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MES 2-morpholin-4-ylethanesulfonic acid 
Met Methionine 
MOPS 3-(N-morpholino)propanesulfonic acid 
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MPAA 4-mercaptophenylacetic acid 
MS Mass spectrometry 
MT Metallothionein 
MTF1 Metal-responsive transcription factor 1 
NBD 4-Chloro-7-nitro-1,2,3-benzoxadiazole 
NADH Nicotinamide adenine dinucleotide (reduced) 
NCC Non-ceruplasmin copper 
NCL Native chemical ligation 
NGF Nerve growth factor  
NHE Normal hydrogen electrode 
NMR Nuclear magnetic resonance 
NOTA 1,4,7-Triazacyclononane-1,4,7-triacetic acid 
NTA Nitriloacetic acid 
Orn Ornitine 
PAM Peptidylglycine-α-amidating monooxygenase 
PB  Phosphate buffer 
PBS Phosphate buffer saline 
PD Parkinson’s disease  
PET Photoinduced electron transfer 
Phen 1,10-phenantroline  
PHP 2-(2-(pyren-1-ylmethylene)hydrazinyl)pyridine 
PIPES Piperazine-N,N′-bis(2-ethanesulfonic acid) 
PSA Pig serum albumin 
PyBOP (Benzotriazol-1-yloxy)tripyrrolidino-phosphonium-hexafluorophosphate 
REC Relative exchangeable copper 
RhoB Rhodamine B 
ROS Reactive oxygen species 
RT Room temperature 
RTK Receptor tyrosine kinase 
SCC Small copper carrier 
SEC Size exclusion cromatography 
SOD1 Superoxide dismutase 1 
SEA Bis(2-sulfanylethyl)amino 
SPPS Solid-phase Peptide Synthesis 
STEAP Six-transmembrane epithelial antigen of the prostate 
tBu tert-butyl 
TCEP Tris(2-carboxyethyl)phosphine 
TEMPOL 4-hydroxy-2,2,6,6-tetramethylpiperidin-1-oxyl 
TFA Trifluoroacetic acid 
TGN Trans Golgi network  
THF Tetrahydrofuran 
TIS Triisopropylsilane 
TNBS 2,4,6-Trinitrobenzenesulfonic acid 
Trien Trientine (triethylenetetramine) 
Tris  Tris(hydroxymethyl)aminomethane 
Trp Tryptophan 
Trt Trityl 
TSC Thiosemicarbazone 
TTM Tetrathiomolybdate 
TYR Tyrosinase 
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UV-vis Ultraviolet-visible 
VEGF Vascular epithelial growth factor 
W Tryptophan 
WD Wilson’s disease 
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Résumé 

Introduction 

Le cuivre (Cu) est un oligoélément essentiel pour la plupart des organismes vivants, qui l’utilisent 
principalement en tant que cofacteur enzymatique. En effet, grâce à ces propriétés oxydo-
réductrices, c’est-à-dire l’aptitude de cet élément à échanger un électron en alternant entre les états 
redox CuI et CuII, les enzymes à Cu accomplissent ainsi des processus biochimiques tels que le 
transport d’oxygène, le transfert d’électrons, ou encore l’oxydation de substrats organiques. 
Pourtant, un déficit ou un excès de Cu dans l’organisme peut être toxique. En effet, en présence 
de dioxygène, l’activité redox du Cu peut entraîner la production d’espèces radicalaires réactives 
de l’oxygène (nommé ROS et principalement O2

