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Les éléments du vivant
Chimie des corps organisés Chimie organique
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Galène Copeaux métalliques Cations métalliques en solution aqueuse Améthyste

Tableau périodique et métaux

Les métaux dans le vivant

Μέταλλον (grec) ou 
metallum (latin) : 
mine, tranchée

Et les métaux ?
Chimie des corps organisés Chimie organique

Chimie inorganique

Galène:  http://www.geoforum.fr/uploads/monthly_02_2009/post-2474-1235731181.jpg — Copeaux :   http://www.dreamstime.com/royalty-
free-stock-photos-metal-filings-image11289378 —Cations : photographie de wikipedia metaux de transition — Améthyste 
http://www.quizz.biz/quizz-409973.html#

http://www.geoforum.fr/uploads/monthly_02_2009/post-2474-1235731181.jpg
http://www.quizz.biz/quizz-409973.html
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Pb
(Sb)

As

Pt

Pb

Des dérivés métalliques dans la pharmacopée 
depuis des siècles

https://fr.wikipedia.org/wiki/Projet:Histoire_de_l
%27art/100_articles_pour_l%27histoire_de_l%
27art
http://club.quomodo.com/la-voile-dhier-a-
aujourdhui/introduction/les_premiers_voiliers.ht
ml
https://www.chemheritage.org/historical-
profile/paul-ehrlich
http://acouphenes.ca/page21/acouphenes-
dommages-auditifs-medicaments.html

Les métaux dans le vivant

Un échantillon de Salvarsan (1936). Le 
salvarsan était utilisé pour traiter la syphilis 
jusqu’en 1940. Image de Chemical Heritage
Foundation Collections

Autres métaux de la 
pharmocopée égyptienne : 

Fe, Zn, Cu

http://club.quomodo.com/la-voile-dhier-a-aujourdhui/introduction/les_premiers_voiliers.html
https://www.chemheritage.org/historical-profile/paul-ehrlich
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Les cations métalliques, 
des constituants endogènes

Jules Raulin, 1836-1896 

Caractère indispensable de 
sels de zinc dans la croissance 

d’une moisissure (1869)

Les métaux dans le vivant

Full Bibliographic Record: http://catalogue.wellcomelibrary.org/record=b1161762 ; this file is licensed under the Creative Commons Attribution 4.0 International license.

http://catalogue.wellcomelibrary.org/record=b1161762
https://en.wikipedia.org/wiki/en:Creative_Commons
https://creativecommons.org/licenses/by/4.0/deed.en
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Abondance naturelle et dans le corps humain

Les métaux dans le vivant

Table extraite de P.C. Wilkins, R.G. Wilkins, Inorganic chemistry in 
biology, Oxford, 1997

Concentration (mM) dans l’eau de mer 
et le plasma sanguin

Eau de mer Plasma

Cations 
métalliques 

I. Bertini, H. Gray, E.I. Stiefel, J.S. Valentine (edited book) Biological Inorganic
Chemistry, Structure and Reactivity, University Science Books, 2007

Overview of the Fe and Cu uptake system in 
Saccharomyces cerevisae
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- Charge ; échange d’électrons (potentiel redox)

- Paramagnétisme, lien avec activation du dioxygène

- Forme : une source de diversité structurale

- Complexes métalliques et force de liaison : dynamique et échange

Un exemple de séquence d’échange de ligands

Les cations métalliques : quels atouts ?

Les métaux dans le vivant

C

M
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Usine : synthétiser, produire

Médecine

Soigner Imager

La bioinspiration

Énergie
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Usine : synthétiser, produire

Médecine

Soigner Imager

La bioinspiration

Énergie
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M-CO derivatives as 
Single Core Multimodal 

Probes 

Cellular activity of 
antioxidant complexes

The research group in Inorganic Cellular Chemistry, September 2013

Enzyme mimics design 
and metal complexes 

with controlled
properties

Biodetection: 
fluorescence, 

electrochemistry
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2O2
. — + 2H+ O2  + H2O2

kspont.pH7 = 6,0 × 105 mol–1.L.s–1

Les superoxyde-dismutases (SOD) : des métalloenzymes très efficaces

Superoxyde dismutases : Mn, Fe, Cu, ou Ni 
pour une même fonction
(échange d’électron
avec le superoxyde)

