranking of increasing Pearson values correlates with the localized character of Mn 

distribution. Hence, Mn1CP, that displays the most punctuate and localized distribution in LPS-

activated cells, present the highest colocalization results with the Re-probe. However, as the 

Pearson value remains very low, it is tricky to correlate the better bioactivity of Mn1CP with 

an higher mitochondrial localization. 
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As all previous maps are 2D projections that may bias the colocalization study, analysis of the 

3D- distribution of Mn and Re obtained from fluotomography experiments are or great added 

value. It will definitely allow us to conclude on the partial co-localization of Mn1 and Mn1CP 

with the Re-probes in LPS-activated cells. 

To sum up, we observed a punctuate distribution of Mn in the cytosol around the nucleus for 

LPS-stimulated cells incubated with Mn1CP. This supports the localization of Mn and maybe 

the intact SOD mimic in perinuclear organelles. Since a poor colocalization is observed 

between Mn and the mitochondria targeting Re-based probe, Mn (and maybe Mn1CP) may 

be also compartmentalized in organelles other than the mitochondria. This may possibly 

correspond to the Golgi apparatus, the lysosomes or the endoplasmic reticulum (found in the 

cytoplasm all around the nucleus). In contrast, in healthy conditions, Mn1 essentially diffuses 

homogeneously within the cytoplasm. To figure out the precise location of Mn1 and Mn1CP 

in LPS-stimulated HT29-MD2, experiments involving XRF probes targeting other perinuclear 

organelles (GA, endoplasmic reticulum and lysosomes) are needed. 
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II.4.c.iv. Supplementary figures 

 
Figure S1: Mn1 distribution in activated cells. Projected 2D- elemental distributions of A. Re, B. Mn and C. K in 
HT29-MD2 cells incubated for 4 hours with LPS (0.1 µg/mL) + Mn1 (100 µM) + Re-probe (20 µM). The mapping 
was performed by XRF nano-imaging (excitation at 17 keV, pixel size: 50 nm, exposure time: 50 ms). D. 
corresponds to the merge of Re (green) and Mn (magenta) distributions. The intensity color bar represents the 
area density (ng/mm2). K is a highly abundant metal assumed to be homogeneously distributed in cells. Its area 
density mapping hence informs on the cell depth along z-axis at each pixel. (1), (2) and (3) are different replicates. 
The Pearson coefficient for Mn and Re colocalization was found equal to 0.52, 0.45 and 0.50 for respectively (1), 
(2) and (3).  
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Figure S2: Mn1CP distribution in activated cells. Projected 2D- elemental distributions of A. Re, B. Mn and C. K in 
HT29-MD2 cells incubated for 4 hours with LPS (0.1 µg/mL) + Mn1CP (100 µM) + Re-probe (20 µM). The mapping 
was performed by XRF nano-imaging (excitation at 17 keV, pixel size: 50 nm, exposure time: 50 ms). D. 
corresponds to the merge of Re (green) and Mn (magenta) distributions. The intensity color bar represents the 
area density (ng/mm2). K is a highly abundant metal assumed to be homogeneously distributed in cells. Its area 
density mapping hence informs on the cell depth along z-axis at each pixel. (1), (2), (3), (4) and (5) are different 
replicates. The Pearson coefficient for Mn and Re colocalization was found equal to 0.69, 0.54, 0.68, 0.57 and 
0.45 for respectively (1), (2), (3), (4) and (5).  
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Figure S3: Mn1 distribution in non-activated cells. Projected 2D- elemental distributions of A. Re, B. Mn and C. K 
in HT29-MD2 cells incubated for 4 hours with Mn1 (100 µM) + Re-probe (20 µM). The mapping was performed by 
XRF nano-imaging (excitation at 17 keV, pixel size: 50 nm, exposure time: 50 ms). D. corresponds to the merge of 
Re (green) and Mn (magenta) distributions. The intensity color bar represents the area density (ng/mm2). K is a 
highly abundant metal assumed to be homogeneously distributed in cells. Its area density mapping hence informs 
on the cell depth along z-axis at each pixel. (1), (2) and (3) are different replicates. The Pearson coefficient for Mn 
and Re colocalization was found equal to 0.18, 0.18 and 0.55 for respectively (1), (2) and (3). 

 
Figure S4: Re probe distribution in activated cells. Projected 2D- elemental distributions of A. Re, B. Mn and C. K 
in HT29-MD2 cells incubated for 4 hours with LPS (0.1 µg/mL) + Re-probe (20 µM). The mapping was performed 
by XRF nano-imaging (excitation at 17 keV, pixel size: 50 nm, exposure time: 50 ms). The intensity color bar 
represents the area density (ng/mm2). K is a highly abundant metal assumed to be homogeneously distributed in 
cells. Its area density mapping hence informs on the cell depth along z-axis at each pixel. 
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II.5. Evaluation of Mn1-derived SOD mimics in DNBS-induced murine colitis: 

chemically modified bacteria as delivery vectors. 

II.5.a. Use of bacteria so-called chemically modified bacteria (CMB) as 

delivery vectors. 

II.5.a.i. Benefits of SOD mimics loading in bacteria. 

To maximize the therapeutic action of SOD mimic in vivo, we need to ensure the bioavailability 

and the efficacy of the Mn(II) complexes at their action site in the intestine. In this way, the 

oral administration of Mn1-derived SOD mimics requires protective delivery vector because 

unprotected Mn(II) complexes will undergo decomplexation and lose their SOD activity in the 

acidic conditions of the stomach. 

A large range of colonic delivery technologies was developed and was recently detailed in a 

review from A. Awad et. al [243]. These delivery systems incorporate different release 

mechanism responsive to various stimuli such as pH, time or microbiota [244]. Such stimuli- 

dependent delivery vectors include carriers made of polymers (polymethacrylate, polylactic 

co-glycolic acid, cellulose, poly-ethylene glycol) [245–248], starch [249], chitosan 

[248,250,251], pectin [250,252], mesoporous silica [253] or lipids [254–256]. 

Herein, an alternative mean for targeted drug delivery to the colon is presented. It is based 

on the loading of the SOD mimics in food-grade bacteria. This technique consists in co-

incubating the SOD mimics with bacteria so as they accumulate it inside, as shown in a 

previous PhD work (A. Vincent) [257]. Then, the bacteria could be administrated to the IBD 

patients. This strategy provides several advantages compared to the above-mentioned 

existing system. First, the choice of autochthonous or food-grade allochthonous bacteria such 

as lactic acid bacteria (LAB) that possess established safety status (GRAS or QPS: Generally 

Recognized As Safe and Qualified Presumption of Safety) ensure the absence of induced 

cytotoxicity to the host. Secondly, LAB are known to adapt to large range of pH and then 

survive during their passage through the acidic medium of the gastrointestinal tract. 

Consequently, they constitute an efficient protective vector for the SOD mimics. Thirdly, the 

bacterial vector can be modified to provide a targeted and efficient release of the 

encapsulated SOD mimics at the inflammation site. Indeed, the SOD mimics-containing 
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bacteria will be rendered auxotrophic to alanine and pre-cultured in absence of alanine before 

their administration. Hence, after crossing the stomach, the bacteria will transiently colonize 

the intestinal microbiota and more importantly will quickly lyse and liberate the SOD mimics 

as they were fragilized by the beforehand privation of alanine. Eventually, bacteria so called 

probiotics with native beneficial properties for the host could be used. This may allow taking 

advantage synergistically of the probiotics activity of the vector strain and the antioxidant 

activity of the loaded SOD mimic. 

To our knowledge, this study constitutes the first proof of concept for the use of CMB as 

delivery vector of synthetic drugs. 

II.5.a.ii. Choice of the strain  

Amandine Vincent, a former PhD student, screened different LAB for their ability to act as 

protective delivery vector of SOD mimics in a murine model of DNBS-induced colitis.  

She selected one strain on the basis of: 1) its neutrality on the DNBS-induced colitis model 

(neither anti-inflammatory effects nor pro-inflammatory ones), 2) the maximal amount of SOD 

mimics that can be encapsulated without generating toxicity to the bacteria, 3) the better 

resistance to freeze-thaw cycles, 4) preliminary results on Mn1-containing strain effects on 

weight recovery and macroscopic score in DNBS-subjected mice.  

The strain MD007 was best fulfilling the criteria and was thus chosen for the following assays. 

MD007 is a Lactobacillus plantarum (NCIMB8826) rendered auxotrophic to alanine. The 

optimal conditions to encapsulate Mn1 in MD007 were determined by Amandine Vincent and 

were used in the following. 

II.5.b. Experimental section 

II.5.b.i. Bacteria loading with SOD mimics 

Overnight culture of MD007 in MRS medium supplemented with alanine (MRS-alanine) were 

diluted to OD600 nm= 0.2 in MRS-alanine and were left to grow until reaching OD600 nm= 0.6. The 

culture was then centrifugated and the pellet was washed twice and resuspended in MRS 

without alanine. The bacteria were deprived of alanine for 3 hours to fragilize them for the 

purpose of accelerating their lysis in mice intestine. Meanwhile, the SOD mimics Mn(II) 

complexes were prepared by mixing the ligands and MnCl2 in a ratio 1:1.3 in HEPES 0.1 M (pH 
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7.5) and let 2 hours at ambient temperature to afford a complete complexation of the ligands. 

After alanine deprivation, the culture was again centrifugated and the pellet was washed 

twice and resuspended in HEPES 0.1 M. At that time, the culture was split into 5 parts and 

SOD mimics and MnCl2 were added in four of them to a final concentration of 0.4 mM. The 

five bacterial suspensions were let to incubate for 2 hours. Lastly, after cultures centrifugation 

and washing with HEPES 0.1 M, the bacteria were resuspended in HEPES 0.1 M containing 16% 

glycerol (HEPES-gly) and stored at -80°C in 2 mL aliquots to avoid freeze-thaw cycles. 

One of the aliquots was used for Mn quantification by ICP-MS and for the enumeration of 

viable bacteria through serial dilutions and plating. For ICP-MS analysis, bacteria were 

acidified in 2% HNO3, to lyse them and free Mn from all coordination sites, and filtered. A 

calibration curve was established using a commercial Mn standard. 

II.5.b.ii. Induction of DNBS colitis and bacteria administration  

The in vivo assays were conducted on pathogen-free male C57BL/6 mice in the animal facilities 

of the National Institute of Agricultural and Environmental Research (INRAE, Jouy-en-Josas). 

The timeline for colitis induction and mice gavage with CBM is illustrated in Figure 36. Briefly, 

the assay lasts 5 days and CBM are intragastrically administrated daily to the mice for the first 

4 days. On the second day, mice are anesthetized intraperitoneally and colitis is induced by an 

intra-rectal injection of DNBS through a plastic tube inserted 4 cm into the colon. The fifth and 

last day mice are sacrificed by cervical dislocation. Mice are weighted every day. 

 
Figure 36: Time line for gavage with CBM and colitis induction in the murine model of DNBS-induced colitis. 

The studied groups are as follows: control colitis group (DNBS + HEPES-gly), empty bacteria 

control group (DNBS + MD007), and 4 CBM groups: DNBS + MD007_MnCl2, DNBS + 

MD007_Mn1, DNBS + MD007_Mn1C and DNBS + MD007_Mn1CP. Each group was composed 

of 8 mice. The assay was repeated three times independently meaning that, in total, 48 mice 

for each condition were used. 

1 2 3 4 5

Intra-rectal injection of DNBS:

SacrificeMice gavage 
with CBM
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The amount of CBM given to the mice was determined in such a way that all mice receive the 

same amount of total manganese, fixed to 150 nmol per dose. This corresponds to a number 

of bacteria varying between 5´108 to 2´109 CFU. The amount of MD007 given to the control 

DNBS + MB007 group was chosen equal to the maximal amount of viable CBM given to mice 

from CBM groups. Lastly, the control colitis group receive 200 µL of HEPES-gly.  

II.5.b.iii.  Evaluation of colitis severity 

� Post-sacrifice mice dissection and determination of macroscopic 

scores 

The abdominal cavity of sacrificed mice was opened and the colon was removed, opened 

longitudinally and washed from feces. A part of fecal material was kept at -80°C for further 

quantification of anti-inflammatory markers like lipocaline (not done yet). The macroscopic 

scores were then immediately assessed (by the same experimenter every time: Florian Chain). 

These scores evaluate the state of the colon by taking into account: colon shrinkage, 

thickening of colon wall, presence of ulcers, hyperemia, adhesion to other intra-abdominal 

tissues, consistency of stools (indicator of diarrhea). The colon was then longitudinally 

separated in two pieces. The left part was swiss-rolled into OCT (Optimal cutting temperature) 

gel and stored at -80°C. These swiss-rolls could be imaged by X-ray fluorescence microscopy 

to hopefully detect and localize Mn(II) coming from the SOD mimics in the colon (not done 

yet). The right part was laterally separated in 4 parts intended to: from distal extremity to 

proximal one 1) the assay of myeloperoxidase activity, 2) the quantification of SOD2 gene 

transcription (stored in RNase free buffer for an improved conservation of RNA), 3) the 

determination of histologic scores (fixed in PFA, scoring not done yet) and 4) a back-up piece. 

All the colon samples were stored at -80°C.  

� Intestinal permeability Assay 

Three hours before mice sacrifice, they received by gavage a fluorescent marker: fluorescein 

(FITC)-labeled dextran. Just before mice sacrifice, blood was collected via the puncture of the 

retro-orbital vein. The measurement of fluorescence intensity allows to determine FITC 

dextran concentration in blood sample. The detection of increased levels of FITC dextran in 

serum evidences its excessive passage from the GIT to the blood and is hence indicative of 

altered barrier functions. 
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� Measurement of myeloperoxidase activity  

The activity measurement of the myeloperoxidase (MPO) enzyme, that catalyzes the oxidation 

of proteins by H2O2, is relevant to assess colitis severity. Indeed, extracellular MPO activity 

was shown to be a marker of oxidative stress in inflammatory diseases and intracellular MPO 

activity a marker of neutrophilic infiltration [258]. The total MPO activity was assayed as 

previously described [259]. Briefly, H2O2 and hexadecyltrimethyl ammonium bromide are 

added in colon homogenates resulting in the catalytic conversion of H2O2 and Cl- into 

hypobromous acid (BrOH) and water. This reaction was monitored by UV-visible spectroscopy 

which allows to measure the MPO activity, that can be expressed as units per milligram of wet 

tissue (1 unit = reaction with 1 mM of H2O2 in 1 minute at room temperature).  

�  Quantification of SOD2 gene transcription  

First, the RNA was extracted from colon homogenates by using a Qiagen RNeasy kit. b-

mercaptoethanol was used as reducing agent for the irreversible denaturation of RNases 

enzymes. RT-PCR was then performed to produce the complementary DNA. We followed a 

classical RT-PCR protocol with oligo dT12-18 and super script II reverse transcriptase enzyme. 

Eventually, SOD 2 gene was quantified by quantitative PCR on a StepOne Real-time PCR 

system. We used the following primer pair:  ATTAACGCGCAGATCATGCA (forward) and 

TGTCCCCCACCATTGAACTT (reverse) and set the annealing temperature to 60°C. The SOD2 

levels were normalized with that of housekeeping GADPH and TBP genes, which are known to 

be weakly impacted in inflammatory conditions.  

II.5.c. Results and discussion  

The results shown and discussed below correspond to a pool of the data obtained from the 

three assays conducted in March, May and June 2021. 

II.5.c.i. Effect of SOD mimics-loaded bacteria on the weight  

As expected, the untreated mice subjected to DNBS injection have lost about 16% of their 

initial weight at day 3 (Figure 37).  

The mice feeding with MD007-internalized SOD mimics allow to limit the weight loss of mice 

with the following ranking of efficacy: Mn1C > Mn1 » Mn1CP. In case of MD007-Mn1 

treatement, the average weight loss was about 16% with no weight recovery (Figure 37). In 
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contrast for MD007-Mn1CP, the weight loss was similar to that of untreated control group 

(reduction of »17%) until day 2 but a weight recovery to almost 87% of initial weight was 

finally observed at day 3 (Figure 37). Lastly, MD0007-vectorized Mn1C was the most efficient 

SOD mimic-based treatment to limit weight loss and fasten weight recovery. Indeed, the 

weight reduction (maximal at day 2) reached only 13% and mice recovered about 90% of their 

initial weight at day 3 (Figure 37). 

However, these therapeutic effects cannot be unambiguously attributed to the vectorized 

SOD mimics. Indeed, the administration of MD007-internalized MnCl2 to mice also resulted in 

benefits in term of limited weight loss and maximized weight recovery (»88% of initial weight)  

(Figure 37). This is consistent with an epidemiological study, conducted in 2018 on children 

newly diagnosed with IBD, showing an inverse correlation between nutritional manganese 

status and IBD [260]. Moreover, M. Daly and coworkers already reported in numerous studies 

the protective effects of manganese accumulation against oxidative stress and aging in yeast 

and prokaryotes, particularly in the gamma radiation resistant- D. radiodurans strain 

[206,213,204,261,205]. The protection was inferred to the formation of manganese 

complexes composed of endogenous metabolites (peptides, nucleosides…) endogenously 

forming  catalytic antioxidants. Likewise, the nutritional supplementation of manganese was 

shown to efficiently increase mice tolerance to DSS-induced experimental colitis while in 

contrast Mn deficiency was responsible for exacerbated DSS-induced colitis [262]. In this case, 

the pharmacological action was linked to the ability of manganese to prevent the DSS-induced 

impairment of the intestinal barrier functions. Similar mechanisms of action might occur here 

explaining the protective effects of  MD007-internalized MnCl2.  

Otherwise, the mice treated with empty MD007 lost very slightly less weight than untreated 

mice suggesting a small but non-significant probiotic activity of the strain (Figure 37).  
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Figure 37: (A)Weight monitoring over time of mice subjected to DNBS injection and treated with SOD mimics-
loaded bacteria. The weights are expressed as a percentage of the mice initial weight at day 0. Curves represent 
the average of approximately 24 mice (three assays with 8 mice but some died or were euthanized before the end 
of the assay). (B) Mice weight at day 3 (D3) expressed as the percentage of mice weight at day 0 (D0). (C) Area 
under the curve of weight monitoring between day 0 to 3 (D0-D3). Data represent the mean ± SD for three 
independent assays (around 24 mice). The p-values were calculated using the non-parametric Mann-Whitney test 
(one-tailed test) as the gaussian distribution of the data was unvalidated by the Anderson-Darling normality test. 
The mean ranks of each column were compared to that of the DNBS control; each comparison stands alone. ∗∗∗:	
p < 0.001, ∗∗:	p < 0.01, and ∗:	p < 0.05 versus DNBS control, and ns means nonsignificant. 

To quantify the effects of each treatment on mice weight and perform statistical analysis, one 

can for instance focus on the weight at day 3 and/or calculate the area under the weight curve 

between day 0 to 3 (Figure 37).  

The only difference in weight compared to the untreated mice to be significant at day 3 are 

that with MD007+Mn1C groups. Likewise, only MD007+Mn1C groups show a significative 

increase in the area under the curves between day 0 to 3 compared to the untreated group.  

II.5.c.ii. Effect of SOD mimics-loaded bacteria on the macroscopic scores  

Unsurprisingly, the DNBS-injured mice that did not receive any treatement display relatively 

high macroscopic scores (Figure 38). The other groups fed with loaded or not MD007 show 

diminished scores (Figure 38). In all cases, these reductions were significant but no difference 

over the different treatments was noticeable. Hence, the SOD mimics do not provide 

additional effect compared to that coming from the unmodified MD007 strain, which proves 

to be not so neutral toward the inflammation.   
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Figure 38:Macroscopic scores of mice subjected to DNBS injection and determined on the sacrifice day. Data 
represent the mean ± SD for three independent assays (around 24 mice). The p-values were calculated using the 
non-parametric Mann-Whitney test (one-tailed test) as the gaussian distribution of the data was unvalidated by 
the Anderson-Darling normality test. The mean ranks of each column were compared to that of the DNBS control; 
each comparison stands alone. ∗∗∗:	p < 0.001, ∗∗:	p < 0.01, and ∗:	p < 0.05 versus DNBS control, and ns means 
nonsignificant. 

II.5.c.iii. Effect of SOD mimics-loaded bacteria on the MPO activity 

 
Figure 39: MPO activity measured in colon samples of DNBS-injured mice. Data represent the mean ± SD for three 
independent assays (around 24 mice). The p-values were calculated using the non-parametric Mann-Whitney test 
(one-tailed test) as the gaussian distribution of the data was unvalidated by the Anderson-Darling normality test. 
The mean ranks of each column were compared to that of the DNBS control; each comparison stands alone. ∗∗∗:	
p < 0.001, ∗∗:	p < 0.01, and ∗:	p < 0.05 versus DNBS control, and ns means nonsignificant. 
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The measurement of MPO activity in the colon reveals no significant impact of any treatment 

on this inflammation marker (Figure 39). Only a very little decrease in MPO activity can be 

observed in mice that received vectorized Mn1C and especially Mn1CP but  not significatively. 

II.5.c.iv. Effect of SOD mimics-loaded bacteria on the intestinal barrier 

permeability. 

The DNBS injection is known to provoke an impairment of the intestinal tight junctions 

resulting in enhanced barrier permeability, which favored passage of FITC-Dextran from the 

GIT to the blood system. Lower levels of FITC Dextran were quantified in the plasma samples 

of mice treated with MD007 + Mn1C compared to untreated mice. This demonstrates the 

efficacy of MD007-vectorized Mn1C to attenuate significatively the DNBS-induced damages 

on intestinal permeability (Figure 40). 

 
Figure 40: Quantification of FITC dextran as a marker of the intestinal barrier permeability in mice suffering from 
DNBS-induced colitis. Data represent the mean ± SD for three independent assays (around 24 mice). The p-values 
were calculated using the non-parametric Mann-Whitney test (one-tailed test) as the gaussian distribution of the 
data was unvalidated by the Anderson-Darling normality test. The mean ranks of each column were compared to 
that of the DNBS control; each comparison stands alone. ∗∗∗:	p < 0.001, ∗∗:	p < 0.01, and ∗:	p < 0.05 versus DNBS 
control, and ns means nonsignificant. 

II.5.c.v. Effect of SOD mimics-loaded bacteria on SOD2 gene transcription. 
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Figure 41: Levels of mRNA SOD2 in colon samples of mice suffering from DNBS-induced colitis. Data represent the 
mean ± SD for two independent assays (around 16 mice). The p-values were calculated using the parametric 
Welch’s test (one-tailed test, student test with equal SD not assumed) as the gaussian distribution of the data 
was validated by the Anderson-Darling normality test. The mean ranks of each column were compared to that of 
the DNBS control; each comparison stands alone. ∗∗∗:	p < 0.001, ∗∗:	p < 0.01, and ∗:	p < 0.05 versus DNBS control, 
and ns means nonsignificant. 

The data presented in this subsection correspond to an average of only two independent 

assays. The results from the third assay were indeed not included here due to surprisingly high 

values, which erase the trend visible in the two first assays. The RT-qPCR of mRNA SOD2 thus 

needs to be repeated for this last assay. 

The content in mRNA SOD2 is significantly diminished (divided by 2) upon mice feeding with 

MD007 loaded with MnCl2, Mn1C and Mn1CP (Figure 41). This suggests that the two SOD 

mimics are able to complement for the endogenous SOD2 enzyme, thus requiring less SOD2 

production by the mice cells. As mentioned above, the activity of MnCl2 could be attributed 

to the formation of antioxidant Mn-metabolites complexes. 

While significant, these decreases remain very low when considering that a 2-times reduction 

in mRNA amount only represents a difference of one amplification cycle in qPCR. To reinforce 

these results, we consider to quantify the levels of SOD2 protein in another colon sample by 

Western Blot. The direct quantification of SOD activity is not suitable in this case since the 

activity of the native SOD2 could not be distinguished from the intrinsic SOD activity of the 

administered SOD mimics.  
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Lastly, to provide a more accurate interpretation of the results, it would have been better to 

selectively extract the RNA contained in the epithelium of the colon instead of the whole 

colon. 

To conclude this part, MD007-vectorized Mn1C is the only treatment that improves 

significantly each measured inflammation markers compared to the DNBS group. However, 

MD007-vectorized Mn1CP and MnCl2 also display visible protective effects on different 

markers (the effect is even significant for mRNA SOD2). While the activity of MD007-

vectorized MnCl2 arises from the antioxidant action of free Mn or Mn- endogenous 

metabolites complexes, the benefits observed for MD007-vectorized Mn1C/Mn1CP cannot be 

attributed (at least not totally) to the Mn(II) released from the SOD mimics. Indeed, if the 

observed activity was exclusively due to released Mn(II), the most labile Mn1 should exert 

higher therapeutic action than its more inert analog Mn1C and Mn1CP, that are more resistant 

to metal exchanges and thus less prone to Mn(II) release, which is not observed. 

II.6. Conclusion and perspectives 

To sum up this chapter, a new generation of SOD mimics inspired from the well-studied Mn1 

was shown to display reinforced resistance to metal exchange related to the introduction of 

a cyclohexyl group on the diaminoethane scaffold of the ligand. The improved inertness of the 

SOD mimics led not only to improved bioactivity in a cellular model of LPS-induced 

inflammation but also to the possibility to detect and quantify the intact SOD mimic in cells 

using classical MS systems.  

In parallel, we set up a new protocol based on ion mobility spectrometry coupled to mass 

spectrometry (IMS-MS) to detect the more labile manganese complex, Mn1, in cells and 

estimate its intracellular concentration. This approach is very innovative as IMS-MS was so far 

mostly applied to the speciation study of large proteins. The results obtained here open the 

way to the use of this analytical technique in a wide range of applications implying low 

molecular weight metal complexes. 

We then investigated the intracellular distribution of the SOD mimics in HT29-MD2 cells by 

micro-XRF imaging. Upon LPS activation, Mn1 and Mn1CP partially accumulate in 

mitochondria but mostly elsewhere, probably in other perinuclear organelles. To fully 
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characterize the cellular fate of the SOD mimics and correlate it with their cellular activity, 

further speciation study could be completed.  

Lastly, the therapeutic potential of Mn1, Mn1C and Mn1CP was assessed in vivo in a murine 

model of DNBS-induced colitis. The three in vivo assays discussed in this chapter have given 

promising results on the ability of MD007-vectorized SOD mimics to rescue DNBS-challenged 

mice, especially Mn1C. Indeed, Mn1C is the only one to display significant therapeutic effects 

on all the following features: the weight loss, the macroscopic scores, the intestinal barrier 

permeability and the transcription of SOD2 gene. To support the efficacy of MD007-vectorized 

Mn1C in ameliorating DNBS-induced colitis, the measurement of other inflammation markers 

is under progress. These ongoing analyses include the determination of the microscopic 

scores, the quantification of several pro-inflammatory cytokines in colon (using a commercial 

multiplex kit) as well as the quantification of lipocaline, an inflammatory marker, in stool 

samples. Moreover, the experimental protocol can be optimized in order to 1) better observe 

and 2) reinforce the effects of MD007-vectorized SOD mimics in DNBS-challenged mice. 

Concerning 1), the time-line of the assay could be modified. For instance, the sacrifice of the 

mice could be earlier or postponed to examine whether the SOD mimics effects are more 

easily detectable at different time points relative to DNBS injection. Secondly, we may 

quantify daily the levels of various inflammation and oxidative stress markers in mice plasma 

[76,263] as the blood sampling is a minimally invasive and low-stress method. This will allow 

to obtain a kinetic monitoring of the SOD mimics effects on DNBS-induced inflammation. As 

for 2), we consider to deliver a larger quantity of MD007-vectorized SOD mimics to the mice. 

Yet, the feeding volume is limited to 200 µL for C57BL/6 mice and the bacterial suspension 

cannot be more concentrated as it may lead to excessively high viscosity. However, we could 

feed the mice with the MD007-vectorized SOD mimic 2 or 3 times per day. In addition, the 

preventive administration of MD007-vectorized SOD mimic several days before the DNBS 

injection (and not the just the day before, as done here) could be interesting when assuming 

that the lysis of the auxotrophic bacteria may take a while despite their beforehand 

fragilization through alanine privation. Nevertheless, the lysis of at least a part of the bacteria 

was confirmed within a few hours following their administration by the means of a dye loaded 

in the bacteria and detected in stools. 
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III. Chapter III: Genetically modified lactic acid bacteria for 

the production and delivery of peptidyl superoxide 

dismutase and catalase mimics. 

III.1.  Introduction 

III.1.a. Probiotics as therapy in IBDs  

III.1.a.i. Probiotics and lactic acid bacteria 

The term of probiotics was defined in 2002 by the World Health Organization (WHO) as “live 

microorganisms administered in adequate amounts that confer a beneficial effect on the host” 

[264]. However, the therapeutic use of host-friendly bacteria was already rationalized since 

over a century by Elie Metchnikoff [265]. Probiotics gather bacteria and yeasts but the most 

predominant used species are lactic acid bacteria (LAB) group, including Lactobacillus, 

Streptococcus and Lactococcus genera [266]. Besides, Gram-negative probiotics also exist. The 

most studied is Escherichia coli Nissle 1917 which was shown to ameliorate inflammatory 

bowel diseases (IBD), mostly ulcerative colitis, or other intestinal disorders symptoms in 

clinical trials and in vivo assays [267,268]. LAB are a heterogenous group of ubiquitous gram-

positive bacteria that are able to metabolize sugars into lactic acid. They mostly comprise 

allochthonous species, that can be found in different environments such as decomposing 

fruits and vegetables or other mammals and animals GIT [266]. Due to their ability to produce 

lactic acid, LAB have been largely used for centuries by man for dairy food production (cheese, 

yoghurt, sourdough, bread, pickles, etc.) and preservation [269]. Since the introduction of the 

probiotics concept by Metchnikoff, a rising interest for the therapeutic applications of LAB in 

IBD prevention and treatment has emerged. Indeed, on the one hand, a vast majority of LAB 

was shown to exert positive effect on human health. On the other hand, LAB are Generally 

Recognized As Safe (GRAS) by the U.S. Food and Drug Administration (FDA, USA) and are 

classified in the list of Qualified Presumption of Safety (QPS) agents according to the European 

Food Safety Authority (EFSA). This extremely advantageous safety status makes them 

acceptable for therapeutic use. Moreover, LAB can be delivered orally as they resist the 

passage through the GIT, which is a highly acidic gastric environment. The oral treatments are 
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besides recommended by the WHO based on economic, logistical and security reasons (no 

need for invasive medical device, needle etc.). To avoid any misunderstanding, it is preferable 

to specify that the probiotics are consumed alive and thus constitute live biotherapeutics 

products (LBPs). 

Many reviews propose an overview of new discovered LAB probiotics [270–273]. Here are 

some relevant examples of LAB having health-promoting properties for the consumer. 

Lactobacillus are a genus of bacteria frequently described as the most efficient and the best-

known probiotics and have been, for these reasons, selected by the World Gastroenterology 

Organization for the treatment of GIT-related diseases [274]. Two well-studied strains, 

Lactobacillus reuteri ATCCC 55730 and Lactobacillus casei BL23, were able to attenuate UC in 

children [275] and to improve the disease state of murine chemically-induced colitis via the 

induction of the immune system, respectively [276–278]. More recently, Lactobacillus bacillus 

ZS62, Lactobacillus rhamnosus (MTCC-5897), Lactobacillus acidophilus XY27 and Lactobacillus 

casei ATTC 393 revealed protective effects on DSS (Dextran Sulfate Sodium)-induced murine 

colitis [279–282]. Moreover, many preclinical and clinical research have demonstrated that 

the probiotic mixture VSL#3 containing, among others, 4 Lactobacillus strains (L. acidophilus 

BA05, L. plantarum BP06, L. paracasei BP07 and L. helveticus BD08) alleviates the GIT 

inflammation and provides benefits [283]. Likewise, Lactobacillus delbrueckii displayed anti-

colitis effects in the DSS-induced colitis murine model [284]. Although Lactococcus and 

Bifidobacteria are less common probiotics compared to Lactobacillus, several strains such as 

Lactococcus lactis NCDO 2118 and Bifidobacterium longum 536 have shown to regulate 

inflammation in CD and UC patients [285–287]. Note that Bifidobacteria (Bifidobacterium 

breve BB02, Bifidobacterium animalis BL03 and Bifidobacterium animalis BI04) also represent 

main constituents of the VSL#3 mixture mentioned above. 

III.1.a.ii. Mechanisms of actions of probiotics 

The probiotic effects of LAB strains involve several mechanisms of action that can be 

separated in two major aspects both illustrated in Figure 42 [288]:  

1) The restoration of the intestinal microbiota symbiosis (composition and function). This 

was illustrated in 2000, when the fecal analysis of irritable bowel syndrome (IBS) 

patients treated with Lactobacillus plantarum DSM 9843 revealed a decrease in the 
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population of pathogenic enterococci associated with attenuated IBD symptoms [289]. 

To restore the composition and function of the intestinal microbiota, probiotic LAB 

particularly function by protecting the host from pathogen invasions. To this end, some 

LAB can secrete bacteriocins (natural antibiotics) or other antimicrobial substances 

(Figure 42) [43–45]. Moreover, other LAB activate the secretion of defensins by Paneth 

cells (specialized secretory intestinal epithelial cells), these defensins exerting 

microbicidal activity (Figure 42) [290]. For instance, some Lactobacillus strains prove to 

be efficient in restoring the expression of Paneth cell defensins through the stimulation 

of TLR-MyD88 (myeloid differentiation primary response 88) pathway [291,292]. 

Likewise, LAB compete with dysbiotic and pathogenic bacteria for nutritional sources 

and for receptors or adhesion sites in the GIT to exclude them [293,294]. Other studies 

also suggest that some LAB strains promote an increased production of short chain fatty 

acids (SCFAs), which plays an important role in resolving inflammation [295]. Lastly, LAB 

can modulate the intestinal enzymatic activity, for instance they inhibit the deleterious 

β-glucuronidase activity coming from pathogens and trigger the deconjugation of 

excessive bile acids via the production of bile salt hydrolases [296,297]. 

2) The modulation of the intestinal immunity through improved intestinal barrier 

function and modified responsiveness of intestinal epithelial cells and immune cells to 

pathogens. Firstly, the reinforcement of the intestinal barrier integrity is a well-known 

probiotic effect of LAB. Indeed, LAB interact with Toll-like receptors like TLR-2, TLR-4, 

TLR-6, etc., dedicated to the specific recognition of pathogen/commensal-associated 

molecular pattern (P/CAMPs). The activation of these receptors reinforce the integrity 

of the intestinal barrier via the enhancement of tight junctions stability that impairs 

bacterial translocation across the mucosal barrier [298–300]. Moreover, some 

Lactobacillus strains or the mentioned-above VSL#3 mixture contribute to the 

maintenance of the intestinal mucosal physiology by upregulating the expression by 

goblet cells of mucin-2/3, the most predominant glycoproteins in the mucus (Figure 42) 

[301,302]. Mucin-3 overexpression was notably shown to prevent the adhesion of 

pathogenic E. coli [303]. Secondly, probiotics are largely recognized to be able to 

regulate the host immune system. A proposed mechanism is that the interaction 

between the host-friendly probiotics and the intestinal dendritic cells leads to an 
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induced production of regulatory T cells (Tregs). The latter are of main importance for 

immunological tolerance to the intestinal microbiota since they are the main producers 

of anti-inflammatory cytokine IL-10 and they prevent effector T cells proliferation [304]. 

A study published by Santos Rocha et al. reports the ability of L. delbrueckii strain 

CNRZ327 to increase Tregs in DSS-induced murine colitis and to counteract 

inflammation processes in mice [284]. This illustrates the ability of probiotics to prevent 

auto-immunity, closely related to inflammation. Likewise, D. Groeger et al. demonstrate 

that the administration of Bifidobacterium infantis 35624 results in reduced pro-

inflammatory biomarkers (plasma levels of TNF-a and IL-6) in UC patients [305]. 

Moreover, the immunomodulatory effects of probiotics can be correlated to the 

development of IgA-producing B cells and thereby the stimulation of phagocytic and 

natural killer cell activity (Figure 42). For instance, mice infected with rotavirus show an 

increased amount of specific IgA against the rotavirus upon treatment with B. bifidum, 

and B. infantis [306]. The probiotics effects also involve the down-regulation of pro-

inflammatory cytokines such as TNF-a, IL-8, IL-12 or IFN-g, frequently accompanied with 

the suppression of NF-κB involved in the inflammation response [278,307,308]. 

 
 Figure 42: Mechanisms of action of probiotics on intestinal inflammation. Figure inspired from Carvalho et. al 
[266]. (Left) Intestinal homeostasis is associated to functional epithelial barrier and healthy microbiota. (Right) 
Intestinal inflammation is accompanied with damages in the mucus layer, dysbiosis of the microbiota and 
activated immune response. The probiotics alleviate inflammation by remedying these impairments. 
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In summary, by restoring a healthy commensal microbial ecosystem and by reestablishing 

regulated mucosal immune functions, some LAB could provide general benefits in IBDs 

patients (Figure 42). From this starting point and in order to emphasize their effects, with the 

emergence of new synthetic biology tools, LAB can be genetically engineered to express 

relevant proteins to treat specific pathological conditions [266,309,288,72,310]. The 

genetically engineered LAB exert enhanced bioactivity resulting from the synergy between the 

probiotics effects of the LAB itself and the anti-inflammatory effects of the delivered 

recombinant protein.  

III.1.b. Genetically modified probiotic with additional anti-inflammatory 
properties 

As mentioned above, a probiotic therapeutic strategy can go further with the construction of 

genetically modified strains producing proteins of health interest to treat intestinal 

inflammation. Therefore, the genetically engineered probiotic offer personalized treatment 

with a specific and controlled delivery of one or several therapeutic biomolecules. The 

research interest on this approach has been accompanied with major advances in synthetic 

biology. Indeed, since 1960, researchers possess efficient and sophisticated tool to manipulate 

DNA but meanwhile new more robust technologies have emerged as Golden Gate, Gibson 

assembly or CRISPR-Cas9 system (Figure 43). The historical technique developed for genetic 

manipulation is explained in Figure 43 (A). Briefly, the vector plasmid and the target gene are 

digested with the two same restriction enzymes with the aim to form compatible binding sites. 

A ligation step then allows to obtain the cloned plasmid which can then be established in 

bacteria. This strategy is one of the best well-established one and has been largely used for a 

wide range of applications. Thus, I followed this approach in the framework of my PhD project, 

presented later in section 0. However, this strategy is time-consuming as it proceeds in 

multiple (more or less long) steps: digestion, ligation and also intermediate DNA purification 

and dialysis. Golden Gate assembly is another technique employed by researchers for genetic 

engineering. The principle is detailed in Figure 43 (B). Briefly, this technique relies on the use 

of type IIS restriction enzyme which is able to cleave DNA outside of its DNA recognition site 

sequence. Following IIS digestion, 4 residual single stranded nucleotides remain at the 

digested extremity. These latter can serve as fusion site between DNA inserts when designed 

in a way to allow annealing to the end of the next insert or the vector (complementary 



 
 
 

 138 

sequences). Thus, Golden Gate cloning allows the assembly of several DNA inserts in a defined 

linear order using a one-pot procedure. Gibson method is another technique to assemble two 

or more DNA fragments in a single step. As illustrated in Figure 43 (C), this approach is based 

on the inclusion of homologous overlapping ends at the extremity of the DNA inserts. The 

annealing of these complementary extremities followed by DNA extension and ligation results 

in the fully assembled product. The absence in the needing for restriction enzyme digestion 

drastically accelerates the cloning that can be achieved in few hours. Last but not least, 

CRISPR-cas9 system (Clustered Regularly Interspaced Short Palindromic Repeats), developed 

in 2012 by J. Doudna and E. Charpentier (which recently received a Nobel prize for their work), 

is a genome editing tool that can be applied to eukaryotes, contrarily to the three methods 

described before [311]. This system is composed of 2 components: an RNA moiety that 

recognizes the target DNA sequence to cleave thanks to its bases complementary and thus 

guiding the second component, cas9 enzyme, at the right point of the genome (Figure 43 (D)). 

Cas9 is a molecular scissors that can then cut double stranded DNA (Figure 43 (D)). CRISPR -

cas9 constitutes a simple, versatile, fast and accurate tool that may revolutionize genetic 

therapy (capacity to delete pathological mutations…). 
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Figure 43: Principles of the main biotechnological tools employed for genetic engineering. (B,C) Figures adapted 
from [312]. (D) Biorender template. 

These knowledges has accelerated the construction of new recombinant strains with boosted 

bioactivity and, in particular, of LAB (mainly L. lactis, considered as the model LAB as they were 

extensively characterized and thus well-suited for genetic manipulation). The constructed 

recombinant strains have shown promising results in pre-clinical and even clinical trials for the 

treatment of many human diseases such as cancer and especially GIT inflammation. Several 

reviews already offer high-quality and thorough summaries of recombinant LAB tested in IBDs 

context but the following part aims to give a short updated overview 

[72,266,288,309,310,313]. 
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III.1.b.i. Cloning expression system 

This first section intends to summarize the different expression systems available for the 

production of heterologous proteins by LAB and all others bacterial strains (Figure 44). The 

proteins can be expressed either constitutively with the use of native promoters or in a tightly 

controlled manner. In this last case, the cloning plasmid carries the target gene under the 

transcriptional control of an inducible promoter. Inducible systems present several 

advantages over constitutive ones. First, they do not lead to overproduction of the 

recombinant therapeutic substances, which can become deleterious at excessive 

concentrations. Secondly, the constant expression of the recombinant proteins costs a lot of 

energy for the bacteria which are fragilized. Consequently, inducible systems are preferred as 

they allow a controlled delivery of the therapeutic proteins and they generate less undesirable 

adverse effects. 

 
Figure 44: Summary of the different expression systems available for probiotic engineering. Figure from M. Barra 
et. al. [72] (A) Diagnosis tools : promoter sensitive to inflammatory biomarker leading to the expression of an 
easily detectable reporter molecule such as green fluorescent protein. (B) Constitutive biotherapeutics, mostly 
based on native promoter. (C) Induced biotherapeutics, mostly based on promoter activatable by external 
chemical substances. (D) Sense and respond system: the expression of the therapeutic protein is induced by the 
sensing of inflammatory biomarker. 

Most of the inducible expression systems are based on promoters which are activated under 

the presence of a specific chemical compound. According to Carvalho et. al, the first systems 



 
 
 

 141 

tried for probiotic engineering were composed of the lac promoter whose induction is 

dependent of the presence of lactose [314]. Another expression system developed by Miyoshi 

et. al for L. lactis is composed of the xylose permease gene promoter. In this case, the 

transcription of the fused gene is induced by xylose while repressed by fructose or mannose 

[315]. It allows to turn on or off as desired the recombinant protein expression via a chemical 

control. This system, named XIES (xylose-inducible expression system) was notably used to 

control the expression of IL-10 cytokine in recombinant L. lactis by adjusting the amount of 

xylose inducer [316]. Likewise, another inducible system successfully used by the group of Z. 

Hamady is the xylan-inducible expression system present in Bacteroides ovatus [317,318]. The 

quantity of xylan integrated into the food or the water given to mice treated with modified 

bacteria was shown to impact the expression of the recombinant protein. Another example 

of inducible system applied to engineered probiotics relies on an arabinose-induced 

promoter. In order to induce the protein expression, the water given to the mice can be 

infused with arabinose.  

Many heterologous proteins have been also expressed under the control of the nisin promoter 

(PnisA). The corresponding system, named Nisin-Controlled Gene Expression system (NICE), 

were initially implemented in MG1363 bacteria that were subjected to the chromosomal 

insertion of nisR and nisK genes [319,320]. These latter are involved in the nisin-dependent 

activation of PnisA. As illustrated in Figure 45, nisR and nisK proteins constitutes a two-

component regulatory system: nisK proteins recognizes nisin, signals its identification to nisR 

which then induces PnisA. The NICE system is considered has one of the most powerful genetic 

tools for gene cloning and has allowed the controlled expression of various heterologous 

proteins.  
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Figure 45: Principle of Nisin-controlled gene expression (NICE) system. Figure from I. Mierau et. al [320]. NisK is a 
nisin sensor histidine kinase; NisR, a transcriptional activator regulating PnisA promoter; and Gene X, the target 
gene cloned behind the nisA promoter. 

While all these inducible systems allow a regulated and efficient production of the protein of 

interest, they require the addition of external substrates. Researchers then looked for new 

inducible systems overcoming this drawback. To this end, they developed new expressions 

systems containing promoters sensitive to environmental signals such as to particular 

physiologic state, diseases biomarkers, pH change etc. The resulting probiotics are then able 

to detect specific biomarkers and to respond by generating the therapeutic proteins. Among 

these sense-and-respond systems, the most known is probably the stress-inducible controlled 

expression system (SICE). B. Benbouziane et al. had the smart idea to clone the promoter of 

the groESL operon into a plasmid vector [321]. groESL is a chaperone complex overexpressed 

during heat-shock conditions and playing a key role in the refolding of denatured proteins. 

The groESL promoter was shown to respond to different stresses such as heat-shock, low pH, 

UV-radiation and salt or bile acids addition. As patients suffering from IBDs especially exhibit 

physiological stresses [322], the SICE system may constitute an interesting strategy for IBDs 

treatment. Indeed, it allows the localized in situ production of the therapeutic protein of 

interest at the target inflammation site, which should result in greater pharmacological action. 

Moreover, it does not require the pre-induction of the engineered bacteria with external 

agents before administration. However, note that upon administration into the host, the 

recombinant bacteria will encounter other stresses along the GIT like acid stress during 

passage through the stomach and bile stress in the duodenum. Consequently, the SICE system 
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do not achieve a delivery completely specific to the gut inflammation. More recently, R. McKay 

engineered E. coli to detect nitric oxide (NO), accumulate at sites rich in NO and secrete the 

therapeutic protein [323]. Briefly, they designed a complex genetic circuit illustrated in Figure 

46 in which the NO-sensitive promoter of Hmp protein, responsible for NO removal to nitrate, 

controls the expression of a motility regulator protein CheZ. Hence, upon NO activation, the 

expression of CheZ induces the migration of the engineered strain near the activator sources 

and so toward NO higher concentrations. NO was chosen as the attractor because it 

constitutes a relevant biomarker of IBDs. It is, in fact, found in higher amount in the intestinal 

fluids of IBDs cases compared to healthy patients and it is notably located where the 

inflammation is prevalent [324–326]. The Hmp promoter simultaneously regulates the 

expression of T7 polymerase, which activates the T7 promoter that controls the transcription 

of the gene coding for the biotherapeutic. To sum up this case, the genetic engineering 

allowed the sensing of an IBDs biomarker and the subsequent pseudotaxis and release of the 

target therapeutic proteins. Another strategy used in sense-and-respond genetic engineering 

include the use of tetrathionate biosensor system [327]. Indeed, tetrathionate is known to 

participate in the generation of gut inflammation. 

 
Figure 46: Dual expression plasmid system allowing both pseudotactic motility circuit and the expression of the 
therapeutic proteins in response to nitric oxide- sensing. Figure from R. McKay et. al [323]. 