•-, H2O2, HO•-), qui à leur tour vont causer des 
dommages oxydatifs à des biomolécules essentielles (protéines, ADN, lipides, etc.). Enfin, en 
condition anaérobique, un excès de Cu à l’intérieur la cellule peut aussi être toxique, en substituant 
par exemple un autre métal comme le fer dans un cluster Fe-S de protéine. Pour faire face à la 
toxicité potentielle du Cu, l’homéostasie du Cu est finement régulée dans l’organisme par un 
système comprenant plusieurs transporteurs membranaires et navettes intra- et extracellulaires du 
Cu. Ces transporteurs (notamment extracellulaire à CuII comme l’albumine dans le sang et 
intracellulaire à CuI comme les metallo-chaperonnes tels que CCS, Atox1 et Cox17) ont la 
propriété d’être des ligands redox-inerte qui stabilisent le CuII au niveau extracellulaire et CuI au 
niveau intra-cellulaire, ils assurent ainsi le transport du Cu jusqu’aux endroits ciblés (organes, 
organelles ou enzymes).1,2 Par conséquent, une modification génétique de deux transporteurs 
protéiques membranaires du Cu (ATP7A et ATP7B)  est responsable des maladies de Menkes et 
Wilson entrainant respectivement une déficience ou une accumulation de Cu dans l’organisme. 
On retrouve aussi une dyshoméostasie du Cu associés aux maladies neurodégénératives 
d’Alzheimer et Parkinson ou à des cancers.3,4 C’est pourquoi, les recherches actuelles dans ce 
domaine s’orientent de plus à plus vers la mesure spécifique de Cu et sa spéciation dans les milieux 
biologiques.  

Le sang constitue certainement l’échantillon biologique le plus couramment utilisé pour réaliser 
des analyses biomédicales. Dans ce milieu, l’enzyme Céruloplasmine (Cp) lie la plupart du Cu 
présent (~70-95% du Cu total) à des sites de liaisons cinétiquement inertes puisqu’enfouis à 
l’intérieur de la protéine.  A l’inverse, le Cu dans le sang peut aussi être cinétiquement labile en se 
liant à des chélateurs comme l’albumine sérique ou à des acides aminés libres. On parle alors d’une 
population de Cu dite «échangeable» car cette portion de Cu peut être échangée par des chélateurs 
thermodynamiquement plus stables.5 Récemment, l’augmentation de cette population de Cu 
échangeable dans le sang ou dans l’urine a été proposé comme pouvant être un marqueur 
diagnostique pour les maladies de Wilson et d’Alzheimer.6,7 

D'ailleurs, l’accumulation du Cu dans les tissus tumoraux peut être visée comme cible 
thérapeutique à travers l’utilise de ligands formant de complexe de CuII pro-oxydants, qui pourrait 
tuer les cellules grâce à la production de ROS. Notamment, les thiosemicarbazones (TSCs) sont 
une famille de ligands étudiée comme agents anticancéreux.  
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Ce travail de thèse a concerné deux axes de recherche, l’un adressé à la conception des sondes 
luminescent pour la détection du CuII échangeable dans des échantillons biologiques, et l’autre à 
la compréhension du mécanisme d’action des complexes CuII-TSCs comme médicaments 
anticancéreux.  

Conception des sondes luminescentes à CuII 

Pour mesurer la quantité de Cu échangeable dans un échantillon biologique, les méthodes usuelles 
reposent sur une étape de séparation des deux populations de Cu cinétiquement échangeable et 
inerte. Cependant il semble difficile de conserver la spéciation native du Cu de l’échantillon 
menant à des quantifications peu reproductibles.5  C’est pourquoi l’emploi d’un chélateur sonde 
(émettant un signal de detection) sélectif du CuII échangeable serait utile pour réaliser une analyse 
directe (sans étape de séparation) d’un échantillon biologique. Tenant compte de la faible 
concentration du Cu dans les liquides biologiques (< 10 µM), les sondes luminescentes 
apparaissent adaptées pour cette quantification. En effet, grâce à leur grande sensibilité, les sondes 
luminescentes sont couramment utilisées dans les tests biochimiques d’immunofluorescence ou 
RT-PCR. Ces dernières peuvent être distinguées en deux familles de sondes dites «à allumages 
Off/On» (ou «turn-on») ou «à extinctions On/Off» (ou «turn-off») selon si leur signal est 
respectivement augmenté ou diminué par l’analyte détecté. En général, les sondes turn-on sont 
préférées aux sondes turn-off, car l’extinction de leur luminescence peut aussi être causée par un 
évènement indirect à la détection de l’analyte comme la dégradation de la sonde, le 
photoblanchiment du fluorophore ou encore sa faible détection due à l’effet de filtre interne (ou 
encore nommé « inner filter effect ») engendré par le milieu biologique. Cependant, les sondes 
luminescentes turn-on exploitant une chélation directe du CuII à un chélateur fluorescent reste 
complexe à concevoir car ce métal à la propriété d’induire une extinction totale de la fluorescence 
des chromophores organiques. Plusieurs sondes de types turn-on ont néanmoins été mis au point 
mais elles reposent sur une détection par réactivité chimique du CuII avec la sonde via des réactions 
d’hydrolyse, d’oxydation ou de cycloaddition d’alcyne-azoture afin de convertir un substrat non-
fluorescent en un fluorophore luminescent. Toutefois, ce type de sonde turn-on reste pour la 
plupart irréversible, empêchant ainsi leur application pour détecter des fluctuations de 
concentration en CuII échangeable dans le temps.  