M = Cu(Zn), Fe, Mn, Ni

Mn+ M (n-1)+

O2O2
—

H2O2 O2
— + 2H+

Mécanisme simplifié de type « ping-pong »

kcat = 109 mol–1.L.s–1

Les mimes de SODsLes SODs, des enzymes très efficaces

Mimer les SODs : un enjeu 
fondamental et thérapeutique…
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0.36V/NHE
0.12V/SCE

Mn+ /M (n-1)+ 

SODs
(Cu(Zn), Fe and Mn)

E=0.19V/SCE
(Activité ca 1% de celle de l’enzyme 

Synthèse aisée, pas de réaction immunitaire à 
craindre et structure modulable)

N N

N

N

N
N

Mn
I I

H

O

F. Cisnetti et al., Eur. J. Inorg. Chem., 2007, 4472-4480

E

Les mimes de SODs

C. Policar, Mimicking SODs, Why and How: Bio-Inspired
Manganese Complexes as SOD Mimics
in:  J.S. Reboucas, I. Batinic-Haberle, I. Spasojevic, D.S. 
Warner, D. St. Clair, Redox Active Therapeutics, Springer, 2016
PDF disponible sur demande: clotilde.policar@ens.fr

D’après Magritte, « La clairvoyance » 1936 MnSOD mitochondriale humaine
Borgstahl et al., Cell, 1992,171,120
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Diapositive d’Emilie Mathieu, 
doctorante au laboratoire (MT180)

Les mimes de SODs
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LPS ROS Interleukine 8
(IL8)

Activation Espèces oxydantes
Marqueurs de l’inflammation

LPS 
complexe

Surnageant : 
IL8 (ELISA)

10 µm

Les mimes de SODs

LPS - +          +           +

100µM

Mn1

MnCl2

Inflammation (HT29-MD2)

HT29 MD2 : lignée de cellules intestinales humaines

E. Mathieu, A.-S. Bernard et al., Inorganic Chemistry 2017, 56, 2545−2555 AS BernardE. MathieuE. Quévrain
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Quelle activité ?
Combien, qui et où ?

http://www.evanshealthlab.com/ibd/ https://www.thinglink.com/scene/834549958584565762

https://www.commeuncamion.com/2015/01/03/sac-a-dos-herschel-test-avis/
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Mn1

Mn1

Control Mn1 MnCl2

Qualitative scaleE. Mathieu, A.-S. Bernard et al., Inorg. Chem. 2017, 56, 2545–2555

Les mimes de SODs

Pénétration dans la cellule : quantification du manganèse

Quantification du Mn(II) dans des lysats acidifiés par 
résonance paramagnétique électronique
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Coll. B. Lay, APS, Argonne
2-ID-D/E beamline for micro-Xfluorescence

Trois cellules différentes
Incubées avec :

— Mn1 MnCl2

Une échelle qualitative

Imagerie sub-cellulaire d’un mime de SOD : imager directement le Mn
Incubation avec Mn1, 100 µM, 2h, cryofixation et lyophilisation

Imagerie de fluorescence-X : K et Mn
noir < rouge

Imager

E. Mathieu, A.-S. Bernard et al., Inorganic Chemistry 2017, 56, 2545–2555
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Mn1 10 pM, water

MS/MS spectrum at m/z 355.2 (L) MS/MS spectrum at m/z 408.1 (Mn1)

Fragmentation m/z 355.2 (L)

Mn1 is present in the cell lysates Quantification still needed…

Cell Penetration: LC-MS/MS

E. Mathieu, A.-S. Bernard et al., Inorg. Chem. 2017, 56, 2545–2555

SOD Mimics in Cells

Cell lysates incubated with Mn1 (100µM, 3h), filtration (cutoff 3kDa)

Fragmentation m/z 408.1 (Mn1)
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From cells in culture to mice…

E. Mathieu, A.-S. Bernard et al., Inorg. Chem. 2017, 56, 2545–2555

Mn1 reduces inflammation in a chimo-induced colitis

Mn1

P. Langella F. Chain

SOD mimics: from Design to Evaluation in Cells … and in vivo 
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M-CO derivatives as 
Single Core Multimodal 

Probes 

The research group in Inorganic Cellular Chemistry, September 2013

Enzyme mimics design 
and metal complexes 

with controlled
properties

Cellular activity of 
antioxidant complexes

Biodetection: 
fluorescence, 

electrochemistry
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Conjugation
of two probes

Guo et al.