In summary, advances in synthetic biology led to new expression systems that provide ever 

more specific, efficient and regulated live biotherapeutics. In particular, the combination of 

biosensor system with the production of therapeutic protein reinforced the potential of 

engineered bacteria for both IBDs diagnostic and treatment in vivo. For further improvement, 

new biomarkers indicative of intestinal inflammation need to be discovered. These 

Target gene
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biomarkers have to i) be tightly specific to IBDs, ii) possess promoters responding to their 

presence to elicit the transcription of the gene coding for the recombinant proteins and iii) be 

localized at the precise site where the drug delivery is desired for an improved bio-activity. 

Otherwise, the expressed heterologous proteins can be delivered into three different cellular 

compartments, whatever expression system is used. First, the recombinant protein can be 

retained inside the bacterium cytoplasm. This cellular location is preferred when the 

expressed protein has to be protected from the harsh extra bacterial conditions that may 

degrade it (such as the very acidic gastric environment). However, the bacteria lysis is 

necessary to release the active protein so as it can reach its site of action. Secondly, the 

expressed protein can be exported out of the bacterium. In this case, the recombinant protein 

is in direct interaction with the external inflammatory environment. The extracellular release 

is achieved by the fusion with a hydrophobic and negatively charged signal peptide favorizing 

its translocation across the bacterial membrane. A third possible location is attached to the 

bacteria surface which profits from both advantages of the two previous. To this end, the 

target therapeutic is conjugated to a cell wall anchor (CWA) that can bind covalently to the 

peptidoglycan present in the bacteria membrane. 

To conclude with this section, genetically modified probiotics offer a combination of delivery 

technique and therapeutic action. One major drawback of this strategy is the presence of an 

antibiotic resistance gene in the expression vector. All the above-mentioned expression 

systems require such a gene to select bacteria expressing the desired biotherapeutics. Indeed, 

these resistance gene may later be transferred to harmful pathogen on the human GIT. There 

is then a real need for biological confinement tools or for the replacement of this antibiotic-

based selection via the development of plasmid backbones devoid of antibiotic resistance 

marker for instance. 

III.1.b.ii. Expression of anti-inflammatory agents by recombinant LAB 

Today, probiotics have been engineered to produce different proteins in order to provide 

beneficial effects on gut inflammation through different mechanisms. They include the 

expression of antimicrobial peptides, anti-inflammatory cytokines, trefoil factors and 

inhibitors of pro-inflammatory cytokines, among others. 
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The following section focuses on these various types of anti-inflammatory drugs expressed by 

engineered probiotics. The Table 4 lists all the strains mentioned in this part and classified by 

the role of the recombinant proteins. 

 Recombinant protein Engineered strain Expression system Cellular location Protective effect Reference 

Antimicrobial 
peptides 

Human α-defensin 5 
(HD5) or β-defensin 2 
(HBD2) 

E. coli Nissle 1917 Bacteriophage T7 
promoter 

Extra bacterial 
(human α-defensin 
5 (HD5) secretion 
signal) 

Antimicrobial 
activity against E. 
coli and Salmonella 
enterica 

[328] 

Mouse cathelin-
related antimicrobial 
peptide (mCRAMP) 

L. lactis NZ3900 NICE Cytoplasm DSS-induced murine 
colitis [329] 

Pancreatitis-
associated protein I 
(PAP) 

L. lactis NZ9000 NICE 
Extra bacterial 
(mouse IgK 
secretion signal) 

5-FU-induced 
murine mucositis [330] 

Anti-
inflammatory 

cytokines 

IL-10 

L. lactis MG1363 Bacteriophage T7 
promoter 

Extra bacterial 
(Usp45 secretion 
signal) 

IL-10-deficient mice 
and DSS-induced 
murine colitis 

[331,332] 

L. lactis MG1363 
ThyA native 
promoter from L. 
lactis 

Extra bacterial 
(Usp45 secretion 
signal) 

Phase I clinical trial: 
CD patients [333] 

L. lactis MG1363 SICE 
Extra bacterial 
(Exp4 secretion 
signal) 

TNBS-induced 
murine colitis [321] 

L. lactis 
NCDO2118 XIES 

Cytoplasm or extra 
bacterial (Usp45 
secretion signal) 

TNBS-induced 
murine colitis [316] 

IL-27 L. lactis MG1363 Constitutive L. lactis 
promoter P1 

Extra bacterial 
(Usp45 secretion 
signal) 

T-cell transfer-
induced entero 
colitis in Rag-/- mice 

[334] 

IL-35 E. coli BL21 Bacteriophage T7 
promoter Cytoplasm DSS-induced murine 

colitis [335] 

KGF-2 B.ovatus Xylan-induced 
system 

Extra bacterial (B. 
fragilis enterotoxin 
secretion signal) 

DSS-induced murine 
colitis [318] 

TGF-β B.ovatus Xylan-induced 
system 

Extra bacterial (B. 
fragilis enterotoxin 
secretion signal) 

DSS-induced murine 
colitis [336] 

TGF-β L. lactis NZ9000 NICE 
Extra bacterial 
(Usp45 secretion 
signal) 

DSS-induced murine 
colitis [337] 

GM-CSF E. coli K-12 
W3110 

NO-induced 
pseudotaxis and 
expression. 

Extra-bacterial 
(fusion with pore-
forming protein 
TolAIII) 

 [323] 

Trefoil Factors TFF1/TFF2/TFF3 
separately L. lactis MG1363 Constitutive L. lactis 

promoter P1 

Extra bacterial 
(Usp45 secretion 
signal) 

DSS-induced murine 
colitis and IL-10-
deficient mice 

[338] 
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TFF3 + TGF-β L. lactis PSM565 pH-regulated 
promoter (P170) 

Extra bacterial 
(SP310mut2 
secretion signal) 

Wound healing in 
vitro [339] 

TFFs fused to CsgA 
fibrous matrix E. coli Nissle 1917 Arabinose-induced 

system 
Extra bacterial (N22 
secretion signal) 

DSS-induced murine 
colitis [340] 

Inhibitors of 
pro-

inflammatory 
cytokines 

Anti-TNF-a affibodies L. lactis   

Bacteria surface-
displayed : Usp45 
secretion signal + 
AcmA membrane-
binding protein  

DSS-induced murine 
colitis [341] 

Anti-murine TNF-a 
nanobodies L. lactis MG1363 Constitutive L. lactis 

promoter P1 

Extra bacterial 
(Usp45 secretion 
signal) 

IL-10-deficient mice 
and DSS-induced 
murine colitis 

[342] 

IL-1 receptor 
antagonist L. lactis NZ9000 NICE 

Extra bacterial 
(Usp45 secretion 
signal) 

DSS-induced murine 
colitis [343] 

Anti-
proteases 
enzyme 

Elafin L. lactis NZ9000 NICE 
Extra bacterial 
(Usp45 secretion 
signal) 

DSS-induced murine 
colitis and T-cells 
transfer-induced 
colitis in immuno-
defficient mice 

[344] 

 Human 15-
lipoxygenase-1 

L. lactis NCDO 
2118 XIES Cytoplasm DSS-induced murine 

colitis [345] 

 
Microbial Anti-
inflammatory 
Molecule (MAM) 

L. lactis MG1363 
Cytomegalovirus  
(CMV) eukaryotic 
promoter 

Cytoplasm DNBS-induced 
murine colitis [346] 

 Heme oxygenase-1 L. lactis NZ9000 NICE 
Extra bacterial 
(Usp45 secretion 
signal) 

DSS-induced murine 
colitis [347] 

Antioxidant 
enzymes 

L. lactis MG1363 
MnSOD (sodA) 

L. lactis NZ9800 
and L. latarum 
NCIMB8826 Int-1 

NICE Cytoplasm TNBS-induced 
murine colitis [348] 

S. thermophilus 
MnSOD 

Lactobacillus 
gasseri LacZ promoter cytoplasm IL-10-deficient mice [349] 

L. plantarum MnCAT L. casei BL23 Native promoter cytoplasm DSS-induced murine 
colitis [277] 

L. lactis MG1363 
MnSOD (sodA) 

L. lactis MG1363 
and Lb. casei BL23 Native promoter cytoplasm DSS-induced murine 

colitis [350] 

L. plantarum MnCAT 
and L. lactis MG1363 
MnSOD (sodA) 

L. casei BL23 Native promoters cytoplasm TNBS-induced 
murine colitis [351] 

L. plantarum MnCAT 
and L. lactis MG1363 
MnSOD (sodA) 

S. thermophilus 
CRL 807 Native promoters cytoplasm TNBS-induced 

murine colitis [352] 

Human MnSOD 
(SOD2) 

Bifidobacterium 
longum HB25 

Hup native 
promoter from B. 
longum 

Extra bacterial 
(amyB secretion 
signal) 

DSS-induced murine 
colitis [353] 

Table 4: LAB genetically engineered to express anti-inflammatory therapeutics for GIT inflammation models. 
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� Antimicrobial peptides 

Antimicrobial peptides produced by recombinant bacteria appear to be promising therapeutic 

candidates to inhibit pathogen proliferation in the gut microbiota and subsequently 

suppressing microbiota-driven inflammatory events. As a reminder (III.1.a.ii), bacteriocin 

production is indeed a mechanism used by commensal and probiotic bacteria for competitive 

exclusion of pathogens. These anti-microbial substances include defensins, cathelicidins and 

histatins. In 2012, Seo et. al reported a genetically engineering strain of E.coli, Nissle 1917, to 

express human α-defensin 5 (HD5) or β-defensin 2 (HBD2) [328]. The purified recombinant 

defensins showed antimicrobial activity against pathogenic E. coli and Salmonella enterica 

serovar. The same year, a modified L. lactis strain expressing cathelicidin conferred anti-

microbial activity associated to anti-inflammatory activity in DSS-induced murine colitis [329]. 

Another extensively studied antimicrobial peptide is the C-type lectin Reg3A. Reg3A, also 

denominated PAP for pancreatitis-associated protein, exerts bactericidal activity against 

Gram-positive bacteria and in that way have protective effect on GIT inflammation. A striking 

study published in 2017 shows the efficacy of a PAP-expressing L. lactis  strain to limit the 

growth of pathogenic commensal E. faecalis in a 5-FU-induced mucositis murine model [330]. 

In addition to the antimicrobial activity, decreased histological damages and more globally 

improved mucositis symptoms were recorded.  

� Anti-inflammatory cytokines 

Most commonly, the application of engineered probiotics on IBDs treatment implies the 

recombinant production of anti-inflammatory cytokines. These latter are known to play 

essential roles in the regulation of the inflammation processes, notably through effector T-

cells inhibition. For this reason, the administration of purified doses of anti-inflammatory 

cytokines have been already explored for IBDs therapies but as discussed earlier, genetically 

engineered probiotics are better candidates for a more localized and specific delivery.  

The most studied therapeutic cytokine is interleukin-10 (IL-10) [354]. This may be explained 

by the growing acknowledgment that IL-10 protects against inflammation by restricting 

excessive immune response of both innate and adaptive immune cells. Indeed, IL-10 

mutations are associated with an increased risks of inflammatory disorders. The first 

descriptions of genetic engineering for IL-10 expression appeared in 2000. The group of E. 

Remaut demonstrated the ability of a IL-10 secreting L. lactis strain to partially relieve 
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inflammation in a DSS-induced colitis model and to prevent any IBD onset in IL-10 knockout 

mice [331,332]. Based on these encouraging pre-clinical results, a recombinant IL-10 

producing L. lactis strain was evaluated in a phase I clinical trial involving CD patients [333]. 

Before administrating live genetically modified organisms (GMO) to patients, researchers 

developed a containment strategy consisting of integrating IL-10 gene as a replacement of 

thymidylate synthase gene [355]. Consequently, the survival of genetically modified L. lactis 

is dependent on the presence of thymine or thymidine, compounds only available in the body. 

This clinical trial was a success on two points. First the IL-10-secreting strain was clinically well-

tolerated as it did not induce any systemic side effects. Secondly, the containment strategy 

was efficient in preventing any spreading of the transgene in the external environment lacking 

of thymine and thymidine. Unfortunately, a phase II clinical trial conducted by Actogenix in 

2009 revealed that the engineered IL-10-expressing L. lactis, while safe, had no significant 

impact on wound healing compared to placebo. Since then, few novel preclinical studies of Il-

L-10 secreting L. lactis were published. They include studies reporting the use of the XIES and 

SICE systems to produce IL-10 in a regulated manner and evidencing again the efficacy of 

constructed LAB to alleviate DNBS-induced murine colitis (improvement in weight loss and 

decrease in macroscopic and histologic scores) [316,321]. 

More recently, other immunosuppressive-recognized cytokines were expressed by 

engineered probiotics. In particular, the interleukin-27 (IL-27) whose levels are dysregulated 

in IBDs patients was expressed in L. lactis MG1363 [334]. The engineered L. lactis was able to 

successfully protect mice from T-cell transfer-induced murine colitis. Furthermore, this 

treatment was more effective both either systemic intraperitoneal injection of IL-27 and IL-

10-secreting counterpart L. lactis. One hypothesis is that the recombinant IL-27 delivery 

induced a higher IL-10 endogenous production than could be achieved with recombinant IL-

10-secreting bacteria themselves. Indeed, a greater increase in IL-10 amount was measured 

in the intestinal epithelium of mice treated with IL-27-producing L. lactis. Also, a non-

pathogenic E. coli strain was engineered to express the interleukin-35 (IL-35) cytokine [335]. 

IL-35 plays a pivotal role on inflammation regulation by promoting the infiltration of Treg cells 

and the secretion of IL-10. The IL-35- producing E. coli strain proved to be effective in reducing 

disease activity scores and pathology features.  
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Some growth factors constitute a promising class of anti-inflammatory cytokines for IBDs 

treatment. They gather, among others, the keratinocyte growth factor 2 (KGF-2), the 

transforming growth factor β (TGF-β) and granulocyte macrophage-colony stimulating factors 

(GM-CSF). The genes of the two first were cloned in B. ovatus and the resulting engineered 

strains were able to slow down the pathologic inflammatory process and to accelerate the 

healing of disrupted epithelium in DSS-induced colitis mice [318,336]. Similarly, a L. lactis 

engineered to express TGF-β also provides significant benefits on the same DSS model [337]. 

Concerning GM-CFS, its gene was encoded in a dual-plasmid system affording an induced 

expression in presence of nitric oxide [323]. 

� Trefoil factors 

Trefoil factors (TFFs) are peptides (7-12 kDa) produced by the mucin-secreting epithelial cells 

(Goblet cells, Figure 42). While their functions are not well elucidated, TFF1, TFF2 and TFF3 

are assumed to protect and restore the mucosal barrier functions in case of injury. Three 

engineered L. lactis strain were constructed to express and secrete each individual TFF [338] 

and were separately administrated to mice suffering from DSS-induced colitis. In all three 

cases, the production of TFFs conferred them enhanced protective and reparative properties 

on the intestinal epithelium. Interestingly, these therapeutic effect on GIT mucosa was 

considerably boosted compared to the oral or rectal administration of purified TFFs. 

Otherwise, the co-expression of TFF-3 and TGF-β by L. lactis improved the closure of a scratch-

created wound in IPEC-J2 cells layers [339]. A more recent publication also reports the 

secretion and the assembly of an extracellular matrix containing all three TFFs by engineered 

E. coli Nissle 1917 [340]. All three TFFs were fused to the self-assembling monomer unit of the 

fibrous matrix: CsgA. Again, the intragastric administration of the modified strain was very 

efficient in preventing and ameliorating colitis of DSS-induced colitis. 

� Inhibitors of pro-inflammatory cytokines 

A common treatment prescribed for severe IBDs involves monoclonal antibodies neutralizing 

pro-inflammatory cytokines such as TNF-a. To avoid the side effects related to their systemic 

administration, L. lactis were genetically modified to produce such anti-TNF-a antibodies or 

alternative inhibitors of pro-inflammatory cytokines signaling. Research studies mainly 

focused on TNF-a as its involvement in IBDs is largely recognized and it is considered as one 

of the most important inflammation mediators. The secretion of TNF-a-binding affibodies by 
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a modified L. lactis strain resulted in decreasing TNF-a levels in the stools of mice suffering 

from DSS-induced colitis [341]. Interestingly, this was associated to a general improvement of 

the colitis which may be correlated to the blockage of TNF-a activity. Furthermore, another 

study from K. Vandenbroucke et. al showed the capacity of anti-TNF-a nanobodies-secreting 

L. Lactis to reduce the inflammation in the same murine model of DSS-induced colitis and in 

IL-10 knockout mice [342]. The nanobodies are derived from heavy chain fragments of 

antibodies and are preferred to these latter for their increased stability. Otherwise, some 

studies also intend the suppression of pro-inflammatory IL-1 signaling to alleviate the 

inflammation in IBDs. For this, the endogenous IL-1 receptor antagonist (IL-1ra) was suggested 

to be an interesting target. The oral administration of a recombinant L. lactis hypersecreting 

IL-1ra was shown to block IL-1 signaling and thus to improve DSS-induce colitis symptoms 

[343]. 

� Others protective proteins 

Various others proteins were expressed by bacteria based on their putative ability to reduce 

intestinal inflammation. They include:  

- Human 15-lipoxygenase-1, an oxidative enzyme that catalyzes the formation of anti-

inflammatory mediators [345] 

- The Microbial Anti-inflammatory Molecule (MAM) peptide produced by commensal F. 

prau and recognized for its anti-inflammatory properties on the intestinal epithelium 

[346]. 

- Heme oxygenase-1, responsible for heme degradation and ensuing production of anti-

inflammatory catabolites [347]. 

- Elafin: an anti-protease enzymes (serine protease inhibitors) able to reduce the 

excessive proteolytic activity observed in IBDs [344].  

The characteristics of the constructed recombinant bacteria and their protective effects in vivo 

are described in Table 4.  

� Antioxidant SOD and CAT enzymes 

The sections I.2.c, I.2.d and I.2.e in the chapter I emphasize the tight correlation between 

oxidative stress and inflammation and the potential of CAT and SOD antioxidant as therapeutic 

targets for IBDs. 
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Based on these observations, the idea to construct recombinant bacteria expressing SOD and 

CAT enzymes has naturally emerged. The SOD or CAT enzymes so far used for research and 

clinical trials was most frequently purified from bovine. The use of such purified bovine 

enzymes is limited by its high cost, its intramuscular administration, its immunogenicity and 

its eventual toxicity. This latter may be due to the presence of animal-originated impurities 

and to the risk of dealing with diseases-affected bovines. For instance, the bovine SOD 

orgotein, marketed for the treatment of inflammatory diseases, has caused anaphylactic 

shocks related to contaminants-induced hypersensitivity reactions. Consequently, orgotein 

was withdrawn from European countries [356]. The use of engineered bacteria expressing 

SOD or CAT advantageously not requires samples of animal origin and subsequent intricate 

purification of the enzymes. More generally, the use of live recombinant bacteria as producer 

of the drug is more favorable than the systemic administration of the purified drug. They 

indeed provide two main advantages. First, the recombinant bacteria can be orally delivered 

since the bacteria act as protective delivery vectors in the acidic gastric conditions. Secondly, 

after reaching the intestine, the bacteria will continuously produce the antioxidant enzyme at 

the inflammation site (ie. in situ). This could reduce the doses administrated. However, the 

choice of bacteria should be made consciously and, in particular, oriented towards GRAS and 

QPS bacteria. Note that the advantages discussed here apply to all the genetically engineered 

probiotics mentioned in the previous sections and not only to those that follow. 

Several studies have shown the evaluation of the anti-inflammatory and antioxidant effects 

of SOD- or CAT-producing bacteria. The following section summarizes some relevant 

examples. In 2006, a first example of oral treatment with live recombinant LAB producing SOD 

was published by W. Han et al. [348]. The authors gave sodA (MnSOD)-producing L. lactis and 

L. plantarum strains to rats suffering from TNBS-induced colitis. They observed a faster 

recovery of forced-fed rats with SOD-producing L. plantarum while the wild-type strain had 

no effects. One year after, I.M. Caroll published similar results on IL-10 knockout mice treated 

with L. gasseri strain engineered to express the MnSOD from Streptococcus thermophilus 

[349]. Again, the recombinant strain was able to effectively reduce the severity of the colitis 

but not the native strain. In 2010, L. Watterlot et al. designed two L. casei BL23 expressing 

either the L. plantarum nonheme manganese catalase (MnKat) or the L. lactis MG1363 sodA 

and evaluated their effect in murine DSS colitis through gavage [277,350]. Unfortunately, the 
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MnKat-producing strain did not exert more pronounced effect on gut inflammation than the 

control wild-type strain [277]. In contrast the SOD-producing strain was able to significantly 

attenuate the colitis [350]. The absence of added protective effects for the MnKat-expressing 

strain is consistent with the results obtained some time before by T. Rochat et al. where the 

heterologous production of nonheme MnKat by L. casei BL23 did not improve its anti-

inflammatory and antioxidant bioactivity [277].	Another example by the group of JG. Leblanc 

implies engineered L. casei BL23 strains producing sodA or MnKat but evaluated this time on 

the TNBS-induced murine model [351]. Based on weight loss recovery and damage scores, the 

mice that received the recombinant strain displayed significantly diminished colitis symptoms 

in comparison to the wild-type group. JG. Leblanc’s group also reported the combination of 

the antioxidant activity coming from recombinant sodA or MnKat enzymes with the intrinsic 

immunomodulatory activity of S. thermophilus CRL 807 strain. The engineered and the native 

activity of the bacteria act synergistically to alleviate efficiently the inflammation in a TNBS 

colitis model [357]. Lastly, a Bifidobacterium longum strain expressing human MnSOD_Pep1 

fusion protein was recently constructed and examined [353]. The recombinant MnSOD was 

conjugated to the penetratin Pep-1 with the intent to favor its cell penetration in epithelial 

cells. The co-incubation between MnSOD_Pep1 bacteria and LPS-induced inflammatory cell 

model revealed enhanced anti-inflammatory activity of the constructed MnSOD_Pep1-

expressing strain. In addition, the supplementation of the engineered Bifidobacterium to mice 

successfully ameliorated DSS-induced colitis. 

To conclude, recombinant LAB have been largely used to produce and deliver bioactive 

proteins that address different root causes of IBDs. Their evaluation on murine colitis model 

revealed their ability to alleviate colitis as shown by reduced activity scores, faster weight 

recovery and decreased inflammation markers. The global strategy described above was 

nicely illustrated in Figure 47 extracted from S. Shigemori et. al [309].  
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Figure 47: Illustration of the strategy relying on genetically modified probiotics for the expression of recombinant 
therapeutics proteins. Figure from [309]. (A) The genes encoding for bioactive proteins (cytokines, protease 
inhibitors, etc.) can be ligated in expression vector and integrated into probiotics. (B) The engineered bacteria can 
then be orally administrated and modulate the inflammation in animal model of colitis (C) Summary of the 
different pathways implicated in the preventive and therapeutic effects exerted by recombinant bacteria in vivo. 

III.1.c. Peptidyl SOD and CAT mimics 

III.1.c.i. Advantages of SOD and CAT mimics over native enzymes 

Although successful in several studies, the use of engineered bacteria expressing endogenous 

antioxidant SOD or CAT enzymes has different drawbacks [12]. Overall, endogenous proteins 

represent poor drugs because they penetrate slowly inside cells owing to their large molecular 

radius and inappropriate charge density. Consequently, only a small fraction of the expressed 

SOD/CAT proteins will reach the action site where oxidative stress occurs in the cells. To 

overcome these limitations, the use of low-molecular weight synthetic molecules reproducing 

the antioxidant activity of the SOD or CAT enzymes was explored. Based on their lower 

molecular radius and the possibility to tune their charge density, these synthetic SOD or CAT 

mimics can afford improved pharmacodynamics and pharmacokinetics properties. They are 

also less subjected to hypersensitivity reactions related to immunogenicity (stimulation of the 

immune system in response to the presence of a foreign substance). 

Therefore, it would be very promising to engineer LAB able to produce antioxidant enzyme 

mimics. In this context, peptidyl metal complexes are of great interest since the peptides are 
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genetically encodable et LAB can be supplemented in metals at non-toxic doses. The 

investigation of this strategy constitutes one of the main aims of my PhD project 

III.1.c.ii. State of the art of peptidyl complexes mimicking SOD and CAT 

A general introduction will provide an overview of existing SOD and CAT mimics and the 

evaluation of their bioactivity. The following section will give an overview of peptidyl SOD and 

CAT mimics described so far in the literature. 

A variety of peptidyl copper complexes have been reported as catalytic or stoichiometric 

scavengers of superoxide. Most of them were inspired from the active site of endogenous 

Cu/ZnSOD. In particular, Cu/ZnSOD isolated from Gram-negative bacteria was shown to 

possess histidine-rich N-terminal domains containing high affinity copper(II) binding site. 

These regions are believed to act as the SOD active center upon Cu(II) coordination. In 

agreement, Cu(II)-coordinated peptidyl fragments composed by the first few amino acids of 

Cu/ZnSOD N-terminus were able to catalyze superoxide disproportionation [358,359]. 

Likewise, while with the resolution of the Cu/ZnSOD 3D structure, researchers attempted to 

design peptides reproducing its Cu(II) binding site [360]. Again, the peptidyl analogs of 

Cu/ZnSOD active center bind copper efficiently and display intrinsic SOD activity. The 

speciation, coordination sphere, thermodynamic stability and redox properties of these multi-

histidine complexes have been thoroughly characterized. This allows to correlate the Cu(II) 

affinity and SOD activity with the number of histidines and the distance between them 

[361,362]. The nature of the amino acids between histidine residues were also shown to 

impact the SOD activity. For instance, the presence of imidazole donor amino acids decreased 

the reduction potential value of the Cu(II) complexes. The tuning of these parameters then 

allow to discover new peptides with reinforced SOD activity [361]. 

Thus, various small peptides containing 2-4 histidines were synthetized and assessed for their 

SOD activity. Because, they are bio-inspired from the endogenous SOD active site or by metal-

binding proteins, they are commonly named analogs. Some relevant peptides are listed in 

Table 5.  
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Peptide (P) 
Added metal 

(M) M:P  Production Buffer pH 
IC50 µM 
(NBT) kcat Reference 

Endogenous Cu/Zn SOD X 
Purified 

from bovine 
Phosphate 

buffer (50mM) 
6.8 
7.4 

0.003 
0.0044 

 [361] 

HPO4 Cu(II) Synthetic 
Phosphate 

buffer (50mM) 7.4 0.35  [361,362] 

cyclo-(His-His) Cu(II), 1:2 Synthetic 
Phosphate 

buffer (5mM) 7 0.5  [168] 

Ac-HVH-NH2 Cu(II), 1:1 Synthetic Tris–HCl buffer 
(20 mM) 7.4 0.2  [180] 

Ac-HisValGlyAsp-NH2 Cu(II), 1:1 Synthetic Tris–HCl buffer 
(20 mM) 7.4 0.16  [180] 

HADHDHKK-NH2 Cu(II), 1:1 Synthetic 
Phosphate 

buffer (50mM) 7 0.11  [358] 

Ac-HHGH-OH Cu(II), 1:1 Synthetic 
Phosphate 

buffer (50mM) 7.5 0.15  [363] 

Ac-HGDHLHNHDTK-NH2 Cu(II), 1:1 Synthetic 
Phosphate 

buffer (50mM) 7 0.19  [359] 

Ac-S2H3-NH2 Cu(II), 1:1 Synthetic Phosphate 
buffer (50mM) 7.4 0.15  [362] 

Ac-HSaHSaHSaH-NH2 Cu(II), 1:1 Synthetic Phosphate 
buffer (50mM) 7.4 0.044  [362] 

Ac-HGGH-NH2 Cu(II), 1:1 Synthetic Phosphate 
buffer (50mM) 7.4 0.38  [361] 

Ac-HAAHGH-NH2 Cu(II), 1:1  Synthetic 
Phosphate 

buffer (50mM) 7.4 0.048  [361] 

Ac-HAAHVH-NH2 Cu(II), 1:1 Synthetic 
Phosphate 

buffer (50mM) 7.4 0.077  [361] 

Ac-HGGGHGH-NH2 Cu(II), 1:1 Synthetic Phosphate 
buffer (50mM) 7.4 0.082  [361] 

Ac-PDHKHHLH-NH2 
Cu(II), 1:1 
Cu(II), 1:5 

 
Synthetic HEPES 50mM 7.4 

0.12  
0.06 

(with XTT!) 
 [192] 

Ac-TYVVHAGSRIYHVHGGH-NH2 Cu(II), 1:1 Synthetic PBS 50mM 7  157 U/mg [364,365] 
Table 5: List of multi histidine peptides inspired from the Cu/Zn SOD active site discussed in the main text. 

In addition to peptidyl copper SOD mimics, two peptidyl nickel complexes bio-inspired from 

the square planar Ni(II) center of the native Ni-SOD were reported by the groups of P. Delangle 

and C. Duboc [366,367]. The first one, described in 2019, is based on an ATCUN-like binding 

motif displaying a square-planar N3S coordination. The second one, described in 2021, is 

composed of a sulfur-rich pseudopeptide ligand, where three cysteines are grafted on a 

nitrilotriacetic acid scaffold, providing thus a S3O first coordination sphere for Ni(II). Both 
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demonstrate similar catalytic SOD activity in water with a catalytic rate around 105-106 M-1.s-

1, which is in the same order of magnitude, or a bit lower, than that previously measured for 

cupper-based peptidyl SOD mimics. 

Besides analog peptides, other longer peptides named heterologous peptides were designed 

by molecular modeling. On the basis of the native SODs 3D-structures, the search for 

homologous sequence alignment in the active center can be computationally performed. 

Then, sequences with high homology can be chosen as scaffolds. Finally, structural predictions 

tools allow to optimize the scaffold by identifying the positions of key residues for SOD activity. 

The composition and position of the catalytic site around the scaffold can hence be corrected 

to obtain more efficient catalysts. 

As an example, Singh et. al used and modified a 63-residues peptidyl scaffold forming a heme-

binding four-helix bundle and initially designed by Gibney et al. [368,369]. Among others, the 

substitution of a leucine for histidine allowed the formation of a Mn (II) binding site. The 

resulting redesigned peptide displayed not neglected SOD activity (IC50=8µM, phosphate 

buffer 50mM, pH 7.4) [368]. Another SOD mimics based on heterologous peptides was 

reported by Yan et. al [370]. They conducted homology modelling of human SOD1, SOD3 and 

bovine erythrocyte SOD and selected a 65-residues sequence. Next, they integrated the active 

site of glutathione peroxidase enzyme (GPx) as replacement of residues showing low 

homology and they re-designed the general structure to optimize the dual-activity center. 

Again, the heterologous peptide had efficient SOD and GPx activity upon copper and zinc 

coordination. Recently, a cell-penetrating peptide was introduced in the structure of this latter 

to enhance its intracellular penetration and improve its antioxidant activity in cells [233]. The 

structures of the mentioned heterologous peptides are given in Table 6. It should be noted 

that the size of these peptides is larger (> 60 amino-acids) than that of the analogous peptides 

discussed above. These longer peptides are preferred to small peptides because they can 

achieve higher catalytic efficiency thanks to more stable secondary structures and the 

potential presence of multiple catalytic sites. However, their intermediate size may avert 

shortcomings of large molecular weight native enzymes (as a reminder: weak cellular 

penetration). 
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This expansion in peptides size is hardly compatible with the classical technic for peptides 

synthesis. Consequently, these long peptides were produced biochemically. Briefly, the gene 

encoding for the peptides were cloned into expression vector and transformed in bacteria 

strains, Escherichia coli in the cited cases. The expressed heterologous peptides were then 

purified by anion-exchange chromatography or reverse-phase preparative HPLC. 

Peptide Metal Activity Production Reference 
NH2-M-L-K-K-L-R-E-E-A-L-K-L-L-E-E-F-K-K-L-L-E-E-H-L-K-W-H-E-G-G-G-G-G-G-G-G-E-L-L-K-D-H-E-E-
L-L-K-K-F-E-E-L-L-K-L-A-E-E-R-L-K-K-L-COOH Mn(II) SOD E. coli BL21 [368] 

NH2-H-Q-H-Q-F-G-D-L-S-Q-G-A-E-S-T-G-P-H-Y-N-P-L-A-V-P-H-P-Q-H-P-G-D-W-G-N-F-A-V-R-D-G-S-
L-W-P-F-L-R-H-N-V-Y-G-R-P-R-A-C-V-V-H-A-G-E-D-COOH 

Cu(II) 
Zn(II) 

SOD: 1254 U/mg 
GPx : 112 U/mg E. coli BL21 [370] 

NH2-Y-G-R-K-K-R-R-Q-R-R-R-H-Q-H-Q-F-G-D-L-S-Q-G-A-E-S-T-G-P-H-Y-N-P-L-A-V-P-H-P-Q-H-P-G-
D-W-G-N-F-A-V-R-D-G-S-L-W-P-F-L-R-H-N-V-Y-G-R-P-R-A-C-V-V-H-A-G-E-D-COOH 

Cu (II) 
Zn (II) 

SOD: 1218 U/mg 
GPx : 109 U/mg E. coli DH5α [233] 

Table 6: List of the heterologous peptides exhibiting SOD activity upon metal coordination and discussed in the 
main text. 

In conclusion, molecular model building and dynamics simulation are efficient methods for 

the establishment of novel de novo SOD and CAT mimics. 

Finally, a new approach for the identification of new metal-binding peptides with SOD or CAT 

activity has been recently described. Briefly, two large libraries of peptidyl Cu- or Mn- 

complexes were generated by applying a combinatorial approach. For Cu- complexes library, 

variability was introduced at fixed positions in a sequence containing efficient Cu2+ binding 

motifs Ac-PX1X2KHX3LH-OH [192,371]. For the Mn-complexes library, the following sequence 

was used: Ac-WAGX1X2X3X4X5AK-OH and the positions X1-5 were randomized with non-

coordinating amino-acids and with D, E, H amino acids since the DEH motif is known to 

coordinate Mn2+ according to Peana et al. [372]. The resulting combinatorial libraries of metal 

complexes were screened for their SOD or CAT activity using in-gel activity assays [191]. This 

allowed the isolation of the PDHKHHLH-Cu and PHYKHRLH-Cu2 complexes, with SOD and CAT 

activity, respectively, and the WAGDEYEDAK-Mn complex with SOD activity. To our 

knowledge, the PHYKHRLH-Cu2 complex constitutes the first peptidyl CAT mimic described in 

the literature by K. Coulibaly et al. [371]. Interestingly, when the complexes were studied in 

details, it appeared that the SOD mimic PDHKHHLH-Cu complex has a stoichiometry of 1 

peptide for 1 copper whereas the CAT mimic PHYKHRLH-Cu2 complex exhibited a 

stoichiometry of 1 peptide for 2 coppers. This is fully consistent with their respective 

catalytical activity, since SOD dismutation involves a single electron transfer whereas H2O2 

dismutation is a bi-electronic transfer (each copper affords one electron). Concatenation of 
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two WAGDEYEDAK peptides separated with a folded PG linker (KAEDYEDPGDEYDEAK-Mn) was 

shown to increase the SOD activity of the resulting complex. The catalytic SOD activity of the 

Cu(II)-PDHKHHLH complex was found in the same range than the other multi-histidine Cu(II) 

complexes mentioned above. 

The bioactivity of the two copper complexes were evaluated in three different cells lines 

(Figure 48). The SOD mimic PDHKHHLH-Cu showed anti-superoxide properties in murine 

macrophage cell line Raw 264.7 and anti-inflammatory properties in LPS-stimulated HT29-

MD2 intestinal epithelial cells. Likewise, the CAT mimic PHYKHRLH-Cu2 was able to decrease 

hydrogen peroxide levels in HeLa HyPer cells. All these data strongly support the antioxidant 

properties of the peptidyl Cu(II) complexes in a cellular context. 
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Figure 48: In cells bioactivity evaluation of the peptidic Cu-complexes developed by a combinatorial approach. 
(Top) Figure from [192]. Activity of the SOD mimic PDHKHHLH-Cu(II) on two cellular models of oxidative stress: A) 
measurement of extracellular superoxide using XTT as UV-visible marker in RAW 264.7 macrophages and B) 
measurement of extracellular interleukin-8 pro-inflammatory cytokine in LPS-stimulated HT29-MD2 intestinal 
cells. Different treatments were assessed: A= non-activated cells, B= activated cells, C= native CuZnSOD (100 
U/mL), D= PDHKHHLH-Cu(II) 1:1, E= PDHKHHLH, F= CuSO4. In both graphs, the values were set at 100% for 
activated cells control. (Bottom) Figure from [371]. The levels of H2O2 in HeLa HyPer cells were monitored by 
fluorescence under different conditions: H2O (control cells), PHYKHRLH (250 μM), CuSO4 (500 μM), PHYKHRLH-
Cu(II) 1:1 (250 μM) and PHYKHRLH-Cu(II) 1:2 (250 μM). Briefly, HeLa HyPer cells express HyPer a genetically 
ratiometric fluorescent sensor of H2O2 based on a circularly permuted yellow fluorescent protein. In presence of 
H2O2, the conformation of HyPer is modified leading to a change in its spectral properties and particularly in the 
ratio I(491/530)/ I(405/530). The plotted graphs represent the average ratio I(491/530)/ I(405/530) indicative of 
H2O2 levels. The given images were taken by fluorescent microscopy 60 min following cells treatment.	

  

CuCATm1:Cu 1:2
CuCATm1:Cu 1:1

Control (H2O)
PHYKHRLH 250µM
CuSO4 (500µM)
PHYKHRLH-Cu(II) 1:1 (250µM)  
PHYKHRLH-Cu(II) 1:2 (250µM)  

(1)
(2)
(3)

(5)

(1) (2) (3) (5)
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III.2. Draft publication 

Genetically modified lactic acid bacteria for the production and delivery of 

peptidyl complexes mimicking superoxide dismutase and catalase 

Gabrielle Schanne[a],[b],[c], Sorine Brisseau[b],[c], Yaël Lellouche Jakob[b], Paul Rochette[a],[c], Jade 

Loiseau[c], Anne Aucouturier[c], Philippe Langella[c], Luis Bermudez[c], Philippe Seksik[b], Clotilde 

Policar[a], Nicolas Delsuc[a] 

 [a] Laboratoire des biomolécules, LBM, Département de chimie, Ecole Normale Supérieure, PSL University, 
Sorbonne Université, CNRS, 75005 Paris, France 
[b] Centre de Recherche Saint Antoine, INSERM, UMRS 938, Metabolism-Inflammation Department, 184 rue du 
Faubourg Saint-Antoine, 75012 Paris, France 
[c] Commensal and Probiotics-Host Interactions Laboratory, Micalis Institute, INRA, AgroParisTech, Université 
Paris-Saclay, F-78350, Jouy-en-Josas, France 

The work presented below has been conducted in collaboration with the laboratory MICALIS 

at INRAE institute. I have written the following draft paper that was edited and improved by 

my supervisors. 

This draft does not constitute a final version for the purpose of submission. This version was 

completed with many details to make it readable for people from all scientific backgrounds 

and to present the totality of the work that I have conducted on this project. 

Abstract. Lactic acid bacteria (LAB) have long been proposed as attractive candidates for the 

treatment of inflammatory bowel diseases (IBDs) given their intrinsic probiotic characteristics. 

Together with advances in genetics and bioengineering, LAB have been modified to express 

therapeutic proteins targeting several causes of inflammation in order to boost their 

bioactivity. In particular, to suppress inflammation-related oxidative stress, some strains have 

been genetically engineered to generate antioxidant superoxide dismutase (SOD) and catalase 

(CAT) enzymes. Although displaying promising anti-inflammatory effects in vivo, these 

recombinant strains suffer from the drawbacks associated to the involvement of native 

enzymes: low cell penetration into intestinal epithelial cells (IECs), high immunogenicity and 

short half-life. In this work, we generate novel recombinant LAB (recLAB) producing low-

molecular weight peptides reported to exert SOD and CAT activity upon metal coordination. 

These peptidyl metal complexes mimicking SOD and CAT activities are not limited by the 

drawbacks mentioned above and have been concordantly shown to display improved 

beneficial effects in cells compared to native enzymes in previous studies. The anti-superoxide 
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and anti-hydrogen peroxide activities of recLAB lysates was examined by an activity assay on 

gel. Live recLAB were also co-incubated with IECs and were able to attenuate the secretion of 

inflammatory cytokine IL-8 to a greater extent than the wild-type strains. These anti-

inflammatory effects can be attributed to SOD and CAT mimics produced by LAB. The strategy 

employed here hence combines the advantages of using recLAB as producers and delivery 

vectors of therapeutic molecules with that of using SOD and CAT mimics over native enzymes. 

III.2.a. Introduction 

Inflammatory bowel diseases (IBDs) constitute a major global health problem affecting 1/100 

of the European population [60]. Current therapies prescribed to IBDs patients are not 

curative, but comprise anti-inflammatory drugs to control inflammation and thereby alleviate 

symptoms [62]. It has been shown that the inflammation state is tightly correlated to an 

oxidative stress situation [373]. This could be noticeable through the excessive amount of 

reactive oxygen species (ROS) and the impairment of several antioxidant enzymes, such as 

superoxide dismutase (SOD) and catalase (CAT), in IBDs tissues [85]. Based on these findings, 

SOD and CAT enzymes purified from bovine were largely considered as an alternative 

treatment for IBDs [88,92]. To overcome the controversy over animal-based drugs, food-grade 

bacteria have been genetically modified to produce native SOD and CAT. Remarkably, both 

recombinant enzymes purified from bacteria lysates and direct administration of live 

genetically modified bacteria were effective in decreasing inflammation in vivo [350,351]. 

Alternatively, low-molecular weight complexes mimicking SOD and CAT are also good 

candidates. They present the advantage over native enzymes of penetrating better inside cells 

due to their smaller size and to do not induce immunogenicity. These mimics are mostly 

porphyrins and salen complexes, but also include complexes with corroles, cyclic polyamine 

and peptidyl ligands [1,94,95,122,135,171]. Among them, some have been tested in in vivo 

IBDs models. In particular, the well-studied polyamine cyclic M40403 SOD mimic was 

administrated as an intraperitoneal bolus to rats suffering from TNBS-induced acute colitis 

and was able to efficiently reduce the severity of the experimental colitis [374]. However, 

when oral administration, which is a low invasive method, is intended, the delivery of the such 

molecules to the site of inflammation (i.e. the small bowel and especially the colon), becomes 

a real challenge. Indeed, low-molecular weight complexes mimicking SOD and CAT, being 
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coordination complexes are fragile, in particular in acidic medium that can be found in 

stomach. Therefore, few strategies have been developed to optimize the oral delivery of 

metallic SOD mimics. For instance, our group have succeeded in alleviating the symptoms of 

murine colitis by force-feeding mice with a bio-inspired SOD mimic prepared in a basic buffer 

(NaHCO3 4.2%) [196]. It was suggested that the basic buffer partially protect the SOD mimics 

from the acidic gastric conditions. Nevertheless, high doses were needed to observe beneficial 

effects. In another example reported by Q. Zhang et. al, the authors encapsulated a SOD mimic 

called TEMPOL in a nanomatrix that serves not only as protective vector but that also acts as 

H2O2 scavenger [375]. The vectorized SOD mimics was orally given to mice suffering from 

TBNS- or DSS-induced colitis and showed an effective accumulation in the inflamed colon and 

the suppression of several colitis symptoms. 

In this context, peptidyl metal complexes mimicking SOD and CAT are very promising 

candidates, as they provide the advantages of low molecular weight complexes while being 

genetically encodable and thus producible by food-grade bacteria. 

In previous studies, our group identified three peptidyl Cu- or Mn- complexes exhibiting SOD 

or CAT activity: PDHKHHLH-Cu(II) and KAEDYEDPGDEYDEAK-Mn(II) complexes displaying a 

SOD-like activity [192,257] and PHYKHRLH-Cu(II) displaying CAT-like activity [371]. They were 

discovered via an activity-based screening of a combinatorial library of peptidyl complexes 

[192,371]. Interestingly, when the complexes were studied in details, it appeared that the SOD 

mimic PDHKHHLH-Cu complex has a stoichiometry of 1 peptide for 1 copper whereas the CAT 

mimic PHYKHRLH-Cu complex exhibited a stoichiometry of 1 peptide for 2 coppers. This is fully 

consistent with their respective catalytical activities, since SOD dismutation involves a single 

electron transfer whereas H2O2 dismutation is a bi-electronic transfer (each copper provides 

one electron). 

The SOD or CAT catalytic activity of these copper complexes was confirmed by the McCord 

and Fridovich assay [162,163] and dioxygen evolution monitoring using a Clark-type electrode, 

respectively. These assays provided the catalytic rates of the complexes for superoxide or 

hydrogen peroxide dismutation, summarized in Table 7. The bioactivities of the copper 

complexes were also evaluated in cells. For the copper SOD mimic, its anti-superoxide activity 

was assessed in murine macrophages cell line Raw 264.7 and its anti-inflammatory activity 
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was observed in LPS-stimulated HT29-MD2 intestinal epithelial cells. For the copper catalase 

mimic, its incubation on HeLa HyPer cells, expressing a ratiometric fluorescent sensor of H2O2 

showed unambiguously a decreased level of H2O2 concentration.  

SOD mimic 
(a) PDHKHHLH:Cu(II) 1:1 2.4 x 107 M-1.s-1  
(a) PDHKHHLH:Cu(II) 5:1 4.8 x 107 M-1.s-1  
(b) KAEDYEDPGDEYDEAK:Mn(II) 1:1 6.8 x 105 M-1.s-1  

CAT mimic (c) PHYKHRLH:Cu(II) 1:2  1.2 ×10−1 s-1 
Table 7: catalytic rate for superoxide (left) and hydrogen peroxide (right) dismutation of the peptidyl metal 
complexes used in this work. Experimental conditions : (a,b) XTT marker, HEPES 50 mM, pH 7.4, (c) MOPS (3-
(Morpholin-4-yl)propane-1-sulfonic acid) buffer 50 mM, pH 7.5. 

These peptidyl complexes are thus very promising candidates that could be expressed in food-

grade bacteria. In this perspective, bacterial strains have been engineered to produce peptidyl 

SOD and CAT mimics. Briefly, the gene encoding for the peptidyl ligand of the SOD- or CAT-

active complexes was inserted into a plasmid vector and electroporated into LAB. The 

resulting clones were then successfully confirmed at three levels: 1) DNA cloning and identity 

of the insert by sequencing, 2) protein expression by western blot and 3) protein antioxidant 

activity by in-gel activity assay. Finally, their potential benefits were investigated in the 

lipopolysaccharide (LPS)-responsive IECs line: HT29-MD2. Interestingly, recombinant bacteria 

were able to limit LPS-induced secretion of IL-8 chemokine by HT29-MD2 to a greater extent 

than wild-type strains.  

III.2.b.  Material and methods 

III.2.b.i. Bacterial strains and growth conditions  

The bacterial strains and plasmids used in this study are listed in Table 8: 

 Name Characteristics 

Bacteria 
strains 

MG1363  Lactococcus lactis subsp. cremoris wild-type strain [376] 

NZ9000 Integration of nisR-K into the pepN gene of MG1363 strain 
using plasmid pNZ9573 [320,377] 

NCIMB8826 Lactobacillus plantarum, wild-type strain 

MG1363 control MG1363 strain containing pSICE-empty plasmid (no Nuc 
gene) 

MG1363 sodA L. lactis MG1363 containing pILKSsodA: overexpression of 
endogenous sodA, Ery resistance. [350] 
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Plasmids 

pSICE:Nuc 
GroESL promoter: Stress-Inducible Controlled Expression 
system, SP_Exp4 (signal peptide of Exp4 protein):Nuc gene, 
Cm resistance [321] 

pNICE:Nuc 
nisA promoter: Nisin-Inducible Controlled Expression 
system, SP_Usp45 (signal peptide of Usp45 protein):NucB 
gene, Cm resistance [378] 

Table 8: Characteristics of the bacteria strains and plasmids used in this study.  