Enfin, d’autres critères importants pour la conception de sonde à CuII sont aussi à considérer pour 
l’analyse d’échantillons biologiques (urine ou sanguin) comme :  

- Une affinité appropriée de la sonde pour retirer le Cu de ses ligands biologiques (par 
exemple une constante d’affinité à pH 7.4 log K7.4 > 13 pour retirer le Cu par l’albumine); 

- Une sélectivité de la sonde pour le CuII face aux autres bio-métaux (en particulier au ZnII); 

- Une détection de luminescence suffisante pour s’affranchir de l’autofluorescence du milieu 
biologique. 

Pour répondre à ces critères, nous avons développé dans ce travail de thèse des sondes peptidiques 
luminescentes à lanthanides capables de réaliser une détection turn-off de CuII dans des 
échantillons biologiques grâce à un motif peptidique naturel, nommé ATCUN (Amino-Terminal 
CuII and NiII-binding), retrouvé sur la partie N-terminale de l’albumine.8 Ce motif ATCUN de type 
Xxx-Zzz-His (Xxx et Zzz étant un acide aminé sauf une proline pour Zzz) a la particularité de lier 
sélectivement le CuII avec une grande affinité (log K7.4 ~ 12–15) grâce à sa sphère de coordination 
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impliquant  l’amine N-terminale, deux amidates et l’imidazole d’une histidine placée en troisième 
position de ce motif (Figure 1).  

 
Figure 1. Structure du complexe CuII-ATCUN. Le CuII est coordonné par l’amine N-terminale, deux 
amidates et l’imidazole d’une histidine placée en troisième position de ce motif. Xxx et Zzz représentent 
deux acides aminés sauf une proline pour Zzz. 

Ce motif a ensuite été combiné à un complexe luminescent de terbium (TbIII) sensible au CuII qui 
est excité par effet d’antenne via un fluorophore. Le TbIII a la propriété d’avoir un long temps de 
vie de luminescence (~ 2 ms) permettant ainsi de réaliser une détection résolue en temps (c’est-à-
dire en introduisant un délai entre l’excitation et la détection du signal de luminescence enregistré) 
afin de s’affranchir de l’autofluorescence du milieu biologique. Enfin, nous avons perfectionné 
cette même sonde en la rendant ratiométrique grâce à l’introduction supplémentaire d’un complexe 
de EuIII de référence peu sensible à la détection du CuII afin d’obtenir une meilleure quantification 
de la sonde et du CuII mesuré dans des échantillons d’urine.  

Etudes sur la réactivité de complexes CuII-TSCs dans les milieux biologiques 

Les TSCs, comme la Triapine (3AP) et le Dp44mT, ont longtemps été étudiés en tant que potentiels 
médicaments anticancéreux (Figure 2).9 Ces molécules sont des ligands tridents qui forment des 
complexes 1:1 (géométrie plan carré) avec du CuII mais aussi des complexes 1:2 (géométrie 
octaédrique) avec le Fe et le ZnII.  

 
Figure 2. Structures de Triapine et Dp44mT et d’un complexe CuII-TSC.  

L’activité cytotoxique de la 3AP est à la fois associée à l’inhibition de l’enzyme à fer 
ribonucléotide réductase (RNR) par chélation du fer ainsi qu’à une production de ROS par ce 
complexe. Par ailleurs, le ligand Dp44mT et d’autres dérivés de la 3AP ont aussi montré un 
synergisme possible avec le CuII et une cytotoxicité beaucoup plus élevée que la 3AP. C’est 
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pourquoi la production de ROS par des complexes CuII-TSCs a été proposé comme faisant partie 
du mécanisme de cytotoxicité du Dp44mT.10 
Dans ce travail de thèse nous avons cherché à évaluer par spectroscopie d’absorption et 
spectroscopie RPE (résonance paramagnétique électronique) la possibilité des TSCs (tels que la 
3AP et le Dp44mt) à lier du CuII dans le sang, notamment en présence de l’albumine sérique. En 
outre, afin de mieux comprendre la différence de cytotoxicité entre 3AP et Dp44mT, nous avons 
comparé leur taux de production de ROS à différents pH (cytosolique à pH 7.4 et lysosomale à pH 
5).  