A single molecular
probe with two

modalities

Re

OC

OC
CO

N N

S. Clède, F. Lambert, C. Sandt, Z. Gueroui, M.-A. Plamont, P. Dumas, A. Vessières, C. Policar, Chem. Commun., 2012, 48, 7729–31
Selected for Highlights SOLEIL 2012

Multimodal Probe in a Nutshell:

Single Core Multimodal Probe for Imaging (SCoMPIs)

M

M(CO) as Multimodal Probes
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Conjugation
of two probes

Guo et al.

S. Clède, F. Lambert, C. Sandt, Z. Gueroui, M.-A. Plamont, P. Dumas, A. Vessières, C. Policar, Chem. Commun., 2012, 48, 7729–31
Selected for Highlights SOLEIL 2012

Multimodal Probe in a Nutshell:

Single Core Multimodal Probe for Imaging (SCoMPIs)

Easy conjugation

M(CO) as Multimodal Probes

A single molecular
probe with two

modalities

Re

OC

OC
CO

N N

M
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MDA-MB-231 cell incubated with 1 (10 µM, 1 h, 37 °C, 5% CO2, fixation 4% PFA) 

10 µm 

Bright field

Synchrotron based-FTIR imaging (SMIS-beam line)

S. Clède, F. Lambert, C. Sandt, Z. Gueroui, M.-A. Plamont, P. Dumas, A. Vessières, C. Policar, Chem. Commun., 2012, 48, 7729–31
Selected for Highlights SOLEIL 2012

1

S. Clède

M(CO) as Multimodal Probes
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MDA-MB-231 cell incubated with 1 (10 µM, 1 h, 37 °C, 5% CO2, fixation 4% PFA) 

10 µm 10 µm 

Bright field E-band A1-band Fluorescence

S. Clède, F. Lambert, C. Sandt, Z. Gueroui, M.-A. Plamont, P. Dumas, A. Vessières, C. Policar, Chem. Commun., 2012, 48, 7729–31
Selected for Highlights SOLEIL 2012

1

Synchrotron based-FTIR imaging (SMIS-beam line): Resolution ca. 3×3µm2, hot-spots

S. Clède

18601920198020402100

s (cm
—1

)

A1 E

Wavenumber (cm–1)

M(CO) as Multimodal Probes
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MDA-MB-231 cell incubated with 1 (10 µM, 1 h, 37 °C, 5% CO2, fixation 4% PFA) 

10 µm 10 µm 

Bright field E-band A1-band Fluorescence

S. Clède, F. Lambert, C. Sandt, Z. Gueroui, M.-A. Plamont, P. Dumas, A. Vessières, C. Policar, Chem. Commun., 2012, 48, 7729–31
Selected for Highlights SOLEIL 2012

Pure 1 , solution

Incubated single cell 
(10µM, 1h, PFA)

Control cell

Microspectroscopy
Em. luminescence

1

Synchrotron based-FTIR imaging (SMIS-beam line): Resolution ca. 3×3µm2, hot-spots

S. Clède

M(CO) as Multimodal Probes
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MDA-MB-231 cell incubated with 1 (10 µM, 1 h, 37 °C, 5% CO2, fixation 4% PFA) 

10 µm 10 µm 

Bright field E-band A1-band Fluorescence

Synchrotron based-FTIR imaging (SMIS-beam line): Resolution ca. 3×3µm2, hot-spots

S. Clède, F. Lambert, C. Sandt, Z. Gueroui, M.-A. Plamont, P. Dumas, A. Vessières, C. Policar, Chem. Commun., 2012, 48, 7729–31
Selected for Highlights SOLEIL 2012

18601920198020402100

s (cm
—1

)

Incubated single cell 
(10 µM, 1 h, PFA)

Cell population 
(10 µM, 1 h, 40000 

cells)

Pure 1, solid

Control cell

Pure 1 , solution

Incubated single cell 
(10 µM, 1 h, PFA)