L. lactis strains were cultured in M17 medium (Difco) supplemented with 0.5% glucose media 

at 30°C without agitation. L. plantarum strains were cultured in MRS medium (Difco) at 37°C 

without agitation. 

III.2.b.ii. Construction of recLAB expressing peptidyl SOD and CAT mimics 

The nucleic acid sequences encoding for the three target peptides described in detail below 

(Table 10) were designed and are presented in supplementary information (Table S1). 

Particular concern was given to avoid repetitions and hairpin structures, based on the 

redundancy of genetic code so as to avoid homologous recombination and to ensure good 

quality sequencing. The DNA sequences encoding for the signal peptides (SPs) are not 

included, since these sequences are already introduced by the plasmid vectors (pSICE:Nuc and 

pNICE:Nuc). The sequences were synthetized by Genecust and inserted into pUC57 plasmid. 

The sequences were amplified by high-fidelity Phusion PCR using the following primers 

designed on the basis of pUC57 sequence, 5’-GACGTTGTAAAACGACGGCC-3’ for the coding 

strand and 5’-CACAGGAAACAGCTATGACCATG-3’ for the complementary strand. The 

amplified sequences containing SOD-Cu, CAT-Cu and SOD-Mn genes were then purified, 

digested with NsiI and EcoRI restriction enzymes and ligated into NsiI/EcoRI-digested plasmid 

vectors (pSICE or pNICE). The constructions were then electroporated (2.5 kV) into competent 

MG1363, NZ9000 and/or NCIMB8826 strains. Table 9 summarizes the recombinant strains 

constructed in this study. Note that SOD-Mn gene was established in a L. plantarum strain 

which is known to be endogenously rich in manganese in order to increase the probability of 

producing the SOD-active manganese peptidyl complex. 
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Name Strain Plasmid 

MG1363 pSICE:SP_SOD-Cu L. lactis MG1363 pSICE:SP_SOD-Cu 

MG1363 pSICE:SP_CAT-Cu L. lactis MG1363 pSICE:SP_CAT-Cu 

NZ9000 pNICE:SP_SOD-Cu L. lactis NZ9000  pNICE:SP_SOD-Cu 

NZ9000 pNICE:SP_CAT-Cu L. lactis NZ9000  pNICE:SP_CAT-Cu 

NCIMB8826 pSICE:SP_SOD-Mn L. plantarum NCIMB8826 pSICE:SP_SOD-Mn 
Table 9: List of the recLAB constructed in this work.  

Transformants were selected for their resistance to chloramphenicol (10µg/mL) and for the 

absence of Nuc phenotype according to Nuc activity assay [379]. This double selection 

confirmed that the transformants were successfully transformed with the recombinant 

plasmids. The presence of the genes coding for SP_SOD-Cu, SP_CAT-Cu and SP_SOD-Mn in 

some selected clones were confirmed by sequencing (Eurofins) of extracted plasmids or of 

Dream Taq colony PCR fragments. The PCR fragments containing the complete SP_SOD/CAT-

Cu/Mn genes and the promoters were amplified with the following couple of primers: for 

pNICE clones, 5’-CTAACCTGCCCCGTTAGTTG-3’ (forward primer) and 5’-

GATTGCCGAAAATATGCACTC-3’ (reverse primer) and for pSICE clones, 5’-

CCGACTGTACTTTTTACAGTCGGT-3’ (forward primer) and 5’-CAAGCTTATCGATACCGTCGACC-3’ 

(reverse primer). 

III.2.b.iii. Effect of metal supplementation on bacterial growth 

Overnight cultures of MG1363 pSICE:SP_SOD-Cu/SP_CAT-Cu and NZ9000 pNICE:SP_SOD-

Cu/SP_CAT-Cu strains were diluted to a 0.1 OD600nm and incubated at 30°C without agitation 

until an optical density (OD600nm) = 0.6 was reached, corresponding to the beginning of the 

exponential phase. Then different concentration of copper acetate monohydrate 

(Cu(II)(OAc)2.H2O) ranging from 0.2 to 0.5 mM were added into cultures and the growth was 

monitored for 2 hours. Similarly, overnight cultures of NCIMB8826 pSICE:SP_SOD-Mn strain 

were diluted to a 0.3 OD600nm and incubated at 37°C without agitation until an OD600nm: 0.8 

was reached, corresponding to the beginning of the exponential phase. Then different 

concentrations of manganese chloride (MnCl2) ranging from 0 mM to 100 mM were added 

into cultures and the growth was monitored for 2 hours. 
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For all strains, the OD600nm was measured at 0h, 1h and 2h giving information on total cells 

contents, live or dead. At the same time, viable cells were enumerated by plating serial 

dilutions of each culture and by subsequent counting of the number of colonies forming units 

(CFU). 

III.2.b.iv. Nisin or stress induction of peptides expression 

Exponential growth cultures of recombinant strains MG1363 pSICE:SP_SOD-Cu/SP_CAT-Cu 

and NCIMB8826 pSICE:SP_SOD-Mn or NZ9000 pNICE:SP_SOD-Cu/SP_CAT-Cu were treated for 

2 hours with NaCl 3% or nisin (10 ng/mL) respectively to induce the expression of the 

recombinant peptides. Simultaneously to the salt stress- or nisin- induction, metal salt (Cu(II) 

or Mn(II)) was added at different concentrations varying between 0 to 0.5mM for Cu(II) and 0 

to 100mM for Mn(II) in the cultures. The concentrations were appropriately chosen based on 

previously preliminary results (III.2.b.iii) which provided the maximal amount of metal that 

can be supplemented without causing a decrease in the bacterial population. Two hours after 

nisin or stress induction and metal supplementation, the cultures were centrifuged at 3000 

rpm for 15 minutes and the supernatants were separated from the bacterial pellets. 

Bacterial pellets were resuspended in HEPES buffer (50 mM, pH 7.5) supplemented with anti-

proteases and proteins were extracted by mechanical disruption in a Fast Prep apparatus. 

Supernatants were processed using two different methods. In a first method, the proteins 

were extracted in denaturing conditions by TCA precipitation and resuspended in NaOH 50 

mM. In a second method, supernatants were filtered through 0.2 µm filters to remove the 

largest molecules and then centrifuged for 2 hours in Amicon centrifugal concentrators with 

a molecular cut-off of 3 KDa. This allows removal of small contaminants, salts, buffer and to 

concentrate the expressed target peptides by 10- to 20-fold in a non-denaturing way.  

To check the expression and the secretion of the target peptide, bacterial lysates and 

supernatant extracts were analyzed by Western Blot using an anti-Flag TAG antibody. 

III.2.b.v. Measurement of SOD and CAT activity using in-gel activity assays 

SOD and CAT activity in bacteria lysates was measured as described by C. Weydert et al. [191]. 

Briefly the proteins contents of bacteria lysates were separated by non-denaturing PAGE 

(10%). For SOD activity assay, the gels were incubated in presence of nitroblue tetrazolium 
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(NBT, 2.43 mM), N,N,Nʹ,Nʹ-Tetramethylethylenediamine (TEMED, 28 mM) and riboflavine (28 

µM). Upon UV exposure, this latter produces superoxide, which reduces NBT into stable 

purple formazan. SOD activity prevents the reduction of NBT resulting in an uncolored area in 

the gel. For CAT activity assay, the gels were subjected to H2O2 0.075% and an equimolar 

solution of FeCl3 and K3Fe(CN)6 (2%) was then added on top of the gel. FeCl3 and K3Fe(CN)6 

react with hydrogen peroxide to form a stable blue product KFeIII(FeII(CN)6), called prussian 

blue. CAT activity consumes H2O2 and prevents the formation of this compound resulting again 

in a clear area in the gel. In both cases, achromatic bands are indicative of an antioxidant 

activity of the peptidyl complexes. The gels were imaged on a flatbed scanner with light from 

top and bottom. The intensity of the achromatic bands is directly related to the enzymatic 

activity and was measured using Fiji processing. Enzymatic activity was normalized by the 

protein concentration determined by BCA assay. The use of commercial SOD and CAT enzymes 

purified from bovine were used as standard and loaded at 1U in the gels. The comparison of 

the band intensity with that of the standard permitted to quantify the enzymatic activity in 

the bacteria lysates. 

III.2.b.vi. Anti-inflammatory effects of recombinant strains on LPS-stimulated 
HT29-MD2 cells  

The biological activity of the recombinant strain producing peptidyl ligand of SOD and CAT 

mimics was evaluated on HT29-MD2 intestinal epithelial cells. Recombinant bacteria and LPS-

activated HT29-MD2 cells were co-incubated for 5.5 h and the anti-inflammatory effect of the 

bacteria were evaluated by measuring the secreted amount of IL-8 in cells supernatants by 

ELISA. 

� Cell culture  

HT29 human colon adenocarcinomas were obtained from the European Collection of Cell 

Cultures (Wiltshire, UK) and stably transfected to overexpress the protein MD2, a coreceptor 

of TLR4 necessary to confer sensitivity to LPS. Cells were maintained in DMEM complemented 

with 10% heat-inactivated FBS and blasticidin (10μg/mL) at 37°C in a 5% CO2/air atmosphere.  

� Recombinant bacteria preparation for co-incubation with HT29-MD2 

As described in section III.2.b.iv, 24 hours before cells-bacteria co-incubation, overnight 

cultures of recombinant bacteria were diluted and cultured to early exponential phase. Then 
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the expression of the peptides was nisin-induced for NZ9000 strains and temperature-switch 

for recombinant MG1363 and NCIMB88266 strains (temperature fixed to 37°C and 42°C, 

respectively). Note that we did not use salt-stress for induction, because no biological activity 

was observed when the pSICE-containing strains were cultured with NaCl 3%. Lastly, the 

appropriate metal was added in the culture media and the bacteria were grown overnight. 

The next day, bacterial cultures were centrifuged and the pellets, previously washed with PBS, 

were resuspended in DMEM supplemented with 5% FBS. Based on OD600nm measurements, 

the bacterial suspensions were diluted to obtain suspension with an OD600nm= 1. 

� ICP-MS quantification of metal content in bacterial suspension given 
to HT29-MD2 cells. 

The total metal content (manganese or copper) present in these bacterial suspensions 

(OD600nm=1) were quantified by ICP-MS. Briefly, the bacterial suspensions were diluted in 2% 

HNO3, to lyse the bacteria and free Mn/Cu from all coordination sites. To achieve complete 

bacterial lysis, the 2% HNO3 solutions were left for 1 hour at ambient temperature and then 

filtered. A calibration curve was established using a commercial multi-element standard and 

the total metal amount was normalized by the bacterial suspension OD600nm.  

� Cell Activation with LPS and Incubation with the recombinant bacteria.  

Cells were seeded in 24-well plates at 40 000 cells/cm2 and cultured until 90% confluence (1 x 

106 cells per well). 24 hours prior to the addition of recombinant bacteria, the percentage of 

heat-inactivated FBS was reduced from 10% to 5% to acclimate cells to such conditions. For 

the co-incubation cell-bacteria, the use of 5% FBS-containing media is required to prevent an 

excessive growth of the bacteria. Cells were co-incubated with the bacteria at multiplicity of 

infection (MOI) equal to 5 for MG1363 and NZ9000 strains and MOI = 125 for NCIMB8826 

strains. To reach this MOI, 5 µL (resp. 25µL) of MG1363/NZ9000 (resp. NCIMB8826) bacterial 

suspensions at OD600nm = 1, containing respectively 5 x 106 CFU (resp. 1.25 x 108 CFU) were 

added in each well. Simultaneously, LPS was added at 0.1 µg/mL to induce the NF-κB 

inflammation pathway. LPS, HT29-MD2 cells and bacteria were co-incubated for 5h30, time at 

which the secretion of the inflammatory marker, IL-8, by cells is known to reach a threshold. 

LPS-stimulated HT29-MD2 cells were also co-incubated for 5h30 in presence of recombinant 

bacteria lysates. Different amounts of proteins were deposited varying between 20 µg and 50 

µg and classical maintenance conditions with 10% of FBS were conserved for cell culture. 
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Cells supernatants were collected and transferred in 96-deep-well plates and stored at 5°C for 

IL-8 quantification by ELISA and for lactate dehydrogenase (LDH) assay (Roche commercial kit). 

The cell layers were washed with phosphate-buffered saline (PBS), harvested in PBS 

containing a 1% Triton X-100 and protease inhibitor cocktail by scraping and then sonicated.  

� Cell assays 

The cytotoxicity of the recombinant bacteria and their lysates was assessed by the LDH assay. 

The protein concentrations in cell lysates were determined using bicinchoninic acid (BCA) 

protein assay reagents and bovine serum albumin (BSA) as the standard. The amount of 

interleukin-8 (IL-8) secreted in the cell supernatant was measured using a commercially 

available ELISA kit (DuoSet). The supernatants were previously centrifugated at 10 000 g for 

15 minutes in order to remove the bacteria and debris. The IL8 amounts were normalized by 

the protein content measured in the corresponding cell lysates.  

III.2.c. Results and discussion 

III.2.c.i. Design of the constructs 

The objective of this study is to engineer LAB able to produce peptidyl metal complexes 

mimicking the SOD and CAT. To increase the SOD and CAT activity of the metal-coordinated 

expressed peptides, three repetitions of the peptidyl ligands were concatenated and 

separated by flexible glycine-serine linkers . A signal peptide (SP) was also introduced in the 

sequence of the peptides in order to allows their exportation (i.e. secretion) outside the 

bacteria. Two different SPs were used according to the plasmid vector. In case of pNICE, the 

SP of Usp45 “MKKKIISAILMSTVILSAAAPLSGVYAS”, which is the major MG1363 secreted 

protein, was used to direct the secretion of the heterologous peptides in recombinant 

NZ9000. This SP was first reported by Van Asseldonk et. al in 1990 and largely applied since 

then to LAB [380]. In case of pSICE, another signal peptide 

“MKKINLALLTLATLMGVSSTAVVFADD” issued from L. lactis Exp4 protein and described later by 

I. Poquet et. al in 1998 was used [381]. In brief, the authors screened the protein export in L. 

lactis by constructing a genomic library of L. lactis for the expression of nuclease fusion 

proteins. As nuclease activity requires an extracellular location and can be easily visualized for 

a large number of colonies, this strategy allowed to identify efficiently the exported proteins. 

Among the twenty nuclease-active phenotypes detected, five of them contained, fused to the 



 
 
 

 170 

nuclease, polypeptides named Exp for extracellular proteins (numbered from 1 to 5). Based 

on their amino acids sequence, the authors proposed five export signal sequences. In all cases, 

the SPs of Exp1-5 and Usp45 are composed of positively charged amino acids at the N-

terminal, a central hydrophobic core and a C-terminal cleavage site. 

Lastly, a Flag TAG was included to allow the detection and the purification of the expressed 

peptides (Western Blot, immunoprecipitation…). The complete structure of the target 

peptides that will be expressed are listed in These peptidyl complexes are thus very promising 

candidates that could be expressed in food-grade bacteria. In this perspective, bacterial 

strains have been engineered to produce . 

SP_SOD-Cu SignalPeptideGGGGSGGGGSGGGGSPDHKHHLHGGGGSGGGGSGGGGSPDHK
HHLHGGGGSGGGGSGGGGSPDHKHHLHDYKDDDDK 

SP_CAT-Cu 
SignalPeptideGGGGSGGGGSGGGGSPHYKHRLHGGGGSGGGGSGGGGSPHYK
HRLHGGGGSGGGGSGGGGSPHYKHRLHGGGGSGGGGSGGGGSPHYKHRLHDY
KDDDDK 

SP_SOD-Mn 
SignalPeptideGGGGSGGGGSGGGGSKAEDYEDPGDEYDEAKGGGGSGGGGSG
GGGSKAEDYEDPGDEYDEAKGGGGSGGGGSGGGGSKAEDYEDPGDEYDEAKDYK
DDDDK 

Table 10: Complete sequence of the recombinant peptides expressed by the recLAB constructed in this study. The 
structures of the SPs are given in Table S2. The peptides with SOD-activity upon copper or manganese 
complexation are in green and blue respectively. The peptides with CAT-activity upon copper complexation are in 
orange. They are separated by flexible linker made of glycine and serine (in black). The purple part corresponds 
to the FLAG-tag. 

III.2.c.ii. Choice of the bacteria strains 

The genes coding for these target peptides were cloned into different plasmids for 

heterologous expression in LAB. For this, LAB owing to their very favorable safety profile were 

selected. They are indeed Generally Recognized As Safe (GRAS) by the U.S. Food and Drug 

Administration (FDA) and are classified in the list of Qualified Presumption of Safety. Two 

different genera of LAB were used, the Lactococcus genus and the Lactobacillus genus. The 

Lactococcus spp. constitute the model LAB for heterologous protein production. They have 

the advantage to secrete relatively few proteins and to persist only short times in the 

gastrointestinal tract (GIT). The rapid lysis of Lactococcus spp. Could be of interest when 

assuming that only a small portion of expressed recombinant peptides will be effectively 

secreted outside the bacteria. The lysis would then allow to free in the intestine all the 

remaining peptides retained in the bacteria interior. Among the Lactococcus spp., the L. lactis 
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species is extensively used as its small-size genome is completely sequenced and it is plasmid-

free. In addition, it does not produce endotoxins such as lipopolysaccharides (LPS) and 

extracellular protease. For these reasons, two L. lactis strains MG1363 and NZ9000 (differing 

by the possible choices for inducible promoters) were engineered to express the SP_SOD-Cu 

and SP_CAT-Cu peptides. 

In contrast, the gene coding for SSOD-Mn was cloned into a Lactobacillus plantarum species, 

named NCIMB8826. Indeed, this species is known to be endogenously rich in manganese 

(about 30mM) [203] which may favor the formation of the SOD-active manganese complex 

following SP_SOD-Mn peptide expression. Note that Lactobacillus spp. are usually less 

attractive as production and delivery vector because they possess higher probiotics activity 

that are hardly discriminated from the heterologous protein beneficial properties. Moreover, 

Lactobacillus genus is much more diverse in term of biochemistry, ecology and immunology 

which render its characterization more complex. Lactobacillus spp also have longer 

persistence in the GIT but even if they transiently colonize the host, they are not retained in 

the long term [382]. 

III.2.c.iii. Construction of the recombinant Lactococcus lactis or Lactobacillus 
plantarum strains expressing peptidyl ligands of SOD and CAT mimics 

In order to deliver SOD and CAT mimics to inflamed IBD cells and tissues, we engineered three 

strains of food-grade LAB: L. lactis MG1363, L. lactis NZ9000 and L. plantarum NCIMB8826, 

able to produce the peptidyl ligands of the mimics. The genes encoding for the peptides SOD-

Cu and CAT-Cu were cloned into pSICE and pNICE plasmids and then established in MG1363 

and NZ9000 strains, respectively. Concerning recombinant L. lactis NZ9000 pNICE:SP_SOD-

Cu/CAT-Cu strains, in which transcription of the gene of interest is under the control of the 

NisA promoter, the addition of nisin is required to induce peptide expression. Although the 

induction of NisA promoter by nisin is particularly efficient and strong, the induction could not 

be achieved in vivo in the long term (only few hours) as nisin is a non-endogenous chemical 

compound. Otherwise, nisin could be administered exogenously to mice, but then the 

bioactivity of the recombinant strains could not be distinguished from that of the nisin. Due 

to the presence of the GroESL promoter in pSICE plasmid, the expression of SP_SOD-Cu or 

SP_CAT-Cu peptides by recombinant MG1363 pSICE:SP_SOD-Cu/CAT-Cu strains can be 

induced by stress conditions such as increased temperature (37°C), decreased pH, bile acids 
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or NaCl additions. This promoter is thus of great interest since the stress conditions can be 

found in vivo especially in inflammatory situations. The expression of the peptidyl ligand of 

SOD and CAT mimics may thus be endogenously induced when bacteria reach the site of 

inflammation in IBDs situations.  

Similarly, the gene encoding SOD-Mn peptide was ligated in pSICE plasmid and established in 

a L. plantarum strain known to be naturally rich in manganese. pSICE plasmid is indeed 

functional in L. plantarum. To isolate the clones, the targeted genes were amplified by colony 

PCR and the PCR product was examined by sequencing. In this way, the cloning of the genes 

encoding for the peptidic ligands was confirmed for each strain constructed (data not shown). 

III.2.c.iv. Supplementation of the bacterial culture medium with copper or 
manganese salt 

As mentioned in the introduction, the peptidic ligand expressed by the engineered strains is 

SOD- or CAT-active only upon coordination of Cu2+ or Mn2+. For this reason, the bacteria were 

incubated with the required metal salt at concentrations up to 0.5 mM for Cu2+ and 100 mM 

for Mn2+. The maximum acceptable metal concentration that do not totally prevent bacterial 

growth were determined from the growth curves given in Figure 49. The OD monitoring is 

indicated in Figure S3-1. 

 
Figure 49: Enumeration of viable cells in culture of MG1363 pSICE:SP_CAT-Cu, NZ9000 pNICE:SP_CAT-Cu and 
NCIMB8826 pSICE:SP_SOD-Mn incubated with different concentration of metal salts (Cu(OAc)2 for MG1363 and 
NZ9000 strains and MnCl2 for NCIMB8826 strain) by plating serial dilutions of each cultures and counting the 
number of colony forming units. Experiments were performed after incubation for 0, 1 and 2 h. Error bars 
correspond to the standard deviation. 

In both cases, the presence of copper salt strongly impaired the growth of recombinant 

MG1363 and NZ9000 strains. When incubated with Cu2+ at 0.2 mM, the number of viable 
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MG1363 pSICE:SP_CAT-Cu no longer increased but remained stable overtime. The NZ9000 

pNICE:SP_CAT-Cu strain was more resistance to Cu2+ supplementation as the number of viable 

strains continues to increase when Cu2+ was added at 0.2 mM and remained stable up to 0.5 

mM of Cu2+. Manganese had much less adverse effects on recombinant L. plantarum strain 

growth. Indeed, no effect of Mn2+ was observed below 1 mM and the growth was scarcely 

slowed down in presence of Mn2+ at 10 mM and 100 mM. Higher concentrations were not 

tested due to solubility issues of the Mn salt. 

The higher deleterious effect of copper over Mn on bacterial growth was expected and 

consistent with that described in the literature [215]. Indeed, copper has been described as a 

highly cytotoxic metal notably used by host for protecting against invading pathogens [383]. 

Due to its strong competitiveness, excessive amount of bioavailable copper can lead to 

mismetallation of metalloenzymes containing more weakly bound native metals and loss of 

function [215]. Copper is also known to catalyze the Fenton reaction producing the highly 

reactive and cytotoxic hydroxyl radical [1]. In contrast, Mn is much more bioavailable and is 

known to play a key role in bacteria and cell resistance to oxidative stress [211]. Indeed, Mn 

can not only serve as a cofactor for ROS-detoxifying enzymes such as SOD and CAT but also 

promote the formation of non-proteinaceous catalytic antioxidant compounds [205,261,384]. 

Based on these results, a maximum Cu2+ concentration of 0.2 mM and of 0.5 mM was 

determined for recombinant MG1363 and NZ9000 strains, respectively,. Different Mn2+ 

concentrations ranging between 0.1 mM and 100 mM were chosen for further study of 

NCIMB8826 pSICE:SP_SOD-Mn strain. 

III.2.c.v. Examination of SOD and CAT mimics production by recombinant 
strains  

� Western blot confirmation of peptide expression 

The ability of the constructed recombinant strains to express the peptidyl ligands forming SOD 

and CAT mimics was confirmed by Western blot assays (Figure 50). The expressed peptides 

contain a Flag-TAG moiety recognized by commercially available Flag TAG-specific antibody. 

For MG1363 pSICE:SP_SOD-Cu/CAT-Cu and NZ9000 pNICE:SP_SOD-Cu/CAT-Cu lysates, 

Western blot results revealed a single band slightly larger (15 kDa), matching approximatively 

with the expected size for SP_SOD-Cu and SP_CAT-Cu peptides (~10kDa). Expression of 
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SP_CAT-Cu peptides was not affected by the presence of Cu2+ at the tested concentrations (up 

to 0.5 mM). Similarly, Western Blot analyses confirmed that MG1363 pSICE:SP_SOD-Cu was 

still able to express SP_SOD-Cu upon incubation with Cu2+ at 0.2 mM. In contrast, the level of 

SP_SOD-Cu expression by NZ9000 pNICE:SP_SOD-Cu was strongly dependent on the 

concentration of incubated copper: at a Cu2+ incubation concentration of 0.2 mM, SP_SOD-Cu 

expression was hardly detectable, but it was clearly observed when Cu2+ was added at 0.1 

mM. 

In NCIMB8826 pSICE:SP_SOD-Mn lysates, a band around 25 kDa was observed, which also 

approximatively matches with the expected size of SP_SOD-Mn peptide (15kDa). Note that 

the peptide size measured by comparison with the protein ladder in Western blot is only an 

inaccurate estimate. Indeed, migration is highly dependent on the nature of the amino acids 

(charge) and the quality of the denaturation step. An excessive amount of supplemented Mn 

seems to impair the bacterial translation machinery, since no more band appear at 25 kDa 

when the bacteria were incubated with MnCl2 at 100 mM. 

In all cases, no bands were detected in the WT strains lysates, confirming that the observed 

ones are specific to the recombinant strains and supporting the expression of the peptides 

SP_CAT-Cu, SP_SOD-Cu and SP_SOD-Mn. 

These results demonstrate that bacteria can be supplemented with Cu2+ or Mn2+ upon 

incubation with Cu(OAc)2 and MnCl2 at 0.2 mM and 1 mM, respectively, without impairing the 

expression of the corresponding peptidyl ligand.  

We also investigated the presence of the peptides expressed in the external culture medium 

(i.e. supernatant fraction). A first attempt was to isolate and concentrate the proteins from 

this fraction by TCA precipitation. The Western blot analysis of these samples shows no band 

of the expected size, suggesting that the expressed peptides are not secreted outside of the 

bacteria or in an amount undetectable with this procedure for peptide concentration and 

detection. As a second attempt, we concentrated the external culture medium using centricon 

filters. This latter allows to selectively recover components larger than 3kDa (retained above 

the filter) while removing a large part of the buffer (water, salts…). This technique overcomes 

the solubility issues following TCA precipitation. In addition, it eliminates the risk that the 

target peptides do not precipitate completely or that, once precipitated, they do not pellet 
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completely despite long and rapid centrifugation, since they are too light. However, it is less 

efficient than TCA precipitation to concentrate the total protein content. Again, no band was 

observed in Western Blot assays. Finally, despite using several different methods to 

concentrate the supernatant, no detectable quantity of expressed peptides could be 

observed. A final attempt was to purify the peptides using an anti-Flag TAG antibody 

conjugated to magnetic beads, which can be retained and separated from the rest using a 

magnet. Analysis of the eluted peptides by mass spectrometry and Western Blot are ongoing. 

 
Figure 50: Western Blot analysis to investigate the production and secretion of the peptidyl ligand (SP_SOD-Cu, 
SP_CAT-Cu and SP_SOD-Mn) by the recombinant bacteria a) MG1363 pSICE:SP_CAT-Cu, b) NZ9000 
pNICE:SP_CAT-Cu, c) MG1363 pSICE:SP_SOD-Cu, d) NZ9000 pNICE:SP_SOD-Cu and e) NCIMB8826 pSICE:SP_SOD-
Mn. The expression of the peptides was induced using the appropriate inductor that is NaCl 3% for MG1363 and 
NCIMB8826 strains and nisin at 10 ng/µL for NZ9000 strains. The recombinant bacteria were incubated with 
various concentrations of the metal required for SOD/CAT activity (Cu2+ or Mn2+). After 2 hours of metal incubation 
and induction, the bacterial cultures were centrifuged, the pellet and the supernatant were then separated. The 
pellets were homogenized giving bacteria lysates (L) and the proteins from supernatant (SN) were extracted by 
TCA precipitation. The presence of the expressed peptides in L and SN samples was checked by Western Blot using 
anti-FLAG tag primary antibody. Full Western blot gels are given in Figure S3-2. 

� SOD and CAT activity assays on gel 

 The next step was to ensure that the expected bioactive complexes were assembled in the 

bacteria after peptide expression. For this, enzymatic assays on gel were performed as 

described by C. Weydert et al. [191]. Briefly, the SOD activity gel assay is based on a 

competition between a colorimetric marker (NBT) of superoxide and SOD-active peptides to 

react with superoxide radical produced by riboflavin upon UV exposure. In this assay, the 

presence of an achromatic band reveals SOD activity while purple areas resulting from the 
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reduction by superoxide of the yellow tetrazolium NBT to purple precipitate indicates that no 

SOD mimic is present (Figure S3-3). 

As expected, a single clear band corresponding to endogenous Mn SOD appears in lysates 

from both recombinant and WT MG1363 and NZ9000 strains (Figure S3-4). Processing of the 

clear bands obtained by scanner revealed a higher intensity of the bands for recombinant 

MG1363 pSICE:SP_SOD-Cu and NZ9000 pNICE:SP_SOD-Cu lysates compared to WT. This may 

be due to the contribution of the SOD-active recombinant peptidyl copper complex. Indeed, 

the peptidyl ligand SP_SOD-Cu is expected to migrate around 15-20 kDa according to western 

blot experiments and is thus very similar in size to endogenous SOD (22 kDa). Therefore, they 

cannot be dissociated under non-denaturing electrophoresis. The bands intensity was 

normalized by the amount of proteins deposited in the gel and is plotted as a percentage of 

the control band intensity: salt-induced MG1363 control strain and WT NZ9000 strain (Figure 

51). 

a) 

 

b) 

 

Figure 51: Evaluation of the SOD activity in bacteria lysates of recombinant SP_SOD-Cu and WT MG1363 (a) and 
NZ9000 strains (b). The protocol published by C. Weydert and J. Cullen was used to assess the SOD activity in non-
denaturing gel [191]. The SOD activity measured for MG1363 control lysates (a) and NZ9000 WT lysates (b) is set 
at 100% for each independent experiment. The SOD activity was normalized to the total amount of proteins in 
each lane. Data represent the mean ± SEM for at least three independent experiments. The p values were 
calculated using the Student t-test (bilateral test with equal variances not assumed): ***: p<0.001, **: p<0.01, *: 
p<0.05 and ns means non-significant.		
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of SP_SOD-Cu peptide that can coordinate endogenous Cu leading to an active SOD mimic. 

Surprisingly, copper supplementation at 0.2 mM reduced the SOD activity of MG1363 

pSICE:SP_SOD-Cu lysate to the MG1363 WT level. In this later experiment, copper addition at 

0.2 mM can reduce SP_SOD-Cu peptide expression by altering the bacterial translation 

machinery. Indeed, the expression of SP_SOD-Cu by MG1363 pSICE:SP_SOD-Cu strain 

incubated with copper at 0.2 mM was confirmed by western blot, but this does not provide 

quantitative information on peptide expression efficiency. Furthermore, the addition of 

copper in an excessive amount can lead to the formation of multi-Cu-coordinated SP_SOD-Cu 

complexes and aggregates with multiple that do not display SOD activity anymore. Finally, 

copper supplementation can also lead to mismetallation of the endogenous SOD enzyme 

resulting in an inactive protein and thus reducing the observed SOD activity. 

The use of a commercial bovine SOD at 1636 U/mg as a standard allowed to calculate the SOD 

activity of salt-induced MG1363 pSICE:SP_SOD-Cu, MG1363 WT and salt-induced MG1363 

control lysates, which were found to be equal to 54 U/mg, 25 U/mg and 39 U/mg, respectively. 

For NZ9000 strains, the SOD activity increased 1.8-fold for recombinant SP_SOD-Cu strain 

compared to the WT strain. In this case, copper supplementation has no effect on measured 

SOD activity suggesting that endogenous bioavailable copper is sufficient to form the Cu-

coordinated SOD-active complex. Again, comparison of band intensities with that of the 

commercial SOD gave an average SOD activity of 81 U/mg and 49 U/mg for salt-induced 

NZ9000 pNICE:SP_SOD-Cu and NZ9000 WT lysates, respectively. 

The expression of SP_SOD-Cu was already confirmed by Western blot but, altogether, these 

activity assays show that the recombinant bacteria exhibit improved SOD activity which may 

be a result of the formation of the active Cu-complex. 

The SOD assay on gel was similarly performed on lysates of recombinant NCIMB8826 strains, 

but no clear band was observed even when Mn2+ was added to lysates samples. This result is 

consistent with the fact that the Mn-coordinated peptide, KAEDYEDPGDEYDEAK-Mn, displays 

350-fold lower SOD activity compared to the Cu-coordinated one PDHKHHLH-Cu (Table 7). 

Moreover, the native strain NCIMB8826 does not possess endogenous SOD. The sensitivity of 

this assay may not be enough in this case.  
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Catalase assay on gel was also conducted on lysates from recombinant strains expressing 

SP_CAT-Cu. This assay consists in pre-incubating the protein gel in a H2O2 solution and then 

adding K4Fe(CN)6 and FeCl3 solutions that will react simultaneously with H2O2 to form Prussian 

blue. The areas without H2O2 remain clear, indicating catalase activity [110]. With the two 

recombinant strains, no noticeable clear band was observed, indicating either that the active 

complexes were not formed or a lack of sensitivity of the assay. Again, the lack of sensitivity 

of the CAT in-gel assay might be expected when considering the low catalytic rate of the CAT-

active Cu-complex PHYKHRLH-Cu. Note that the in gel activity of the commercial CAT standard 

was detectable from 1U of enzyme loaded in the gel (Figure S3-3) but the kcat of the 

recombinant catalase is 6 orders of magnitude higher than the CAT mimic kcat. 

III.2.c.vi. Evaluation of recombinant LAB activity in LPS-stimulated HT29-MD2 
cells 

The anti-inflammatory bioactivity of the constructed recombinant LAB was then assessed in a 

cellular model of LPS-induced inflammation. This model, named HT29-MD2, consists of HT29 

intestinal epithelial cells stably transfected to overexpress the MD2 protein [193]. HT29-MD2 

cells possess an increased sensitivity to bacterial LPS because MD2 is a co-receptor of the Toll-

like receptor TLR-4, whose recognition of LPS triggers the NFkB inflammatory pathway. The 

activated inflammatory response is strongly associated with oxidative stress, which makes the 

model particularly relevant for evaluating the bioactivity of potentially antioxidant 

recombinant LAB [196,81]. 

Overnight cultures of the recombinant strains incubated with the adequate metal and upon 

induction conditions were supplemented to the cells at fixed MOI. The amount of metal 

administered to the cells was also measured by ICP-MS. 

� Quantification of metal administration to cells 

The total amount of copper in recombinant and WT MG1363 and NZ9000 cultures was 

quantified (Figure 52, Figure 53). An increase in the amount of copper is noticeable in cultures 

supplemented with copper salt at 0.1 or 0.2 mM, confirming Cu2+ internalization and its intra-

bacterial retention during PBS washes. A visible but not significant change is visible between 

the recombinant and the WT strains, indicating that the genetic modification and the peptides 

expression induction does not drastically impact the Cu2+ penetration and retention. Likewise, 
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some differences in copper content between MG1363 and NZ9000 cultures with similar metal 

supplementation conditions appear while not significant. Indeed, a lower copper amount was 

measured in both WT and recombinant NZ9000 cultures compared to MG1363. This suggests 

that the assimilation of exogenous copper is strain-dependent. In addition, we observed that 

NZ9000 bacteria grow slightly faster than the MG1363 ones (Figure 49), meaning that the 

amount of exogenous copper given per bacteria may be lower in NZ9000 cases. 

In the co-culture assay, 5 µL of bacterial suspension will be deposited at OD600=1, 

corresponding to an estimated copper amount of 25 pmol and 37 pmol for MG1363 WT and 

MG1363 pSICE:SP_SOD-Cu strains, respectively (bacteria incubated with Cu2+ at 0.2 mM). For 

NZ9000 strains, this will correspond to an estimated copper amount of 15 pmol and 20 pmol 

for NZ9000 WT and NZ9000 pNICE:SP_SOD-Cu strains, respectively (bacteria incubated with 

Cu2+ at 0.2 mM). Note that these calculated amounts take into account both exogenous and 

endogenous copper and likewise both coordinated and free (bioavailable) copper.  

For conditions without copper supplementation, the amount of endogenous copper 

contained in the bacterial suspensions co-incubated with the cells varied between 0.8 and 1.2 

pmol. 

 
Figure 52 : Quantification by ICP MS of total copper content in recombinant and WT NZ9000 and MG1363 strains 
cultured overnight with Cu2+ at 0, 0.1 and 0.2 mM. The bacterial suspensions were digested in HNO3 2% to lyse 
the bacteria and to release copper from all coordination sites. The amount of Cu in bacterial culture was 
normalized by the OD at 600 nm. Data represent the mean ± SEM for three independent experiments. The p values 
were calculated using the Student t-test (with equal variances not assumed and each comparison stands alone) 
and the relevant significant comparison are indicated on the graph. ∗∗∗:	p < 0.001, ∗∗:	p < 0.01, and ∗:	p < 0.05, 
and ns means non-significant.  
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The total content of Mn was also quantified in NCIMB8826 cultures co-incubated with LPS-

activated HT29-MD2 cells (Figure 53). Consistently with what has been described in the 

literature, NCIMB8826 WT and SP_SOD-Mn strains were found relatively rich in endogenous 

manganese. We noticed that the amount of Mn is slightly diminished in recombinant SP_SOD-

Mn strains cultured at 42°C compared to the native one cultured at 37°C. This decrease was 

not observable when both strains were cultured at 42°C (data not shown). This suggests that 

the decrease in Mn is rather due to the change in temperature, which may alter Mn 

homeostasis, more than to the genetic engineering for SP_SOD-Mn expression. Moreover, 

supplementation of the bacteria with Mn results in a very poor increase in Mn content when 

the bacteria were incubated with MnCl2 at 1 mM and a significant increase when the bacteria 

were incubated with MnCl2 at 5 mM. From these data, the total quantity of manganese given 

to cells treated with NCIMB8826 pSICE:SP_SOD-Mn strain previously incubated with no MnCl2, 

MnCl2 at 1 mM and MnCl2 at 5 mM was estimated to 7.2 pmol, 7.9 pmol and 11.1 pmol, 

respectively. The estimated values are 11.0 pmol, 11.6 pmol and 17.9 pmol for NCIMB8826 

WT strain previously incubated with no MnCl2, MnCl2 at 1 mM and MnCl2 at 5 mM, 

respectively. 

 
Figure 53: Quantification by ICP MS of total manganese content in recombinant and WT NCIMB8826 strains 
cultured overnight with Mn2+ at 0, 0.1, 1 and 5 mM. The bacterial suspensions were digested in HNO3 2% to lyse 
the bacteria and to release manganese from all coordination sites. The amount of Mn in bacterial culture was 
normalized by the OD at 600 nm. Data represent the mean ± SEM for three independent experiments. The p values 
were calculated using the Student t-test (with equal variances not assumed and each comparison stands alone) 
and the relevant significant comparison are indicated on the graph. ∗∗∗:	p < 0.001, ∗∗:	p < 0.01, and ∗:	p < 0.05, 
and ns means non-significant. 
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� Quantification of the anti-inflammatory effects of recLAB lysates 

Since recombinant antioxidant peptides are not or poorly secreted by bacteria according to 

our Western Blot analysis, we first administered bacterial lysates to the cells before 

administrating the live bacteria. The volume of bacterial lysates added to the cells was 

calculated to deliver 20 µg of proteins for MG1363 and NZ9000 strains and 50 µg of proteins 

for NCIMB8826 strains. Such quantities of proteins were chosen because no cytotoxicity was 

detected in the LDH assay under these conditions (Figure 54). The addition of a higher amount 

resulted in either not improved bioactivity or in LDH assay- detected cytotoxicity (data not 

shown).  

Figure 54: LDH cytotoxicity assay of LAB lysates on HT29-MD2 cells. Following the 5h30 of LAB incubation with 
HT29-MD2 cells, the amount of lactate dehydrogenase (LDH) released extracellularly was measured in 
centrifugated cells supernatants. LDH is located in the cytosol in normal state so its presence in the extracellular 
media is indicative of cell membrane damage. The measure of LDH activity in supernatant is based on the ability 
of LDH to catalyze the reduction of pyruvate while generating NADH, which can react with water soluble 
tetrazolium to produce a yellow color. An increase in the OD at 450nm is thus observed in case of cytotoxicity. 
This plot represents the % of LDH released compared to control cells. In all cases, this percentage was below 110% 
which were chosen as the limit of noncytotoxicity. We can conclude that the LAB lysates do not induce meaningful 
cytotoxicity under the tested conditions. 

After 5h30 of co-incubation between LAB lysates and LPS-stimulated HT29-MD2 cells, the 

amount of the inflammatory marker interleukin-8 secreted by the cells was determined. As 

expected, in all cases IL-8 secretion was highly increased in LPS-stimulated cells compared to 

control cells, which illustrates the induction of the inflammatory response. The lysates of 

MG1363 pSICE:SP_SOD-Cu and pSICE:SP_CAT-Cu strains, previously incubated with Cu2+ at 0.2 

mM, significantly reduced the amount of IL-8 secreted by LPS-activated HT29-MD2 cells 

compared to LPS control cells (Figure 55). This decrease was also significant when compared 

to cells treated with MG1363 WT and MG1363 control strains. These results support the role 

of copper-coordinated SP_SOD-Cu and SP_CAT-Cu peptides on the anti-inflammatory activity. 
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Surprisingly, under these conditions, the addition of copper to bacterial cultures before lysis 

seems to weakly strengthen the positive effect on inflammation. It probably favors the 

coordination of expressed SP_SOD-Cu and SP_CAT-Cu peptides to form the active complexes. 

Such effect of copper supplementation was not observed in activity assays on gel. For MG1363 

sodA lysates, a weak decrease of 15% in secreted IL-8 was measured, which is more than 2-

fold lower than the decrease measured with the Cu2+- supplemented MG1363 pSICE:SP_SOD-

Cu and pSICE:SP_CAT-Cu strains. This may result from a lower intracellular penetration of 

recombinant sodA due to its higher molecular weight compared to SP_SOD-Cu and SP_CAT-

Cu. Likewise, E. Mathieu et. al treated LPS-activated cells with commercial purified bovine SOD 

at 100 U/mL and visualized a 25% decrease in IL-8 secretion while a synthetic SOD mimics 

reduced it by 65% [196]. These findings demonstrate the potential of SOD/CAT mimics- 

producing over endogenous SOD- producing recombinant LAB as an anti-oxidant and anti-

inflammatory treatment. 

 
Figure 55 : Quantification of the inflammatory marker IL-8 secreted by HT29-MD2 cells stimulated with LPS (0.1 
μg/mL) and treated with the lysates of recombinant and WT MG1363 strains. 20µg of bacteria lysates were added 
in the cell culture media and co-incubated for 5h30 with LPS. The amount of IL-8 was measured by ELISA in 
centrifugated cells supernatants and was set at 100% for LPS-activated cells without treatment. Data represent 
the mean ± SEM for at least three independent experiments: the number of independent experiments is indicated 
above each column. The p values were calculated using the Student t-test (bilateral test with equal variances not 
assumed). ∗∗∗:	p<0.001, ∗∗:	p<0.01, and ∗:	p<0.05 versus LPS control, and ns means non-significant. The mean 
ranks of each column were compared to that of the LPS control and the obtained statistical results are annotated 
above each column. The other relevant significant comparisons are plotted in the graph using square brackets. 
We checked that the lysates do not induce any IL-8 secretion by HT29-MD2 cells in absence of LPS (Figure S3-5). 
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For NZ9000 bacterial lysates, a significant effect on IL-8 secretion was observed for NZ9000 

pNICE:SP_SOD-Cu pre-incubated with Cu2+ at 0.2 mM and NZ9000 pNICE:SP_CAT-Cu without 

Cu2+ supplementation compared to LPS control (Figure 56). Note that the other two conditions 

tested for recombinant NZ9000 lysates were not significant due to higher variability of the 

measurements, but a decrease in the same order of magnitude (by 20%) was observed. 

Lysates from the WT NZ9000 strain did not prevent the LPS-induced increase in IL-8 secretion, 

which corroborates again the anti-inflammatory properties of peptidyl SOD/CAT mimics 

produced by engineered LAB. 

 
Figure 56: Quantification of the inflammatory marker IL-8 secreted by HT29-MD2 cells stimulated with LPS (0.1 
μg/mL) and treated with the lysates of recombinant and WT NZ9000 strains. 20 µg of bacteria lysates were added 
in the cell culture media and co-incubated for 5h30 with LPS. The amount of IL-8 was measured by ELISA in 
centrifugated cells supernatants and was set at 100% for LPS-activated cells without treatment. Data represent 
the mean ± SEM for at least three independent experiments: the number of independent experiments is indicated 
above each column. The p values were calculated using the Student t-test (bilateral test with equal variances not 
assumed). ∗∗∗:	p<0.001, ∗∗:	p<0.01, and ∗:	p<0.05 versus LPS control, and ns means non-significant. The mean 
ranks of each column were compared to that of the LPS control and the obtained statistical results are annotated 
above each column. The other relevant significant comparisons are plotted in the graph using square brackets. 
We checked that the lysates do not induce any IL-8 secretion by HT29-MD2 cells in absence of LPS (Figure S3-5). 

Finally, the activity of NCIMB8826 LAB lysates was investigated on this cellular model (Figure 

57). Once more, lysate from the engineered strain allows significant alleviation of 

inflammation monitored by IL-8 secretion. However, this result is more difficult to interpret 

because the Mn-supplemented WT strain also displays significant anti-inflammatory activity 

that could be related to its probiotic activity. However, administration of NCIMB8826 

pSICE:SP_SOD-Mn bacterial lysates previously incubated with Mn2+ at 1 mM leads to a 
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significantly higher decrease in IL-8 secretion than for the corresponding WT condition. This is 

consistent with what was observed with MG 1363 lysates. 

In conclusion, lysates from recombinant bacteria displayed promising anti-inflammatory 

effects in the LPS-stressed HT29-MD2 cellular model. However, in order to achieve even 

greater effects, live bacteria were directly co-incubated with LPS-challenged cells. Indeed, the 

amount of therapeutic recombinant peptides contained in bacterial lysates and administered 

to the cells is limited, whereas recombinant peptides will be continuously produced using live 

bacteria. 

 
Figure 57: Quantification of the inflammatory marker IL-8 secreted by HT29-MD2 cells stimulated with LPS (0.1 
μg/mL) and treated with the lysates of recombinant and WT NCIMB8826 strains. 50 µg of bacteria lysates were 
added in the cell culture media and co-incubated for 5h30 with LPS. The amount of IL-8 was measured by ELISA 
in centrifugated cells supernatants and was set at 100% for LPS-activated cells without treatment. Data represent 
the mean ± SEM for at least three independent experiments: the number of independent experiments is indicated 
above each column. The p values were calculated using the Student t-test (bilateral test with equal variances not 
assumed). ∗∗∗:	p<0.001, ∗∗:	p<0.01, and ∗:	p<0.05 versus LPS control, and ns means non-significant. The mean 
ranks of each column were compared to that of the LPS control and the obtained statistical results are annotated 
above each column. The other relevant significant comparisons are plotted in the graph using square brackets. 
We checked that the lysates do not induce any IL-8 secretion by HT29-MD2 cells in absence of LPS (Figure S3-5). 