Résultats et discussions 

Conception des sondes luminescentes à CuII 

Parmi les sondes luminescentes de type turn-on à CuII présentées dans la littérature, le composé 
(2-(2-(pyren-1-ylméthylène)hydrazinyl)pyridine) (nommé PHP, log K = 4 pour le CuII) a été décrit 
comme une sonde turn-on réversible en présence d’H2O/MeCN (Figure 3A).11 Dans la première 
partie de ce travail de thèse nous avons cherché à mieux comprendre le mécanisme de 
fonctionnement de cette sonde fluorescente en étudiant sa réactivité en présence de CuII par 
spectroscopie d’absorption UV-visible et par fluorescence. Nous avons observé que l’ajout du CuII 
en présence de PHP cause bien un déplacement de la bande d’absorption (de 387 nm à 346 nm) et 
une augmentation de fluorescence à 385 nm (Figure 3B, C).  

 
Figure 3. Interaction de la sonde PHP avec le CuII. A) Schéma du mécanisme de détection; B) Suivi de la 
réaction par spectroscopie d’absorption; C) Suivi de la réaction par fluorescence (λexc = 346 nm); D) 
Détection du CuI par BCS à la suite de la réaction entre le PHP et le CuII. E) Structure du complexe 
CuI(BCS)2. Conditions expérimentales : B) [PHP] = 20 μM, [CuII] = 25 μM, [EDTA] = 40 μM ; C) [PHP] 
= 10 μM, [CuII] = 20 μM, [EDTA] = 20 μM ; D) [PHP] = 20 μM, [CuII] = 25 μM, [BCS] = 100 μM. Solvant: 
MeCN:HEPES 25 mM 1:1. 
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Pour autant, afin de tester la réversibilité de cette sonde, l’addition d’un chélateur plus fort comme 
l’EDTA (log K7.4 = 15.9) n’entraine pas de changements spectroscopiques significatifs (Figure 3B, 
C) tendant à montrer le caractère irréversible de cette sonde.  

Par ailleurs, lors de l’interaction de la sonde PHP avec le CuII, la formation de CuI a été mise en 
évidence par l’ajout d’un indicateur spécifique (BCS, bathocuproïne disulfonate, Figure 3D, E), 
ce qui a suggéré qu’une réaction d’oxydoréduction entre le PHP et le CuII devait avoir lieu. Une 
analyse approfondie du milieu de titrage par l’analyse HPLC-MS a montré la formation d’un 
produit majoritaire, qui après isolement et caractérisation par de nombreuses techniques (UV-vis, 
fluorescence, RMN et spectrométrie de masse) correspond en réalité à une oxydation irréversible 
du PHP en un composé fluorescent responsable de l’effet turn-on observé en présence de CuII 
(Figure 3A). Enfin, nous avons aussi remarqué que cette réaction d’oxydation du PHP nécessite 
du MeCN en tant que stabilisateur du CuI formé et reste inefficace en présence du peptide 
antioxydant glutathion (GSH), abondant dans nos cellules, qui réduit et lie le CuI de manière plus 
efficace que le PHP. Ces éléments démontrent que cette sonde PHP pourra difficilement 
fonctionner pour la détection de CuII dans un milieu biologique.  

D’autres exemples de sondes turn-on supposées réversibles utilisant d’autres chélateurs ont aussi 
été reportées pour détecter le CuII même si dans la plupart des cas les preuves expérimentales sur 
leur réversibilité sont absentes ou peu détaillé.5 La similarité structurelle et réactionnelle de ces 
sondes au PHP suggère qu’elles pourraient partager le même mécanisme de fonctionnement et 
donc être également irréversibles.  