Control cell

Microspectroscopy Abs. IR
Em. luminescence

1

S. Clède

M(CO) as Multimodal Probes
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Tagged CPP

Vibrational and luminescence detection

Potentially good permeation properties

M(CO) as Multimodal Probes
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Tissue Imaging

Cell-permeation
through a Franz-cell

Skin Structure

Ex-vivo studies of per-cutaneous permeation

http://kiosque.irsn.fr/archives/aktis/n_006.html

http://www.lagep.cpe.fr/
wwwlagep7/viscosimetre/

Coll. A. Baillet, Univ. Paris Sud

M(CO) as Multimodal Probes
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1 luminescenceEpidermal cells (DAPI staining) 1 IR absorption

6-hour exposure

0.02 M water solution, 200 µL deposited for cell-
permeation

10-µm-thick human skin slices

Skin-slice (10-µm-thick)

S. Clède

20 µm

S. Clède, N. Delsuc, C. Laugel, F. Lambert, C. Sandt, A. Baillet-Guffroy, C. Policar, Chem. Commun. 2015, 51, 2687-2689. 

red >blue

M(CO) as Multimodal Probes



Les métaux dans le vivant : un défi pour le chimiste 

Calibration curve
for the Re(CO)3 core used

Exposure time
N (mole) (for 10x10 µm2)

6 hours 24 hours

In the SC 8.2 10–15 1.3 10–15

In the epidermis 5.7 10–16 5.5 10–15

After 6 h, Nepi/NSC = 0.07
After 24 h, Nepi/NSC = 4

0

0.05

0.1

0.15

0 1 10
-4

2 10
-4

3 10
-4

4 10
-4

ReC4 MeCN etalon 28.1.14

ReC4 MeCN fiole sealed cell Hteur A1 28.1.14

y = 0.00059108 + 384.21x   R= 0.99995 

A
1
 band height

(absorbance)

C (mol L
-1

)

Quantification using FTIR

In three solvents (MeCN, EtOH, benzylic alcohol):

e = 365 ± 5% m2 mol–1

S = 1 pixel = 10 × 10 µm2

A1 E

M(CO) as Multimodal Probes
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1 luminescenceEpidermal cells (DAPI staining) 1 IR absorption

6-hour exposure

0.02 M water solution, 200 µL deposited for cell-
permeation

10-µm-thick human skin slices

Skin-slice (10-µm-thick)

S. Clède

20 µm

S. Clède, N. Delsuc, C. Laugel, F. Lambert, C. Sandt, A. Baillet-Guffroy, C. Policar, Chem. Commun. 2015, 51, 2687-2689. 

red >blue

M(CO) as Multimodal Probes
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1 luminescenceEpidermal cells (DAPI staining) 1 IR absorption (red>blue)

0.02 M water solution, 200 µL deposited for cell-
permeation

10-µm-thick human skin slices

Skin-slice (10-µm-thick)

24-hour exposure

20 µm

S. Clède, N. Delsuc, C. Laugel, F. Lambert, C. Sandt, A. Baillet-Guffroy, C. Policar, Chem. Commun. 2015, 51, 2687-2689. 

red >blue

M(CO) as Multimodal Probes
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0 20 

0 1482 

A.                 B. 

                 

          D. 

C.       

S. Clède, N. Cowan, F. Lambert, H.C. Bertrand, R. Rubbiani, M. Patra, J. hess, C. Sandt, N. Trcera, G. Gasser, J. 
Keiser, C. Policar, ChemBioChem, 2016, in press

Micro-XRF imaging (Cr, 6.15 keV)

100 µm

20 µm

IR-map: integration in the 1980-1945 cm–1

energy range

12 µm thick cryo-section, 
deposited on ultralene

Detection of M(CO) in tissue section

M(CO) as Multimodal Probes
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SCoMPIs for biological studies

-Successful detection and quantification of an exogenous metal-carbonyl 
compound in whole cells by classical FTIR

-Possible FTIR-imaging in fixed cells and in live cells

-Multimodal mappings metal-carbonyl tagged-derivative, after incubation 
in the µM range, at the sub-cellular and tissue levels using IR, 
luminescence, and X-fluorescence

Other aspects:

-Design of graftable multimodal probes

-Possible tagging of nano-systems
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Merci de votre attention !