� Quantification of the anti-inflammatory effects of live recLAB 

Prior to the biological evaluation, the cytotoxicity induced by the studied LAB in HT29-MD2 

cells was analyzed via the quantification of cells membrane damage using the LDH release 

assay (Figure 58). No cytotoxicity was found in HT29-MD2 cells when LAB were prepared 

following the described conditions and added at MOI fixed to 5 for MG1363/NZ9000 strains 
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and 125 for NCIMB8826 strains. Indeed, the percentage of LDH released by the cells did not 

exceed 110% that of control cells.  

Figure 58: LDH cytotoxicity assay of live LAB on HT29-MD2 cells. Following the 5h30 of LAB incubation with HT29-
MD2 cells, the amount of lactate dehydrogenase (LDH) released extracellularly was measured in centrifugated 
cells supernatants. LDH is located in the cytosol in normal state so its presence in the extracellular media is 
indicative of cell membrane damage. The measure of LDH activity in supernatant is based on the ability of LDH to 
catalyze the reduction of pyruvate while generating NADH, which can react with water soluble tetrazolium to 
produce a yellow color. An increase in the OD at 450 nm is thus observed in case of cytotoxicity. This plot 
represents the % of LDH released compared to control cells. In all cases, this percentage was below 110% which 
were chosen as the limit of non-cytotoxicity. We can conclude that the LAB do not induce meaningful cytotoxicity 
under the tested conditions. 

Figure 59, Figure 60 and Figure 61 show the results obtained for HT29-MD2 cells treated with 

WT and recombinant MG1363, NZ9000 and NCIMB8826 strains. Interestingly, MG1363 

pSICE:SP_SOD-Cu and MG1363 pSICE:SP_CAT-Cu strains were able to limit IL-8 secretion to 

about 60% of that of the LPS control (Figure 59). The decrease in IL-8 secretion is strongly 

reinforced compared to that obtained with the corresponding lysates. Again, this effect can 

be attributed to the antioxidant activity of the expressed SP_SOD-Cu and SP_CAT-Cu peptides 

since oxidative stress is known to be tightly related to inflammation. However, in contrast to 

what was observed in LAB lysates, prior addition of Cu2+ in bacterial cultures does not improve 

the decrease in Il-8 secretion. This is here consistent with the gel activity assays which similarly 

show no impact of copper supplementation on anti-superoxide activity. The WT strain has no 

effect on IL-8 secretion with or without pre-incubation with Cu2+. This in turn confirms the role 

of recombinant SP_SOD-Cu and SP_CAT-Cu peptides in the observed anti-inflammatory 

activity. Otherwise, recombinant LAB expressing endogenous sodA was not able to attenuate 

to the same extent the LPS-induced increase in IL-8 secretion. The amount of IL-8 secreted 
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was lowered to 80% of that of the LPS control, but this decrease was not significant. Again, 

this may be due to the low penetration of sodA in epithelial cells.  

 
Figure 59: Quantification of the inflammatory marker IL-8 secreted by HT29-MD2 cells stimulated with LPS (0.1 
μg/mL) and co-incubated for 5h30 with recombinant and WT MG1363 strains. 5 µL of bacterial suspensions at 
OD600=1 was deposited in each cells well corresponding to approximately 5x106 bacteria and thus to a MOI of 5. 
The supplemented bacteria were previously cultured overnight at different conditions varying by the Cu2+ 
incubation concentration and the temperature. The amount of IL-8 was measured by ELISA in centrifugated cells 
supernatants and was set at 100% for LPS-activated cells without treatment. Data represent the mean ± SEM for 
at least three independent experiments except for control without LPS: the number of independent experiments 
is indicated above each column. The p values were calculated using the Student t-test (bilateral test with equal 
variances not assumed). ∗∗∗:	p<0.001, ∗∗:	p<0.01, and ∗:	p<0.05 versus LPS control, and ns means non-significant. 
The mean ranks of each column were compared to that of the LPS control and the obtained statistical results are 
annotated above each column. The other relevant significant comparisons are plotted in the graph using square 
brackets. We also checked that the recombinant LAB do not induce any IL-8 secretion by HT29-MD2 cells in 
absence of LPS (Figure S3-5). 

The treatment of HT29-MD2 cells with engineered NZ9000 LAB also revealed interesting 

results (Figure 60). NZ9000 pNICE:SP_SOD-Cu and pNICE:SP_CAT-Cu partially counteracted 

the LPS-induced increase in IL-8 secretion regardless of the bacterial supplementation with 

Cu2+. In contrast, the quantity of IL-8 secreted was not reduced when cells were co-incubated 

with the WT strain. Similarly to recombinant MG1363 LAB, the anti-inflammatory activity of 

recombinant NZ9000 LAB can be correlated to their genetic engineering associated with the 

continuous expression of anti-oxidant SP_SOD-Cu and SP_CAT-Cu. However, we observed that 

recombinant NZ9000 LAB prevent less effectively IL-8 secretion compared to recombinant 

MG1363. Indeed, the amount of IL-8 was reduced by approximately 20% for cells treated with 

recombinant NZ9000, while this decrease reached 40% with recombinant MG1363 treatment. 

This difference in anti-inflammatory activity could be linked to the difference in the promoters 
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upstream SP_SOD-Cu- and SP_CAT-Cu-encoding genes. Indeed, engineered MG1363 LAB 

possess a pGroESL promoter that activates the expression of SP_SOD-Cu and SP_CAT-Cu under 

stress conditions such as change in temperature. The optimal growth temperature for L. lactis 

MG1363 and NZ9000 strains is 30°C. During bacteria co-incubation with LPS-stimulated cells, 

the temperature is set at 37°C, meaning that pGroESL is continuously activated and generates 

an extended induction of SP_SOD-Cu and SP_CAT-Cu expression by recombinant MG1363. In 

contrast, for engineered NZ9000 LAB, peptide expression is induced by the presence of nisin. 

As LAB are cultured under inducing conditions the day before the co-incubation, the nisA 

promoter should remain active for few hours. However, due to the absence of nisin in cell 

media culture this activation may be less intense and not perpetuated for the entire duration 

of the co-incubation. In summary, the induction of SP_SOD-Cu and SP_CAT-Cu expression 

during cellular assays might be greater for MG1363 strains, which could explain their 

enhanced anti-inflammatory activity over NZ9000 strains. 

 
Figure 60: Quantification of the inflammatory marker IL-8 secreted by HT29-MD2 cells stimulated with LPS (0.1 
μg/mL) and co-incubated for 5h30 with recombinant and WT NZ9000 strains. 5 µL of bacterial suspensions at 
OD600=1 was deposited in each cells well corresponding to approximately 5x106 bacteria and thus to a MOI of 5. 
The supplemented bacteria were cultured overnight at different conditions varying by the Cu2+ incubation 
concentration and the presence of nisin. The amount of IL-8 was measured by ELISA in centrifugated cells 
supernatants and was set at 100% for LPS-activated cells without treatment. Data represent the mean ± SEM for 
at least three independent experiments except for control without LPS: the number of independent experiments 
is indicated above each column. The p values were calculated using the Student t-test (bilateral test with equal 
variances not assumed). ∗∗∗:	p<0.001, ∗∗:	p<0.01, and ∗:	p<0.05 versus LPS control, and ns means non-significant. 
The mean ranks of each column were compared to that of the LPS control and the obtained statistical results are 
annotated above each column. The other relevant significant comparisons are plotted in the graph using square 
brackets. We also checked that the recombinant LAB do not induce any IL-8 secretion by HT29-MD2 cells in 
absence of LPS (Figure S3-5). Contrô
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Lastly, the activity of NCIMB8826 WT strain on LPS-generated inflammation was confirmed 

when the WT bacteria were administered to HT29-MD2 cells culture (Figure 61). L. plantarum 

strains are largely known for their probiotics effects [385], so it is not surprising that they can 

impact the inflammatory responses and notably IL-8 secretion in LPS-stressed HT29-MD2 cells. 

The apparent IL-8 decrease by 30 % compared to LPS control observed in NCIMB8826 

pSICE:SP_SOD-Mn strain cannot be attributed, at least not entirely, to the genetically 

engineered expression of potent antioxidant SP_SOD-Mn. Still, a clear but not significant IL-8 

secretion decrease for cells co-incubated with recombinant NCIMB8826 strains pre-cultured 

without Mn compared to the WT strain. This highlights the heterologous production and anti-

inflammatory capacity of Mn-coordinated SP_SOD-Mn complex. Finally, we observed a small 

and not significant decrease of IL-8 secretion when NCIMB8826 strains were previously 

subjected to Mn supplementation at 1 mM. Note that the impact of NCIMB8826 pSICE:SP_ 

SOD-Mn pre-supplementation with Mn on IL-8 decrease was much greater for cell treatment 

with bacterial lysates. This cannot be associated with increased formation of the SOD-active 

Mn SP_SOD-Mn complex since this effect is also visible for the WT strain. However, Mn2+ can 

coordinate with various ligands, including endogenous peptides, to form complexes acting as 

SOD mimics. In particular, the strain Deinococcus radiodurans, which exhibits extreme 

resistance to ionizing radiation, is known to accumulate large amounts of several low-

molecular weight Mn(II) complexes forming by proteins-derived peptides. The latter are 

supposed to protect the cells from oxidative damage [204,372]. The formation of such 

antioxidant Mn2+-metabolites complexes in NCIMB8826 strains may contribute to the 

decrease of the inflammation in HT29-MD2 cells. 
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Figure 61: Quantification of the inflammatory marker IL-8 secreted by HT29-MD2 cells stimulated with LPS (0.1 
μg/mL) and co-incubated for 5h30 with recombinant and WT NCIMB8826 strains. 25 µL of bacterial suspensions 
at OD600=1 was deposited in each cells well corresponding to approximately 1.25x108 bacteria and thus to a MOI 
of 125. The supplemented bacteria were cultured overnight at different conditions varying by the Mn2+ incubation 
concentration and the temperature. The amount of IL-8 was measured by ELISA in centrifugated cells 
supernatants and was set at 100% for LPS-activated cells without treatment. Data represent the mean ± SEM for 
at least three independent experiments except for control without LPS: the number of independent experiments 
is indicated above each column. The p values were calculated using the Student t-test (bilateral test with equal 
variances not assumed). ∗∗∗:	p<0.001, ∗∗:	p<0.01, and ∗:	p<0.05 versus LPS control, and ns means non-significant. 
The mean ranks of each column were compared to that of the LPS control and the obtained statistical results are 
annotated above each column. No other relevant comparison was found significant. We also checked that the 
recombinant LAB does not induce any IL-8 secretion by HT29-MD2 cells in absence of LPS (Figure S3-5). 

In conclusion, live recombinant bacteria exhibit a convincing bioactivity in HT29-MD2 cells. 

The anti-inflammatory effects are strongly improved when live bacteria are administered 

instead of lysates. The increased efficiency of live recombinant bacteria in alleviating 

inflammation also suggests that, even if not detectable by western blot analysis, a portion of 

the expressed peptides are excreted by bacteria and reach the inflamed cells. In order to 

accelerate the delivery of recombinant SOD or CAT mimics, genetically modified strains 

auxotrophic for alanine could be envisaged. Before being co-incubated with cells or 

administrated to mice, the auxotroph recombinant strains can be pre-cultured in the absence 

of alanine, which will weaken them and favor their subsequent lysis in the cell culture media 

or in the murine GIT. This may result in delivery of the expressed therapeutic peptides to the 

site of inflammation after lysis. 
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III.2.d. Conclusion 

This study constitutes the first demonstration of the use of recombinant LAB strains 

expressing SOD and CAT mimics as LBPs. Their evaluation in LPS-stimulated HT29-MD2 

highlighted their ability to significantly attenuate IL-8 secretion. As WT strains did not displays 

such anti-inflammatory properties, the observed effects could be directly attributed to the 

expression of SOD and CAT mimics. Further improvements of the in vitro and in vivo bioactivity 

of the recombinant LAB may require the development of new metal-coordinated peptides 

with higher intrinsic SOD and CAT activity. These findings support the potential value of LAB 

as live delivery vector and therapeutics supplier to attenuate the symptoms of chronic 

inflammatory diseases such as IBDs. 
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III.3. Conclusion and perspectives 

III.3.a. Conclusion 

In summary, this study describes an efficient method for the in situ synthesis and delivery of 

SOD and CAT mimic by safe food-grade LAB. Consistent with their antioxidant properties, the 

engineered LAB proved to be efficient in attenuating inflammation in LPS-stimulated intestinal 

cells. These results pave the way towards the use of engineered LAB expressing enzyme 

mimics as LBPs for GIT inflammatory diseases. They indeed constitute a cost-effective and 

long-term alternative to current therapies based on systemic administration of unstable anti-

inflammatory drugs that require high doses and consequently associated with side effects. 

Regarding these encouraging results, we have started the filling of a “declaration of invention 

(DI)” with the aim to apply for a patent afterwards. 

However, some safety concerns still need to be resolved before considering their use in 

humans as an alternative treatment for IBDs. On the one hand, LAB are ideal candidates for 

this strategy related to 1) their non-pathogenicity, 2) their inability to colonize the GIT in the 

long-term, and 3) their deficiency for conjugative transposition (gene transfer) avoiding 

antibiotic resistance transmission. On the other hand, researchers still need ensure that no 

dissemination of the recombinant LAB can happen in the natural ecosystem. A L. lactis strain 

secreting human IL-10 was approved for phase I clinical trial by regulatory agencies, such as 

the Genetically Modified Organisms (GMOs) European Commission, because a biological 

containment strategy was developed. This strain was previously made thymidine- or thymine-

dependent to prevent its survival in the environment without continuous supplementation of 

either compound. This example proves the feasibly of using genetically modified LAB for 

clinical applications. Lastly, public opinion may not be favorable to the use of genetically 

modified probiotics, although no finding demonstrates any risk for the health and the 

environment. To reverse this skepticism, scientists need to provide clear and accessible 

studies evidencing their safety and report on the benefits they conferred over others 

treatments. Work along these lines is undergoing through the ANR MOBIDIC, funded in 2021.  

III.3.b. Perspectives 

Several improvements can be made to enhance the therapeutic benefits of recombinant LAB 

producing SOD- and CAT- mimics: 
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1) We designed a new target peptide containing PHYKHRLH and PDHKHHLH 

sequences that possess, respectively, CAT and SOD activity upon copper 

coordination. The complete sequence of the target peptide is given in Table 11. 

The gene encoding for this new target peptide will be inserted into pSICE 

expression vector and established into L. lactis MG1363 strain. Such recombinant 

LAB combining SOD and CAT activity should display enhanced antioxidant activity. 

Indeed, the H2O2 resulting from O2
•- dismutation can be directly removed by the 

CAT mimic avoiding its conversion into very toxic HO•. The synergy between SOD 

and CAT enzymes has besides been described for a long time [386,387]. 

2) A key factor for bioactivity is the intra-cellular penetration of the therapeutics 

compounds. In order to increase the cellular internalization of the expressed SOD- 

or CAT- active peptides, the incorporation of a cell-penetrating peptide (CPP) into 

the structure of the recombinant peptides may be an interesting alternative. In this 

context, the TAT sequence (YGRKKRRQRRR) which was the first identified and most 

studied CPP [388] is a good candidate [388,389]. Cellular uptake of TAT-conjugated 

peptides occurs mainly via endocytosis and not by direct translocation [390,391]. 

Consequently, internalized TAT-proteins conjugates are often trapped in 

endosomes and cannot reach their site of action. One solution offered by P. Lönn 

et al. is to add an endosomal escape domain (EED) to the TAT CPP (Figure 62) [392]. 

The addition of such EED composed mainly of hydrophobic amino acids was 

efficient in accelerating the endosomal escape into the cytoplasm of GFPb1-TAT-

EED conjugates. 

Two novel peptides including the initial SP_SOD-Cu or SP_CAT-Cu peptides, the TAT 

CPP and the EED have been designed (Table 11). 
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Figure 62: Enhancement of the endosomal escape into cytoplasm of GPFβ1/TAT peptide thanks to its coupling to 
an EED sequence. When concentrated in the endosome, the hydrophobic EED sequence destabilized the lipid 
bilayer membrane and thus favored the endosomal escape of the endocytosed peptides. GPFβ1 can then interact 
with GFPβ1-10 protein and can induce fluorescence. Figure from [392]. 

Table 11 : Design of the new peptides to be expressed by recombinant M1363 via the pSICE expression system. 
The signal peptide of Exp4 is in red. The peptides with SOD-activity and CAT-activity upon copper complexation 
are in green and in orange respectively. They are separated by flexible linker made of glycine and serine (in black). 
The TAT sequence and the endosomal escape domain are in blue. The purple part corresponds to the FLAG-tag.	

3) In addition, as mentioned in the discussion, we will establish pSICE:SP_SOD-Cu and 

pSICE:SP_CAT-Cu plasmids in a L. lactis MG1363 strain rendered auxotroph to 

alanine [393]. The beforehand culture of the recombinant strains in absence of 

alanine will fragilize them, resulting in their rapid lysis in the intestine and in the 

delivery of the expressed and non-secreted SP_SOD-Cu and SP_CAT-Cu peptides. 

In addition, it will allow preventing the dissemination of the recombinant bacteria 

in the external environment that is free from alanine. 

4) Lastly, we consider to replace the glycine/serine linkers with protease cleavable 

sequences to generate shorter CAT and SOD mimics. Indeed, we have no evidence 

that concatenation of the three SOD/CAT mimics does not affect their activity via 

a change in the redox properties or in the conformation. 

SP_SOD-Cu_CAT-
Cu_TAG 

MKKINLALLTLATLMGVSSTAVVFADDASGGGGSGGGGSGGGGSPHYKHRLHGGGGSGGGGSGGGGS 
PHYKHRLHGGGGSGGGGSGGGGSPDHKHHLHGGGGSGGGGSGGGGSPDHKHHLHDYKDDDDK 

SP_SOD-Cu_TAT-
EED_TAG 

MKKINLALLTLATLMGVSSTAVVFADDASGGGGSGGGGSGGGGSPDHKHHLHGGGGSGGGGSGGGGS 
PDHKHHLHGGGGSGGGGSGGGGSPDHKHHLHGGGGSGGGGSGGGGSYGRKKRRQRRRGGSGGSGFWFGDYKDDDDK 

SP_CAT-Cu_TAT-
EED_TAG 

MKKINLALLTLATLMGVSSTAVVFADDASGGGGSGGGGSGGGGSPHYKHRLHGGGGSGGGGSGGGGS 
PHYKHRLHGGGGSGGGGSGGGGSPHYKHRLHGGGGSGGGGSGGGGSYGRKKRRQRRRGGSGGSGFWFGDYKDDDDK 
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5) Other perspectives include the evaluation of the antioxidant effects of engineered 

LAB on RAW 264.7. RAW 264.7 constitute a relevant cellular model since 

macrophages secrete large amount of ROS that can be consumed by the SOD or 

CAT mimics- producing LAB.  

6) We also plan to administer the most promising recombinant LAB, probably 

MG1363 pSICE:SP_SOD-Cu, to mice suffering from DNBS-induced colitis.  
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IV. General conclusion 

  In conclusion, this work aimed at exploring the potential of antioxidant SOD and CAT mimics 

for the treatment of inflammatory disorders such as IBDs. SOD and CAT mimics are low-

molecular weight metal complexes that reproduce the ROS-scavenging activity of the native 

SOD and CAT enzymes, respectively. As part of my PhD, I have been studying two different 

kinds of SOD mimics, which differ by the nature of their ligand and the strategy followed to 

design them. 

The first one consists in manganese complexes bio-inspired from the active site of the 

endogenous SOD2 (MnSOD) enzyme. A new generation of SOD mimics derived from the well-

studied Mn1 complex whose ligand is composed of a diamino-ethane scaffold bearing two 

imidazole and one phenol moieties has been developed. While appropriate redox properties 

and intrinsic catalytic SOD activity are primordial for efficient SOD mimics, the bio-availability 

is another factor of main importance. This feature is dependent: on one hand, on the ability 

of the complexes to penetrate inside the cells and on the other hand, on their stability and 

inertness in the cellular environment. Due to its high flexibility, Mn1 is very labile and does 

not satisfy properly this last requirement. To rigidify its structure and provide a more compact 

coordination site for Mn(II), a cyclohexyl group was inserted on the diaminoethane scaffold. 

This way, the newly-designed Mn1 derivatives displayed greatly improved resistance to metal 

exchange between the Mn(II) center and competitive free metal ions found in the cells like 

Cu(II) and Zn(II). In addition, they prove to exert anti-inflammatory and antioxidant effects at 

lower doses than Mn1 in HT29-MD2 cells. Since, no significant change were noticed in term 

of cellular uptake and stability over Mn1 and its derivatives, the enhanced bioactivity was 

attributed at least partly to the increased inertness of the complexes. The inertness of the 

metal complexes is also very useful for their speciation study because it makes the 

requirement for metal-free analytical system much less strict. Therefore, we succeed in 

detecting and quantifying the most inert Mn1 derivative in cells by classical MS technique. To 

better understand the SOD mimics mechanism of action, we also investigated their 

intracellular distribution by X-rays fluorescence nanoimaging. Lastly, these SOD mimics were 

assessed in a murine model of acute colitis. The mimics were loaded in lactic acid bacteria, 

acting as protective delivery vector, to prevent their degradation in the acidic gastric 
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environment. The oral administration of one of the vectorized SOD mimic provides slight but 

significant beneficial effects on the colitis. However, the therapeutic activity of the SOD mimic 

cannot be significantly distinguished from that of the empty bacteria. 

The second type of SOD mimics described in this manuscript are Cu or Mn peptidyl complexes. 

The ligands are octapeptides whose sequence was identified via a powerful screening of a 

combinatorial library [192,257,371,394]. We succeed in taking advantage from their 

encodable nature by engineering food-grade lactic acid bacteria generally recognized as safe 

to express a long peptide comprising three concatenation of the SOD or CAT mimics peptidyl 

ligands as well as an excretion sequence and a tag. We achieved to demonstrate the valuable 

contribution of two of the genetic cloning on the intra-bacterial SOD activity. Moreover, all of 

the recombinant bacteria producing the SOD mimics- or CAT mimics- were able to significantly 

attenuate the LPS-induced secretion of IL-8 by HT29-MD2. These results support the 

therapeutic potential of LAB that generate exogenous redox active metal complexes for the 

treatment of inflammatory disorders. As a perspective, the cloned plasmids may be 

established in LAB already possessing great natural probiotics activity, to promote these 

recombinant LAB as improved probiotics. 
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VI. Annexes 

VI.1. Chapter II 

VI.1.a. Supplementary materials of “Inertness of superoxide dismutase 

mimics Mn(II) complexes based on an open-chain ligand, bioactivity, 

and detection in intestinal epithelial cells” publication 

VI.1.a.i. Supplementary information 

� Material and reagents 

Chemicals and solvents were purchased from commercial sources (Sigma-Aldrich, Alfa-Aesa, 

Strem, Acros, Iris) and were used as received without further purification. 

For ICP-MS, nitric acid (HNO3) 65% Suprapur was purchased from Merck (#1.00441.1000). 

Manganese Standard for ICP (1003 mg/L ± 4 mg/L, TraceCERT #74128) were from Sigma 

Aldrich. 

For MS detection of Mn1-CP inside cells, ultrapure ULC/MS – CC/SFC grade solvents were 

purchased from Biosolve: 2-propanol (#162641), Acetonitrile (#12041), Water (#232141). 

Syringes for IMS-MS direct infusion were purchased from Agilent: Manual syringe, removable 

needle 22/51/LC, PTFE-tip plunger 500 μL (#5190-1526), 250 μL (#5190-1520), 100 μL (#5190-

1512). PFA (metal-free) labware were purchased from AHF ANALYSENTECHNIK: Narrow Neck 

Bottle 100 mL (T81-100), Micro Spatulas made of CTFE (T29-578), Measuring Cylinder 50 mL 

(T89-050).  

LPS (Escherichia coli O55:B5), NADH, pyruvic acid, BSA, Tween 20 and Triton 100X were 

purchased from Sigma Aldrich (Saint-Quentin Fallavier, France). IL8 detection ELISA kit 

(Duoset) was provided by R&D Systems (Minneapolis, Minnesota, USA). Horseradish 

peroxidase-conjugated antibodies were from Jackson ImmunoResearch (Ely, UK). BCA was 

from Uptima-Interchim (Montluçon, France). Detection ECL system, protein gels (Mini Protean 

TGX Stain free Precast Gel) and nitrocellulose membranes were from Biorad. Blasticidin were 

purchased from Invivogen (Toulouse, France). Rabbit polyclonal anti-human SOD 2 antibodies 

were from Invitrogen (Thermo Fisher Scientific, Waltham, Massachussetts, USA). Fetal bovine 

serum was from GE Healthcare Life Sciences (South Logan, Utah, USA). Dulbecco’s modified 
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Eagle medium (DMEM), HEPES buffer solution (1 M), 0.05% trypsin-EDTA and Dulbecco’s 

Phosphate Buffered Saline (10X, DPBS) was from Gibco (Thermo Fisher Scientific, Waltham, 

Massachussetts, USA). The protease inhibitor cocktail was from Roche Diagnostics (reference: 

11836145001, Sigma-Aldrich, Meylan, France). The mass and IMS calibration of the timsTOF 

was done with continuous infusion of ESI-Low Concentration Tuning Mix from Agilent (Santa 

Clara, USA). 

� Instrumentation 

UV-vis spectra were recorded on a Cary 300 spectrophotometer (Agilent technologies, Santa 

Clara, CA, USA) using a double-beam mode with media as the reference. Plastic UV-cuvettes, 

semi-micro (1.5 mL) were purchased from BRAND (12.5 x 12.5 x 45 mm, #7591 50). UV−visible 

spectra (for all biological experiments) were recorded on a SpectraMax M5 Series Multi-Mode 

Microplate Reader from Molecular Devices (CRSA, Sorbonne University Medicine campus, 

with the courtesy of Dr. Philippe Seksik). Analytical HPLC was performed on an Agilent 1200 

series equipped with a quaternary pump using a Proto 200 C18 from Higgins Analytical Inc 

(particles size 3 μm, 100×4.6 mm column). Preparative HLC was performed on an Agilent 1260 

Infinity using a Nucleodur C18 HTech column from Macherey-Nagel Inc. (particles size 5 μm, 

250×16 mm column). ICP-MS analyses were performed on an Agilent 7700 X. 55Mn were 

selected as isotopes to avoid isobaric interferences. ESI-MS experiments (HRMS) were carried 

out using a LTQ-Orbitrap XL from Thermo Scientific (Thermo Fisher Scientific, Courtaboeuf, 

France) and operated in positive ionization mode, with a spray voltage at 3.6 kV. Applied 

voltages were 20 and 70 V for the ion transfer capillary and the tube lens, respectively. The 

ion transfer capillary was held at 275°C. Detection was achieved in the Orbitrap with a 

resolution set to 100,000 (at m/z 400) and a m/z range between 190-1500 in profile mode. 

Spectrum was analyzed using the acquisition software XCalibur 2.1 (Thermo Fisher Scientific, 

Courtaboeuf, France). The automatic gain control (AGC) allowed accumulation of up to 2.105 

ions for FTMS scans, Maximum injection time was set to 300 ms and 1 µscan was acquired. 10 

µL was injected using a Thermo Finnigan Surveyor HPLC system (Thermo Fisher Scientific, 

Courtaboeuf, France) with a continuous infusion of methanol at 100 µL.min-1. 1H and 13C NMR 

spectra were recorded on a Bruker DRX300 Ultrashield model spectrometer with a proton and 

carbon frequency of 300 MHz and 75 MHz respectively. Spectra have been analyzed using the 

software MestReNova 7.1. The chemical shifts (δ/ppm) were calibrated relative to residual 
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solvent signals. The following abbreviations are used: singlet (s), doublet (d), triplet (t) and 

multiplet (m). MS characterization of ligands were conducted with classic electrospray (ESI) 4 

kV source (Thermo Fisher Scientific) in positive mode coupled to a Qq Orbitrap mass 

spectrometer; Q Exactive Hybrid Quadrupole-Orbitrap from Thermo Fisher Scientific (SMBP, 

ESPCI, with the courtesy of Dr. Joelle Vinh). Direct infusion was performed at 5 µL/min. The 

ligands (EnPI2P, EnPI2C, EnPI2CP) were analyzed at 100 μM in 85% ACN/ammonium formate 

50 mM at pH 6.5. For cyclic voltammetry, a MetrOhm potentiostat (AUTOLAB model) was 

used. The auxiliary electrode was a Pt wire and the working electrode was a glassy carbon disk 

(3 mm diameter) carefully polished before each voltammogram with a 1 μm diamond paste, 

washed with water and finally air dried. The reference electrode was a SCE saturated with KCl. 

For Mn1CP detection and quantification in cell lysates, the TOF-MS part of the timsTOF 

provided by Bruker Daltonics (Champ sur Marne, France) were used (IPREM-UMR5254, Pau 

France). The experiment operated in positive ionization mode and tims detect mode (IMS 

resolution 120), with a capillary voltage at 4.5 kV. The dry gas transfer capillary was held at 

230°C. Detection was achieved in the timsTOF with a resolution set to 70,000 (at m/z 1221) 

and a m/z range between 200-1250 in profile focused mode. Spectrum was analyzed using the 

acquisition software DataAnalysis (Bruker Daltonics, Champ sur Marne, France). The 

acquisition frequency was set to 2 Hz. The sample was first injected during 1 minute for 

stabilization and 1 additional minute for acquisition, using the embedded infusion pump 

system from the timsTOF with a continuous infusion flow of 180 µL/min. Stopped-flow 

experiments were performed on a SFM-3000/S stopped-flow mixer equipped with a HDS 

mixer and kelraz o-ring, all provided by BioLogic (Seyssinet-Pariset, France). The stopped-flow 

mixer was connected to a control unit MPS-70/3 (Biologic), a deuterium/tungsten light source 

30W (BioLogic) and a MMS-UV/vis-ASPEN- high speed diode array spectrometer. The stopped-

flow experiments were controlled using the software Biokine32 (BioLogic).   

� Synthesis of EnPI2 

EnPI2 was synthesized according to a previously reported procedure [1]. 

� Synthesis of EnPI2P 

Propionaldehyde (960 µL, 13.31 mmol, 1.5 equiv.) was added to a solution of EnPI2 (3.15 g, 

8.87 mmol) in absolute ethanol (30 mL). After stirring the reaction mixture for 2 h at room 

temperature under argon, NaBH3CN (0.558 g, 8.87 mmol, 1 equiv.) was added and pH was 
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adjusted to 5 using NaOH 1 M or HCl 1 M. The reaction mixture was stirred two additional 

hours at room temperature. A 1 M NaOH solution was then added until pH 7 and EtOH was 

evaporated. The product was resuspended in H2O (20 mL) and dichloromethane (DCM) (20 

mL) and pH was adjusted to 9. The aqueous phase was extracted twice with DCM (2 ´ 20 mL) 

and the organic phase was dried over anhydrous sodium sulfate. DCM was eventually 

evaporated to give crude product. The product was purified by preparative HPLC using an 

ACN/H2O (with 0.1 % TFA) gradient going from 10/90 to 40/60 in 30 min. After solvent 

evaporation, a yellow oil was obtained with a yield of 31%. 

1H NMR (EnPI2P) (300 MHz, CD3OD): δ = 7.7 (m, 2 H, HAr), 7.5 (s,2 H, HAr), 7.3 (m, 1 H, HAr), 7.2 

(t, J=6Hz, 1H, HAr), 6.9 (m, 2 H, HAr), 4.9 (s, 2 H, N-CH2-CIm), 4.5 (s, 2 H, N-CH2-CIm), 4.1 (s, 5 H, 

NCH3 + N-CH2-CPh), 3.8 (s, 3 H, NCH3), 3.6 (t, J=6 Hz, 2 H, N-CH2-CH2-N), 3.4 (t, J=6 Hz, 2 H, N-

CH2-CH2-N), 3.1 (m, 2 H, N-CH2-CH2-CH3), 1.8 (m, 2 H, N-CH2-CH2-CH3), 1.0 (t, J=7.5Hz, 3 H, N-

CH2-CH2-CH3). 

13C NMR (EnPI2P) (75 MHz, CD3OD): δ = 156.8 (CPh-OH), 146.0 (Cquat,Im), 144.8 (Cquat,Im), 132.3 

(CPh-H), 130.5 (CPh-H), 125.2 (CImH), 124.9 (CImH), 123.4 (Cquat,Ph), 121.5 (CPh-H), 120.6 (CImH), 

119.6 (CImH), 116.2 (CPh-H), 57.5 (N-CH2-CH2-CH3), 55.4 (CPh-CH2), 52.8 (N-CH2-CH2-N), 52.6 (N-

CH2-CH2-N), 49.6 (N-CH2-CIm), 49.1 (N-CH2-CIm), 34.6 (N-CH3), 34.5 (N-CH3),  19.8 (N-CH2-CH2-

CH3) and 11.5 (N-CH2-CH2-CH3) ppm. 

HRMS (ESI) m/z: [M+H]+ calculd for C22H32N6OH 397.2710. Found 397.2712; (Error: 0.4 ppm). 

Single isotopic mass : 397.3 m/z. 

� Synthesis of EnPI2C 

EnPI2C was synthesized according to a previously reported procedure [2] using the racemic 

(±)-(trans)-1,2-diamino cyclohexane instead of 1,2-diaminoethane as reagent. 
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P1 (0.5 g, 4.54 mmol, 2 equiv.) was dissolved in ACN (0.5 mL). (±)-(trans)-1,2-diamino 

cyclohexane (273 µL, 2.27 mmol, 2 equiv.) was then added and the reaction mixture was 

stirred under argon until precipitation ended. The precipitate was then filtered off and washed 

with petrol ether to afford a yellow solid with a yield of 92%.  

1H NMR (P2) (300 MHz, CDCl3): δ = 8.2 (s, 2 H, N=CH-Im), 7.0 (d, J=3 Hz, 2 H, CHIm), 6.9 (d, J=3 

Hz, 2 H, CHIm), 3.9 (s, 6 H, NCH3), 3.3 (bm, 2 H, CHcyclo), 1.8 (m, 6 H, CHcyclo), 1.5 (m, 2 H, CHcyclo). 

13C NMR (P2) (75 MHz, CDCl3): δ = 152.2 (N=CH-Im, 2 C), 143.2 (CquatIm, 2 C), 128.9 (CImH, 2 C), 

124.9 (CImH, 2 C), 74.8 (N-CHcyclo, 2 C), 42.9 (CH2,cyclo, 2 C), 35.4 (N-CH3, 2 C), 32.9 (CH2,cyclo, 2 C), 

24.3 (CH2,cyclo, 2 C). 

 

P2 (0.621 g, 2.08 mmol) was dissolved in absolute ethanol (10 mL) and NaBH4 (0.236 g, 6.25 

mmol, 3 equiv.) was added. After two hours of stirring at room temperature under argon, HCl 

1 M was added to the reaction to pH 7. Water (10 mL) and  DCM (20 mL) were added and p5 

was extracted in the DCM fraction. The extraction was repeated twice. P3 was then dried over 

Na2SO4, filtered off and DCM was evaporated to afford a yellow solid with a yield of 90%.  

1H NMR (P3) (300 MHz, CDCl3): δ = 6.8 (d, J=3 Hz, 2 H, N-CH=CH), 6.7 (d, J=3 Hz, 2H, N-CH=CH), 

3.9-3.6 (bm, 4 H, N-CH2-Imi), 3.6 (s, 6 H, N-CH3), 2.2-2.1 (bm, 4 H, CHcyclo), 1.7 (m, 2 H, CHcyclo), 

1.2-1.0 (bm, 4 H, CHcyclo) 

13C NMR (P3) (CDCl3, 75 MHz): δ = 146.7 (Cquat,Im, 2 C), 126.7 (CImH, 2 C), 121.1 (CImH, 2 C), 61.0 

(N-CHcyclo, 2 C), 42.9 (N-CH2-Im, 2 C), 32.8 (N-CH3, 2 C), 31.2 (CH2,cyclo, 2 C), 24.2 (CH2,cyclo, 2 C) 
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P3 (0.64 g, 2.12 mmol) was dissolved in absolute ethanol (10 mL). Salicylaldehyde (223 µL, 

2.12 mmol, 1 equiv.) was added and the reaction mixture was stirred for 48 hours under argon 

at room temperature. The reaction mixture was then dried over anhydrous sodium sulfate 

(Na2SO4) and filtered off under vacuum. Ethanol was removed by rotary evaporation under 

vacuum to afford P4 with a quantitative yield.  

1H NMR (P4) (300 MHz, CDCl3): δ = 7.1-6.4 (bm, 8 H, HAr), 3.8 (m, 2 H, N-CH2-Ph), 3.6-3.5 (m, 2 

H, N-CH2-Im), 3.4 (s, 3 H, N-CH3), 3.2 (s, 3 H, N-CH3), 2.8 (m, 1 H, N-CH-CH-N), 2.5 (m, 1 H, N-

CH-CH-N), 1.7-1.5 (bm, 3 H, CHcyclo), 1.3-0.8 (bm, 5 H, CHcyclo)  

13C NMR (P4) (CDCl3, 75 MHz): δ = 157.5 (CPh-OH), 145.4-143.3 (Cquat,Im, 2 C), 130.7-129.6 (CPh-

H, 2 C), 127.0-126.4 (CImH, 2 C), 122.0 (Cquat,Ph), 121.5-121.1 (CImH, 2 C),119.0-116.4 (bm, CPh-

H, 2 C), 86.7 (N-CH-N), 68.2-67.8 (N-CH-CH-N, CHcyclo, 2 C) , 47.6-45.7 (N-CH2-Im, 2 C), 32.8-

32.5 (N-CH3, 2 C), 29.2 (CHcyclo, 2 C), 24,2 (CHcyclo, 2 C) 

 

P4 (0.906 g, 2.22 mmol) was dissolved in of absolute ethanol (20 mL). Sodium 

cyanoborohydride NaBH3CN (0.139 g, 2.22 mmol, 1 equiv.) and trifluoroacetic acid TFA (171 

μL, 2.22 mmol, 1 equiv.) were added and the reaction mixture was stirred for 2 hours at room 

temperature. A color change from yellow to colorless was observed. The pH was then adjusted 

to 8-8.4 by adding NaOH 1 M to neutralize the TFA. After removing the ethanol by rotary 

evaporation, DCM (20 mL) and water (20 mL) were added. The aqueous layers were then 

extracted with DCM (3 x 20 mL). The extraction was monitored by measuring the absorbance 

at 254 nm (one droplet was deposited on a silica gel TLC plate). The combined organic layers 

were dried over anhydrous sodium sulfate and filtered off. DCM was removed by rotary 

evaporation and the product was purified by preparative HPLC using a ACN/H2O (with 0.1 % 

TFA) gradient going from 10/90 to 30/70 in 30 minutes. After solvent evaporation, we afford 

a yellow powder (1.36 g, 3.33 mmol) with a yield of 36%.   
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1H NMR (EnPI2C) (300 MHz, CD3OD): δ = 7.7 (m, 2 H, HAr), 7.2 (m, 3 H, HAr), 7.1 (m, 1 H, HAr), 

6.82 (m, 2 H, HAr), 4.2 (m, 2 H, N-CH2-Im), 4.1 (m, 5 H, NCH3  + N-CH2-Im), 3.9 (m, 2 H, N-CH2-

Ph), 3.61 (s, 3 H, N-CH3), 3.5 (m, 1 H, N-CHcylo-CHcyclo-N), 3.2 (m, 1 H, N-CHcylo-CHcyclo-N), 2.4 (m, 

1 H, CH2,cyclo), 2.2 (m, 1 H, CH2,cyclo), 1.9 (m, 2 H, CH2,cyclo), 1.7-1.4 (bm, 4 H, CH2,cyclo). 

13C NMR (EnPI2C) (75 MHz, D2O): δ = 153.9 (CPh-OH), 143.4 (Cquat,Im), 136.5 (Cquat,Im), 131.3 (CPh-

H), 130.1 (CPh-H), 125.6 (CImH), 123.4 (CImH), 122.5 (CquatPh), 121.0 (CPh-H), 120.6 (CImH), 118.2 

(CImH), 115.8 (CPh-H), 65.1-60.5 (N-CHcylo-CHcyclo-N), 49.8 (N-CH2-Ph), 46.3 (N-CH2-Im), 36.7 (N-

CH2-Im), 35.1 (N-CH3, 1 C), 33.8 (N-CH3, 1 C), 27.1-24.5-23.7-22.7 (CH2,cyclo, 4 C) 

HRMS (ESI) m/z: [M+H]+ Calcd for C23H32N6OH 409.2710. Found 409.2712; (Error: 0.4 ppm). 

Single isotopic mass : 409.3 m/z. 

� Synthesis of EnpI2CP 

The propylation of EnPI2C to obtain EnPI2CP is performed similarly to the propylation of EnPI2 

to obtain EnPI2P (see above). 

 

Propionaldehyde (1160 µL, 16.12 mmol, 2.5 equiv.) was added to a solution of EnPI2C (2.635 

g, 6.45 mmol) in absolute ethanol (50 mL). After stirring the reaction mixture for 2 h at room 

temperature under argon atmosphere, NaBH3CN (0.405 g, 6.45 mmol, 1 equiv.) and TFA (476 

µL, 6.45 mmol, 1 equiv.) were added and the pH were adjusted to 5 with NaOH 1 M. The 

reaction mixture was stirred two additional hours at room temperature. NaOH 1 M was then 

added to pH 7 and EtOH was evaporated. The product was resuspended in H2O (20 mL) and 

dichloromethane (DCM) (20 mL) and pH was re-adjusted to 9 with NaOH 1 M. The aqueous 

phase was extracted twice with DCM (2 ´ 20 mL) and the organic phase was dried over 

anhydrous sodium sulfate. After DCM evaporation, the product was purified by preparative 

HPLC with ACN/H2O with 0.1 % TFA going from 15/85 to 30/70 in 30 minutes. After solvent 

evaporation, a yellow oil was obtained with a yield of 27 %. 
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1H NMR (EnPI2CP) (300 MHz, CD3OD): δ = 7.40 (m, 1 H, HAr), 7.32 (m, 2 H, HAr), 7.18 (m, 1 H, 

HAr), 7.01 (m, 2 H, HAr), 6.65- 6.75 (bm, 2 H, HAr), 4.80 (bm, 2 H, N-CH2-Ph), 4.42 (m, 2 H, N-

CH2-Im), 4.22 (m, 2 H, N-CH2-Im), 3.87 (s, 3 H, N-CH3), 3.67 (s, 3 H, N-CH3), 3.48 (m, 2 H, N-CH-

CH-N), 1.4-2.4 (bm, 12 H, N-CH2-CH2-CH3 et N-CH2,cyclo), 0.95 (m, 3 H, N-CH2-CH2-CH3). 

13C NMR (EnIP2CP) (75 MHz, CD3OD): δ = 163.3 (CPh-OH), 155.7 (Cquat,Im), 146.1 (Cquat,Im), 139.5 

(CPh-H), 131.9 (CPh-H), 128.8 (CImH), 125.6 (CImH), 123.2 (CquatPh), 121.6 (CPh-H), 119.8 (CImH), 

115.9 (CImH), 112.0 (CPh-H), 65.5-63,13 (N-CH-CH-N, 2C), 55.1 (N-CH2-CH2-CH3), 51.4 (N-CH2-

Ph), 50.6 (N-CH2-Im), 45.0 (N-CH2-Im), 35.3  (N-CH3, 2C), 31.9-25,3 (CH2,cyclo, 4 C), 11.92 (N-CH2-

CH2-CH3) 

HRMS (ESI) m/z: [M+H]+ Calcd for C26H38N6OH 451.3180. Found 451.318; (Error: 0.0 ppm). 

Single isotopic mass : 451.3 m/z. 

� Synthesis of EnpI2CP labelled with 13C 

EnpI2CP labelled with 13C was synthetized following the same procedure than that used for 

EnPI2CP except the use of 13C labelled salicylaldehyde as reagent. 13C-labelled salicylaldehyde 

was synthetized by the oxidation of commercial 13C-labelled phenol by paraformaldehyde 

using the protocol described by Yang et al. [3]. 

A mixture of (13C6) phenol (0.543 g, 5.429 mmol), anhydrous magnesium dichloride (1.312 g, 

8.119 mmol), anhydrous triethylamine (2.8 mL) and anhydrous acetonitrile (4.9 mL) was 

stirred under argon at room temperature for 30 min. Paraformaldehyde (1.315 g, 43.9 mmol) 

was added to the mixture. The resulting mixture was refluxed for 4 h and then cooled to room 

temperature. A color change from white to orange was observed. To the mixture was added 

10% hydrochloric acid (6.5 mL) to neutralize triethylamine and to reach pH 5. The obtained 

compound was extracted with diethyl ether (3 × 20 mL). The combined organic layers were 

washed with distilled water (10 mL) and saturated brine (10 mL), dried over anhydrous Na2SO4 

and filtered off. The solvent was removed by rotary evaporation to produce a brown oil with 

a yield of 70%.  

NMR 1H (13C-salicylaldehyde) (CDCl3, 300 MHz): δ = 11.0 (m, 1H, CAr-CH=O), 9.9 (m, 1H, CAr-

OH), 6.5-8 (bm, 4H, HAr). NMR 13C (13C-salicylaldehyde) (CDCl3, 75 MHz): 161 (m, 1 H, CAr), 137 

(m, 1 H, CAr), 134 (m, 1 H, CAr), 121-117 (m, 3 H, CAr)  
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The synthesis of 13C-EnPI2CP was performed as for its light analogue, with no intermediate 

purification. The crude intermediates showed similar NMR-spectra to those obtained for the 

synthesis of the light analogue of EnPI2CP. The crude final product was purified by preparative 

HPLC with ACN/H2O with 0.1 % TFA going from 15/85 to 30/70 in 30 minutes. As solubility 

problems were encountered for the purification, only the water-soluble fraction was purified. 

After solvent evaporation and lyophilization, we obtained the pure heavy ligand as a white 

solid with a yield of 15%. 

NMR 1H (13C-EnPI2CP) (CD3OD, 300 MHz): δ = 7.4 (m, 2H, HAr), 7.31(m, 2H, HAr), 6.98 (m, 2H, 

HAr), 6.73 (m, 1H, HAr), 6.42 (m, 1H, HAr), 4.45 (m, 2 H, N-CH2-Cimi), 4.25 (m, 2 H, N-CH2-Cimi), 

3.87 (s, 3 H, NCH3), 3.67 (s, 3 H, NCH3), 3.49 (m, 2 H, N-CH2-Cphenol), 3.2 (m, 2 H, N-CH2-CH2-

CH3), 2.33 (m, 2 H, N-CH2-CH2-CH3), 2.02 (m,2 H, Ccyclo-H), 1.81 (m, 4 H, Ccyclo-H), 1.50 (m, 2 H, 

Ccyclo-H), 0.94 (m, 3 H, N-CH2-CH2-CH3). NMR 13C (13C-EnPI2CP) (CD3OD, 75 MHz): 156 (m, 1 

CAr), 131 (m, 2 CAr), 121 (m, 2 CAr), 116 (m, 1 CAr)  

HRMS (ESI) m/z: [M+H]+ Calcd for C20
13C6H38N6OH 457.3381. Found 457.3381; (Error: 0.0 ppm). 