Dans une seconde partie de ce travail de thèse, nous nous sommes intéressés à la conception de 
sondes réversibles luminescentes turn-off à lanthanide (LnIII) basées sur le motif peptidique 
ATCUN pour la détection de CuII en milieu biologique.  

La première sonde réalisée, GNHW/Tb, est composée du motif peptidique ATCUN de séquence 
GNH, d’un complexe TbIII(DOTA) greffé en chaîne latérale d’une lysine et d’un tryptophane 
utilisé comme antenne pour sensibiliser le TbIII (Tableau 1). 

Tableau 1. Séquences peptidiques des sondes développées 
SONDE SEQUENCE PEPTIDIQUE 

GNHW/Tb Gly-Asn-His-Trp-LysTb(DOTA)-Gly-Lys-NH2 
AHHW/Tb Ala-His-His-Trp-LysTb(DOTA)-Gly-Lys- NH2 

AHHCs124/Tb-Eu Ala-His-His-GluCs124-DapTb(DOTA)-Ala-Ala-(Pro)6-GluCs124- DapEu(DOTA)-Lys-NH2 

Le mécanisme de détection de cette sonde à lanthanide fonctionne sur l’excitation indirecte du 
complexe de TbIII par effet d’antenne ici joué par le tryptophane (antenne) qui une fois excité (à 
280 nm) dans son état triplet transfert son énergie vers un état excité du TbIII qui par la suite pourra 
se désexciter en émettant à plusieurs longueurs d’onde, notamment à 487, 545, 586 et 623 nm 
(Figure 4A). Lors de la liaison du CuII au motif ATCUN, la présence du métal entraine une 
extinction de la fluorescence du tryptophane diminuant ainsi l’efficacité de transfert d’énergie au 
TbIII engendrant aussi son extinction (Figure 4B). Par la suite, nous avons vérifié la sélectivité de 
cette sonde pour le CuII en présence de différents métaux (Figure 4C), de plus cette sonde a montré 
une limite de détection du CuII égale à 0.56 µM (utilisant fente d’excitation égale à 4 nm et fente 
d’émission égale à 3 nm) qui apparait appropriée pour mesurer du CuII échangeable dans le sang 
(0.6–1.2 µM). Afin d’illustrer la propriété de détection de luminescence en temps résolue de cette 
sonde, nous l’avons testé dans un milieu biologique de culture bactérienne (LB) qui donne une 
forte autofluorescence à la longueur d’onde d’excitation du tryptophane. Dans ce cas, la 
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luminescence du lanthanide ne peut pas être détectée (Figure 4D), sauf en introduisant un délai de 
temps (0.1 ms) entre l’excitation du tryptophane et la détection de luminescence du TbIII permettant 
ainsi de supprimer l’autofluorescence du milieu, ce qui témoigne de l’avantage donné par le long 
temps de vie (~ 2 ms) de luminescence du TbIII (Figure 4D, E).12  

 

Figure 4. Caractérisation de la sonde GNHW/Tb. A) Schéma du mécanisme de détection; B) Extinction de 
la fluorescence du Trp et de la luminescence du TbIII par le CuII; C) Sélectivité de la sonde pour le CuII par 
rapport aux autres bio-métaux; D) Fluorescence de la sonde dans le milieu LB (λexc = 280 nm); E) Détection 
résolue dans le temps (délai = 0.1 ms) de la sonde dans le milieu LB. Conditions expérimentales : B) 
[GNHW/Tb] = 10 μM, [CuII] = 10 μM, HEPES 100 mM, pH 7.4; C) [GNHW/Tb] = 10 μM, [CuII] = [ZnII] = 
[FeIII] = [CoII] = [MnII] = 10 μM, [MgII] = [CaII] = 2 mM, HEPES 100 mM, pH 7.4; D, E) [GNHW/Tb] = 
[CuII] = 10 μM, [EDTA] = 100 μM, milieu LB 10%.  