The ligands were purified by HPLC and lyophilized. They were dissolved in milliQ water (around 

10 mg/mL). An aliquot of the resulting solution was diluted in HEPES buffer (50 mM, pH 7.5) 

and its concentration was determined by UV-visible titration by successive addition of MnCl2  

(10 mM), by following the absorbance at 280 nm. The titration was performed three times. 

The stock solutions of ligand were diluted to a concentration of 10 mM. Aliquots were 

prepared and frozen (-20 °C) until used. 

Stock solutions of Mn2+ (Zn2+)-complexes at 10 mM were prepared before each experiment by 

addition of 1 eq. of anhydrous MnCl2 (ZnCl2, CuSO4, NiCl2.6H2O, or CoCl2) in HEPES buffer (50 

mM) to a solution of ligand. 

� K1 calculation of MnL complexes from UV titration experiments 

The protocol is given in the material and method section. The calculation of the theoretical 

absorbance used to fit the experimental data for K1 determination is detailed below. 

Table summarizing the extent of the reaction: 
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                  Mn2+          +                   L             =         MnL 
 𝐂𝐌𝐧 𝐂𝐋 𝐂𝐌𝐧𝐋 

Initial state n	× 𝑪𝟎 𝑪𝟎 0 

Equilibrium state 
(intermediate or for n<1) 

n × 𝐂𝟎 − 	𝐂𝟎 × 𝐞 =
(𝐧 − 𝐞) × 𝐂𝟎 

𝐂𝟎 − 𝐂𝟎 × 𝐞	
= (𝟏 − 𝐞) × 𝐂𝟎 𝐂𝟎 × e 

Equilibrium state (final or 
for n>>1) n × 𝑪𝟎 −	𝑪𝟎 0 𝑪𝟎 

𝐶3 = Concentration in ligand (L) 

𝐶453 = Concentration in complex MnL 

𝐶45 = Concentration in Mn(II) 

𝑒 = extent of the reaction of Mn with L to form MnL after the addition of n × C9  Mn 

𝐾;,453 = Association constant of ligand L with Mn 

C0 = initial ligand concentration  

n = number of molar equivalent of Mn (compared to initial L) added in the solution  

𝐾;,453 =
𝐶𝑀𝑛𝐿

𝐶𝐿×𝐶𝑀𝑛
   

1
𝐾;,453

= 	
	(𝑛 − 𝑒) × 𝐶9(1 − 𝑒)

𝑒  

A
BC
= (𝑛 − 𝑒) × (𝐶9 − 𝐶9𝑒)= 𝑛𝐶9 − 𝑒(𝐶9 + 𝑛𝐶9) + 𝐶9𝑒E 

𝑛 − 𝑒(1 + 𝑛 +
1

𝐶9𝐾;
) + 𝑒E = 0 

∆= (1 + 𝑛 + ;
HIBC

)E − 4 × 𝑛  

∆> 0	for 𝐶9= 40 µM, 𝐾; ≈ 10M − 10N and n between 0 and 3. 

Solution of the quadratic equation physically relevant (e ≤ n): 

𝑒 =
Q1 + 𝑛 + 1

𝐶9𝐾;
R − S(1 + 𝑛 + 1

𝐶9𝐾;
)E − 4𝑛  

2  

𝐴VW = 𝜀3𝐶3𝑙 + 	𝜀453𝐶453𝑙 

𝐴VW = Theoretical absorbance at a fixed wavelength 

𝜀453 =	molar attenuation coefficient of MnL complex at the same fixed wavelength 

𝜀3 =	molar attenuation coefficient of L at the same fixed wavelength 



 
 
 

 225 

𝑙 = width of the spectrophotometer cuvette. 

𝐴9 = 𝜀3𝐶9𝑙 

𝐴Z = 𝜀453𝐶9𝑙 

𝐴9 = Theoretical initial absorbance of the free ligand solution, no manganese added 

𝐴Z = Theoretical final absorbance of the MnL solution (all ligands are bound to Mn) 

𝐴VW = 𝐴9 × (1 − 𝑒) + 𝐴Z × 𝑒 = 𝐴9 − 𝑒(𝐴9 − 𝐴Z) 

𝐴VW = 𝐴9 × (1 −
[1+ 𝑛 + 1

𝐶0𝐾1
\ − ](1+ 𝑛 + 1

𝐶0𝐾1
)
2
− 4𝑛  

2 )

+ 𝐴Z ×
[1+ 𝑛+ 1

𝐶0𝐾1
\ − ](1+ 𝑛+ 1

𝐶0𝐾1
)
2
− 4𝑛  

2  

� K1 calculation of ZnL/Co1CP complexes: competition with the 

formation of MnL 

The association constants of the studied ligands with Zn are very high, so classical UV-vis 

titration experiments are not sufficient for a precise determination of these values. For this 

reason, we conducted competitions experiments between the formation of ZnL and MnL for 

which K1 is known. The protocol is detailed in the material and method section of the main 

article. 

Table summarizing the extent of the reaction. 

 𝐂𝐌𝐧 𝐂𝐋 𝐂𝐌𝐧𝐋 𝐂𝐙𝐧 𝐂𝐙𝐧𝐋 
Initial state C2 C1 0 𝑪𝟏 	× 	𝒏𝒆𝒒  0 
Equilibrium state 
(intermediate or for 
n<1)  

𝑪𝟐 − 𝑪𝟏 	
× 	𝒆 

𝑪𝟏 × (𝟏 − 𝒆
− 𝒆c) 

𝑪𝟏 	
× 	𝒆 

𝑪𝟏 	×	 (𝒏𝒆𝒒
− 𝒆’) 

𝑪𝟏 	
× 	𝒆′ 

Equilibrium state (final 
or for n>>1) C2 0 0 (𝒏𝒆𝒒 − 𝟏) × 𝑪𝟏 C1 

 

𝐾;,f53
𝐾;,453

=
𝑒′ × 𝐶; × (𝐶E − 𝐶; × 𝑒)
𝑒 × 𝐶; ×	𝐶; × (𝑛Ag − 𝑒c)

=
𝑒′ × (𝐶E − 𝐶; × 𝑒)
𝑒 ×	𝐶; × (𝑛Ag − 𝑒c)

 

𝐶h = Concentration in X 
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𝑒 = extent of the reaction of Mn with L to form MnL 

𝑒′ = extent of the reaction of Zn with L to form ZnL 

𝐾;,f53 = Association constant of ligand L with Zn 

𝐾;,453 = Association constant of ligand L with Mn 

C1 = initial ligand concentration  

C2 = initial Mn concentration = 200 × 𝐶;  

Neq = number of molar equivalent of Zn (compared to initial L) added in the solution  

Assumption: no free ligand in solution (high 𝐾;,f53  and C1≪C2): 

𝑒 = 1 − 𝑒’ 

𝐾;,f53
𝐾;,453

=
𝑒′ × 𝐶; × (𝐶E − 𝐶; × 𝑒)
𝑒 × 𝐶; ×	𝐶; × (𝑛Ag − 𝑒c)

=
𝑒′ × 𝐶; × (𝐶E − 𝐶; × (1 − 𝑒c))
(1 − 𝑒c) × 𝐶; ×	𝐶; × (𝑛Ag − 𝑒c)

=
𝑒′ × (𝐶E − 𝐶; × (1 − 𝑒′))
(1 − 𝑒′) ×	𝐶; × (𝑛Ag − 𝑒c)

=
𝑒c × 𝐶E − 𝑒′ × 𝐶; + 𝐶; × 𝑒c

E

−j𝑒c ×	𝐶; × 𝑛Agk + j𝑒cE × 	𝐶;k + j𝐶; × 𝑛Agk − (𝐶; × 𝑒c)
 

j−j𝑒c × 𝑛Agk + 𝑒c
E + 𝑛Ag − 𝑒ck ×

𝐾;,f53
𝐾;,453

= 𝑒c ×
𝐶E
𝐶;
− 𝑒′ + 𝑒cE 

𝑒cE × l1 −
𝐾;,f53
𝐾;,453

m + 𝑒′ × (
𝐶E
𝐶;
− 1 +

𝐾;,f53
𝐾;,453

j𝑛Ag + 1k) − 𝑛Ag ×
𝐾;,f53
𝐾;,453

= 0 

Solution of the quadratic equation: 

𝑒c

=

−𝐶E𝐶;
+ 1 −

𝐾;,f53
𝐾;,453

j𝑛Ag + 1k + ](
𝐶E
𝐶;
− 1 +

𝐾;,f53
𝐾;,453

j𝑛Ag + 1k)E + 4 × [1 −
𝐾;,f53
𝐾;,453

\ × 𝑛Ag ×
𝐾;,f53
𝐾;,453

2 × [1 −
𝐾;,f53
𝐾;,453

\
 

𝐴VW = 𝜀453𝐶453𝑙 + 𝜀f53𝐶f53𝑙 

𝐴VW = Theoretical absorbance at a fixed wavelength 

𝜀453 =	molar attenuation coefficient of MnL complex at the same fixed wavelength 

𝜀f53 =	molar attenuation coefficient of ZnL complex at the same fixed wavelength 

𝐶f53 = Concentration in ZnL 
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𝐶453 = Concentration in MnL 

𝑙 = width of the spectrophotometer cuvette. 

𝐴9 = 𝜀453𝐶;𝑙 

𝐴Z = 𝜀f53𝐶;𝑙 

𝐴9 = Theoretical initial absorbance of the MnL solution 

𝐴Z = Theoretical final absorbance of the ZnL solution 

𝐴VW = 𝐶453 ×
𝐴9
𝐶;
+ 𝐶f53 ×

𝐴Z
𝐶;

 

𝐴VW = (1 − 𝑒c) × 𝐴9 + 𝑒c × 𝐴Z = 𝐴9 − 𝑒c × (𝐴9 − 𝐴Z) 

With e’ detailed above 

VI.1.a.ii. Supplementary tables 

(a)

 

(b) 

  

Table S1: (a) Pseudo-first order rate constants kobs (s-1) and (b) half-lives (s) characterizing the metal exchanges 
occurring between the Mn2+ center of the SOD mimics with Zn2+, Cu2+, Ni2+ and Co2+. Kinetics of the exchanges 
were monitored in TRIS (50 mM pH 7.5) using a stopped-flow technique in the presence of 20-fold excess of 
competitive metal in order to ensure pseudo-first order conditions. The exchanges were observed 
spectrophotometrically at room temperature and at specific wavelengths chosen to have a high difference in 
absorbance between the manganese complex and the competitive metal complex. The pseudo-first order rate 
were then obtained by fitting the theoretical time-absorbance curve to the experimental one using the Biokine32 
software. Data represent mean ± SEM for three independent experiments and each independent experiments 
were performed in duplicates. 

Zn2+ Cu2+ Ni2+ Co2+

Mn1 10.728	± 2.671 39.150	 ± 3.566 0.199	± 0.036 0.265	± 0.013
Mn1P 0.511	± 0.064 1.916	± 0.393 0.033	± 0.004 0.119	± 0.022
Mn1C 0.274	± 0.028 1.496	± 0.390 0.083	± 0.018 0.055	± 0.005
Mn1CP 0.028	± 0.011 0.087	± 0.018 0.018	± 0.001 0.012	± 0.005

Zn2+ Cu2+ Ni2+ Co2+

Mn1 0.06 0.02 3.48 2.62
Mn1P 1.36 0.36 21.00 5.82
Mn1C 2.53 0.46 8.35 12.60
Mn1CP 24.76 7.97 38.51 57.76
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[Mn1CP] in lysates 
(µM) 

Cell concentration in 
lysates (cells/mL) 

nMn1CP in cells 
(mol) 

Subculture 1 1.38 7115000 1.9.10-16 

Subculture 2 1.66 5537500 3.1.10-16 
Subculture 3 2.03 5866500 3.5.10-16 

Table S2: Quantification of Mn1CP in the lysates of HT29-MD2 cells, stimulated with LPS and incubated with the 
complex at 100 µM for 6 hours. The quantification was achieved by mass spectrometry by means of a heavy 
analog of Mn1CP used as a standard. A calibration curve was previously established using this standard (see 
Figure S33). The molar amount of Mn1CP in each cell was then retrieved by taking into account the dilution 
executed during the cells’ lysis. The quantification was repeated for 3 independent subcultures with different cells 
passage numbers. For subculture 1 and 2, the quantification was repeated respectively for 3 and 2 analytical 
replicates. 

VI.1.a.iii. Supplementary figures 

(A)     (B)     (C) 

      

(D)      (E)      (F)       (G)

 

Figure S5: (A) Structure of EDTA (ethylenediamine tetraacetic acid), (B) Structure of CDTA (cyclohexanediamine 
tetraacetic acid), (C) Structure of PyC3A, (D) Structure of EnPI2, (E) Structure of EnPI2P, (F) Structure of EnPI2C 
and (G) Structure of EnPI2CP.  
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Figure S6: Determination of the association constants K1 of the studied SOD mimics from UV-titration 
experiments. The absorbance of the manganese complexes (288 nm corresponding to the MLCT Ophenolate →Mn) 
have been monitored while adding successively 0.1 equivalent of manganese (concentration in the cuvette equals 
to 4.5 μM for 0.1 eq) to a solution of ligand at 45 μM in HEPES (50 mM pH 7.6). The initial concentration in ligand 
was chosen in order to observe an equilibrium in solution at the 1:1 Mn:L ratio and obtain not only the 
stoichiometry of the reaction Mn(II) + LH —> L(Mn(II)) + H+ but also an accurate determination of the association 
constant. In this purpose, Cligand	×	K1 has to be smaller than 100 (see Figure 5 (b) from P. Thordarson et. al [4] 
showing simulated binding isotherms for different Cligand	×	K1 ratio’s from 1–10000) [4], which is the case here. 
Note that when Cligand = 100 Kd, the complexation equilibrium is shifted towards the complex at 90 % [4]. The 
absorbance was plotted as a function of the number of added manganese(II) equivalents. The association 
constants of the manganese complexes were then obtained by fitting the theoretical absorbance curve to the 
experimental one using the MATLAB curve fitting tool and based on a non-linear regression method. Blue dots 
correspond to the experimental data and the continuous blue line corresponds to the fit. The calculated K1 and 
the associated Sum of Squares Errors (SSE) are mentioned on each plot. 

 

𝐊𝟏_𝐌𝐧𝟏 = 𝟏. 𝟐𝟐 ± 𝟎. 𝟏𝟖 × 𝟏𝟎𝟔	𝐌t𝟏 𝐊𝟏𝐌𝐧𝟏𝑷 = 𝟏. 𝟎𝟑𝟓 ± 𝟏.𝟕𝟗𝟓 × 𝟏𝟎𝟓	𝐌t𝟏 

𝐊𝟏𝐌𝐧𝟏𝑪 = 𝟎. 𝟕𝟎𝟗𝟑 ± 𝟏. 𝟏𝟒𝟏 × 𝟏𝟎𝟓	𝐌t𝟏 𝐊𝟏𝐌𝐧𝟏𝐂𝐏 = 𝟎. 𝟐𝟖𝟑𝟖 ± 𝟎.𝟑𝟐𝟗 × 𝟏𝟎𝟓	𝐌t𝟏 
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Figure S7: UV-visible spectra of (A) Mn1 and the Zn(II) complex Zn-EnPI2 labelled Zn1, (B) Mn1P and the Zn(II) 
complex Zn-EnPI2P labelled Zn1P, (C) Mn1C and the Zn(II) complex Zn-EnPI2C labelled Zn1C and (D) Mn1CP and 
the Zn(II) complex Zn-EnPI2CP labelled Zn1CP. The solutions of complexes were prepared at 100 µM in HEPES 50 
mM pH 7.6, by addition of 1:1 ligand: + MnCl2 or ZnCl2.  

 

Figure S8: UV-visible spectra of (A) Mn1 and the Cu(II) complex Cu-EnPI2 labelled Cu1, (B) Mn1P and the Cu(II) 
complex Cu-EnPI2P labelled Cu1P, (C) Mn1C and the Cu(II) complex Cu-EnPI2C labelled Cu1C and (D) Mn1CP and 
the Cu(II) complex Cu-EnPI2CP labelled Cu1CP. The solutions of complexes were prepared at 100 µM in HEPES 50 
mM pH 7.6 by addition of 1:1 ligand: + MnCl2 or CuSO4. 
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Figure S9: UV-visible spectra of (A) Mn1 and the Ni(II) complex Ni-EnPI2 labelled Ni1, (B) Mn1P and the Ni(II) 
complex Ni-EnPI2P labelled Ni1P, (C) Mn1C and the Ni(II) complex Ni-EnPI2C labelled Ni1C and (D) Mn1CP and 
the Ni(II) complex Ni-EnPI2CP labelled Ni1CP. The solutions of complexes were prepared at 100 µM in HEPES 50 
mM pH 7.6 by addition of 1:1 ligand: + MnCl2 or NiCl2. 

 

Figure S10: UV-visible spectra of (A) Mn1 and the Co(II) complex Co-EnPI2 labelled Co1, (B) Mn1P and the Co(II) 
complex Co-EnPI2P labelled Co1P, (C) Mn1C and the Co(II) complex Co-EnPI2C labelled Co1C and (D) Mn1CP and 
the Co(II) complex Co-EnPI2CP labelled Co1CP. The solutions of complexes were prepared at 100 µM in HEPES 50 
mM pH 7.6 by addition of 1:1 ligand: + MnCl2 or CoCl2. 
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Figure S11: UV-vis kinetics study of the metal exchanges occurring between the manganese center of the SOD 
mimics and respectively (A) Zn2+ ions, (B) Cu2+ ions, (C) Ni2+ ions and (D) Co2+ ions present at one equivalent in 
solution (addition of ZnCl2, CuSO4, NiCl2.6H2O, or CoCl2). The percentage of complexes that underwent metal 
exchanges was monitored spectrophotometrically by following the absorbance at a wavelength, chosen to have 
a noticeable difference in absorbance between the manganese complex and the exchanging ion complex: 300 nm 
for Zn2+ exchanges, 265 nm for Cu2+ exchanges, 300 nm for Co2+ exchanges (except 280 nm for Co1CP), 265 nm 
for Ni2+ exchanges. The spectra of the Mn(II) complexes and the exchanging ions complexes are given in Figure 
S3, S4, S5 et S6 and were used to choose these monitoring wavelengths. A solution of the SOD mimic was prepared 
at 0.1 mM in TRIS buffer (50 mM buffer pH 7.5) in a semi-microcuvette (1.5 mL). One equivalent of competitive 
metal was then added in the microcuvette and after a quick stirring, the absorbance was measured for around 
10 minutes. For (A), (B) and (D), the experiments were performed at 5°C as the metal exchanges were too fast at 
25°C preventing any kinetic study. For Ni2+ exchanges study, the temperature was maintained at 25°C. 
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Figure S12: HPLC analysis of the four EnPI2-derivated ligands on a C18 column using a gradient of ACN in H2O from 
5 % to 50 % in water over 10 minutes. Both solvents contained TFA (0.1 %). Pool: the four ligands were pooled at 
1 mM and injected altogether in the chromatographic system. They were also injected separately at 1 mM to 
assign the peaks previously visualized in the pooled sample. 
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Figure S13: Cyclic voltammograms of the SOD mimics at 100 μM in HEPES (50 mM, pH 7.5, ionic strength = 12.5 
mM) at a glassy carbon working electrode (3 mm diameter) with a scan rate of 500 mV/sec. Experiments are 
carried out under an argon stream at room temperature. The electrochemical apparatus contained a platinum 
wire counter electrode and an aqueous calomel electrode saturated with KCl (SCE) as the reference electrode 
(0.241 V + SCE = normal hydrogen electrode).  

 
Figure S14: Mn(II)-complexes bio-inspired from SOD. See also [5]. 

Mn1 100 µM
Mn1C 100 µM
Mn1CP 100 µM
Mn1P 100 µM
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Figure S15: McCord and Fridovich assays of SOD mimics performed at pH 7.4 in HEPES 50 mM with the use of XTT 
as redox competitive indicator. [XTT ]= 100 µM. The XTT absorbance at 470 nm is measured over time in absence 
and in presence of SOD mimics. The slope of the absorbance increase is measured in absence (p1) and in presence 
(p2) of the SOD mimic. 
(A) The ratio (p1-p2)/p2 is plotted as a function of the SOD mimics concentration (dots). The IC50 can be 
extrapolated from the linear regression of this curve (line) by determining the concentration for which (p1-p2)/p2 
is equal to 1 (𝑝1 = 2 ∗ 𝑝2).   
(B) Table classifying the SOD mimics IC50 and their catalytic constants for superoxide dismutation. IC50 is the 
concentration in SOD mimic at which the reaction rate of the XTT indicator is reduced of 50 % that without any 
SOD mimic. kcat  values were calculated from that of XTT (equal to 2.9.104 M-1s-1) and from the SOD mimics IC50: 
kcat = kXTT*[XTT]/IC50 [5,6]. The lower the IC50 for the SOD mimics, the higher is the catalytic rate constant for 
superoxide dismutation. The experiments were repeated twice and the results given here represent the mean ± 
the standard deviation. 
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Figure S16: Evaluation of the antioxidant and anti-inflammatory activity of Mn1, Mn1C, Mn1P and Mn1CP in 
intestinal epithelial cells HT29-MD2 activated with LPS (0.1 μg/mL) 
(a,d,g,j) Bottom: representative Western blots of MnSOD expression in HT29−MD2 cells incubated for 6 hours 
with (a) Mn1, (b) Mn1C, (c) Mn1P and (d) Mn1CP at different concentrations, without (-) and with (+) LPS. Top: 
stain-free blot imaging showing the total proteins for the same samples. 
(b,e,h,k) Quantification of MnSOD expression. MnSOD expression was measured by Western blot in lysates of 
LPS-activated HT29−MD2 cells incubated for 6 hours with (b) Mn1, (e) Mn1P, (h) Mn1C and (k). Mn1CP at different 
concentrations. The MnSOD expression intensity measured for activated cells was set at 100 %. The abundances 
of MnSOD were normalized to the total amount of protein in each lane (top panels a,d,g,j). 
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(c,f,i,l) Quantification of the inflammatory marker IL-8. IL-8 secretion was measured by ELISA in supernatant of 
HT29−MD2 cells incubated for 6 hours with (c) Mn1, (f) Mn1P, (i) Mn1C and (l) Mn1CP at different concentrations, 
without (-) and with (+) LPS and compared to MnCl2 (100 µM) 
MnSOD expression and IL-8 secretion data represent mean ± SEM for at least three independent experiments: the 
number of independent experiments is indicated above each column. The p-values were calculated using the 
student test (bilateral test with equal variances not assumed). The mean rank of each column was compared to 
that of the LPS control, each comparison stands alone. (***) p < 0.001, (**) p < 0.01 and (*) p < 0.05 versus LPS 
control, and ns means non-significant. Without LPS, no significant differences were observed between all of these 
conditions (see Figure S15).  

 
Figure S17: Evaluation of the antioxidant activity of MnCl2 incubated at 100 µM in intestinal epithelial cells HT29-
MD2 activated with LPS (0.1 μg/mL). Bottom: representative Western blot of MnSOD expression in HT29−MD2 
cells incubated for 6 hours with MnCl2 at 100 µM with (+) LPS. Top: stain-free blot imaging showing the total 
proteins for the same samples. Red cross: lane of the gel that is not commented here. 
By setting the MnSOD expression intensity measured for LPS control at 100 %, the intensity for MnCl2 100 µM is 
equal to 98% that of the LPS control. MnCl2 do not have any effect on the LPS-induced overexpression of MnSOD 
when incubated at 100 µM. This confirms the requirement of the manganese (II) complexation. The ligands allow 
to tune the redox potential of Mn(III)/Mn(II) in the appropriate range to obtain SOD activity. The abundance of 
MnSOD were normalized to the total amount of protein in each lane.  
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Figure S18: Evaluation of the cytotoxicity induced by the SOD mimics using the LDH assay. LPS-activated HT29-
MD2 cells were incubated with the SOD mimics at 100 µM for 6 hours and the cytotoxicity of the compounds was 
tested by following the release of the cytosolic lactate dehydrogenase (LDH) into the supernatant, indicative of 
cell membrane damages. LDH activity can be measured based on LDH ability to catalyze the reduction of pyruvate 
into lactate in presence of NADH absorbing at 340 nm, which is oxidized to form NAD+. The decrease in absorbance 
at 340nm due to NADH consumption can be assimilated to LDH activity and eventually the percentage of LDH 
release can be obtained by dividing the LDH activity in supernatant by the sum of activity in supernatants and cell 
lysates. Data represent the % of LDH released extracellularly (mean of at least 2 independent experiments). The 
percentage of LDH released in supernatants were always below 10% (which were chosen as the limit of 
noncytotoxicity) and in average below 5% for all SOD mimics. We can conclude that none of the SOD mimics 
induce meaningful cytotoxicity at 100 µM in HT29-MD2 cells when prepared with a 1.4:1 manganese-to-ligand 
ratio 2 hours before adding to the culture medium. 
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Figure S19: Quantification of IL-8 secretion and of MnSOD expression in controls without LPS. MnSOD expression 
was measured by Western blot in lysates of non-activated HT29−MD2 cells incubated with the four SOD mimics 
for 6 hours. The MnSOD expression intensity measured for activated cells is set at 100 %. The abundance of 
MnSOD were normalized to the total amount of protein in each lane. IL-8 secretion was measured by ELISA in 
supernatant of non-activated HT29−MD2 cells incubated for 6 hours with the four SOD mimics at 100 µM. The IL-
8 amount measured for activated cells is set at 100 %. 
(a) and (b) Data represent mean ± SEM for at least two independent experiments (except only one independent 
experiment for (a)-Mn1P). (c) Representative western blot analysis of MnSOD expression in controls without LPS. 
Red crosses: lane of the gel that are not commented here 

 
Figure S20: Evaluation of the anti-inflammatory activity and of the cytotoxicity of the four zinc complexes in 
intestinal epithelial cells activated with LPS (0.1 μg/mL)  

(a) Quantification of the inflammatory marker IL-8 by ELISA in supernatant of LPS-activated HT29−MD2 cells 
incubated for 6 hours with the Zn(II) complexes at 10 µM. The IL-8 amount measured for activated cells 
is set at 100 %. Data represent mean ± SEM: the number of independent experiments is indicated above 
each column. Each independent experiments was performed in duplicates. The p-values were calculated 
using the student test (bilateral test with equal variances not assumed). The mean rank of each column 
was compared to that of the LPS control, each comparison stands alone. (***) p < 0.001, (**) p < 0.002 
and (*) p < 0.033 versus LPS control, and ns means non-significant.  

(b) The cytotoxicity of the Zn(II) complexes at 10 µM in LPS-activated HT29-MD2 cells was tested by using 
the LDH assay. Data represent the % of LDH released extracellularly (mean of 2 independent 
experiments). The percentage of LDH released in supernatants were always below 10 % and in average 
below 5% for all zinc complexes mimics, showing that they do not induce meaningful cytotoxicity. 
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Figure S21: McCord and Fridovich assays of Cu-complexes and free Cu2+ performed at pH 7.4 in HEPES 50 mM 
with the use of XTT as redox competitive indicator. [XTT]= 100 µM. The XTT absorbance at 470 nm is measured 
over time in absence and in presence of Cu-complexes. The slope of the absorbance increase is measured in 
absence (p1) and in presence (p2) of the Cu-complexes. The ratio (p1-p2)/p2 is plotted as a function of the Cu-
complex concentration (dots). The IC50 can be extrapolated from the linear regression of this curve (line) by 
determining the concentration for which (p1-p2)/p2 is equal to 1 (𝑝1 = 2 ∗ 𝑝2). Calculated IC50 are given in red on 
each graph. 

 

Figure S22: Statistical results of manganese quantification by ICP-MS in LPS-activated HT29-MD2 cells incubated 
with the 4 studied SOD mimics at 10µM and 100µM for 6 hours. A two-by-two comparison was achieved by using 
a student test (bilateral test with equal variances not assumed). The calculated p-values are given in the right 
table. Asterisk annotations for significance are given in the left table with the following threshold level (***) p < 
0.001, (**) p < 0.01 and (*) p < 0.05. 
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Figure S23: Determination of the association constants K1 of the studied ligands with Zn(II) from competition 
experiments in HEPES 50 mM pH 7.5. The direct measure of K1 for Zn(II) complexes was not possible because the 
K1 values are too high which would impose to use a very low concentration for the titration at which the 
absorbance is too small to be precisely measured by a classical spectrophotometer. The absorbance of the Zn(II) 
complex have been monitored while adding successively 0.1 equivalent of Zn(II) (ZnCl2) to a solution of manganese 
complex at 10 μM. 
The initial concentration in manganese complex is very low in order to observe an equilibrium in solution and 
obtain not only the stoichiometry but also the association constant. The initial solution was prepared by adding 
200 equivalents of manganese (2 mM) to a solution of ligand at 10 µM. The addition of a large excess of 
manganese is necessary to 1) make the assumption that the concentration of ligand is null (see calculation of 
K1,ZnL in supplementary information), 2) to shift the equilibrium to the formation of the Mn(II) complex and 
disfavored the Zn(II) complex that is very thermodynamically favored.  
The absorbance is plotted as a function of the number of added Zn(II) equivalents. The association constant of 
the zinc complexes were then obtained by fitting the theoretical absorbance curve to the experimental one using 
the MATLAB curve fitting tool based on a non-linear least-square regression method (see calculation of K1,ZnL in 
supplementary information). Dots correspond to the experimental data and the continuous line correspond to the 
fit. The calculated K1 and the associated Sum of Squares Errors (SSE) are mentioned on each plot. 
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Figure S24: Mass spectrum of Mn1 diluted at 0.2 µM in 20% NH4CO3/ 80% ACN. The figure was zoomed onto the 
m/z region containing the studied complex. 

 

 

Figure S25: Predicted isotopic patterns of Mn1 (left) and Zn1 (right). 
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Figure S26: Mass spectrum of Mn1P diluted at 2 µM in 20% NH4CO3/ 80% ACN. The figure was zoomed onto the 
m/z region containing the studied complex. 

 

Figure S27: Predicted isotopic patterns of Mn1P (left) and Zn1P (right). 
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Figure S28: Mass spectrum of Mn1C diluted at 0.2 µM in 20% NH4CO3/ 80% ACN. The figure was zoomed onto the 
m/z region containing the studied complex. 

 

Figure S29: Predicted isotopic patterns of Mn1C (left) and Zn1C (right). 
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Figure S30: Mass spectrum of Mn1CP diluted at 0.2 µM in 20% NH4CO3/ 80% ACN. The figure was zoomed onto 
the m/z region containing the studied complex. 

  

Figure S31: Predicted isotopic patterns of Mn1CP (left) and Zn1CP (right).  
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Figure S32: Determination of the association constants K1 of EnpI2CP ligand with Co(II) from competition 
experiments with Mn1CP in HEPES (50 mM pH 7.5). The direct measure of K1 for Co(II) complexes is not possible 
because the K1 value is too high which would impose to use a very low concentration for the titration, at which 
the absorbance would be too small to be precisely measured by a classical spectrophotometer. The absorbance 
of the Co(II) complex have been monitored while adding successively 0.1 equivalent of Co(II) (CoCl2) to a solution 
of manganese complex at 40 μM. 
The initial concentration in manganese complex is very low in order to observe an equilibrium in solution and 
obtain not only the stoichiometry but also the association constant. The initial solution was prepared by adding 
50 equivalents of manganese (2 mM) to a solution of ligand at 40 µM. The addition of a large excess of manganese 
is necessary to 1) make the assumption that the concentration of ligand is null, 2) to hinder the formation of the 
cobalt complexes that is very thermodynamically favored.  
The absorbance is plotted as a function of the number of added Co(II) equivalents. The association constant of 
the Co(II) complexes were then obtained by fitting the theoretical absorbance curve to the experimental one using 
the MATLAB curve fitting tool based on a non-linear least-square regression method. Dots correspond to the 
experimental data and the continuous line correspond to the fit. The calculated K1 and the associated Sum of 
Squares Errors (SSE) are mentioned on the plot. 

 
Figure S33: Calibration curves for Mn1CP quantification obtained in cell lysates diluted in 20% NH4CO3/ 80% ACN. 
The calibration curve was obtained by spiking LPS-stimulated HT29-MD2 lysates with the standard at 0.4 µM and 
with Mn1CP at concentrations varying between 0.05 µM to 0.8 µM. The ratio of the signal intensity of Mn1CP on 
that of the standard were plotted as a function of Mn1CP concentration. The signal intensity of both Mn1CP and 
the standard were obtained by summing the peak intensity of the complexes and their first isotopes. 

0.05

0.06

0.07

0.08

0.09

0.1

0.11

0.12

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8

Ab
so

rb
an

ce
 2

63
 n

m

Molar equivalent of Co

!"#$%#& = 4.85 ± 1. 15	×101	23"	

y = 1.232x - 0.0395
R² = 0.9972

0

0.2

0.4

0.6

0.8

1

1.2

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

Si
gn

al
 in

te
ns

ity
 ra

tio
 (M

n1
CP

/C
o1

CP
 1

3C
)

Concentration in Mn1CP (µM)



 
 
 

 247 

 

457.3379

504.2402

514.2553

519.2519

Ajout dose 0_lysat incub Mn1CP_13CCo1CP 0.4uM_mode1.d: +MS, 0.0-1.0min, 1/K0=0.681-1.329 #1-153

0

1

2

3

4

5x10
Intens.

450 460 470 480 490 500 510 520 530 m/z

504.2402

505.2436

513.2317

514.2553

515.2584

517.2274

519.2519

521.2485
523.2472

Ajout dose 0_lysat incub Mn1CP_13CCo1CP 0.4uM_mode1.d: +MS, 0.0-1.0min, 1/K0=0.681-1.329 #1-153

0

1

2

3

4

5x10
Intens.

504 506 508 510 512 514 516 518 520 522 m/z

EnPI2-CP(13C)

Co1-CP(13C)

Mn1-CP
Zn1-CP Zn1-CP (13C)



 
 
 

 248 

 

Figure S34: Examples of mass spectra of a LPS-stimulated HT29-MD2 lysates, previously incubated with the SOD 
mimic Mn1CP for 6 hours and ultra-centrifuged at 100,000 rpm for 20 minutes. The lysates (10-15 106 cells in 2 
mL in NH4CO3 (50 mM) were diluted in 20% NH4CO3/ 80% ACN and spiked with the standard Co1CP (13C) at 0.4 
µM. The figures were zoomed onto the m/z region containing the studied complexes. The peak corresponding to 
Mn1CP, Co1CP (13C) and their isotopic pattern are clearly visible and annotated on the spectrum. Zn1CP (13C) 
displays peaks with relatively low intensity and was neglected for the quantification. 

 
Figure S35: Quantification of Mn1CP in LPS-stimulated HT29-MD2 lysates by the method of standard additions. 
The lysates were beforehand ultra-centrifuged at 100,000 rpm for 20 minutes, diluted in 20% NH4CO3/ 80% ACN 
and spiked with the standard Co1CP (13C) at 0.4 µM. Mn1CP was spiked at known concentration (0.2 µM and 0.4 
µM) in the lysates of cells previously incubated with Mn1CP at 100 µM for 6 hours. The equation of the linear 
regression and the R-squared value of the regression are indicated on the graph. By taking into account the 
dilution done for the analysis and the number of cells in the lysate, an intracellular molar amount of 2.69.10-16 
mol of Mn1CP per cells was measured using this method. This is close to the values obtained with the previous 
quantification. This result validates our approach based on the use of a heavy analog of Mn1CP as a standard 
and on the establishment of a calibration curve to quantify the SOD mimic inside cells. 
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VI.1.b. Supplementary materials of “Deciphering the Metal Speciation in 

Low-Molecular-Weight Complexes by IMS-MS: Application to the 

Detection of Manganese Superoxide Dismutase Mimics in Cell Lysates”  

publication 

VI.1.b.i. Experimental Procedures 

� Materials and reagents 

ICP-MS: Nitric acid (HNO3) 65% Suprapur (#1.00441.1000) and ICP multi-element standard XVI 

(#1.09487.0100) were from Merck. Manganese Standard for ICP (1003 mg/L ± 4 mg/L, 

TraceCERT #74128) was from Sigma Aldrich.  

IMS-MS: Ultrapure ULC/MS–CC/SFC grade solvents were purchased from Biosolve: 2-propanol 

(#162641), Acetonitrile (#12041), Water (#232141). Syringes for IMS-MS direct infusion were 

from Agilent: Manual syringe, removable needle 22/51/LC, PTFE-tip plunger 500 µL (#5190-

1526), 250 µL (#5190-1520), 100 µL (#5190-1512). PFA (metal-free) labware were purchased 

from AHF ANALYSENTECHNIK: Narrow Neck Bottle 100 mL (T81-100), Micro Spatulas made of 

CTFE (T29-578), Measuring Cylinder 50 mL (T89-050). 



 
 
 

 250 

Protein quantitation: Bicinchoninic acid (BCA, Interchim BC assay Reagent A UP95424A), 

Bovine serum albumin (BSA) and Copper sulfate (CuSO4, Interchim BC assay Reagent B 

UP95425A) were from Uptima-Interchim.  

ELISA: Horseradish peroxidase (HRP)-conjugated antibodies were from Rockland. Human IL-8 

detection ELISA kit (DuoSet, #DY208), containing IL-8-specific capture and detection 

antibodies, IL-8 standards, as well as streptavidin-HRP, was provided by R&D Systems. 

3,3',5,5'-tetramethylbenzidine (TMB) substrate set was from BioLegend (#421101).  

Western Blot: Acrylamide gel (Mini Protean TGX Stain-free Precast Gel, 10%), nitrocellulose 

membranes (Trans-Blot Turbo Transfer Packs, #1704158) and Clarity Western ECL substrate 

kit were from BioRad. MnSOD (SOD2) rabbit antibody was from Life Technologies SAS. Anti-

rabbit (HRP donkey) secondary antibody was from Jackson Immuno research.  

HT29-MD2 cell culture: Blasticidin was from InvivoGen. Dulbecco's modified eagle medium 

(DMEM), Dulbecco's phosphate buffered saline (DPBS, 10X), HEPES buffer solution (1 M), and 

Trypsin-EDTA were from Gibco. Fetal bovine serum (FBS) was from GE Healthcare Life 

Sciences. LPS (Escherichia coli O55:B5, purified by phenol extraction) was from Merck. 

Protease Inhibitors (cOmplete™ Protease Inhibitor Cocktail, #11836145001) were from Roche. 

All other chemical reagents not mentioned were from Sigma-Aldrich.  

� Instrumentation  

HPLC Purification: Analytical HPLC was performed on an Agilent 1200 series; equipped with a 

quaternary pump using a Proto 200 C18 from Higgins Analytical Inc (particles size 3 µm, 100 x 

4.6 mm column). Preparative HPLC was performed on an Agilent 1260 Infinity using a 

Nucleodur C18 HTech column from Macherey-Nagel Inc. (particles size 5 µm, 250 x 16 mm 

column). 

NMR spectrometry: The NMR experiments were performed at 298K on a Bruker model 

spectrometer from the ENS chemistry department, with a proton frequency of 600 MHz 

equipped with a triple resonance inverse detection probe with triple axes pulsed field 

gradients. 

UV-vis spectroscopy: UV−visible spectra (for all physicochemical characterization experiments 

of the Mn complexes) were recorded on a CARY 300 Bio UV−visible spectrophotometer using 
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a double-beam mode with media as the reference. Plastic UV-cuvettes, semi-micro (1.5 mL) 

were from BRAND (12.5 x 12.5 x 45 mm, #7591 50). UV−visible spectra (for all biological 

experiments) were recorded on a SpectraMax M5 Series Multi-Mode Microplate Reader from 

Molecular Devices.  

Electrochemistry: Cyclic voltammograms were recorded on an Autolabµ (Metrohm). Small size 

electrodes were purchased from ALS (distributed by BAS Inc, Japan) on the advice of Dr. 

Christelle Hureau (LCC, Toulouse): Glassy carbon electrode (GCE, 6.0 x 3.0 mm, #002012), 

Platinum electrode (PTE, 6.0 x 3.0 mm, #002422), Calomel Reference electrode in saturated 

KCl (RE-2BP, #013458).  

HT29-MD2 cell culture: Soniprep Ultrasonic disintegrator, with high frequency vibration by a 

titanium probe, was used for sonication cell lysis from MSE.  

LC-MS/MS: For the analysis of the SOD mimic complexes, nano HPLC (ThermoFisher Scientific) 

with a ZIC-Hilic nano column (75 µm internal diameter PEEK-covered silica, Merck) and 

precolumn, were coupled to the nano ESI metal-free source TriVersa NanoMate (Advion) and 

the Orbitrap Fusion Lumos MS (ThermoFisher Scientific) in ESI (positive mode). 

Direct MS infusion: Classic electrospray source from ThermoFisher Scientific was used for 

direct infusion MS analysis of the SOD mimic complexes, coupled to a Qq Orbitrap mass 

spectrometer; Q Exactive Hybrid Quadrupole-Orbitrap. Direct infusion was also performed 

using the nano ESI metal-free source TriVersa NanoMate (Advion) coupled to an Orbitrap 

Fusion Lumos MS from ThermoFisher Scientific. 

ELISA: Immuno Clear Flat Bottom Transparent 96-Well Plates, with MaxiSorp™, Nunc™ fixation 

surface, were used for the ELISA quantitative immunoassay, from ThermoFisher Scientific 

(#442404). Automatic PBS Tween washings of the 96-well plates were performed with a 

HydroFlex™ microplate washer (ELISA washing protocol) form TECAN. 

Western Blot: Gel electrophoresis was performed with the Mini-PROTEAN Tetra Vertical 

Electrophoresis Cell and PowerPac Power Supply, membrane transfer with the Trans-Blot 

Turbo Transfer System and gel imaging with the ChemiDoc XRS+ System (BioRad). 

ICP-MS: A 7700 Series ICP-MS system with an ASX-500 Series autosampler from Agilent was 

used, with the following parameters: RF power: 1550 W; sampling depth: 10 mm; helium flow 
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rate: 5 mL/min measurement, replicated five times with 100 sweeps per replicate, and an 

integration time/mass of 1 s.  

IMS-MS: A Beckman Coulter Optima Max-XP Ultracentrifuge with a TLA-110 Fixed-Angle Rotor 

(110 000 rpm max) was used for 100 000 rpm centrifugations and a Beckman Coulter Optima 

L-90K Ultracentrifuge with a SW 55 Ti Rotor (55 000 rpm max) was used for 50 000 rpm 

centrifugations, with OptiSeal Polypropylene Ultracentrifugation Tubes (13 x 48 mm, 4.7 mL, 

#361621) from Beckman Coulter Life Sciences. A timsTOF from Bruker Daltonics was used for 

the IMS-MS experiments. The Ion Source was an ApolloII ESI, working at room temperature 

(20-25°C), just pneumatically assisted (no make-up, no heater and earthed, just the transfert 

capillary was under potential. Less internal energy was given to the molecular ions with 

minimizing the possible rearrangement in the ion source (to be noted when working with non-

covalent compounds, and in native conditions). 

� Synthesis of enPI2  

EnPI2 was synthesized according to the previously reported procedure.[1]  

� Synthesis of enPI2-13C6 

Synthesis of 2  

 
Compound 1 (1 g, 9.1 mmol) was suspended in one half equivalent of 1,2-diaminoethane (304 

µL, 4.54 mmol, d=0.898 kg/L). Anhydrous acetonitrile was added until compound 2 was fully 

dissolved (500 µL). The reaction mixture was stirred for 40 minutes at room temperature 

under argon. The obtained precipitate was filtered, washed with petroleum ether, and 

analyzed by NMR. NMR 1H (CDCl3, 300 MHz): 8.31 (s, 2H, HC=N), 7.08 (d, 2H, CH3-N-CH=CH), 

6.90 (d, 2H, CH3-N-CH=CH), 3.95 (s, 6H, N−CH3), 3.91 (m, 4H, CH2−CH2). 

Synthesis of 3 
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Compound 2 (1.0917 g, 4.4687 mmol) was diluted in absolute ethanol (10 mL). Sodium 

borohydride (473 mg, 12.5 mmol, 2.8 eq.) was added and the reaction mixture was stirred for 

3 hours under argon at room temperature. Aqueous hydrochloric acid at 1 mol/L was then 

added to remove the excess sodium borohydride. The obtained compound 3 was extracted 

with dichloromethane (3 × 20 mL) after adding 10 mL of distilled water. The organic layers 

were collected, combined, dried over anhydrous sodium sulfate (Na2SO4) and filtered. 

Dichloromethane and ethanol were removed by rotary evaporation under vacuum to afford a 

yellow solid. NMR 1H (CDCl3, 300 MHz): 6.90 (d, 2H, CH3-N-CH=CH), 6.80 (d, 2H, CH3-N-CH=CH), 

3.82 (m, 4H, NH-CH2), 3.65 (m, 6H, N-CH3), 2.75 (m, 4H, CH2-CH2).  

Synthesis of 4 

 
A mixture of (13C6)phenol (0.5434 g, 5.429 mmol), anhydrous magnesium dichloride (1.312 g, 

8.119 mmol), anhydrous triethylamine (2.8 mL), and anhydrous acetonitrile (purchased from 

Sigma Aldrich) (4.9 mL) was stirred under argon at room temperature for 30 minutes. 

Paraformaldehyde (1.315 g, 43.9 mmol) was added to the mixture. The resulting mixture was 

refluxed for 4 hours and then cooled to room temperature. A color change from white to 

orange was observed. The mixture was added 10% hydrochloric acid (6.5 mL) to neutralize the 

triethylamine and get a pH of around 5. The obtained compound 4 was extracted with diethyl 

ether (3 × 20 mL), and the combined organic layers were washed with distilled water (10 mL) 

and saturated brine (10 mL), dried over anhydrous Na2SO4, and filtered. The solvent was 

removed by rotary evaporation under vacuum to afford a brown oil. NMR 1H (CDCl3, 300 MHz): 

11.0 (m, 1H, Car-CH=O), 9.9 (m, 1H, Car-OH), 6.5-8 (m, 4H, Har). NMR 13C (CDCl3, 75 MHz): 161 

(1Car), 137 (1Car), 134 (1Car), 121-117 (3Car). 
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Synthesis of 5 

 
Compound 3 (0.8065 g, 3.2477 mmol) was diluted in 8 mL of absolute ethanol (1.62 mmol per 

flask). One equivalent of compound 4 (1.62 mmol, 174 µL, d=1.193 g/mL) was added, and the 

reaction mixture was stirred for 24 h under argon at room temperature. The reaction mixture 

was then dried over anhydrous sodium sulfate (Na2SO4) and filtered under vacuum. Ethanol 

was removed by rotary evaporation under vacuum to obtain compound 5 as a solid. NMR 1H 

(CDCl3, 300 MHz): 6.93-6.74 (m, Har, CH3-N-CH=CH and CH3-N-CH=CH), 3.84-3.53 (m, N-CH-N 

and N-CH2-Imi), 3.39 (s, N-CH3), 2.82 (m, N-CH2-CH2-N).  

Synthesis of 6 

 
Compound 5 (1.67 mmol) was dissolved in 5 mL of absolute ethanol. One equivalent of sodium 

cyanoborohydride (NaBH3CN, 0.105 g, 1.67 mmol, M=62.84 g/mol) and two equivalents of 

trifluoroacetic acid (256 µL, 3.34 mmol, M=114.02 g/mol, d=1.49 kg/L) were added, and the 

two reaction mixtures were stirred for 2 hours at room temperature. A color change from 

yellow to colorless was observed. After removing the ethanol by rotary evaporation, the 

mixtures were diluted with dichloromethane (20 mL) and water (20 mL). The pH of the 

combined aqueous layers was then adjusted to 8-8.4 by adding HCl at 1 M and sodium 

hydroxide at 1 M. The aqueous phase was then extracted with dichloromethane (3 x 20 mL). 

The extraction of the products of interest was monitored by measuring the absorbance at 254 

nm by UV-Vis in a plastic cuvette (the organic phase has to absorb much more than the 

aqueous ones). The combined organic layers were dried over anhydrous sodium sulfate and 
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filtered. Dichloromethane was removed by rotary evaporation to afford compound 6 as a 

yellow powder. Compound 6 was purified by preparative HPLC using a C18 column 

(NUCLEODUR R C18 HTec particles size 5 μm, 250 × 16 mm column) on an Agilent 1260 Infinity. 

The elution gradient increases from 5% to 50% in ACN/TFA 0.1% in 10 minutes, with a 

retention time at 4.79 min. NMR 1H (CDCl3, 300 MHz): 7.53/7.48 (d, 2H, CH3-N-CH=CH), 

7.32/7.2 (d, 2H, CH3-N-CH=CH), 7.38/7.05/6.85/6.52 (m, 4H, Har), 4.67/4.06 (s, 4H, N-CH2-Imii), 

3.93/3.70 (s, 6H, N-CH3), 3.78 (m, 2H, N-CH2-Ar), 3.49/3.06 (t, 4H, N-CH2-CH2-N). 

� Synthesis of enPI2P 

To N,N’-bis-(2-(N-methylimidazolyl)-methyl)-N(2-hydroxybenzyl)-1ethane-1,2-diamine (0.200 

g, 0.564 mmol, 1 eq) in absolute ethanol (30 mL) was added propanal (0.056 g, 0.069 mL, 0.564 

mol, 1 eq). After stirring for 2 hours, under argon, was added NaBH3CN (0.043 g, 0.0677 mmol, 

1eq) and CFCOOH (0.038 g, 0.025 mL). After stirring for 2 hours, 1 M NaOH (10 mL) was added, 

and ethanol was evaporated. CH2Cl2 (20 mL) was added. The pH was adjusted to 9 by the 

addition of 1 M HCl. The organic phase was decanted, and the aqueous phase was extracted 

with 3x20 mL of CH2Cl2. The combined organic fractions were concentrated to obtain the 

product as a yellow oil. NMR 1H (CDCl3, 300 MHz): 7.53/7.23/6.87 (m, 4H, Har), 4.63/4.16, (m, 

4H, N-CH2-Imii), 3.77 (m, 4H, N-CH2-Car), 3.86/3.64 (6H, N-CH3), 3.30/2.97 (t, 4H, N-CH2-CH2-

N), 1.50 (m, 2H, CH2-CH2-CH3), 1.18 (t, 2H, CH2-CH2-CH3), 0.80 (t, 3H, CH2-CH2-CH3).  

� Synthesis of enPI2P-13C6 

EnpI2P labeled with 13C was synthesized following the same procedure as that used for EnPI2P 

except the use of 13C labelled N,N’-bis-(2-(N-methylimidazolyl)-methyl)-N(2-hydroxybenzyl)-

1ethane-1,2-diamine as reagent. NMR 1H (MeOD, 300 MHz): 7.46/7.37 (m, 4H, Har), 

7.30/7.03/6.88/6.50 (s, 4H, N-CH2-Car), 4.18/4.11, (s, 4H, N-CH2-Imii), 3.83/3.75 (6H, N-CH3), 

3.04/2.97 (t, 4H, N-CH2-CH2-N), 2.63 (t, 2H, CH2-CH2-CH3), 1.50 (m, 2H, CH2-CH2-CH3), 0.86 (t, 

3H, CH2-CH2-CH3). NMR 13C (MeOD, 75 MHz): 157.8 (CPh-OH), 157.0 (Cquat,Im), 156.1 (Cquat,Im), 

133.3 (CPh-H), 132.2 (CPh-H), 131.4 (CImH), 130.50 (CImH), 123.4 (Cquat,Ph), 121.6 (CPh-H), 

120.7 (CImH), 119.9 (CImH), 116.5 (CPh-H), 57.67 (N-CH2-CH2-CH3), 55.50 (CPh-CH2), 55.00 (N-

CH2-CH2-N), 52.85 (N-CH2-CH2-N), 52.67 (N-CH2-CIm), 50.00 (N-CH2-CIm), 34.73 (N-CH3), 34.80 

(N-CH3), 19.87 (N-CH2-CH2-CH3), 11.66 (N-CH2-CH2-CH3). 

� Crystallization of Mn1P 
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[Mn2(EnPI2P)2](PF6)2] (M=1190,87 g/mol): NEt3 (15 mg, 20 μL, 0.146 mmol, 0.5 equiv.) was 

added to a solution of EnPI2P (0.116 g, 0.292 mmol, 1 eq) in MeOH (2.5 mL) and argon was 

bubbled into the solution to remove O2. A deoxygenated solution of MnBr2 (63 mg, 0.292 

mmol, 1 eq) in MeOH (1 mL) was added to this mixture, and the solution was heated at 50°C 

for 30 min. A deoxygenated solution of NH4PF6 (95 mg, 0.585 mmol, 2 eq) in methanol (1 mL) 

was then added, and the resulting solution was left to cool overnight. The complex started to 

crystallize out of solution, and 63 mg (0,053 mmol, 36% yield) of dark brown crystals were 

isolated by filtration. 

Crystallographic Data 

A crystal of Mn1P suitable for X-ray diffraction was obtained by slow evaporation of methanol 

at room temperature. X-ray diffraction data for the compound Mn1P were collected by using 

a Kappa X8 APPEX II Bruker diffractometer with graphite-monochromated Mo Kα radiation 

(0.71073 Å). Crystal was mounted on a CryoLoop (Hampton Research) with Paratone-N 

(Hampton Research) as cryoprotectant and flash-frozen in a nitrogen-gas stream at 200 K. For 

compound, the temperature of the crystal was maintained at the selected value using a 700 

series Cryostream cooling device to within an accuracy of ± 1 K. The data were corrected for 

Lorentz polarization and absorption effects. The structures were solved by direct methods 

using SHELXS-97[2] and refined against F2 by full-matrix least-squares techniques using SHELXL-

2018[3] with anisotropic displacement parameters for all non-hydrogen atoms. Hydrogen 

atoms were located on a difference Fourier map and introduced into the calculations as a 

riding model with isotropic thermal parameters. All calculations were performed by using the 

Crystal Structure crystallographic software package WINGX.[4]  
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Table S1. Crystallographic data and structure refinement details. 

Compound Mn1P 

CCDC 2112875 

Empirical Formula C44 H62 Mn2 N12 O2, 2(F6 P) 

Mr 1190.87 

Crystal size, mm3 0.28 x 0.11 x 0.03 

Crystal system orthorhombic 

Space group F d d 2 

a, Å 26.7635(18) 

b, Å 31.595(2) 

c, Å 13.3689(8) 

α, ° 90 

β, ° 90 

γ, ° 90 

Cell volume, Å3 11304.5(12) 

Z ; Z’ 8 ; 1/2 

T, K 200(1) 

Radiation type ; 
wavelength Å 

Mo Kα ; 0.71073 

F000 4912 

µ, mm–1 0.589 

θ range, ° 1.821 - 30.558 

Reflection collected 70355 

Reflections unique 6585 

Rint 0.0811 

GOF 1.008 

Refl. obs. (I>2σ(I)) 3540 

Parameters 337 

wR2 (all data) 0.1708 

R value (I>2σ(I)) 0.0548 
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Largest diff. peak and hole 
(e–.Å-3) 

0.542 ; -0.366 

 

Table S2. Comparison of selected bond lengths (Å) and angles (°) for the coordination sphere 

of the [(L) Mn Mn (L)]. The uncertainties correspond to 2σ. 

 Mn1P Mn1 [5] 

Mn(1)-N(1) 2.374(10) 2.354(8) 

Mn(1)-N(4) 2.481(10) 2.205(8) 

Mn(1)-O(1) 2.110(8) 2.172(6) 

Mn(1)-N(2) 2.225(10) 2.226(8) 

Mn(1)-N(5) 2.163(10) 2.420(8) 

Mn(1)-O(1)i 2.128(8) 2.111(6) 

Mn(1)-Mn(1)i 3.292(2) 3.301(2) 

O(1)-Mn(1)-N(1) 85.9(4) 83.1(1) 

O(1)-Mn(1)-N(4) 104.2(3) 94.2(3) 

O(1)-Mn(1)-O(1)i 75.5(3) 79.2(2) 

N(1)-Mn(1)-N(4) 74.1(3) 113.7(3) 

O(1)-Mn(1)-N(2) 104.1(4) 109.9(3) 

O(1)-Mn(1)-N(5) 166.4(4) 128.5(2) 

N(1)-Mn(1)-N(2) 74.9(3) 72.8(2) 

N(1)-Mn(1)-N(5) 105.1(4) 76.8(3) 

 i : -x, -y ,z. 

� Calculation of K (Mn-L) and K (Zn-L) complexes from UV titration 

experiments 

The association constants of the studied ligands with Mn and Zn were previously reported.[6]  

� Calculation of K (Co-L) complexes: competition with the formation of 

MnL 

The direct measure of the association constant for Co(II) complexes is not possible because 

the K (Co-L) value is too high. The initial concentration of the ligand (CL) should be <100∗Kd to 
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observe an equilibrium between the uncoordinated ligand L, Co(II), and the complex in 

solution at the 1:1 Co:L ratio and obtain not only the stoichiometry but also the association 

constant.[6,7] This would impose to use a very low initial concentration of the ligand for the 

titration, at which the absorbance would be too small to be precisely measured by a classical 

spectrophotometer. Therefore, the association constants of the studied ligands with Co were 

determined with competition experiments between the formation of MnL, with known K (M-

L) and CoL, followed by UV-vis. The protocol is detailed below.  

The initial HEPES 50 mM solution at pH=7.5 was added in a 1 mL cuvette (used for the baseline 

subtraction), and was equilibrated in the spectrophotometer for 10 min at 25°C. Two 

equivalents of Mn(II) (MnCl2) (80 μM) were added to a 40 µM ligand solution and stirred using 

a parafilm to cover the cuvette. The absorbance was measured between 200 nm and 600 nm. 

Afterward, 0.2 equivalent of Co(II) (CoCl2) (4 mM) were added successively to the 40 μM 

solution of manganese complex, stirred, and the absorbance of the Co(II) complex was 

monitored between 200 nm and 600 nm. The addition of an excess of manganese is necessary 

to (1) assume that the concentration of free ligand is null (see calculation of KCoL below), (2) to 

shift the equilibrium to the formation of the Mn(II) complex and disfavor the Co(II) complex 

that is more thermodynamically favored. The absorbance of the metal complex (around 255 

nm for the CoL complexes) was then plotted as a function of the number of added Co(II) 

equivalents. The cobalt complexes' association constants were obtained by fitting the 

theoretical absorbance curve to the experimental one using the MATLAB curve fitting tool 

based on a non-linear least-square regression method. The calculation of KCoL is detailed in the 

table below. 

 𝐂𝐌𝐧 𝐂𝐋 𝐂𝐌𝐧𝐋 𝐂𝑪𝒐 𝐂𝐂𝐨𝐋 

Initial state C2 C1 0 𝑪𝟏 	× 	𝒏𝒆𝒒 0 

Equilibrium 
state  
(intermediat
e or for n<1)  

𝑪𝟐 − 𝑪𝟏 	× 	𝒆 𝑪𝟏 × (𝟏 − 𝒆
− 𝒆c) 𝑪𝟏 	× 	𝒆 

𝑪𝟏 	×	(𝒏𝒆𝒒
− 𝒆’) 𝑪𝟏 	× 	𝒆′ 

Equilibrium 
state  (final or 
for n>>1) 

C2 0 0 (𝒏𝒆𝒒 − 𝟏) × 𝑪𝟏 C1 

C1 = initial ligand concentration  
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C2 = initial Mn concentration = 2 × 𝐶; 

e= extent of the reaction of Mn with L to form MnL 

e'= extent of the reaction of Zn with L to form CoL 

neq = number of added molar equivalent of Co (compared to initial L)  

KMnL= Association constant of ligand L with Mn 

KCoL= Association constant of ligand L with Co 

𝐾453 =
[MnL]

[Mn] × [𝐿] 			𝑎𝑛𝑑			𝐾H�3 =
[CoL]

[Zn] × [𝐿] 

𝐾H�3
𝐾453

=
𝑒′ × 𝐶; × (𝐶E − 𝐶; × 𝑒)
𝑒 × 𝐶; ×	𝐶; × (𝑛Ag − 𝑒c)

=
𝑒′ × (𝐶E − 𝐶; × 𝑒)
𝑒 × 	𝐶; × (𝑛Ag − 𝑒c)

 

Assumption: no free ligand in solution (high 𝐾H�3  and C1<C2):  𝑒 = 1 − 𝑒’ 

𝐾H�3
𝐾453

=
𝑒c × [𝐶E − 𝐶; × (1 − 𝑒c)]

(1 − 𝑒c) × (𝐶; × 	𝑛Ag − 𝑒c × 𝐶;)
=

𝑒c × (𝐶E − 𝐶; + 𝐶; × 𝑒c)
𝐶; × 𝑛Ag − 𝐶; × 𝑒c − 𝐶; × 𝑛Ag × 𝑒c + 𝐶; × 𝑒cE

 

𝐾H�3
𝐾453

=
𝐶; × 𝑒c

E − (𝐶; − 𝐶E) × 𝑒′
	𝐶; × 𝑒cE − j𝐶; + 𝐶; × 𝑛Agk × 𝑒c + 𝐶; × 𝑛Ag

 

j𝑒cE − j𝑒c × 𝑛Agk + 𝑛Ag − 𝑒ck ×
𝐾H�3
𝐾453

= 𝑒cE+	𝑒c × (
𝐶E
𝐶;
− 1) 

𝑒cE × [1 −
𝐾��3
𝐾453

\ + 𝑒′ × (
𝐶E
𝐶;
− 1 +

𝐾��3
𝐾453

j𝑛Ag + 1k) − 𝑛Ag ×
𝐾H�3
𝐾453

= 0 

Solution of the quadratic equation: 

𝑒c

=
−𝐶E𝐶;

+ 1 − 𝐾H�3
𝐾453

j𝑛Ag + 1k + S(
𝐶E
𝐶;
− 1 + 𝐾H�3

𝐾453
j𝑛Ag + 1k)E + 4 × Q1 −

𝐾H�3
𝐾453

R × 𝑛Ag ×
𝐾H�3
𝐾453

2 × Q1 − 𝐾H�3
𝐾453

R
 

𝐴VW = 𝜀453𝐶453𝑙 + 𝜀H�3𝐶H�3𝑙 

𝐴VW = Theoretical absorbance at a fixed wavelength 

𝜀453 = Molar attenuation coefficient of MnL complex at the same fixed wavelength 

𝐶453 = Concentration in MnL 

𝜀H�3 =	Molar attenuation coefficient of CoL complex at the same fixed wavelength 

𝐶H�3 = Concentration in CoL 
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𝑙 = Width of the spectrophotometer cuvette. 

𝐴9 = 𝜀453𝐶;𝑙    and    𝐴Z = 𝜀H�3𝐶;𝑙 

𝐴9 = Theoretical initial absorbance of the MnL solution 

𝐴Z = Theoretical final absorbance of the CoL solution 

𝐴VW = 𝐶453 ×
𝐴9
𝐶;
+ 𝐶H�3 ×

𝐴Z
𝐶;

 

𝐴VW = (1 − 𝑒c) × 𝐴9 + 𝑒c × 𝐴Z = 𝐴9 − 𝑒c × (𝐴9 − 𝐴Z) 

With e' detailed above. 

� Electrochemistry   

Cyclic voltammetry experiments were performed with solutions at 200 μM (1:1 SODm 

complex, ligand and MnCl2 (anhydrous)) in HEPES buffer (50 mM, pH 7.5), in 1 mL final volume 

in a small size electrochemical cell (see materials), at room temperature. The auxiliary 

electrode was a Pt wire and the working electrode was a glassy carbon disk (3 mm diameter) 

carefully polished manually with a 1 µm diamond paste, washed with water and air dried 

before each voltammogram. The reference electrode was a SCE saturated with KCl. Solutions 

were deoxygenated and mixed with a magnetic stirrer before each measure. Data acquisition 

was performed with the Nova 2.12 software. The following parameters of the cv staircase 

command were used: scan rate 0.1 or 0.2 V/s, step -0.005 (reduction), 0.005 (oxidation), 

number of scans 1, start potential 0 VOCP, upper vertex potential 0.7 VREF, lower vertex 

potential -0.5 VREF, stop potential 0 VOCP.     

� Determination of intrinsic SOD activity by McCord-Fridovich Assay 

The catalytic rate for superoxide dismutation of the SOD mimics has been determined using 

an indirect assay developed by McCord and Fridovich. Xanthine (50 µmol) was dissolved in 

HEPES 50 mM (250 mL) by heating at 80°C for 3 h under reflux, to obtain a solution at 200 µM. 

The solution was cooled to r.t. Ferricytochrome c (5 µmol) was dissolved in the xanthine 

solution (50 mL) to get a solution at 100 µM in Fe(III)-cytc. Then, 1.5 mL of the xanthine/Fe(III)-

cytc solution was added in a microcuvette. The cuvette was left in the thermostated 

spectrophotometer (10 min) to reach 25°C. 4 µL of a solution of xanthine oxidase at 20 mg/mL 

in milli Q water (always be kept on ice to maintain its activity) was added in the microcuvette. 

The absorbance at 550 nm was measured over 4 min and after 1.5 min, few µL of the SOD 
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mimic at 100 µM were added in the cuvette. The slope of the absorbance was measured in 

absence of SODm (p1) between 0 and 1.5 min and in presence of SODm (p2) between 2 and 4 

min. The volume of xanthine oxidase (20 mg/mL) was tuned (4 min) to get a slope p1 between 

0.025 et 0.030 min-1, ensuring a flow of superoxide of about 1.2 μM/min.[8] This protocol was 

repeated for several volumes of SODm added. For each volume, the value (p1-p2)/p2  was 

calculated and plotted as a function of the concentration in SODm in the microcuvette. The 

IC50 can be extrapolated from the linear regression of this curve by determining the 

concentration for which (p1-p2)/p2 is equal to 1 (p1=2·p2).[9] The IC50 value is dependent on the 

nature of the redox indicator and its concentration. From the measured IC50 values, an 

apparent kinetic constant value, independent of both the concentration and the nature of the 

detector can be calculated. At IC50, the superoxide reacts with the ferricytochrome c and with 

the SOD mimic at the same speed. From the known kinetic constant of Fe(III)-cytc (kcyt c=2.6 

105 mol-1Ls-1)[10] that of the SOD mimic can be determined, according to the following 

equation: 

𝒌𝒇𝒆𝒓𝒓𝒊𝒄𝒚𝒕𝒐𝒄𝒉𝒓𝒐𝒎𝒆	𝒄 ∙ [𝑶𝟐•t] ∙ [𝒇𝒆𝒓𝒓𝒊𝒄𝒚𝒕𝒐𝒄𝒉𝒓𝒐𝒎𝒆	𝒄] = 𝒌𝑺𝑶𝑫	𝒎𝒊𝒎𝒊𝒄 ∙ [𝑶𝟐•t] ∙ 𝑰𝑪𝟓𝟎 

𝒌𝑺𝑶𝑫	𝒎𝒊𝒎𝒊𝒄 =
𝒌𝒇𝒆𝒓𝒓𝒊𝒄𝒚𝒕𝒐𝒄𝒉𝒓𝒐𝒎𝒆	𝒄 ∙ [𝒇𝒆𝒓𝒓𝒊𝒄𝒚𝒕𝒐𝒄𝒉𝒓𝒐𝒎𝒆	𝒄]

𝑰𝑪𝟓𝟎
 

The intrinsic activities of SOD mimics can be compared by using these catalytic rate values.[9] 

� Mass spectrometry characterization of Mn1 and Mn1P 

QqOrbitrap (Q Exactive) 

Direct infusion 2-5 µL/min in ESI 4 kV source. Injection in LC coupling with nano-ESI 1.6 kV 

source. Full range analysis at m/z 67-1000.  
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Table S3. Theoretical exact mass of enpi2 and enpi2P ligand in different metal forms and heavy 

standards. 

m/z enPI2 enPI2
13C6 

Molecular Formula [C19H26N6O+H]+ [C13[13C]6H26N6O+H]+ 

[L+H]+ 355.22409 361.24421 

Mn 408.14648 414.16661 

[Mn-H]+ 407.1387 413.1600 

Fe 409.14337 415.16350 

[Fe-H]+ 408.1355 414.1569 

Co 412.14163 418.16176 

Ni 411.14378 417.16391 

Cu 416.13803 422.15816 

Zn 417.13758 423.15771 

m/z enPI2P enPI2
13C6P 

Mol Formula [C22H32N6O+H]+ [C16[13C]6H32N6O+H]+ 

[LP+H]+ 397.27104 403.29117 

Mn 450.19343 456.21356 

Fe 451.19032 457.21045 

[Fe+H2O]+ 468.19306 475.22102 

Co 454.18858 460.20871 

Ni 453.19073 459.21086 

Cu 458.18498 464.20511 

Zn 459.18453 465.20466 

� Metal ion content measurement by ICP-MS  

ICP-MS samples preparation 

Samples (100 μL) were diluted in 2% HNO3 to obtain a final volume of 2 mL and were filtered 

(0.2 µm). A calibration curve was established using the ICP multi-element standard XVI at 100 

ppm (S0) to quantify the amount of metal ions contained in each sample. From the standard 

S0 solution, the S1 solution was prepared (200 μL of S0 in a total volume of 40 mL 2% HNO3) at 
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0.5 ppm or 500 ppb (part per billion, with 1 ppm = 1 000 ppb). For a given standard, the volume 

(in μL) of stock solution was diluted to a total volume of 2% HNO3 solution (20 mL). The 

theoretical metal ion concentration is indicated in ppb. 55Mn, 59Co, 60Ni, 63Cu, and 66Zn were 

selected as isotopes to avoid isobaric interferences. The S1 was used to prepare the standards 

for the calibration curve at 0, 0.2, 2, 10, 20, 50, 100 ppb as listed in the table below. 

Standards 
Preparation 0 ppb 0.1 ppb 0.2 ppb 2 ppb 10 ppb 20 ppb 50 ppb 100 ppb 500 ppb 

S1 (μl) 0 4 8 80 400 800 2000 4000 20000 

2% HNO3 (ml) 20.000 19.996 19.992 19.920 19.600 19.200 18.000 16.000 20.000 

Total (ml) 20.000 20.000 20.000 20.000 20.000 20.000 20.000 20.000 20.000 

Theoretical 
ppb          

55 Mn  0.00 0.10 0.20 2.02 10.10 20.20 50.50 101.00 505.00 

59 Co  0.00 0.10 0.20 2.00 10.00 20.00 50.00 100.00 500.00 

60 Ni  0.00 0.10 0.20 2.02 10.10 20.20 50.50 101.00 505.00 

63 Cu  0.00 0.10 0.20 2.02 10.10 20.20 50.50 101.00 505.00 

66 Zn 0.00 0.10 0.20 2.04 10.20 20.40 51.00 102.00 510.00 

 

ICP-MS calibration 

The counts per second (CPS), representing the average of three measurements, and the 

standard deviation (CPS RSD) are given in the table here blow. The concentration determined 

from the linear fit of the standard calibration curve (CPS plotted vs the theoretical ppb) is 

referred to as Ca (for concentration analyzed) of each meal ion. The Ca in ppb was calculated 

from the CPS values (NCPS) that were converted to ppb (1 ppb = 10-9 g (metal)/1 g (solvent), 

or 1 μg/L) with the slope (fcal) of the standard calibration curve, following the equation: 

𝐶� =
𝑁H��
𝑓�� 

	𝑝𝑝𝑏	 Q𝑜𝑟	
𝜇𝑔
𝐿 R 
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Measurement 0 ppb 0.1 ppb 0.2 ppb 2 ppb 10 ppb 20 ppb 50 ppb 100 ppb 500 ppb 

CPS Mn -95.07 3754.02 5020.79 25663.05 93433.13 184373.09 447266.41 866467.22 4119742.57 

CPS RSD Mn -54.40 3.62 3.36 1.12 0.20 0.30 0.50 0.35 0.45 

CPS Co -36.00 4139.72 8184.10 82337.12 410006.16 816324.85 1997290.61 3875804.91 19005195.36 

CPS RSD Co -53.56 2.61 0.38 1.11 0.73 0.72 0.44 0.38 0.81 

CPS Ni -11.20 1208.63 1810.27 24949.02 119829.22 242064.78 585892.63 1145111.81 5558667.71 

CPS RSD Ni -674.87 3.04 3.79 2.35 0.58 0.41 0.41 0.37 0.80 

CPS Cu 175.86 47355.40 5020.12 72237.92 347080.94 686273.47 1673208.08 3239146.05 15333062.35 

CPS RSD Cu 70.47 0.84 2.92 1.63 0.46 0.47 0.52 0.31 0.73 

CPS Zn -335.05 1909.36 524.72 8340.76 41154.54 82555.45 203569.10 397708.13 1918375.69 

CPS RSD Zn -42.24 6.20 17.03 5.65 0.59 0.33 0.47 0.33 0.50 

 

 
 

Determination of metal ions total amount  

Each sample was measured in triplicate. Counts value (CPS) and standard deviation (CPS RSD) 

are listed in the following table. From the calibration curve, the Ca concentrations in ppb in 

the diluted samples were determined by using the previous equation. Using the diluted 

volume of each sample (or analyzed volume, Va = 2 mL), the amount of metal ions in ng was 

determined. Using the molecular weight, the amount of each metal ion in nmol was 

determined. This corresponds to the total amount of metal ions in each sample. This amount 

can be converted in a concentration in μΜ of the initial sample, considering the initial volume 
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of each sample (V0 = 0.1 mL). Overall, the calculations for the concentration C0 in µM can be 

resumed in the following equation: 

𝐶9 = 𝐶� ×
𝑉�

𝑀𝑊 AV� 	©�5
×
1
𝑉9

 

CPS 55 Mn [He] 59 Co [He] 60 Ni [He] 63 Cu [He] 66 Zn [He] 

H2O pure 19519.82 1762.80 9884.86 56100.28 8030.78 

ACN pure 31799.36 3885.05 27592.03 101018.65 23041.04 

NH4HCO3 pH 7.4 24724.64 5001.38 23359.72 96494.99 14902.42 

NH4HCO3 pH 6.5 45468.13 4656.07 28580.10 86110.68 15729.11 

HEPES pH 7.5 46644.05 2299.09 10914.32 54129.78 8863.57 

enPI2 100 μM 60418.66 2637.76 14437.59 59857.36 9030.05 

enPI2 P 100 μM 47025.48 1548.56 9751.71 54817.13 23253.65 

Mn1 100 μM 2097021.74 5228.45 19616.84 63490.17 54576.84 

Mn1P 100 μM 2195912.22 4150.12 10206.65 93180.02 19352.22 

MnCl2 100 μM 1970301.77 5539.37 21915.89 66014.85 12140.81 

CPS RSD 55 Mn [He] 59 Co [He] 60 Ni [He] 63 Cu [He] 66 Zn [He] 

H2O pure 1.27 4.10 2.00 0.82 1.94 

ACN pure 0.95 0.67 1.20 0.82 1.90 

NH4HCO3 pH 7.4 1.36 2.13 0.88 1.00 0.77 

NH4HCO3 pH 6.5 0.94 2.10 1.24 0.37 0.26 

HEPES pH 7.5 0.93 3.37 1.02 0.33 2.39 

enPI2 100 μM 0.31 5.69 1.31 0.67 1.92 

enPI2 P 100 μM 0.55 4.04 2.02 0.31 0.34 

Mn1 100 μM 0.34 2.09 0.72 0.21 0.56 

Mn1P 100 μM 0.19 1.37 1.97 1.08 0.92 

MnCl2 100 μM 0.41 1.13 1.70 0.42 1.75 

� Experiments on HT29-MD2 cells 

Cell culture 

HT29 human colon adenocarcinoma cells obtained from the European Collection of Cell 

Cultures (Wiltshire, UK) and stably transfected to overexpress MD2, as previously described, 

were used. HT29-MD2 cells were seeded at 3E6/flask in a T-75 flask to reach 80-90% 

confluence in three days and cultured in DMEM (Dulbecco's Modified Eagle Medium) 

supplemented with 10% of heat-activated FBS and 0.1% of blasticidin (10 µg/mL) at 37°C in a 
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5% CO2/air atmosphere. Cell media was changed for fresh every 2-3 days. After reaching 80%-

90% of confluence, cells were washed with DPBS 1X and then detached by exposure to 0.05% 

trypsin-EDTA (5-10 min, 37°C). The action of trypsin was stopped by dilution with fresh media. 

After centrifugation, cells were suspended in fresh media (10 mL) and counted on Malassez 

lamella. 1E6 cells were suspended in fresh media (10 mL) and cultured until further use. Cells 

were grown at least for three-five passages prior to experiments. 

Compounds cytotoxicity with LDH assay 

Cell lysates and supernatants were added in a solution of NADH 0.18 mM and pyruvate 0.62 

mM in PBS 1X and the absorbance of NADH at 340 nm was recorded. A decrease in absorbance 

indicates the oxidation of NADH due to the presence of lactate dehydrogenase (LDH). The 

concentration of LDH is proportional to the slope of the decrease in absorbance over time. 

For the supernatant samples, pyruvate/NADH solution (800 µL) and supernatant (200 µL) was 

added (for an initial total volume of 500 µL → correction factor = 5/2) in a plastic cuvette (1 

mL) and the decrease in absorbance at 340 nm was recorded for 1 min. For the cell lysates, 

pyruvate/NADH solution (800 µL), PBS 1X (190 µL,) and cell lysate (10 µL) was added (for an 

initial total volume of 100 µL → correction factor = 10) in a plastic cuvette (1 mL) and the 

decrease in absorbance at 340 nm was recorded for 1 min. The percentage of LDH released in 

the supernatant was calculated as follows: 

%	LDH®¯®°±®²	³´	±µ¶®´°·°´· =
Slope±µ¶®´°·°´· ×

𝑉»¼½A¾5.(©)
𝑉»¼½A¾5.(Z)

[Slope±µ¶®´°·°´· ×
𝑉»¼½A¾5.(©)
𝑉»¼½A¾5.(Z)

] + [Slope¯¿±°·® ×
𝑉 À»�VA(©)
𝑉 À»�VA(Z)

]
=

> 

%	LDH®¯®°±®²	³´	±µ¶®´°·°´· =
Slope±µ¶®´°·°´· ×

5
2

[Slope±µ¶®´°·°´· ×
5
2] + [Slope¯¿±°·® × 10]

 

Cytotoxicity was considered when LDH release in supernatant exceeded 10%. 

LPS cell activation with and without Mn1 or Mn1P incubation  

HT29-MD2 cells were seeded in 12 well-plates at 200 000 or 250 000 cells/well to reach 80-

90% confluence after 3 or 4 days. Cells were incubated with culture medium (500 µL) 

containing LPS 0.1 µg/mL with and without Mn1 (or Mn1P) 100 μM for 6 h. At the end of the 
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incubation, supernatants were collected and stored at -20°C before ELISA and LDH assay. Cells 

were washed with PBS 1X and lysed by Triton 1X solution (100 µL) with protease inhibitors. 

Cell lysates were harvested by scraping, sonicated, and stored at -20°C before cytotoxicity, 

protein quantitation, and Western Blot experiments. 

Protein quantitation in cell lysates 

The BCA (bicinchoninic acid) protein assay was used for protein quantitation. A calibration 

curve was established using bovine serum albumin (BSA), at a standard range from 0 mg/mL 

to 1 mg/mL. In 96-well plates, cell lysates (3 µL) were deposited in Milli-Q water (22 µL). 

Revealing solution (200 µL, from 10 mL BCA + 200 µL copper sulfate stock solution) was then 

added to each well. After incubation (37°C, 30 min), the absorbance at 560 nm was measured 

directly in the 96-well plates. 

MnSOD quantitation by Western Blot  

Cell lysates were incubated (95 °C, 5 min) in Laemmli buffer 5X (recipe: 4 mL Tris 1.5 M pH 6.8, 

10 mL glycerol, 5 mL β-mercaptoethanol, 2 g sodium dodecyl sulfate (SDS), 1 mL bromophenol 

blue 1%) to denature the proteins. A protein molecular weight marker (5 μL) followed by 

samples of denatured proteins (20 µg) were loaded into each well of an acrylamide gel (10%). 

Deposited volumes of denatured proteins were calculated from the protein quantitation 

results in cell lysates to deposit approximately the same amount of proteins in each well. 

Denatured proteins were then separated by gel electrophoresis (150 V, 1 h). The 

electrophoresis buffer was 144 g glycine, 30 g Tris, 1 L Milli-Q water, 10 mL SDS 10% solution, 

900 mL Milli-Q water. The stain-free gel was activated with UV-light in the Chemidoc imaging 

system (BioRad) and imaged in to detect the migrated proteins. Proteins were then 

transferred to a nitrocellulose membrane (1.3 A, 25 V, 7 min). The membrane was first 

incubated (r.t., 1 h) in a solution containing non-fat dry milk 5% and Tween-20 0.05% in PBS 

0.1 M. The membrane was then incubated (overnight, 5°C) with MnSOD (rabbit) antibodies 

(diluted 1 250-fold) in 5% non-fat dry milk. After three washes in PBS-Tween 20 0.05%, the 

membrane was incubated (r.t., 2 h) with horseradish-peroxidase-conjugated secondary 

(rabbit) antibodies (diluted 10 000-fold) in 5% non-fat dry milk. After the addition of luminol 

solution (1 mL) and peroxide solution (1 mL), protein bands were visualized by 
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chemiluminescence (Chemidoc). Intensity bands analysis was performed by the Image Lab 

Software (BioRad). 

IL-8 quantitation by ELISA 

Quantification of IL-8 was performed using a commercial IL-8 detection ELISA kit containing 

IL-8-specific capture and detection antibodies, IL-8 standards, and streptavidin-HRP by 

following the manufacturer's instructions. The coating was accomplished by incubating 

capture antibodies (4 µg/mL: 100 µL/well in DPBS 1X) in an ELISA-specific 96-well plate, sealed 

with an adhesive strip, and incubated (overnight, 4°C). After removing the capture solution, 

nonspecific binding sites were blocked (1 h, light-protected) by BSA (1%, 200 µL/well in PBS 

1X). Supernatants were diluted 250-fold for LPS-activated samples and 10-fold for non-

activated samples in dilution buffer (BSA 0.1% with Tween 20 0.05%). A standard curve was 

generated by serial dilution (31.3-2,000 pg/mL) of commercial IL-8 solution. The plate was 

washed (x3) with 300 μL DPBS 1X containing Tween 20 0.05%, with an automatic 96-well plate 

washer. The plate was incubated (2 h, protected from light) with the diluted supernatants (100 

µL/well) and washed with 300 μL (PBS Tween) (x3) to remove unbound IL-8. Detection solution 

with detection biotinylated antibodies was added (10 ng/mL: 100 µL/well in PBS 1X), and the 

plate was incubated (2 h, light-protected) and washed with 300 μL (PBS Tween) (x3) to remove 

unbound detection antibodies. A commercial solution of streptavidin-HRP (diluted 40-fold) in 

dilution buffer was added (100 µL/well), and the plate was incubated (20 min, light-protected). 

After 3 washes, revealing solution (100 µL/well, from H2O2 solution 5 mL + TMB solution 5 mL) 

was added and incubated (20 min, light-protected). H2SO4 1 M addition (50 μL/well) stopped 

the reaction and turned TMB diimine yellow. Absorbance at 450 nm was measured to quantify 

the IL-8 in each supernatant. IL-8 levels were normalized by the protein content determined 

by the BCA protein assay in the corresponding cell lysates, as described previously.  

� IMS-MS experiments of Mn1 and Mn1P in cell lysates 

Cell cultures and cell sample preparation 

HT29-MD2 cells were seeded in 250 mL culture flasks at 5E6 cells/flasks to reach 90% 

confluence after 3 or 4 days. Cells were then incubated for 6 h with 10 mL of cell medium 

containing LPS at 0.1 µg/mL and Mn1 at 100 µM or Mn1P at 100 µM. Cells were washed with 

PBS 1X, and 2 mL of ammonium bicarbonate at 50 mM buffer at pH 7.4 were added to the 
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flasks. Cells were harvested by scraping, and the number of cells present in each cell sample 

was counted using a Malassez counting chamber. Cells were sonicated and stored at -20 °C. 

Ammonium bicarbonate (volatile and not saline) buffer has been chosen because it does not 

interfere with the MS analysis compared to HEPES 0.1 M (or Triton 1X). Before being injected 

in the timsTOF apparatus, the cell lysates were centrifuged at 50 000 or 100 000 rpm for 20 

min at 4oC to remove the large proteins and cellular debris. The cell lysates were aliquoted 

and stored at -80 °C until further use.  

Complex preparation 

The Mn1 (or Mn1P) and Co113C6 (or Co1P13C6) complexes were prepared at 100 μM from 

MnCl2 and CoCl2 stock solutions (at 10 mM in miliQ H2O) mixed in 1 eq. with the enPI2 (or 

enPI2P) and enPI2
13C6 (or enPI2

13C6P) ligands in a total volume of 200 μL NH4HCO3 50 mM pH 

7.4 (2 μL of ligand + 2 μL of metal + 196 μL NH4HCO3 50 mM).  

Sample preparation for ionization and IMS-MS analysis 

The complexes have then been diluted in different percentages of ACN/NH4HCO3 50 mM pH 

7.4 to facilitate ionization in the timsTOF system. For the Mn1P quantification, the diluted cell 

lysates (incubated with the complex as described before) were spiked with the Co113C6P 

internal standard at different concentrations just before the IMS direct infusion. Aliquots of 

cell lysates stored at -80oC were defrosted and kept on ice before analysis. Samples were 

prepared in 250 μL of ionization solution for IMS-MS analysis. For the ionization of a complex 

at 2 μM in 80% ACN, 5 μL of the complex at 100 μM were added in 45 μL NH4HCO3 50 mM (or 

cell lysate, incubated with just LPS or with LPS + Mn1P), the tube was vortexed for 5 s and 200 

μL ACN were added. Cell lysate samples in ACN ionization solution were centrifuged for 5 min 

at 13 000 rpm at 4°C, and the supernatant was used for direct infusion. Sample injection was 

performed with a 250 μL syringe at 5 μL/min flow rate. Once the spray was stabilized after 1 

min, the acquisition was performed over 3-5 min in lock accumulation mode (mode 2) to a 

mobility range (selected according to the IM of each analyzed complex). After each sample, 

the system was washed with 40 μL isopropanol (with a 500 μL syringe), 20 μL water (with a 

100 μL syringe) and 40 μL isopropanol (with a 500 μL syringe), to avoid contaminating the 

following sample and capillary blockage. The flow rate was switched to 10 μL/min during the 
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washes. Ultrapure solvents (Biosolve) and metal-free labware were used to avoid metal 

contamination.   

Calibration curve for the quantification of Mn1P 

The calibration curve generated for the quantification of pure Mn1P at 0, 0.001, 0.002, 0.005, 

0.01 μM in 80% ACN/20% NH4HCO3 50 mM pH 7.4, with the Co113C6P internal standard spiked 

at 0.02 μM was performed according to the following table. 

Mn1P final C V ACN V Mn1P V Co113C6P 1 μM V buffer 

0 μM 200 μL - 5 μL 45 μL 

0.001 μM 200 μL 2.5 μL 0.1 μM 5 μL 42.5 μL 

0.002 μM 200 μL 5 μL 0.1 μM 5 μL 40 μL 

0.005 μM 200 μL 1.25 μL 1 μM 5 μL 43.75 μL 

0.01 μM 200 μL 2.5 μL 1 μM 5 μL 42.5 μL 
 
The intensity values for the observed species in the spiked buffer of the calibration curve are 

shown in the table below. 

C [Mn1P]+ Intensity [Mn1P]+ Intensity [Co113C6P]+ [Mn1P]+/[Co113C6P]+ 

0 μM 876 1.3 x 106 0.000658505 

0.001 μM 1.2 x 104 1.7 x 106 0.006634954 

0.002 μM 1.0 x 104 0.9 x 106 0.010799934 

0.005 μM 5.2 x 104 1.1 x 106 0.046644803 

0.01 μM 6.3 x 104 0.9 x 106 0.06617076 

 

Table S4. Intensity values for the observed species in the cell lysates incubated with Mn1P (at 

100 μΜ) and spiked with Co113C6P (at 0.02 μΜ), (45 μL cell lysate + 5 μL Co113C6P 1 μM + 200 

μL ACN), for the quantification experiment of Mn1P in cell lysates. 

Cell sample Intensity  
[Mn1P]+ 

Intensity 
[Co113C6P]+ 

[Mn1P]+/[Co113C
6P]+ 

[Mn1P injected]  
μM 

[Mn1P cell 
lysate] μM 

[Mn1P cells]  
fmol/cell 

Rep Bio 1 - 1 3.1 x 104 3.6 x 105 0.086269785 0.012273988 0.068188824 0.009031632 

Rep Bio 1 - 2 5.9 x 104 3.8 x 105 0.154219987 0.022077939 0.122655216 0.016245724 

Rep Bio 1- 3 2.8 x 104 3.3 x 105 0.08637299 0.012288879 0.068271549 0.009042589 

Rep Bio 2 - 1 7.5 x 104 4.8 x 105 0.155799013 0.022305763 0.123920906 0.024784181 

Rep Bio 2 - 2 4.1 x 104 4.1 x 105 0.100687274 0.014354164 0.079745355 0.015949071 

Experiments were performed in two biological replicates and analyzed in technical triplicates.  
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VI.1.b.ii. Supplementary Figures 

 
Figure S1. a. SOD activity by McCord - Fridovich assay. A Xanthine (200 µM)/xanthine oxidase system was used 
to continuously produce superoxide with ferricytochrome c at 100 μM as a competitive indicator, in HEPES 50 mM 
at pH 7.5. b. Association constant of Mn-ligand by UV-vis titration. The absorbance of the manganese complexes 
was monitored at 288 nm while adding successively 0.1 equivalent of Mn (4.5 μM final concentration) to a 
solution of ligand at 45 μM. The absorbance was plotted as a function of the number of added Mn equivalents. 
The association constants of Mn-enPI2P and Mn-enPI2 were obtained by fitting the theoretical absorbance curve 
to the experimental one using a MATLAB program and based on a non-linear regression method. The calculated 
association constant K (M-L) and the associated R2 are mentioned in each plot. The measures were performed in 
a HEPES 50 mM buffer at pH 7.5 with ionic force F=12.5 mM. c. Cyclic voltammograms by electrochemistry. 
Measures were taken for the HEPES buffer alone, for Mn1, Mn1P and MnCl2 at 400 µM in HEPES 100 mM at pH 
7.4. The electrochemical setup contained a glassy carbon working electrode (3 mm diameter), a platinum wire 
counter electrode, and an aqueous saturated calomel electrode (ECS) as the reference electrode (0.241 V + ECS = 
normal hydrogen electrode). d. Lipophilicity by liquid chromatography. HPLC analysis of the enPI2 ligands on a 
C18 column using a water/ACN gradient increasing from 5% to 50% in water in 10 min and then from 50% to 
100% in 2 min before going back to 5% in 1 min. The mobile phase solvent was complemented with TFA at 0.1%. 
The ligands were pooled at 1 mM and injected together in the chromatographic system. e. Ionization properties 
by ESI-MS. MS spectra for Mn1 + Mn1P analyzed in a 1 to 1 ratio. b was from [6]. 
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Figure S2. Crystallographic structure of Mn1P, consisting of the [(enPI2P) Mn Mn (enPI2P)] (PF6)2 dimer. Thermal 
ellipsoids are shown at the 10% level. A crystallographic twofold axis is located between the two Mn atoms. The 
resulting binuclear complex contains a doubly bridged bimetallic core with Mn ⋯ Mn distance of 3.292(1) Å. For 
each Mn, the atoms comprising the equatorial plane are O(1), O(1)i, N(1), N(5), and Mn is 0.024 A out of this 
plane. The two axial sites are occupied by N(2), N(4), respectively. The bond angle for N(2)-Mn-N(4) is 135.9(2)°. 
Thus, the coordination sphere of the metal atom Mn is best described as a capped distorted octahedron. 

  
Figure S3. Interleukin 8 quantitation of Zn analogs in the supernatants measured by ELISA. LPS-activated (0.1 
µg/mL) cells were incubated in the presence of ZnBr2, Zn1 or Zn1P at 100 µM for 6 h. Non-activated cells were 
incubated with Zn1 or Zn1P at 100 µM for 6 h. Positive and negative controls respectively consist of LPS-activated 
and non-activated HT29-MD2 cells. The IL-8 amount was normalized by the total protein amount present at each 
sample and was reported as ng/mg of proteins. Normalized IL-8 amount is presented % vs. the LPS positive 
control. Results represent mean ± SEM for three biological experiments in technical duplicates. The p-values were 
calculated using the Student’s t-test. The mean rank of each column was compared to that of the LPS control, 
each comparison stands alone. (***) p < 0.001, (**) p < 0.01, and (*) p < 0.05 versus LPS control, and ns means 
nonsignificant. 
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Figure S4. Compounds cytotoxicity with the lactate dehydrogenase assay. Cells were incubated for 6-hours with 
just cell media, with LPS 0.1 μg/mL, with LPS + MnCl2, LPS + Mn1, LPS + Mn1P, Mn1, Mn1P and LPS + ZnBr2, LPS 
+ Zn1, LPS + Zn1P, Zn1, Zn1P at 100 μM. None of the studied conditions were toxic since LDH release in the 
supernatant did not exceed 10%. Results represent three biological experiments in technical duplicates 

 
Figure S5. Determination of the association constants of the studied ligands with Co(II) from competition 
experiments in HEPES 50 mM pH 7.5. The absorbance of the Co(II) complex has been monitored while adding 
successively 0.2 eq of Co(II) (CoCl2) (4 mM) to a solution of manganese complex at 40 μM. The initial solution was 
prepared by adding 2 eq of Mn(II) (MnCl2) (80 μM) to a solution of ligand at 40 µM. The addition of an excess of 
manganese is necessary to (1) assume that the concentration of ligand is null (see calculation of KCoL in 
supplementary information), (2) to shift the equilibrium to the formation of the Mn(II) complex and disfavor the 
Co(II) complex that is more thermodynamically favored. The absorbance is plotted as a function of the number of 
added Co(II) equivalents. The association constants of the cobalt complexes were obtained by fitting the 
theoretical absorbance curve to the experimental one using the MATLAB curve fitting tool based on a non-linear 
least-square regression method (see calculation of KCoL in supplementary information). Dots correspond to the 
experimental data and the continuous line corresponds to the fit. The calculated K (M-L) and the associated R2 
are mentioned in each plot. 
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Figure S6. a. [enPI2+M]+ species ion mobilograms. The samples were analyzed at 20 µM in 1:1 ratio in 80% 
ACN/20% NH4HCO3 50 mM pH 7.4. Ion mobilograms of [enPI2+H]+, [Mn1]+, [Zn1]+, [Ni1]+, [Fe1-H]+, [Cu1]+ and 
[Co1]+ and b. [enPI2P+H]+, [Mn1P]+, [Zn1P]+, [Ni1P]+, [Fe3+(OH)1P]+, [Cu1P]+ and [Co1P]+ were extracted with their 
corresponding theoretical m/z (see Table S3) with 5 mDa precision.  

  
Figure S7 MS spectra with Advion metal-free nano ESI. Nano ESI metal-free TriVersa NanoMate (Advion) source 
coupled to an Orbitrap Fusion Lumos MS (ThermoFisher Scientific). a. Direct infusion of pure Mn1 (MS signature 
at m/z 408.1465) and Mn1P (MS signature at m/z 450.1935) b. Direct infusion of cell lysate in ammonium 
bicarbonate buffer from cells incubated with Mn1 (at 100 μM for 6 h). Ionization at 50 μM in 85% ACN/15% 
ammonium formate 50 mM pH 7.35.  
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Figure S8. IMS-MS extracted ion mobilograms. a. Mn1 ionized at 50 μM in a solution of 50% ACN/50% NH4HCO3 

50 mM pH 7.35, b. Mn1 ionized at 50 μM in a solution of 80% ACN/20% NH4HCO3 50 mM pH 7.35. c. Mn1 analyzed 
at 0.5 μM in 20% ACN/80% NH4HCO3 50 mM pH 7.35, d. Mn1 analyzed at 0.4 μM in 80% ACN/20% NH4HCO3 50 
mM at pH 7.35.  IM of the species were extracted with their corresponding m/z with 5 mDa precision. 

  
Figure S9. Verification of metal presence in the Mn1 and Mn1P preparation step by ICP-MS. A standard solution 
containing 55Mn, 59Co, 60Ni, 63Cu, and 66Zn at 10 ppb each was used to calculate the concentration of these metals 
in ppb in the analyzed samples. All samples were analyzed in 2% HNO3. No significant quantity (<10 ppb) of metals 
was found in the buffers used for the Mn1 and Mn1P preparation. 55Mn was the primary metal in the Mn1, Mn1P 
and MnCl2 samples. 
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Figure S10. LC-MS spectra with Advion metal-free nano ESI. Liquid Chromatography RSLC 3000 (ThermoFisher), 
coupled with the nano ESI metal-free TriVersa NanoMate (Advion) source and the Orbitrap Fusion Lumos MS 
(ThermoFisher Scientific ). Elution in 85% ACN/15% ammonium formate 50 mM pH 7.35 gradient over 30 min. a. 
MS spectra obtained by injection of pure Mn1 or Mn1P at 50 μM with a Zic-HILIC nano column (75 µm internal 
diameter PEEK-covered silica, Merck) and precolumn, b. just with a Zic-HILIC column (no precolumn), c. with no 
column (and no precolumn). d. Theoretical isotope patterns for [Mn1]+, [Fe1-H]+, [Zn1]+ and [Ni1]+ formed by 
coordination of the enPI2 ligand with Mn(II) coinciding with Fe(II) in a dehydrogenated form, as well as Zn(II) and 
Ni(II) and co-elution of chromatography peaks of Mn1 injected at 50 μM. The peaks were extracted at m/z 408.15, 
411.14, and 417.14.  
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Figure S11. a. IMS-MS analysis of Mn1. Full IM of Mn1 (IM 0.899, CCS of 186.201 A2), MS at m/z 408.1453, MS/MS 
at m/z 220.0493, 302.1030, IM of Mn1 was extracted with m/z 408.1465 with 5 mDa precision. The sample was 
injected at 50 µM in a solution of 80% ACN / 20% NH4HCO3 50 mM at pH 7.35. b. IMS-MS analysis of the enPI2 
ligand. Full IM of enPI2 (IM 0.860, CCS of 178.873 A2), MS at m/z 355.2243, MS/MS at m/z 249.2815 and 162.1274, 
IM of enpi2 was extracted with m/z 355.2239 with 5 mDa precision.The sample was ionized at 50 µM in a solution 
of 80% ACN / 20% NH4HCO3 50 mM at pH 6.5. 
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Figure S12. a. IMS-MS analysis of the Mn1P. Full IM of Mn1P (IM 0.950), MS at m/z 450.1939, MS/MS at m/z 
344.1516 and 291.2285. IM of Mn1P was extracted with m/z 450.1939 with 5 mDa precision. The sample was 
ionized at 50 µM in a solution of 80% ACN / 20% NH4HCO3 50 mM at pH 7.35. b. IMS-MS analysis of the enPI2P 
ligand. Full IM of enPI2P (IM 0.919, CCS of 190.404 A2), MS at m/z 397.2714, MS/MS at m/z 291.2289 and 
209.1754. IM of enPI2P was extracted with m/z 397.27104 with 5 mDa precision. The sample was ionized at 50 
µM in a solution of 80% ACN/20% NH4HCO3 50 mM at pH 6.5. 
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Figure S13. IMS-MS dynamic range for Mn1 a. in a non-cell environment, b. in a cell environment. Ion 
mobilograms for Mn1 and Zn1 were extracted according to the respective exact masses with 5 mDa precision. 
LPS stimulated cell lysates were spiked with the complexes in different concentrations at 0.02, 0.2, 2 and 20 μM. 
The samples were analyzed in 80% ACN/20% NH4HCO3 50 mM at pH 7.4.  

 
Figure S14. IMS-MS dynamic range for Mn1P a. in a non-cell environment, b. in a cell environment. Ion 
mobilograms for Mn1P and Zn1P were extracted according to the respective exact masses with 5 mDa precision. 
LPS stimulated cell lysates were spiked with the complexes in different concentrations at 0.02, 0.2, 2 and 20 μM. 
The samples were analyzed in 80% ACN/20% NH4HCO3 50 mM at pH 7.4. 
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Figure S15. Workflow of the IMS-MS strategy for MnSOD mimic detection and quantification in HT29-MD2 cells. 
1. Cells were stimulated with Mn1P at 100 µM and LPS (0.1 μg/mL) in cell medium (DMEM, 20% FBS, 0.1% 
blasticidin). 2. Cells were incubated for 6 h at 37oC. 3. Cells were washed with PBS 1X and detached by scraping 
(to avoid trypsin-EDTA, as EDTA is a good Mn chelator that could shift the complexation equilibrium) in 2 mL 
ammonium bicarbonate 50 mM buffer at pH 7.4. 4. The cell solution was transferred to a clean tube. 5. Cells were 
counted on a Malassez cell counting chamber. 6. Cells were lysed by ultrasound (5 sec cycles x3). 7. Cell lysates 
were ultracentrifuged at 50 000 or 100 000 rpm for 20 min at 4oC to eliminate large biomolecules that would 
perturb the MS analysis. 8. The samples were diluted in ACN to facilitate ionization (optimal ionization solution: 
80% ACN/20% NH4HCO3, total 250 μL). The diluted cell lysates were spiked with an internal standard (Co1P13C6) 
at a specific concentration. 9. The cell lysate samples in ACN ionization solution were then centrifuged for 5 min 
at 13 000 rpm at 4oC. 10. The supernatant was used for direct infusion by IMS-MS (timsTOF system). 

  
Figure S16. IMS-MS extracted ion mobilograms. a. cell lysate spiked with Mn1 at 0.4 µM, b. cell lysate spiked with 
Mn1P at 0.4 µM ionized in a solution of 80% ACN/20% NH4HCO3 50 mM pH 7.4. IM of the species were extracted 
with their corresponding m/z with 5 mDa precision. 



 
 
 

 282 

  
Figure S17. IMS-MS analysis of a. the Co113C6P internal standard. Full IM of Co113C6P, extracted IM (IM 0.964 
V.s.cm-1), MS signature at m/z 460.2084, extracted ion mobilogram of Mn1P with Co113C6P 1:1, with 5 mDa 
precision, b the heavy enPI2

13C6P ligand. Extracted IM of enPI2
13C6P (IM 0.941 V.s.cm-1) with 5 mDa precision. MS 

signature at m/z 403.2910. The samples were ionized at 2 µM in a solution of 80% ACN/20% NH4HCO3 mM at pH 
7.4. 
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Figure S18. ESI-MS analysis of the internal standard by direct infusion. a) Mn1P 50 µM + Co113C6P 1:1, b) Zn1P 50 
µM + Co113C6P 1, c) Mn1P 50 µM + Zn113C6P 1:1 in a solution of 80% ACN/20% NH4HCO3 50 mM pH 7.4. 
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Figure S19. Calibration curve and quantification of Mn1P in cell lysates by IMS-MS. Pure internal standard at 0.02 
μM and Mn1P from 0.001 to 0.01 μM in 80% ACN/20% NH4HCO3 50 mM at pH 7.4. a) Extracted ion mobilograms 
for Mn1P and Co13C6P with 5 mDa precision. b) Linear calibration curve, with the increasing concentration of 
injected Mn1P in the x and intensity of Mn1/Co113C6P extracted ion mobilities in the y axis. The rhombuses 
correspond to the calibration curve points. The crosses corresponded to the experimental points of the injected 
cell lysates from cells incubated with Mn1P (6 h, 100 μM) and spiked with Co113C6P (see Figure S15) c. Calculation 
of the Mn1P intracellular concentration from the calibration's curve linear equation in mol/cell. Fdilution=250/45, 
Vcell lysates= 2 mL (see Table S4 Fig. S15). Typically, Ncell (counted in a Malassez chamber, see Fig. S15) were in 
the range of 10-15 E6 cells. Note that a Vcell of about 2 pL corresponds to an intracellular concentration of 7.5 ± 
3.2 μM/cell. 
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Abstract 

Synchrotron Radiation X-ray Fluorescence (SXRF) imaging is a powerful technique for the 

visualization of metal complexes in biological systems. However, due to the lack of an 

endogenous elemental signature for mitochondria, probes for the localization of this organelle 

are required for colocalization studies. In this work, we designed and synthesized rhenium 

pyta tricarbonyl complexes conjugated to methylated triphenylphosphonium TP*P+ cations as 

multimodal probes for the visualization of mitochondria, suitable for fluorescence and SXRF 

imaging and quantification. Accumulation of the methylated triphenylphosphonium TP*P+-

based conjugates in cells was observed in fixed A549 cells, and the amount of mitochondrial 

uptake was linked to the lipophilicity of the TPP+ vector. Our work highlights a convenient 

rhenium-based multimodal mitochondrial-targeted probe compatible with SXRF nano-

imaging. 

Introduction 

   The subcellular detection, localization, and quantification of small molecules in cellular 

medium and in particular of transition metal complexes are crucial in their development in 

biology and medicine and in the understanding of their biological mode of action. Several 

methods can be used to study the subcellular localization of a compound of interest: study of 
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pharmacological effects, chemical analysis and the most widely employed microscopic 

imaging studies using spectroscopic probes specific for individual organelles.1 Among the 

common approaches, fluorescence microscopy using fluorescent probes is pivotal as a non-

invasive imaging technique for its convenience, good sensitivity and high spatial resolution, 

resulting in the routine use of organelle-specific fluorophores as conventional markers in 

fluorescence imaging.2-4 Despite their popularity and utility, fluorescent probes still suffer 

from some drawbacks such as photobleaching and limited laser penetration depths. 

Moreover, fluorescence imaging is dependent on environmental factors such as medium 

polarity, pH, binding status, etc., that can modify the quantum yield and/or emission 

spectrum, possibly rendering apparent subcellular distribution inaccurate.5-6 More 

importantly, the commonly used strategy of appending a large organic fluorophore on a non-

fluorescent compound of interest to enable its detection may modify its molecular parameters 

and hence alter subcellular distribution.7-8 

   The developments of imaging techniques and organelle-specific probes based on 

complementary modalities are hence of primary importance. In the context of metal imaging, 

X-ray fluorescence (XRF) nano-imaging is highly promising as it allows for the specific and 

direct imaging of the metal centre. Hard X-ray scanning XRF spectroscopy enables the 

simultaneous mapping of all elements having Z>14 provided their edge energy is lower than 

the incident X-ray energy. Thus, information on both the chemical environment and the 

studied metal centre's distribution in biological environments and cells9 is readily available. 

Using highly focalised synchrotron beams, resolutions as good as a few 10 nm’s can be 

obtained. Moreover, scanning Synchrotron Radiation X-ray Fluorescence (SXRF) imaging has a 

high analytical sensitivity (≤ ppm). SXRF spectroscopy thus exhibits a high detection sensitivity, 

a high specificity and a high spatial resolution. SXRF nano-imaging in studies of metallodrugs 

have received increasing attention in the last decade10-15 and provided valuable information 

on the fate of the metal complexes in the cellular context. XRF imaging is, hence, highly 

promising as a tool in the growing field of inorganic medicinal chemistry. 

For co-localization studies by XRF, some endogenous elements can be indicative of a 

subcellular compartment – e.g. phosphorus and zinc reveal nucleus localization,16 while 

manganese has been shown to accumulate in the Golgi apparatus in neural cells – 17 although 

this is not the case for all the organelles. 3D XRF nano-imaging was recently used to determine 
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the subcellular localization of anticancer metal complexes.18-19 Sealed carbon nanotubes filled 

with heavy metals and decorated with organelle-specific peptides were described for the XRF 

mapping of cell membrane, nucleus and endoplasmic reticulum.20 Mitochondria localization, 

up to now, has only been identified by XRF using correlative imaging with fluorescence21 or 

electron microscopy22 or using an immunolabeling technique involving a secondary antibody 

functionalized with gold nanoparticles.23-24 Hence, systems of easier access such as low 

molecular weight XRF imaging molecular probes with specific organelle targeting in the 

manner of conventional fluorophores, with an additional modality such as classical 

fluorescence for validation, would be highly valuable tools for colocalization studies and 

convenient access to the accurate localization of metal complexes by XRF. 

   One promising system for that purpose is multimodal rhenium(I) carbonyl-based probes, 

that can be visualized through infrared (IR), fluorescence and XRF imaging. These biologically-

stable octahedral d6 low-spin Re(I) tricarbonyl complexes, of general formula [Re(CO)3(N^N)X] 

(with N^N a diimine ligand with low-energy π* orbitals), show exciting and valuable 

photophysical properties such as low toxicity, large Stokes shifts and long luminescent 

lifetimes that render them suitable for bio-imaging.25-27 These complexes have thus been 

developed to target different cell compartments as luminescent organelle trackers as 

described in recent reviews.28-29 Re(CO)3 complexes also display IR absorptions in the range 

1800-2200 cm-1, a spectral region in which biological media are transparent. This combination 

of properties enables the use of these complexes as Single Core Multimodal Probe for Imaging 

(SCoMPI) in cells and tissues,30-33 while the IR signature of the complexes enabled their 

quantification inside cells, 5 as demonstrated in correlative fluorescence and infrared imaging 

studies. Most notably, these Re(CO)3 complexes can also be mapped by XRF nano-imaging, as 

recently demonstrated.12, 34-35 Rhenium is highly suitable for this function as it is highly 

emissive in X-fluorescence (after irradiation at > 12.53 keV), and its natural abundance is very 

low (ultra-trace element in urine and plasma (< 1 μg/g)),36 leading to a good signal-to-noise 

ratio.  

   Ideally, to exert their biological effect, compounds must reach their subcellular targets while 

reducing accumulation in non-targeted sites to reduce associated side effects. There is 

therefore a high interest in drug targeting strategies to direct a compound to its specific site 

of action.37-38, 39 One of such targets that have recently drawn attention has been mitochondria 
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organelle due to its increasing association with metabolic diseases and neurodegenerative 

diseases inter alia.40-42 To confer mitochondrial selectivity,43-44 lipophilic cations such as 

mitochondrial-targeting peptides (MTPs)45-47 or triphenylphosphonium (TPP+)48-49 derivatives 

can be conjugated to the cargo of interest, thus exploiting the mitochondrion’s strong 

negative potential (up to 180–200 mV), allowing accumulation within the mitochondrial 

matrix according to the Nernst equation.50 In this context, the triphenylphosphonium (TPP+) 

moiety – which is the “gold standard” among mitochondrial delivery vectors – has been 

broadly used as a molecular vector for selective mitochondrial delivery owing to its high 

lipophilicity, cationic nature, high stability in physiological conditions and its ease of 

conjugation to molecular cargo.49 The versatility of this platform is exemplified by the wide 

range of molecules that has been delivered into the mitochondria through TPP+ conjugation, 

such as spin-traps, antioxidants, prodrugs, protonophores, fluorophores, photodynamic 

therapy sensitizers as well as positron emitters.49 

   Although metal-based probes – mainly Ir(III), Ir(I) and Ru(II)51 and a handful of Re(CO)3 

complexes52-55 – have been described to target mitochondria, to the best of our knowledge, 

none were used as molecular probes in XRF imaging. As mentioned above, the techniques 

used so far require the most advanced 3D XRF processes or immunolabeling techniques that 

could be cumbersome. Finally, there is no XRF-detectable endogenous and ubiquitous 

element characteristic for the mitochondria, making a mitochondria targeting XRF probe of 

particular interest.  

   In light of the need for an organelle-specific multimodal probe compatible with XRF 

techniques, we have designed and synthesized three triarylphosphonium-[Re(CO)3(pyta)X] 

mitochondria-targeted probes suitable for X-fluorescence mapping and quantification. We 

explored methylated TPP derivatives (i.e., TP*P+) that were shown in recent studies to display 

enhanced performance as compared to the conventionally used TPP+ moiety. For instance, 

TP*P+ species have shown a two-fold performance enhancement in in-vitro photodynamic 

therapy (PDT) studies, and have also enabled the accumulation of dicationic species previously 

described as unable to permeate the mitochondrial membrane.56-57 The increase in 

lipophilicity by enhancement of the molecular volume and solvent accessible surface area 

(SASA) of the cations was proposed as key determinant to improve mitochondria 

accumulation.56-57  
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   Here, we report the synthesis of a series of rhenium pyta tricarbonyl complexes conjugated 

to triarylphosphonium cations. Toxicity and imaging studies were performed in A549 cells, 

revealing lipophilicity-dependent toxicity associated with increasing internalization of the 

compounds. Mitochondria localization was assessed by colocalization studies in fluorescence 

imaging using a conventional mitochondria stain Mitotracker Deep Red. Subcellular XRF 

mapping of the compounds was successfully achieved by SXRF imaging using the Re-Lß edge 

of Re. We describe here the conjugate with the bis-methyl TP*P+ cation C3 as a low toxicity 

mitochondria-targeted metal-based multimodal probe that can be mapped and quantified 

inside cells using SXRF. Our study confirms the potential of methyl functionalized TPP+ as 

mitochondrial delivery vectors with enhanced properties.  

Synthesis 

   We synthesized conjugates C1-3 comprising three triphenylphosphonium cation derivatives 

with a rhenium pyta tricarbonyl complex58-60 based respectively on the classical TPP+ cation 

(Rm = Rp = H), the modified TP*P+ cation bearing a methyl group on phenyl para positions (Rm 

= H, Rp = Me) and the modified TP*P+ cation bearing methyl groups on all phenyl meta 

positions (Rm = Me, Rp = H) (Scheme 1). A beta-alanine spacer was chosen to bridge the pyta 

ligand with the aminoethyl phosphonium cations. Increasing the alkyl chain length between 

the cargo and the TPP+ cation vector is known to increase the cell penetration of the 

construct.61-63 For practical reasons in the synthesis and consistent data interpretation, we 

chose to keep the spacer constant and only the nature of the phosphonium vector was 

changed.  

   Therefore, b-Alanine tert-butyl ester hydrochloride was first reacted with chloroacetyl 

chloride in the presence of diisopropylethylamine (DIEA) in dichloromethane (Scheme 1, step 

i). Chloride nucleophilic substitution with sodium azide followed by a copper catalyzed azide 

alkyne cycloaddition (CuAAC) using copper sulfate pentahydrate and sodium ascorbate with 

ethynyl pyridine generated the pyridine-triazole (pyta) ligand functionalized with a tert-butyl 

ester terminated linker 3 (steps ii-iii).34 The corresponding rhenium carbonyl complex 4 was 

obtained by reaction with rhenium pentacarbonyl chloride in toluene under heating (step iv). 

Hydrolysis of the ester function was performed at this stage by treatment in a mixture of TFA 

in DCM, followed by treatment with concentrated HCl to afford a complex 5 with a chloride 
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as unique X ligand (step v). The conjugates C1-3 were finally obtained via an amide coupling 

with aminoethylphosphonium bromide derivatives P1-3 prepared as previously described56 

using HOBt and EDC.HCl as coupling agents in the presence of DIEA in DMF (step vi).  

 

Scheme 1. Synthesis of conjugates C1-3. Conditions: i. chloroacetyl chloride (1.0 eq.), DIEA (2.5 eq.), DCM, 1 h, 25 
°C (quantitative); ii. NaN3 (1.97 eq.), NaI (0.1 eq.), acetone/H2O 3:1 v:v, 17 h, 50 °C (89 %); iii. 2-ethynylpyridine 
(1.2 eq.), CuSO4.5H2O (0.26 eq.), sodium ascorbate (1.0 eq.), acetone/H2O 2:1 v:v, 2h, 25 °C (85%); iv. Re(CO)5Cl 
(1.1 eq.), toluene, 5 h, 80 °C (99%); v. TFA/DCM 1:1 v:v, 1 h, 25 °C then conc. HCl, 10 min, 25 °C (86 %); vi. (2-
aminoethyl)triphenylphosphonium bromide derivative P1-3 (1.1 eq.), HOBt (1.5 eq.), EDC.HCl (1.5 eq.), DMF, 24-
48 h (20-70 %).  

Photophysical properties 

   The photophysical properties of the conjugates C1-3 were characterized in acetonitrile and 

are summarized in Table 1 and Figure S1. The three conjugates show typical absorptions of 

rhenium carbonyl complexes with a MLCT band centered at 330 nm in acetonitrile (Figure 

S1).5, 58, 60 Excitation at 330 nm led to a broad emission band centered at 530 nm. C1-3 showed 

similar low quantum yields around 0.25-0.27%, consistent with rhenium carbonyl complexes 

with substitutions of comparable features.58, 64 

Table 1. Photophysical properties of conjugates C1-3 in acetonitrile and IC50 from MTT assay.  
Complex Excitation 

(nm) 
Emission 
(nm) 

Range 
(nm) 

Quantum 
yielda (%) 

IC50 

(µM) 
Hydrophobicity 
as per rt in RP-
HPLC (min) 

C1 330 530 450 - 620 0.27 413 ± 65 6.40 
C2 330 530 450 - 620 0.27 100 ± 26 7.93 
C3 330 530 450 - 620 0.25 46 ± 10 8.52 

a Quinine sulfate in 0.1 N sulfuric acid was used as a standard with a known quantum yield of 

54.6% (lexc 320 nm).  
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Toxicity  

   The toxicity of the conjugates was evaluated in A549 non-small cell lung cancer cell line using 

a classical 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyl tetrazolium bromide (MTT) assay. The 

cells were incubated with a range of concentrations (1-1000 µM) for 4 h. The conjugates 

showed differential toxicity with IC50 comprised between 46 ± 10 µM for C3 and 413 ± 65 

µM for C1 (Table 1, Figure S2-S3). The higher toxicity with increasing methyl functionalization 

of the phenyl rings of the phosphonium targeting moieties (C1 to C3, with C3 10 times more 

cytotoxic than C1) is consistent with an increased hydrophobicity, as supported by the 

increased retention time in reverse phase analytical HPLC (6.40, 7.93, 8.52 min for C1, C2, and 

C3, respectively). This may be, in turn, consistent with a greater cell penetration. The viability 

at 10 µM and 20 µM, concentrations used for the subsequent imaging experiments, were > 

80% for the three conjugates, and the slight toxicity observed at these concentrations did not 

preclude the imaging studies. Consequently, imaging studies using fluorescence and X-ray 

fluorescence spectroscopy were then performed to investigate the conjugates' sub-cellular 

localisation and quantify their accumulation in A549 cells.  

Fluorescence imaging 

   A549 cells were incubated with 10 µM or 20 µM of the conjugates C1-C3 for 4 h, fixed with 

4% PFA and imaged by single photon excitation at 350 nm (Figure 1 and Figures S4-S7). For all 

the conjugates, a significant fluorescence signal was detected and localized around the 

nucleus. Mitochondrial labeling was then investigated using co-incubation with a conventional 

mitochondrial marker, MitoTracker Deep Red, characterized by an excitation maximum at 644 

nm and an emission in the 650-750 nm range. The use of Mitotracker green (excitation 490 

nm, emission 516 nm) as alternative mitochondria stain was not compatible with the Re(CO)3 

conjugates. During the imaging studies, a loss in intensity of the luminescence signal detected 

for the three conjugates C1-C3 was observed when coincubated with MitoTracker Deep Red. 

Further studies in solution (see SI, Figure S8) showed that, although there is no overlap in the 

excitation spectra of the conjugates and the Mitotracker, there is a partial overlay between 

the emission of the conjugates (450-650 nm, centered at 530 nm in water) and the excitation 

of the organic fluorophore. An enhancement of Mitotracker fluorescence signal, along with a 

loss in luminescence signal of C3  (λexc 320 nm) was consistently observed with an increasing 



 
 
 

 293 

concentration of Mitotracker. (SI Figure S9-S11). This suggests the existence of a fluorescence 

resonance energy transfer (FRET) between the two compounds, implying in turn, that the 

conjugates and the Mitotracker are in close proximity in cells, since FRET is distance-

dependent. Despite this intensity loss, the luminescence of the conjugates could still be 

detected without parasite signal (the signal emitted by the Mitotracker upon excitation at the 

λexc of the conjugates (Figure S10) is filtered out with a filter cut-off above 600 nm). Moreover, 

the FRET phenomenon is expected to occur to the same extent for complexes of similar 

photophysical properties, which allows us to qualitatively compare the cellular luminescence 

images in all three cases. Co-localization results were analyzed using the Van Steensel curve 

and Pearson value methods between the labeling of C1-C3 and Mitotracker Deep Red in cells.  

 
Figure 1. Fluorescence imaging of A549 control cells (control) and cells incubated with conjugates C1-C3 (at 20 
µM for 4 h) (lexc 350 nm). The signal-to-noise ratio were equal to 23.5 dB, 32.0 dB, 34.5 dB and 36.0 dB for control 
cells, cells incubated with C1, C2 and C3, respectively. Fixed fluorescence intensity scale (0-7500 a.u.). Scale bar: 
10 µm (fixed at 3.1 cm). 

In cells incubated with the conjugate C1 with a classical TPP vector, the luminescence signal 

observed appeared less clearly than that of C2 and C3. This may be explained by a poor 

internalization in these conditions. In contrast, a clear luminescence signal could be detected 

in the case of the conjugate C2 compared to control cells. Gaussian maxima shifted from the 

zero position of dx (red line) were obtained in the Van Steensel method and a mean Pearson 

coefficient of 0.83 ± 0.04 was calculated, both suggesting a partial overlay of C2 labeling with 

the mitochondrial marker. The conjugate C3 gave a luminescence signal qualitatively stronger 

than C2, with a comparable sub-cellular distribution as shown by the similar results in 

colocalization methods (mean Pearson coefficient 0.68 ± 0.06, Figure 2 and Figures S12-S16).  

The fluorescence studies are consistent with toxicity studies suggesting a cell penetration 

increasing in the order C1<C2<C3. They show a partial overlay of the labeling of the conjugates 
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with that of the MitoTracker Deep Red, pointing to a partial preferential localization at the 

mitochondria, particularly for C2 and C3 (Figure 3).  

 

 
Figure 2. Colocalization analyses with the fluorescence signal of Mitotracker Deep Red. A549 cells were incubated 
with C1-C3 probes at 20 µM for 4 hours or without incubation (control). (A) Left: channel 1 - fluorescence image 
with excitation at lexc 350 nm, obtained with a gain of 0 over an exposure time of 3s. The signal-to-noise ratio is 
equal to 17 dB for C1, 22 dB for C2, 20 dB for C3 and 12 dB for control cells; Right: channel 2 - fluorescence image 
of the mitotracker Deep Red (lexc 644 nm) obtained with a gain of 0 over an exposure time of 5s. (B) Scatter plot 
or 2D-histogram with a linear regression representing the signal intensity relationship of the two fluorescence 
images. (C) Van Steensel curve (see SI for details). The cross correlation function is maximal for a shift dx equal to 
0, 2, 2 and 1 pixels for C1, C2, C3 and control cells, respectively. The Pearson coefficient is equal to 0.62 for C1, 
0.88 for C2, 0.79 for C3 and 0.30 for control cells. 

Channel	1
C1	20	µM

A B C

Channel	2
Mitotracker 100	nM

Ch
2	
M
ito

tr
ac
ke
r

Ch1	C1	20	µM

Channel	1
C2	20	µM

A B C

Channel	2
Mitotracker 100	nM

Ch
2	
M
ito

tr
ac
ke
r

Ch1	C2	20	µM

Channel	1
C3	20	µM

Ch
2	
M
ito

tr
ac
ke
r

Ch1	C3	20	µM

A B C

Channel	2
Mitotracker 100	nM

Channel	1
Control

A B C

Channel	2
Mitotracker 100	nM

Ch
2	
M
ito

tr
ac
ke
r

Ch1	Control

C1

C2

C3

Control



 
 
 

 295 

 
Figure 3. A549 cells were incubated with C1-C3 probes (20 µM, 4 h). Left: fluorescence signal of the conjugate 
(lexc 350 nm); middle: fluorescence signal of Mitotracker Deep Red (lexc 644 nm); right: merge of conjugate 
(green) and Mitotracker Deep Red (red) with their overlay in yellow. 

Synchrotron radiation scanning X-ray fluorescence nano-imaging (SXRF)  

   SXRF was used to study the intracellular distribution of rhenium in A549 cells incubated with 

the probes (20 µM for 4 hours). The cells were seeded on Si3N4 silicon nitride membranes, 

fixed with 4% paraformaldehyde and air-dried (see SI). Chemical fixation and air drying could 

be used here, the focus of the study not being endogenous metals that can diffuse upon this 

treatment.34, 65 Figure 4 shows the elemental distributions of calcium, phosphorus, zinc and 

rhenium in a single incubated A549 cell (see SI Figure S16-S26 for the mapping of other 

incubated cells and control cells). In order to avoid spectral overlapping between the Zn-Ka 

and Re-La (~8.6 keV) XRF lines, we use the Zn-Kb (~9.6 keV ) and Re Lß (~10.15 and 10.28 keV) 

spectral lines to produce the Re and the Zn distribution maps34 (see SI). The localization of the 

nucleus is indicated by the phosphorus and zinc mapping. As rhenium is an ultratrace element 

in biological samples,36 the rhenium signal can therefore be attributed to the conjugates C1-

C3.  
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Figure 4. Transmission optical microscope images (left) and elemental distributions of Ca, P, Re, and Zn in A459 
cells incubated with C1-C3 (with color coded map (intensity) (right)). The phosphorus (P), and zinc (Zn) maps, are 
used to identify the nucleus area. Re was mapped using the Lß lines. A459 cells were incubated for 4 hours with 
C1-C3 (20 µM) before fixation and air-drying (excitation at 14 keV; integration time, 300 ms per pixel; pixel size, 
500 nm). Scale axis in µm. 

   Rhenium could not be significantly detected in cells incubated with C1 (Figures 4 and S16-

S18 in comparison to control cells (Figures S24-S26). By contrast, the probes C2 and C3 can be 

unambiguously detected in incubated cells. They show a perinuclear and punctuate 

distribution that qualitatively matches that observed by fluorescence imaging.  

   Finally, the amount of rhenium in cells incubated with the three conjugates C1-C3 was 

quantified by XRF using a rhenium standard (see SI). The average concentrations expressed in 

µg per cell are shown in Figure 5. A differential accumulation of the probes in cells in the order 

C1 < C2 < C3 was confirmed, supporting a reduced internalization of C1. The amount of C1 was 

not significant compared to control cells. The average amount of rhenium in cells incubated 

with C2 and C3 was 4.00 10–7 µg per cell and 1.01 10–6 µg per cell, respectively, indicating a 

more than 2-fold increase in cellular accumulation for the C3 conjugate.  
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Figure 5. Quantification of rhenium accumulation in cells by X-ray fluorescence. A549 cells were incubated in 
presence of the rhenium probes C1-C3 at 20 µM for 4 h. Data represent mean ± SEM. The number of 
measurements is indicated above each column. The p-values were calculated from the Kruskal-Wallis test (non-
parametric ANOVA test) using Prism software. Each comparison stands alone. (***) p < 0.001, (**) p < 0.002 and 
(*) p < 0.033 and ns means non-significant. 

Conclusions 

   We designed and synthesized rhenium pyta tricarbonyl complexes with 

triphenylphosphonium cation derivatives as mitochondria targeting probes. The classical TPP+ 

was evaluated along with two poly-methylated derivatives TP*P+ that were proposed as 

valuable alternative for mitochondria accumulation.56-57 The appendage of the non-polar 

methyl groups enhances the cation’s lipophilicity while increasing its solvent accessible 

surface area and molecular volume, suggested as a key parameter to predict targeting ability. 

The conjugates displayed typical photophysical properties of rhenium carbonyl complexes 

with a MLCT absorption band centered at 330 nm and an emission at 530 nm with low 

quantum yields below 1% in acetonitrile. An increasing toxicity on A549 cells was observed 

with the lipophilicity of the conjugates, the C3 complex with a bis-methyl TP*P+ being the 

more toxic with an IC50 of 46 µM, still suitable for bioimaging. Fluorescence imaging studies in 

fixed A549 cells and colocalization studies showed a partial localization at the mitochondria 

for TP*P+ conjugates C2 and C3 while no significant signal was observed for TPP+ complex C1 
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when co-incubated with a Mitotracker. The conjugates were finally mapped in fixed dried cells 

and quantified using XRF spectroscopy. Compared to C1, TP*P+ conjugates C2 and C3 were 

unambiguously detected in incubated single cells with a perinuclear accumulation of 

punctuate appearance consistent with a partial mitochondrial localization. A higher 

penetration and accumulation in cells was confirmed with the use of TP*P+ cations, with twice 

as much bis-methyl cation C3 compared to mono methyl cation C2. Our study expands the use 

of this alternative family of mitochondria targeting agents and further supports its potential 

for enhanced mitochondrial therapies. Besides, we identify two Re tricarbonyl complexes as 

multimodal imaging probes targeting mitochondria as observed by fluorescence and X-ray 

fluorescence spectroscopies. These probes are a very convenient alternative to 

immunolabeling involving gold-modified secondary antibodies and compatible with chemical 

fixation and air drying easily applied for SXRF. Further studies are underway to further 

demonstrate mitochondrial localization in live cells and in cryofixed samples. Finally, this 

paves the way towards the development and applications of organelle specific XRF molecular 

probes that would undoubtedly bring invaluable insights in medicinal inorganic chemistry 

approaches.  
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Supporting Information 

� Experimental part 

Synthesis 

General considerations 

1H and 13C NMR spectra were recorded on a Bruker DRX 300 using solvent residuals as internal 

references. The following abbreviations are used: singlet (s), doublet (d), doubled doublet 

(dd), triplet (t), doubled triplet (td), quadruplet (q) and multiplet (m). High resolution mass 

spectrometry (HRMS) was performed on a Bruker hybride APEX spectrometer (electrospray) 

at the ICMMO (Institut de chimie et des matériaux d’Orsay). The following abbreviations are 

used: electrospray (ESI), time of flight (TOF). TLC analysis was carried out on silica gel (Merck 

60F-254) with visualization at 254 and 366 nm. Preparative flash chromatography was carried 

out with Merck silica gel (Si 60, 40-63 µm). Reagents and chemicals were purchased from 

Merck, Acros, Alfa Aesar, TCI or Strem Chemicals. Dry solvents (dichloromethane (CH2Cl2 or 

DCM), toluene, tetrahydrofuran (THF) and dimethylformamide (DMF)) and reagents 

(diisopropylethylamine (DIEA)) were purchased from Merck and used without further 

purification. Analytical HPLC was performed on an Agilent 1200 series equipped with a 

quaternary pump using a Proto 200 C18 from Higgins Analytical Inc (particles size 3 μm, 100 × 

4.6 mm column). Preparative HLC was performed on an Agilent 1260 Infinity using a Nucleodur 

C18 HTech column from Macherey-Nagel Inc. (particles size 5 μm, 250 × 16 mm column). UV-

visible absorption spectra were recorded on a Varian Cary 300 Bio spectrophotometer, 

luminescence emission spectra on a Jasco FP-8300 spectrofluorimeter. Infrared spectra were 

recorded on a Perkin Elmer Spectrum 100 in ATR mode (background on air) and analyzed using 

the Omnic software. The following abbreviations are used: weak (w), strong (S), broad (br). 
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TP*P (2-aminoethyl)triphenylphosphonium bromide derivatives were synthesized according 

to published procedures.1  

Numbering used in the NMR attributions.  

β-Alanine(N-2-chloroacetyl) tert-butyl ester 1: β-alanine tert-butyl ester hydrochloride (1.50 

g, 8.26 mmol, 1.2 eq.) was suspended in dry DCM (15 mL) under argon. Dry DIEA (2.9 mL, 17.2 

mmol, 2.5 eq.) was added and the suspension was cooled down in an ice bath. Chloroacetyl 

chloride (0.6 mL, 6.9 mmol, 1.0 eq.) was added dropwise and the reaction mixture was stirred 

for 1 h at room temperature (ca. 25 °C). The reaction mixture was then diluted with DCM (15 

mL) and washed with a 0.1 M HCl aqueous solution (30 mL), a 10 % NaHCO3 aqueous solution 

(30 mL) and brine (30 mL). The organic phase was dried over MgSO4, filtered and evaporated 

to afford β-alanine(N-2-chloroacetyl) tert-butyl ester 1 as a pale-yellow oil (1.61 g, quantitative 

yield).  

Rf(SiO2, cyclohexane/ethyl acetate 70:30 v:v) = 0.28); 1H NMR (300 MHz, CDCl3): δ (ppm) 7.16 

(broad s, 1H, NH), 3.92 (s, 2H, Cl-CH2), 3.41 (q, 2H, J = 6.1 Hz, CONH-CH2), 2.36 (t, 2H, J = 6.1 

Hz, CH2-COOtBu), 1.34 (s, 9H, -C(CH3)3); 13C NMR (75 MHz, CDCl3): δ (ppm) 172.1 (COOtBu), 

165.8 (CONH), 81.1 (-C(CH3)3), 42.5 (Cl-CH2), 35.3 (NH-CH2), 34.8 (NH-CH2-CH2), 27.9 (-C(CH3)3); 

HRMS (ESI+): m/z calculated for C9H16ClNNaO3 [M + Na]+: 244.0711, found: 244.0722.  

tert-Butyl 3-(2-azidoacetamido)propanoate 2: β-alanine(N-2-chloroacetyl)tert-butyl ester 1 

(1.02 g, 4.58 mmol, 1.0 eq.) was dissolved in a 3:1 v:v mixture of acetone (15 mL) and water 

(5 mL). NaN3 (587.1 mg, 9.16 mmol, 1.97 eq.) and NaI (69.1 mg, 461 μmol, 0.1 eq.) were added 

and the reaction mixture was stirred for 17 h at 50 °C. NaI (0.1 eq.) was added again and the 

reaction stirred for one additional hour. Acetone was evaporated and the mixture was diluted 

with DCM (15 mL) and water (5 mL). The aqueous phase was extracted with DCM (3 × 10 mL); 

the combined organic phases were dried over MgSO4, filtered and evaporated to afford tert-

butyl 3-(2-azidoacetamido)propanoate 2 as a pale-yellow oil (0.93 g, 89% yield).  

Rf(SiO2, cyclohexane/ethyl acetate 70:30 v:v) = 0.22); 1H NMR (300 MHz, CDCl3): δ (ppm) 7.00 

(broad s, 1H, NH), 3.79 (s, 2H, N3-CH2), 3.35 (q, 2H, J = 6.2 Hz, NH-CH2), 2.32 (t, 2H, J = 6.2 Hz, 

General considerations

Chemicals and solvents: All chemicals and solvents were purchased from commercial
sources (Sigma-Aldrich, Acros, Alfa-Aesar, TCI, Strem, Iris, VWR, Creative PEGWorks)
and were used as received. Dulbeccoss modified Eagle medium (DMEM) and penicillin-
streptomycin were from Invitrogen (Thermo Fisher Scientific, Waltham, Massachussetts,
USA). Fetal bovine serum was from GE Healthcare Life Sciences (South Logan, Utah,
USA). Dulbeccoss phosphate Bu�ered Saline (10X, DPBS) was from Gibco (Thermo
Fisher Scientific, Waltham, Massachussetts, USA).

Characterization: For Re(I) complexes and hyaluronic acid, the numbering showed in Fig-
ure 1 is used.
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Figure 1 – Numbering used for NMR assignment in the case of (a) the SCoMPI probes and (b)
hyaluronic acid.

Instrumentation and analysis: 1H and 13C NMR spectra were recorded on a Bruker
DRX300 spectrometer. The chemical shifts (”/ppm) were calibrated relative to residual
solvent signals. The following abbreviations are used: singlet (s), doublet (d), doublet of
doublets (dd), triplet (t), triplet of doublets (td) and multiplet (m). High resolution mass
spectra (HR-MS) were obtained on a Bruker hybride APEX spectrometer (electrospray)
at the ICMMO (Institut de chimie et des matériaux d’Orsay). Peptides were character-
ized by MALDI-TOF-MS in the positive ion reflector mode on an ABI Voyager DE-Pro
MALDI-TOF mass spectrometer (Applied Biosystems) using as matrix a saturated so-
lution of CHCA in AcN/H2O/TFA (50:50:0.1 v:v:v). Analytical HPLC was performed
on an Agilent 1200 series equipped with a quaternary pump using a Proto 200 C18 from
Higgins Analytical Inc (particles size 3 µm, 100 ◊ 4.6 mm column). Preparative HLC
was performed on an Agilent 1260 Infinity using a Nucleodur C18 HTech column from
Macherey-Nagel Inc. (particles size 5 µm, 250 ◊ 16 mm column). UV-visible absorption
spectra were recorded on a Varian Cary 300 Bio spectrophotometer, luminescence emis-

161



 
 
 

 305 

NH-CH2-CH2), 1.30 (s, 9H, -C(CH3)3); 13C NMR (75 MHz, CDCl3): δ (ppm) 171.1 (COOtBu), 166.6 

(CONH), 80.9 (-C(CH3)3), 52.2 (N3-CH2), 34.8 (NH-CH2), 34.7 (NH-CH2-CH2), 27.7 (-C(CH3)3); IR: 

3304 (br, NH), 2980 (w, CH), 2102 (S, N3), 1723, 1659 (S, C−O). HRMS (ESI+): m/z calculated 

for C9H16N4NaO3 [M + Na]+: 251.1115, found: 251.1118.  

tert-Butyl 3-(2-(4-(pyridin-2-yl)-1H-1,2,3-triazol-1-yl)acetamido)propanoate 3: tert-butyl 3-

(2-azidoacetamido)propanoate 2 (485.0 mg, 2.12 mmol, 1.0 eq.) was dissolved in a 2:1 v:v 

mixture of acetone (20 mL) and water (10 mL). 2-Ethynylpyridine (264.0 mg, 2.56 mmol, 1.2 

eq.), copper sulfate pentahydrate (87.7 mg, 549 μmol, 0.26 eq.) and sodium ascorbate (434 

mg, 2.19 mmol, 1.03 eq.) were then added and the suspension was sonicated for a few 

minutes, during which a light brownish precipitate formed. The reaction mixture was then 

stirred for 2 h at room temperature (ca. 25 °C). Acetone was evaporated, the mixture was 

diluted with DCM (30 mL), and the resulting solution was poured into an aqueous 28 % 

ammonia solution (30 mL) and extracted with DCM (3 × 10 mL). The organic phases were 

combined, dried over Na2SO4, filtered and concentrated. The resulting brown solid was 

purified by column chromatography on silica gel (ethyl acetate/cyclohexane 60:40 to 100:0 

v:v) to afford tert-butyl 3-(2-(4-(pyridin-2-yl)-1H-1,2,3-triazol-1-yl)acetamido)propanoate 3 as 

a white solid (598.4 mg, 85% yield).  

Rf(SiO2, ethyl acetate) = 0.23); 1H NMR (300 MHz, CDCl3): δ (ppm) 8.59 (d, 1H, J = 5.0 Hz, Ha 

pyta), 8.37 (s, 1H,Hg pyta), 8.19 (d, 1H, J = 7.9 Hz, Hd pyta), 7.82 (td, 1H, J = 7.9, 1.8 Hz, Hc pyta), 

7.33-7.27 (m, 1H, Hb pyta), 6.60 (broad s, 1H, NH), 5.11 (s, 2H, pyta-CH2), 3.50 (q, 2H, J = 6.2 

Hz, CONH-CH2), 2.43 (t, 2H, J = 6.2 Hz, CH2-COOtBu), 1.38 (s, 9H, -C-(CH3)3); 13C NMR (75 MHz, 

CDCl3): δ (ppm) 171.5 (COOtBu), 164.9 (CONH), 149.4 (Ce pyta), 148.9 (Ca pyta), 148.3 (Cf pyta), 

137.8 (Cc pyta), 124.1 (Cg pyta), 123.4 (Cb pyta), 120.7 (Cd pyta), 81.6 (-C(CH3)3), 53.3 (pyta-

CH2), 35.5 (NH-CH2), 34.9 (NH- CH2-CH2), 28.1 (-C(CH3)3); IR: 3357 (S, CH aromatic), 2985 (w, 

CH aliphatic), 1712, 1681 (S, C−O); HRMS (ESI+): m/z calculated for C16H21N5NaO3 [M + Na]+: 

354.1537, found: 354.1529.  

Re(CO)3Cl(tert-butyl 3-(2-(4-(pyridin-2-yl)-1H-1,2,3-triazol-1-yl)acetamido)propanoate) 4: 

tert-butyl 3-(2-(4-(pyridin-2-yl)-1H-1,2,3-triazol-1-yl)acetamido)propanoate 3 (399.8 mg, 1.21 

mmol, 1.0 eq.) was dissolved in hot toluene (60 °C, 20 mL), Re(CO)5Cl (484.1 mg, 1.34 mmol, 

1.1 eq.) was added and the reaction mixture was refluxed for 5 h. The reaction mixture was 
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cooled down to room temperature, the precipitated solid was filtered, washed with cold 

toluene (0 °C, 10 mL) and dried under vacuum to afford Re(CO)3Cl(tert-butyl 3-(2-(4-(pyridin-

2-yl)-1H-1,2,3-triazol-1-yl)acetamido)propanoate) 4 as a yellow solid (880.0 mg, 99% yield).  

Rf(SiO2, ethyl acetate) = 0.34; 1H NMR (300 MHz, CDCl3): δ (ppm) 9.02 (ddd, 1H, J = 5.6, 1.5, 

0.8 Hz, Ha pyta), 8.54 (s, 1H, Hg pyta), 8.06 (td, 1H, J =7.8, 1.5 Hz, Hc pyta), 7.91 (dt, J = 7.8, 1.2 

Hz, 1H, Hd pyta), 7.47 (ddd, 1H, J = 7.8, 5.6, 1.2 Hz, Hb pyta), 7.19 (t, 1H, J = 5.8 Hz, NH), 5.22-

4.89 (m, 2H, pyta-CH2), 3.52 (qd, 2H, J = 6.6, 2.2 Hz, NH-CH2), 2.48 (t, 2H, J = 6.6 Hz, CH2-

COOtBu), 1.46 (s, 9H, -C(CH3)3); 13C NMR (75 MHz, CD3OD): δ (ppm) 172.6 (COOtBu), 166.5 

(CONH), 154.3 (Cf pyta), 150.8 (Ce pyta), 150.2 (Ca pyta), 141.4 (Cc pyta), 127.9 (Cg pyta), 127.3 

(Cb pyta), 123.6 (Cd pyta), 82.1 (-C(CH3)3), 54.3 (pyta-CH2), 36.9 (NH-CH2), 35.9 (NH-CH2-CH2), 

28.4 (-C(CH3)3); IR: 3288 (br, NH), 2980 (w, CH), 2021 (s, CO A1), 1883 (s, CO E), 1681 (s, C=O), 

1153 (S, C-O); HRMS (ESI+): m/z calculated for C19H21ClN5NaO6Re [M + Na]+: 635.9657, found: 

635.9355.  

Re(CO)3Cl(3-(2-(4-(pyridin-2-yl)-1H-1,2,3-triazol-1-yl)acetamido)propanoic acid) 5: 

Re(CO)3Cl(tert-butyl 3-(2-(4-(pyridin-2-yl)-1H-1,2,3-triazol-1-yl)acetamido)propanoate) 4 

(880.0 mg, 1.38 mmol, 1 eq.) was dissolved in DCM (4 mL) and trifluoroacetic acid (4 mL, 52 

mmol, 35 eq.) was added slowly. The reaction mixture was stirred at room temperature for 1 

h. The solvents were evaporated and concentrated HCl (37%, 4 mL) was added. The reaction 

mixture was stirred for 10 min at room temperature, HCl was evaporated and the residue 

dried under vacuum to afford Re(CO)3Cl(3-(2-(4-(pyridin-2-yl)-1H-1,2,3-triazol-1-

yl)acetamido)propanoic acid) 5 as a whitish solid (650.0 mg, 86% yield). 

Rf(SiO2, DCM/EtOH 75:25 v:v + 1% v CH3COOH) = 0.61; 1H NMR (300 MHz, CDCl3/CD3OD): δ 

(ppm) 8.97 (dt, 1H, J = 5.5, 1.2 Hz, Ha pyta), 8.93 (s, 1H, Hg pyta), 8.18-8.08 (m, 2H, Hc & Hd 

pyta), 7.54 (td, 1H, J = 5.5, 4.0 Hz, Hb pyta), 5.45-5.25 (m, 2H, pyta-CH2), 3.52 (t, 2H, J = 6.6 Hz, 

NH-CH2), 2.57 (t, 2H, J = 6.6 Hz, CH2-COOH); 13C NMR (75 MHz, CDCl3/CD3OD): δ (ppm) 173.6 

(COOH), 164.4 (CONH), 152.7 (Cf pyta), 149.1 (Ce pyta), 148.6 (Ca pyta), 139.6 (Cc pyta), 128.5 

(Cg pyta), 127.7 (Cb pyta), 125.6 (Cd pyta), 122.0, 52.8 (pyta-CH2), 35.4 (NH-CH2), 33.0 (NH-CH2-

CH2); IR: 3353, (br, OH), 3129 (w, CH), 2015 (s, CO A1), 1897.6 (s, CO E), 1719 (s, C=O); HRMS 

(ESI+): m/z calculated for C15H13ClN5NaO6Re [M + Na]+: 603.9995, found: 603.9991. 
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(2-Aminoethyl)triphenylphosphonium bromide:1 (2-bromoethyl) amine hydrobromide (7.81 

g, 38.1 mmol, 1.0 eq.) was dissolved in acetonitrile (50 mL). Triphenylphosphine (10.0 g, 38.1 

mmol, 1.0 eq.) was added and the solution was refluxed overnight (82 °C). The precipitate was 

filtered, dissolved in water and treated with a saturated aqueous solution of K2CO3 until pH > 

11. The product was extracted with DCM (3 × 10mL); the organic phases were combined, dried 

over MgSO4 and evaporated to afford (2-aminoethyl)triphenylphosphonium bromide as a 

white solid (4.47 g, 30% yield).  

Rf(SiO2, DCM/EtOH 70:30 v:v) = 0.39 ; 1H NMR (300 MHz, CDCl3): δ (ppm) 7.75 (m, 15 H, PPh3), 

4.06 (m, 2H, J = 1.1 Hz, H2N-CH2), 3.15 (m, 2H, J = 1.1 Hz, CH2-PPh3); IR: 3316 (w, NH), 2903 

(w, CH), 1743 (C=C); HRMS (ESI+): m/z calculated for [C20H21NP]+: 306.139502, found: 

306.140613. NMR Data in agreement with literature. 

(2-ammonioethyl)tri(p-tolyl)phosphonium bromide:  (2-bromoethyl) amine hydrobromide 

(0.410 g, 2 mmol, 1.0 eq.) was dissolved in acetonitrile (5 mL). Tri(p-tolyl)phosphine (0.898 g, 

2.95 mmol, 1.475 eq.) was added and the solution was refluxed overnight (82 °C). The solution 

was allowed to cool to room temperature and the product was precipitated by the addition 

of diethyl ether. The solid was filtered and recrystallized in ACN/Et2O to afford (2-

ammonioethyl)tri(p-tolyl)phosphonium bromide as a white solid (0.405 g, 40% yield).  

1H NMR (500 MHz, CDCl3): δ (ppm) 8.94 (s, 3 H, -NH3), 7.73 – 7.36 (m, 12 H, Ar-H), 4.35 (m, 2 

H, H3N-CH2), 3.33 (s, 2 H, CH2-PAr3), 2.51 (s, 9 H, Ar-Me); 31P{1H} NMR (121 MHz, CDCl3): δ 

(ppm) 21.58. 

(2-ammonioethyl)tris(3,5-dimethylphenyl)phosphonium bromide:  (2-bromoethyl) amine 

hydrobromide (0.246 g, 1.2 mmol, 1.0 eq.) was dissolved in acetonitrile (3 mL). Tris(3,5-

dimethylphenyl)phosphine (0.555 g, 1.60 mmol, 1.33 eq.) was added and the solution was 

refluxed overnight (82 °C). The solution was allowed to cool to room temperature and the 

product was precipitated by the addition of diethyl ether. The solid was filtered and 

recrystallized in ACN/Et2O to afford (2-ammonioethyl)tris(3,5-dimethylphenyl)phosphonium 

bromide as a white solid (0.425 g, 64% yield).1 

1H NMR (500 MHz, CDCl3): δ (ppm) 8.76 (s, 3 H, -NH3), 7.42 (s, 3 H, o-Ph), 7.31 (d, JP-H = 14.1 

Hz, 6 H), 4.39 – 4.17 (m, 2 H, H2N-CH2), 3.31 (s, 2 H, CH2-PAr3), 2.43 (s, 18 H, Ar-Me); 31P{1H} 

NMR (121 MHz, CDCl3): δ (ppm) 21.34. 
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General procedure for conjugates 1-3:  

Re(CO)3Cl(3-(2-(4-(pyridin-2-yl)-1H-1,2,3-triazol-1-yl)acetamido)propanoic acid) 5 (1.0 eq.), N-

ethyl-Nʹ-(3-dimethylaminopropyl)carbodiimide hydrochloride (EDC·HCl, 1.5 eq.) and 

hydroxybenzotriazole (HOBt, 1.5 eq.) were dissolved in DMF (2.8 mL / 100 mg). After 5 min of 

stirring, (2-aminoethyl)triphenylphosphonium bromide derivative P1-3 (1.1 eq.) and DIEA (3.3 

eq.) were added and the reaction mixture was stirred at room temperature (ca. 25 °C) for 24 

or 48 h. After evaporation of the solvent, the resulting solid was dissolved in DCM (15 mL) and 

a saturated aqueous NaHCO3 solution (15 mL) was added. The aqueous phase was extracted 

with DCM (10 mL); the combined organic phases were dried over Na2SO4, filtered and 

evaporated. The crude product was purified by column chromatography on aluminum oxide 

with a DCM/EtOH gradient from 100:0 to 80:20 v:v as eluent.  

[Re(CO)3Cl(triphenyl(2-(3-(2-(4-(pyridin-2-yl)-1H-1,2,3-triazol-1-

yl)acetamido)propanamido)ethyl)phosphonium bromide)] C1: was obtained following 

general procedure from Re(CO)3Cl(3-(2-(4-(pyridin-2-yl)-1H-1,2,3-triazol-1-

yl)acetamido)propanoic acid) 5 (100.7 mg, 173.3 μmol, 1.0 eq.) and (2-

aminoethyl)triphenylphosphonium bromide P1 (90.3 mg, 193 μmol, 1.1 eq.) in 48 h after 

purification by column chromatography on aluminum oxide, DCM/EtOH gradient from 100:0 

to 80:20 v:v: as a yellow sticky solid (74.7 mg, 70 % yield).  

1H NMR (300 MHz, CDCl3): δ (ppm) 9.23 (s, 1H, Hg pyta), 8.99 (t, 1H, J = 5.4 Hz, NH), 8.88 (dd, 

1H, J = 5.6, 1.3 Hz, Ha pyta), 8.56 (t, 1H, J = 5.1, NH), 8.03 (d, 1H, J = 7.6 Hz, Hd pyta), 7.94 (td, 

1H, J = 7.6, 1.3 Hz, Hc pyta), 7.82-7.73 (m, 9H, PPh3), 7.67 (m, 6H, PPh3), 7.34 (dd, J = 7.6, 5.6 

Hz, 1H, Hb pyta), 5.45 (s, 2H, pyta-CH2), 3.80 (m, 2H, CONH-CH2), 3.59-3.40 (m, 4H, 2 × CH2), 

2.32 (t, 2H, J = 5.7 Hz, CH2); 13C NMR (75 MHz, CDCl3): δ (ppm) 172.5 (CONH), 164.7 (CONH), 

152.8 (Ca pyta), 149.6 (Cf pyta), 148.7 (Ce pyta), 139.9 (Cc pyta), 135.5 (PPh3 Cpara), 135.4 (Cb 

pyta), 133.8, 133.7 (PPh3 Cortho), 130.8, 130.6 (PPh3 Cmeta), 125.7 (Cd pyta), 122.9 (Cg pyta), 

118.6, 117.4 (Ph3P-C), 60.3 (pyta-CH2), 36.8 (NH-CH2), 36.3 (NH-CH2), 27.6 (NH-CH2-CH2); 31P 

NMR (121 MHz, CDCl3): δ (ppm) 21.06; IR: 3207 (br, NH), 3059 (w, CH aromatic), 2927 (w, CH 

aliphatic), 2020 (S, CO A1), 1911 (S, CO E), 1885 (S, CO E), 1684 (C=O amide); HRMS (ESI+): m/z 

calculated for [C35H32ClN6O5PRe]+: 869.1413 found: 869.1390; HPLC (5 to 100 % of acetonitrile 

in 10 min): tr = 6.4 min, purity > 85%.  
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[Re(CO)3Cl((2-(3-(2-(4-(pyridin-2-yl)-1H-1,2,3-triazol-1-yl)acetamido)propanamido)ethyl)tri-

p-tolylphosphonium bromide)] C2: was obtained following general procedure from 

Re(CO)3Cl(3-(2-(4-(pyridin-2-yl)-1H-1,2,3-triazol-1-yl)acetamido)propanoic acid) 5 (100.1 mg, 

172 μmol, 1.1 eq) and (2-aminoethyl)tri-p-tolylphosphonium bromide P2 (79.1 mg, 155 μmol, 

1.0 eq.) in 24 h after purification by column chromatography on aluminum oxide, DCM/EtOH 

gradient from 100:0 to 80:20 v:v: as a yellow solid (30.0 mg, 20 % yield). 

1H NMR (300 MHz, CDCl3): δ (ppm) 9.20 (s, 1H, Hg pyta), 8.94-8.87 (m, 2H, Ha pyta & NH), 8.53 

(t, 1H, J = 5.6 Hz, NH), 8.03 (m, 1H, Hd pyta), 7.94 (td, 1H, J = 7.6, 1.5 Hz, Hc pyta), 7.64-7.55 

(m, 6H, PPh3), 7.45 (dd, 6H, J = 8.2, 3.3 Hz, 6H, PPh3), 7.34 (ddd, 1H, J = 7.6, 5.5, 1.5 Hz, Hb 

pyta), 5.43 (s, 2H, pyta-CH2), 3.69-3.56 (m, 2H, CONH-CH2), 3.50 (m, 2 × CH2), 2.45 (s, 9H, 3 × 

CH3), 2.36 (t, 2H, J = 5.9 Hz, 2H, CH2); 13C NMR (75 MHz, CDCl3): δ (ppm) 172.4 (CONH), 164.6 

(CONH), 149.6 (Cf pyta), 148.7 (Ce pyta), 146.7, 146.6 (PPh3 Cpara), 139.5 (Ca pyta), 133.6, 133.5 

(PPh3 Cortho), 133.5 (Cc pyta), 131.4, 131.2 (PPh3 Cmeta), 125.7 (Cb pyta), 123.2 (Cd pyta), 122.7 

(Cg pyta), 115.3, 114.2 (PPh3-C), 54.0 (pyta-CH2), 33.7 (NH-CH2-CH2);  31P NMR (121 MHz, 

CDCl3): δ (ppm) 19.94; IR: 3225 (br, NH), 3048 (w, CH aromatic), 2924 (w, CH aliphatic), 2020 

(S, CO A1), 1910 (S, CO E), 1882 (S, CO E), 1665 (C=O amide); HRMS (ESI+): m/z calculated for 

[C38H38ClN6O5PRe]+: 911.1875 found: 911.1858; HPLC (5 to 100 % of acetonitrile in 10 min): tr 

= 7.93 min, purity > 85 %.  

[Re(CO)3Cl(tris(3,5-dimethylphenyl)(2-(3-(2-(4-(pyridin-2-yl)-1H-1,2,3-triazol-1-

yl)acetamido)propanamido)ethyl)phosphonium bromide)] C3: was obtained following general 

procedure from Re(CO)3Cl(3-(2-(4-(pyridin-2-yl)-1H-1,2,3-triazol-1-yl)acetamido)propanoic 

acid) 5 (99.8 mg, 172 μmol, 1.1 eq) and (2-aminoethyl)tris(3,5-dimethylphenyl)phosphonium 

bromide P3 (85.8 mg, 156 μmol, 1.0 eq.)  in 24 h after purification by column chromatography 

on aluminium oxide, DCM/EtOH gradient from 100:0 to 80:20 v:v: as a yellow sticky solid (62.9 

mg, 39 %yield).  

1H NMR (300 MHz, CDCl3): δ (ppm) 9.18 (s, 1H, Hg pyta), 9.14 (t, 1H, J = 5.4 Hz, NH), 8.92-8.89 

(dt, 1H, J = 5.4, 1.2 Hz, Ha pyta), 8.56 (m, 1H, NH), 7.95-7.93 (m, 2H, Hd&c pyta), 7.37 (s, 3H, 

PPh3), 7.36-7.32 (m, 4H, Hb pyta + PPh3), 7.27 (s, 3H, PPh3), 5.40 (m, 2H, CH2), 5.29 (s, 2H, pyta-

CH2), 3.59-3.46 (m, 6H, 3 x CH2), 2.40 (s, 18H, 6 x CH3); 13C NMR (75 MHz, CDCl3): δ (ppm) 172.3 

(CONH), 164.5 (CONH), 152.9 (Ca pyta), 149.6 (Cf pyta) 148.7 (Ce pyta), 140.9, 140.7 (PPh3 
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Cmeta), 139.7 (Cc pyta), 137.11, 137.07 (PPh3 Cpara), 130.9, 130.8 (PPh3 Cortho), 125.7 (Cd pyta), 

122.6 (Cg pyta), 118.5, 117.4 (PPh3), 54.0 (pyta-CH2), 37.0 (NH-CH2), 36.4 (NH-CH2), 33.8 (NH-

CH2-CH2), 21.6 (CH3);  31P NMR (121 MHz, CDCl3): δ (ppm) 19.82; IR: 3224 (br, NH), 3037 (w, 

CH aromatic), 2922 (w, CH aliphatic), 2020 (S, CO A1), 1910 (S, CO E), 1883 (S, CO E), 1670 (C=O 

amide); HRMS (ESI+): m/z calculated for [C41H44ClN6O5PRe]+: 953.2344 found: 

953.2312; HPLC (5 to 100 % of acetonitrile in 10 min): tr = 8.52 min, purity > 85%. 

Spectroscopy.  

Fluorescence emission studies were performed on a Jasco spectrofluorometer FP-8300 in 

acetonitrile or MilliQ water (with 10% DMSO).  

For luminescence quantum yields determination, fluorescence and absorbance spectra were 

recorded in acetonitrile (with 10% DMSO) at different concentrations for the three conjugates 

and in 0.1 N sulfuric acid solution for the reference quinine sulfate. For fluorescence spectra, 

the excitation was set at 330 nm and emission light was detected between 350 nm and 600 

nm. Quinine sulfate in 0.1 N sulfuric acid was used as a standard with a known quantum yield 

of 54.6% (exc 320 nm).  

The quantum yields were determined with the following equation:  

 where the subscripts s and r refer to the sample and the standard 

reference solution respectively; n is the refractive index of the solvents (the refractive index 

of 10% DMSO in acetonitrile was considered equal to that of acetonitrile); F is the integrated 

emission intensity; A is the absorbance at the excitation wavelength (A < 0.1) and f is the 

luminescence quantum yield. The ratio F/A is given by the linear regressions.  

Cell Culture.  

A549 epithelial human lung carcinoma cells were cultured at 37 °C in a 5% CO2 in air 

atmosphere. They were grown in high glucose DMEM with pyruvate sodium supplemented 

with 10% heat-inactivated FBS and 1% penicillin/streptomycin. 

Fluorescence Microscopy. 

A549 cells were grown on glass coverslip to reach around 50% confluency and were then 

incubated for 4 hours in presence of the probes at 10 or 20 µM (final volume of DMSO £ 0,2%). 
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At the end of the incubation, the medium was removed and a solution of fluorescent 

mitochondria tracker Mitotracker Deep Red (provided by Invitrogen) at 100 nM in complete 

media were added. After 30 minutes of incubation at 37 °C, the mitochondria staining solution 

were removed and the cells were washed twice with phosphate buffer. The cells were fixed 

with 4% para-formaldehyde for 8 min at room temperature and washed twice with PBS and 

once with milliQ water. Slides were air-dried and laid on a microscope slide with mounting 

media Vectashield (from Vector Laboratories) in between to minimize photobleaching and 

thus increase the sensitivity. 

Fluorescence imaging was performed using an Olympus X71 microscope equipped with a 

C9100-02 camera (Hamamatsu Corporation, Sewickley, PA), a X60 oil-objective, a Lumencor 

Spectra X light source and a Hg lamp (100 W) attenuated by a neutral density filter. 

Microscopic slides were illuminated with the Hg lamp and luminescence signal of C1, C2 and 

C3 probes were detected using the following filter set: excitation D350/50x; beam splitter 

400DCLP; emission HQ560/80m; Chroma Technology. For imaging, the glass coverslip (thinner 

part) was in contact with the oil. Microscopic slides were illuminated with the red source of 

Lumencor Spectra X and luminescence signal of the mitochondria tracker were detected using 

the appropriate filter set provided by Semrock (dichroic mirror: FF409/493/573/652-Di01-

25x36 and emission filter: FF01-432/515/595/730-25). Image analysis was performed using 

Fiji software. The image background was subtracted using the “rolling ball” algorithm provided 

by Fiji.  

The colocalization analysis were performed using the plugin coloc2 and JacoP implemented 

on Fiji software. The statistical confidence of the colocalization analysis results (Pearson value, 

Van-Steensel curve, scatter plot) were validated by the Costes’ method. This method consists 

in randomizing the first image channel 200 times and to check that the Pearson coefficient is 

below that of the unrandomized image in 100% of cases.  

The Van Steensel crosscorrelation function (CCF)2 is a technique that shifts an image A on the 

x-axis pixel per pixel relative to another image B and calculate the respective Pearson 

Coefficient. A cross correlation function is obtained by plotting the Pearson coefficient as a 

function of the pixel shift dx. Complete colocalization shows a bell-shaped curve with 

maximum at dx = 0; partial colocalization shows a peak shifted from dx = 0. The CCF obtained 
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for our conjugates show a partial overlay of the conjugates’ labeling with that of the 

MitoTracker Deep Red. 

Synchrotron Radiation X-ray Fluorescence (SXRF) Nano-imaging. 

The intracellular distribution of rhenium in control cells and cells incubated with the probes 

was determined using SXRF nano-imaging. A549 cells were seeded on Si3N4 silicon nitride 

membranes (purchased from Silson Ltd, membrane size: 1.5 mm x 1.5 mm; membrane 

thickness: 500 nm) to reach around 50% confluency and treated with the probes at 20 µM 

(final volume of DMSO £ 0,2%) for 4 hours at 37 °C under 5% CO2. After incubation, they were 

washed twice with PBS, fixed with 4% paraformaldehyde, washed again twice with PBS and 

once with milliQ water and eventually air-dried. 

The samples were examined on the hard X-ray nano-probe beamline, NANOSCOPIUM of the 

French national synchrotron facility, SOLEIL, Paris, France. Maps were recorded using a 14 keV 

incident beam energy. A549 cells were imaged by using a continuous scanning mode with a 

pixel size of 0.5 μm and with an accumulation time per pixel equal to 100, 200 or mostly 300 

ms/pixel. Rapid scans were obtained beforehand at lower resolution (1 µm) and shorter dwell 

time (50 ms) to select the desired cells, previously located using phase- contrast optical 

microscopy. A total of 13 cells incubated with C2 and C3 probes and 9 cells incubated with C1 

were mapped. The full XRF spectra were collected in each pixel by two Si-drift detectors 

(Ketek) in order to increase the solid angle of detection.  

The elemental calcium, phosphorus, rhenium and zinc distribution maps were extracted from 

the full XRF spectra using a MATLAB program developed by the NANOSCOPIUM team. For 

rhenium, the background was subtracted and for all elements, the maps were normalized to 

the dwell time per pixel allowing direct comparison across samples. The XRF sum-spectra 

extracted from the maps were processed by PyMCA.  

The Cu-Kb, Zn-Ka and Re-La lines at ~8.6 keV are 100 % overlapping. However, the good 

energy resolution of the XRF detectors of the Nanoscopium beamline ensures the 

unambiguous deconvolution of the Zn-Kb (9.6 keV) and the Re-Lb lines (~10.15 and 10.28 keV). 

As such, in order to avoid the eventual overlapping of Zn and Re signal in the Re images, we 

used only the Re-Lb lines to create the X-ray intensity maps. The detailed description of the 

data treatment of the XRF data-set can be found in Hostachi et al.3 
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Quantification of rhenium accumulation in cells 

The amount of Re accumulated in the cells were calculated by comparing the rhenium signal 

summed within a mask of the mapped cells to the rhenium signal of a rhenium external 

standard. Masks of the cells were determined from the calcium map or the phosphorus 

spectra map. The Re standard was prepared by depositing 0.3 µL of a 10 µM solution of 

Re(CO)5Cl in MeOH (3.0 x 10-12 mol) on a silicon nitride SiN3 membrane. The membrane was 

air-dried and the imaging of this rhenium standard (pixel size = 1 µm and integration time = 

10 ms, Figure S27) allows us to identify the whole area of the Re droplet and to calculate 

precisely the total Re intensity, 2.32 x 107 Ifluo/s corresponding to the deposited rhenium molar 

quantity (3.0 x 10-12 mol) within the droplet by fitting the Re spectrum by PyMCA. This permits 

to calculate the conversion factor between the measured Re XRF intensity and molar 

concentrations, which is: 1.29 x 10-19 mol.s/Ifluo. 

Cytotoxicity Assay 

The probes cytotoxicity was assessed by using the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide) assay based on the mitochondrial-dependent reduction of MTT 

to formazan. A549 cells were grown in 96-well plate to reach around 90% confluency and were 

then incubated for 4 hours at 37 °C in the presence of the probes at concentrations varying 

between 1 µM and 1 mM. The medium was then removed; the cells were washed with PBS 

and were incubated with a solution of MTT at 0.5 mg/mL for two hours at 37 °C. At the end of 

the incubation, formazan crystals were visible under the microscope. Three quarters of the 

MTT solution were removed in each well and were replaced by DMSO. The plate was 

incubated for 30 minutes at 37 °C to solubilize the formazan crystals. After complete 

solubilization of the formazan crystals, the extent of reduction of MTT to formazan by the cells 

was quantified by the measurement of the absorbance at 570 nm. A blank without cells were 

included in order to subtract the background corresponding to the culture medium from all 

samples. The percentage of cell viability compared to the untreated control were then 

calculated and were plotted as a function of the probe concentration. IC50 were calculated by 

fitting this curve with a four-parameter logistic curve using the Matlab L4P regression function. 

The MTT assay was performed for two biological replicates. For each biological replicate, the 

compounds’ cytotoxicity was screened at each concentration in triplicate. 
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� Results  

 
Figure S1. A. UV-vis absorption spectra of complexes C1-C3 in acetonitrile (with 10% DMSO, 20 μM); B. 
Normalized luminescence emission spectra of complexes C1-C3 (20 μM) in acetonitrile (with 10% DMSO) (λexc 
330 nm). 
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Fig. S2. Example of determination of IC50. The cytotoxicity of the three probes were assessed from the MTT assay 
at concentrations varying between 1 µM and 1 mM. IC50 were calculated by fitting the plot of cell survival (%) 
versus probe concentration (µM) with a four-parameter logistic curve. The curves represented here correspond 
to one biological replicate and each dot to the mean of technical triplicates. 

 

Figure S3. Probe concentrations that produce 50 % cell growth inhibition (IC50). IC50 were calculated from curves 
constructed by plotting cell survival (%) versus probe concentration (µM). The percentage of cell survival was 
calculated at each concentration using the MTT viability assay. The MTT assay was performed for two biological 
replicates. For each biological replicate, the compounds cytotoxicity was screened at each concentration in 
triplicate. 
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Figure S4. Fluorescence imaging of A549 control cells (excitation 350 nm). The signal-to-noise ratio were equal to 
23.5 dB, 22.9 dB, 22.0 dB and 22.3 dB respectively. Fixed fluorescence intensity scale (0-7500 u.a). Scale bar: 10 
µm (fixed at 1.55 cm). 

 
Figure S5. Fluorescence imaging of A549 cells incubated with conjugate C1 (at 20 µM for 4 h) (excitation 350 nm). 
The signal-to-noise ratio were equal to 32.9 dB, 32.5 dB, 33.3 dB and 30.9 dB respectively. Fixed fluorescence 
intensity scale (0-7500 u.a). Scale bar: 10 µm (fixed at 3.1 cm). 

 
Figure S6. Fluorescence imaging of A549 cells incubated with conjugate C2 (at 20 µM for 4 h) (excitation 350 nm). 
The signal-to-noise ratio were equal to 32.5 dB, 33.1 dB, 35.0 dB and 33.4 dB respectively. Fixed fluorescence 
intensity scale (0-7500 u.a). Scale bar: 10 µm (fixed at 3.1 cm). 

Figure S7. Fluorescence imaging of A549 cells incubated with conjugate C3 (at 20 µM for 4 h) (excitation 350 nm). 
The signal-to-noise ratio were equal to 34.5 dB, 35.4 dB, 33.4 dB and 36.5 dB respectively. Fixed fluorescence 
intensity scale (0-7500 u.a). Scale bar: 10 µm (fixed at 3.1 cm). 
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Figure S8. Normalized luminescence emission spectrum of C3 conjugate (50 μM, in H2O/DMSO 90/10 v/v, black 
curve) (λexc 320 nm) and excitation spectrum of Mitotracker Deep Red (100 nM in H2O) (λem 657 nm).  

 
Fig S9. Effect of mitochondria tracker co-incubation on the luminescence signal of the C3 probe. The C3 probe 
was prepared at 50 µM in MilliQ water (with 10% DMSO). The mitochondria tracker Mitotracker Deep Red was 
added to the C3 solution at concentrations varying between 100 nM and 1500 nM. Fluorescence spectra were 
recorded by exciting at 320 nm and detecting emission light between 400 nm and 800 nm.  
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Fig. S10. Integrated fluorescence intensity (635 to 685 nm) of a solution of the mitochondria tracker in presence 
or not of C3 at 50 µM, upon excitation at 320 nm. The fluorescence intensity of the mitochondria tracker is higher 
when co-incubated with C3. This result suggests the existence of fluorescence resonance energy transfer between 
the two compounds. 

 
Fig S11. Effect of the co-incubation of C3 with the mitochondria tracker on their respective fluorescence intensity. 
C3 integrated luminescence intensity (500 - 550 nm) (50 µM in MilliQ water, λexc 320 nm) was plotted as a 
function of the concentration of mitochondria tracker. The integrated fluorescence intensity of the mitochondria 
tracker co-incubated with C3 was subtracted by that of the mitochondria tracker at the same concentration 
without C3 and plotted as a function of the mitochondria tracker concentration. 
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Figure S12. Colocalization analyses with the fluorescence signal of Mitotracker Deep Red. A549 cells were 
incubated with C1-C3 probes at 20 µM for 4 hours or without incubation (control). (A) Left: channel 1 – 
fluorescence image with excitation at λexc 350 nm, obtained with a gain of 0 over an exposure time of 3s. The 
signal-to-noise ratio is equal to 17dB for C1, 24 dB for C2, 23 dB for C3 and 10 dB for control cells; Right: channel 
2 – fluorescence image of the Mitotracker Deep Red (λexc 644 nm) obtained with a gain of 0 over an exposure 
time of 5s. (B) Scatter plot or 2D-histogram with a linear regression representing the signal intensity relationship 
of the two fluorescence images. (C) Van Steensel curve. The cross correlation function is maximal for a shift dx 
equal to 0, 1, 2 and 0 pixels for C1, C2, C3 and control cells, respectively. The Pearson coefficient is equal to 0.70 
for C1, 0.80 for C2, 0.66 for C3 and 0.32 for control cells. 
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Figure S13. Colocalization analyses with the fluorescence signal of Mitotracker Deep Red. A549 cells were 
incubated with C1 probe at 20 µM for 4 hours. (A) Left: channel 1 – fluorescence image with excitation at λexc 
350 nm, obtained with a gain of 0 over an exposure time of 3s. The signal-to-noise ratio is equal to 16.9 dB; Right: 
channel 2 – fluorescence image of the Mitotracker Deep Red (λexc 644 nm) obtained with a gain of 0 over an 
exposure time of 5s. (B) Scatter plot or 2D-histogram with a linear regression representing the signal intensity 
relationship of the two fluorescence images. (C) Van Steensel curve. The cross correlation function is maximal for 
a shift dx equal to 1, 2 and 2 pixels, respectively. The Pearson coefficient is equal to 0.71, 0.72, 0.83 respectively. 
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Figure S14. Colocalization analyses with the fluorescence signal of Mitotracker Deep Red. A549 cells were 
incubated with C2 probe at 20 µM for 4 hours. (A) Left: channel 1 – fluorescence image with excitation at λexc 
350 nm, obtained with a gain of 0 over an exposure time of 3s. The signal-to-noise ratio is equal to 19 dB and 20 
dB respectively; Right: channel 2 –  fluorescence image of the Mitotracker Deep Red (λexc 644 nm) obtained with 
a gain of 0 over an exposure time of 5s. (B) Scatter plot or 2D-histogram with a linear regression representing the 
signal intensity relationship of the two fluorescence images. (C) Van Steensel curve. The cross correlation function 
is maximal for a shift dx equal to 2, 3 and 3 pixels, respectively. The Pearson coefficient is equal to 0.78, 0.85, 0.82 
respectively. 
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Figure S15. Colocalization analyses with the fluorescence signal of Mitotracker Deep Red. A549 cells were 
incubated with C3 probe at 20 µM for 4 hours. (A) Left: channel 1 – fluorescence image with excitation at λexc 
350 nm, obtained with a gain of 0 over an exposure time of 3s. The signal-to-noise ratio is equal to 19.2 dB; Right: 
channel 2 – fluorescence image of the Mitotracker Deep Red (λexc 644 nm) obtained with a gain of 0 over an 
exposure time of 5s. (B) Scatter plot or 2D-histogram with a linear regression representing the signal intensity 
relationship of the two fluorescence images. (C) Van Steensel curve. The cross correlation function is maximal for 
a shift dx equal to 2, 0 and 0 pixels, respectively. The Pearson coefficient is equal to 0.63, 0.65, 0.68 respectively. 
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Figure S15. A549 control cells in colocalization analyses with the fluorescence signal of Mitotracker Deep Red. (A) 
Left: channel 1 - fluorescence image with excitation at λexc 350 nm, obtained with a gain of 0 over an exposure 
time of 3s. The signal-to-noise ratio is equal to 12.9 dB; Right: channel 2 – fluorescence image of the Mitotracker 
Deep Red (λexc 644 nm) obtained with a gain of 0 over an exposure time of 5s. (B) Scatter plot or 2D-histogram 
with a linear regression representing the signal intensity relationship of the two fluorescence images. (C) Van 
Steensel curve. The cross correlation function is maximal for a shift dx equal to 17, 8 and 6 pixels, respectively. 
The Pearson coefficient is equal to 0.36, 0.50, 0.32 respectively. 
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Figure S16. Elemental distributions of Ca, P, Re, and Zn in A549 cells incubated with C1 (with color map (intensity) 
(right) and corresponding transmission optical microscope image (top). The phosphorus (P), and zinc (Zn, Kb-lines) 
maps are used to identify the nucleus area. Re was mapped using the Lß lines (~10.15 and 10.28 keV). A549 cells 
were incubated for 4 hours with C1 (20 µM) before fixation and air-drying (excitation at 14 keV; integration time, 
300 ms per pixel; pixel size, 500 nm). Scale axis in µm.  
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Figure S17. Elemental distributions of Ca, P, Re, and Zn in A549 cells incubated with C1 (with color map (intensity) 
(right) and corresponding transmission optical microscope image (top). The phosphorus (P), and zinc (Zn, Kb-lines) 
maps are used to identify the nucleus area. Re was mapped using the Lß lines (~10.15 and 10.28 keV). A549 cells 
were incubated for 4 hours with C1 (20 µM) before fixation and air-drying (excitation at 14 keV; integration time, 
300 ms per pixel; pixel size, 500 nm). Scale axis in µm.  
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Figure S18. Elemental distributions of Ca, P, Re, and Zn in A549 cells incubated with C1 (with color map (intensity) 
(right). The phosphorus (P), and zinc (Zn, Kb-lines) maps are used to identify the nucleus area. Re was mapped 
using the Lß lines (~10.15 and 10.28 keV). A549 cells were incubated for 4 hours with C1 (20 µM) before fixation 
and air-drying (excitation at 14 keV; integration time, 300 ms per pixel; pixel size, 500 nm). Scale axis in µm.  
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Figure S19. Elemental distributions of Ca, P, Re, and Zn in A549 cells incubated with C2 (with color map (intensity) 
(right) and corresponding transmission optical microscope image (top). The phosphorus (P), and zinc (Zn, Kb-lines) 
maps are used to identify the nucleus area. Re was mapped using the Lß lines (~10.15 and 10.28 keV). A549 cells 
were incubated for 4 hours with C2 (20 µM) before fixation and air-drying (excitation at 14 keV; integration time, 
300 ms per pixel; pixel size, 500 nm). Scale axis in µm.  
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Figure S20. Elemental distributions of Ca, P, Re, and Zn in A549 cells incubated with C3 (with color map (intensity) 
(right) and corresponding transmission optical microscope image (top). The phosphorus (P), and zinc (Zn, Kb-lines) 
maps are used to identify the nucleus area. Re was mapped using the Lß lines (~10.15 and 10.28 keV). A549 cells 
were incubated for 4 hours with C3 (20 µM) before fixation and air-drying (excitation at 14 keV; integration time, 
300 ms per pixel; pixel size, 500 nm). Scale axis in µm. 
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Figure S21. Elemental distributions of Ca, P, Re, and Zn in A549 cells incubated with C3 (with color map (intensity) 
(right) and corresponding transmission optical microscope image (top). The phosphorus (P), and zinc (Zn, Kb-lines) 
maps are used to identify the nucleus area. Re was mapped using the Lß lines (~10.15 and 10.28 keV). A549 cells 
were incubated for 4 hours with C3 (20 µM) before fixation and air-drying (excitation at 14 keV; integration time, 
300 ms per pixel; pixel size, 500 nm). Scale axis in µm. 
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Figure S22. Elemental distributions of Ca, P, Re, and Zn in A549 cells incubated with C3 (with color map (intensity) 
(right). The phosphorus (P), and zinc (Zn, Kb-lines) maps are used to identify the nucleus area. Re was mapped 
using the Lß lines (~10.15 and 10.28 keV). A549 cells were incubated for 4 hours with C3 (20 µM) before fixation 
and air-drying (excitation at 14 keV; integration time, 300 ms per pixel; pixel size, 500 nm). Scale axis in µm. 
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Figure S23. Elemental distributions of Ca, P, Re, and Zn in A549 cells incubated with C3 (with color map (intensity) 
(right). The phosphorus (P), and zinc (Zn, Kb-lines) maps are used to identify the nucleus area. Re was mapped 
using the Lß lines (~10.15 and 10.28 keV). A549 cells were incubated for 4 hours with C3 (20 µM) before fixation 
and air-drying (excitation at 14 keV; integration time, 300 ms per pixel; pixel size, 500 nm). Scale axis in µm. 
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Figure S24. Elemental distributions of Ca, P, Re, and Zn in control A549 cells (with color map (intensity) (right) 
and corresponding transmission optical microscope image (top). The phosphorus (P), and zinc (Zn, Kb-lines) maps 
are used to identify the nucleus area. Re was mapped using the Lß lines (~10.15 and 10.28 keV). A549 cells were 
fixed and air-dried (excitation at 14 keV; integration time, 300 ms per pixel; pixel size, 500 nm). Scale axis in µm. 

 

Calcium Phosphorus

Zinc Rhenium (µg/cm2)



 
 
 

 333 

 
Figure S25. Elemental distributions of Ca, P, Re, and Zn in control A549 cells (with color map (intensity) (right) 
and corresponding transmission optical microscope image (top). The phosphorus (P), and zinc (Zn, Kb-lines) maps 
are used to identify the nucleus area. Re was mapped using the Lß lines (~10.15 and 10.28 keV). A549 cells were 
fixed and air-dried (excitation at 14 keV; integration time, 300 ms per pixel; pixel size, 500 nm). Scale axis in µm. 
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Figure S26. Elemental distributions of Ca, P, Re, and Zn in control A549 cells (with color map (intensity) (right) 
and corresponding transmission optical microscope image (top). The phosphorus (P), and zinc (Zn, Kb-lines) maps 
are used to identify the nucleus area. Re was mapped using the Lß lines (~10.15 and 10.28 keV). A549 cells were 
fixed and air-dried (excitation at 14 keV; integration time, 300 ms per pixel; pixel size, 500 nm). Scale axis in µm. 
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Figure S27. X-ray fluorescence imaging of a rhenium external standard (0.3 µL of a 10 µM rhenium solution) on a 
SiN3 membrane (excitation at 14 keV; integration time, 10 ms per pixel; pixel size, 1 µm; Ifluo = 2.32 x 107/s). 
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VI.2. Chapter III 

VI.2.a. Supplementary tables 

SOD-Cu 
gene 

CCAATGCATCAGGTGGTGGTGGTTCAGGTGGTGGTGGTTCAGGTGGTGGTGGTTCAC
CAGATCACAAACACCACCTTCACGGTGGTGGTGGTTCAGGTGGTGGTGGTTCAGGTG
GTGGTGGTTCACCAGATCACAAACACCACCTTCACGGTGGTGGTGGTTCAGGTGGTGG
TGGTTCAGGTGGTGGTGGTTCACCAGATCACAAACACCACCTTCACGATTACAAAGAT
GATGATGATAAATAAGGGAATTCCC 

CAT-Cu 
gene  

CCAATGCATCAGGTGGTGGTGGTTCAGGTGGTGGTGGTTCAGGTGGTGGTGGTTCAC
CACACTACAAACACCGTCTTCACGGTGGTGGTGGTTCAGGTGGTGGTGGTTCAGGTGG
TGGTGGTTCACCACACTACAAACACCGTCTTCACGGTGGTGGTGGTTCAGGTGGTGGT
GGTTCAGGTGGTGGTGGTTCACCACACTACAAACACCGTCTTCACGATTACAAAGATG
ATGATGATAAATAAGGGAATTCCC 

SOD-Mn 
gene  

CCAATGCATCAGGTGGTGGTGGTTCAGGTGGTGGTGGTTCAGGTGGTGGTGGTTCAA
AAGCAGAAGATTACGAAGATCCAGGTGATGAATACGATGAAGCAAAAGGAGGAGGA
GGATCTGGAGGAGGAGGATCTGGAGGAGGAGGATCTAAGGCTGAGGACTATGAGGA
CCCTGGCGACGAGTATGACGAGGCTAAGGGCGGCGGCGGCTCCGGCGGCGGCGGCT
CCGGCGGCGGCGGCTCGAAAGCCGAGGACTACGAGGACCCCGGAGATGAGTATGAC
GAAGCCAAGGATTACAAAGATGATGATGATAAATAAGGGAATTCCC   

Table S3. 1: Genes encoding for SOD-Cu, CAT-Cu and SOD-Mn peptides (except the signal peptide part that is 
included in the plasmid vector). The genes were ordered to Genecust company. 

SP_SOD-Cu MKKINLALLTLATLMGVSSTAVVFADDASGGGGSGGGGSGGGGSPDHKHHLHGG
GGSGGGGSGGGGSPDHKHHLHGGGGSGGGGSGGGGSPDHKHHLHDYKDDDDK 
MKKKIISAILMSTVILSAAAPLSGVYASGGGGSGGGGSGGGGSPDHKHHLHGGGG
SGGGGSGGGGSPDHKHHLHGGGGSGGGGSGGGGSPDHKHHLHDYKDDDDK 

SP_CAT-Cu MKKINLALLTLATLMGVSSTAVVFADDASGGGGSGGGGSGGGGSPHYKHRLHGG
GGSGGGGSGGGGSPHYKHRLHGGGGSGGGGSGGGGSPHYKHRLHDYKDDDDK 
MKKKIISAILMSTVILSAAAPLSGVYASGGGGSGGGGSGGGGSPHYKHRLHGGGGS
GGGGSGGGGSPHYKHRLHGGGGSGGGGSGGGGSPHYKHRLHDYKDDDDK 

SP_CAT-Mn MKKINLALLTLATLMGVSSTAVVFADDASGGGGSGGGGSGGGGSKAEDYEDPGD
EYDEAKGGGGSGGGGSGGGGSKAEDYEDPGDEYDEAKGGGGSGGGGSGGGGSK
AEDYEDPGDEYDEAKDYKDDDDK 

Table S3. 2: The sequence of the signal peptides are detailed. In red is the signal peptide of Exp4 protein found in 
pSICE plasmid. In underlined black is the signal peptide of Usp45 protein found in pNICE plasmid. The peptides 
with SOD-activity upon copper or manganese complexation are in green and blue respectively. The peptides with 
CAT-activity upon copper complexation are in orange. They are separated by flexible linker made of glycine and 
serine (in black). The purple part corresponds to the FLAG-tag. 
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VI.2.b. Supplementary figures 

 

 

Figure S3. 1: Monitoring of the optical density at 600 nm of MG1363 pSICE:SP_CAT-Cu, NZ9000 pNICE:SP_CAT-Cu 
and NCIMB8826 pSICE:SP_SOD-Mn cultures. The bacteria were incubated with different concentrations of metal 
salts (Cu(OAc)2 for MG1363 and NZ9000 strains and MnCl2 for NCIMB8826 strain). 
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Figure S3. 2: Western Blot analysis to investigate the production and secretion of the peptidyl ligand (SP_SOD-Cu, 
SP_CAT-Cu and SP_SOD-Mn) by the recombinant bacteria a) MG1363 pSICE:SP_CAT-Cu, b) NZ9000 
pNICE:SP_CAT-Cu, c) MG1363 pSICE:SP_SOD-Cu, d) NZ9000 pNICE:SP_SOD-Cu and e) NCIMB8826 pSICE:SP_SOD-
Mn. The expression of the peptides was induced using the appropriate inductor that is NaCl 3% for MG1363 and 
NCIMB8826 strains and nisin at 10 ng/µL for NZ9000 strains. The recombinant bacteria were incubated with 
various concentrations of the metal required for SOD/CAT activity (Cu2+ or Mn2+). After 2 hours of metal incubation 
and induction, the bacterial cultures were centrifuged, the pellet and the supernatant were then separated. The 
pellets were homogenized giving bacteria lysates (L) and the proteins from supernatant (SN) were extracted by 
TCA precipitation. The presence of the expressed peptides in L and SN samples was checked by Western Blot using 
anti-FLAG tag primary antibody. Unspecific bands are visible between 55 kDa and 130 kDa in the lysates of wild-
type and recombinant MG1363 and NZ9000 strains.  
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1)   2)  

Figure S3. 3: Colored image of protein gels loaded with commercial bovine 1) SOD and 2) CAT and submitted to 
the in-gel enzymatic assay described by C. Weydert and J. Cullen for 1) SOD activity detection and 2) CAT activity 
detection. The achromatic bands are related to the respective SOD and CAT activity of the commercial enzymes. 

 

Figure S3. 4: Example of protein gel stained for SOD activity by following C. Weydert and J. Cullen protocol. Gel 
loading from left to right : commercial bovine SOD 1U, MG1363 pSICE:SP_SOD-Cu + NaCl 3% lysate, MG1363 
pSICE:SP_SOD-Cu + NaCl 3% + Cu2+ 0.2mM lysate and MG1363 WT lysate. 
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Figure S3. 5: Quantification of IL-8 secretion in controls without LPS. IL-8 secretion was measured by ELISA in 
supernatant of non-activated HT29−MD2 cells incubated for 5.5  hours with the bacteria or lysates of recombinant 
LAB. The IL-8 amount measured for activated cells is set at 100 %. Data represent one experiment. 
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