La chélation du CuII et donc le temps de réponse de cette sonde se sont cependant montrés assez 
lent en milieu biologique, en raison d’autres ligands du CuII potentiellement compétiteurs pouvant 
être présents. Afin d’améliorer la rapidité de chélation de la sonde, une variante de cette sonde, 
nommée AHHW/Tb, a été réalisée en changeant la séquence du motif ATCUN GNH en AHH 
comprenant deux histidines. En effet, cette séquence possède une vitesse d’échange de CuII 
supérieure au motif ATCUN classique.13 Nous avons alors comparé la cinétique de transfert du 
CuII dans différents milieux biologiques (albumine, sérum fetal bovin, milieu de culture LB) 
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relativement aux deux sondes GNHW/Tb et AHHW/Tb en regardant l’extinction de luminescence du 
TbIII à 545 nm. La cinétique de capture du CuII s’est effectivement avérée plus rapide pour le 
peptide AHHW/Tb dans les différents milieux (Figure 5A, B, C), y compris sa vitesse de relargage 
du CuII en présence d’EDTA (Figure 5D) en suivant l’augmentation de fluorescence du Trp des 
sondes à 360 nm.14 Par conséquent, le motif ATCUN AHH a été utilisé pour les sondes 
développées dans la suite de cette étude.  

 

Figure 5. Cinétique de transfert de CuII par les sondes GNHW/Tb (vert) et AHHW/Tb (orange). A) Transfert 
du CuII par l’albumine aux sondes; B) Liaison du CuII dans le sérum fetal bovin; C) Liaison du CuII dans le 
milieu LB; D) Relargage du CuII par les sondes à l’EDTA.  Conditions expérimentales: [GNHW/Tb] = 
[AHHW/Tb] = 10 μM, [CuII] = 9 μM,  [HSA] = 10 μM (A), [EDTA] = 10 mM (D), HEPES 100 mM pH 7.4 
(A,B), sérum fetal bovin 10% (B), milieu LB 10% (C). 

Même si les deux sondes turn-off GNHW/Tb et AHHW/Tb possèdent de bonnes propriétés d’affinité, 
de cinétiques d’échange du CuII et de réversibilité, leur application pour des analyses quantitatives 
est limitée du fait de leur comportement turn-off car le signal de la sonde dépend à la fois de la 
concentration du CuII à mesurer dans l’échantillon et de la concentration de la sonde elle-même. 

Afin de surmonter ce problème, nous avons développé des sondes ratiométriques en incorporant 
sur la sonde précédente AHHW/Tb un second couple antenne/complexe lanthanide à europium, 
EuIII, qui sert de référence interne en émettant un signal de luminescence (bandes d’émission à 
580, 593, 615, 653, 690 et 701 nm) peu sensible à l’influence du CuII lié à la sonde. Pour ce faire, 
un couple antenne/complexe de l’EuIII a été placé de façon éloigné du site ATCUN AHH via un 
linker espaceur peu flexible composé de poly-prolines censé se replier en hélice poly-proline.15 La 
synthèse de ce type de sondes ratiométriques à deux lanthanides (TbIII et EuIII) a nécessité la mise 
en place d’une stratégie d’assemblage par ligation chimique native de fragments peptidiques 
comprenant chacun un lanthanide.16 Enfin, nous avons optimisé ces sondes en étudiant plusieurs 
types d’antennes pour sensibiliser simultanément le TbIII ou EuIII  tout en regardant l’influence de 
la longueur de l’hélice poly-proline afin de limiter l’extinction de luminescence du complexe 
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l’EuIII par la chélation du CuII à la sonde. La sonde ratiométrique finalisée, nommée AHHCs124/Tb-

Eu, utilise deux couples antennes Carbostyril 124 (Cs124)/TbIII(DOTA) ou EuIII(DOTA) séparés 
par un motif espaceur de six prolines (Figure 6A).  

Avantageusement, le Cs124 peut être excité à une longueur d’onde supérieure à celle du 
tryptophane (330 nm), ce qui favorise l’application de cette sonde dans des milieux comme l’urine 
et le sérum présentant une forte absorption au-dessous de ~300 nm limitant ainsi une excitation 
efficace d’une antenne tryptophane. 

L’efficacité de la réponse de cette sonde ratiométrique pour détecter le CuII a été démontrée par 
extinction totale de luminescence du TbIII tout en conservant un signal d’émission de l’EuIII 
partialement éteint (~50%) en présence d’un équivalent de CuII lié (Figure 6B).  

Enfin, cette sonde ratiométrique AHHCs124/Tb-Eu a pu détecter le CuII dans des échantillons d’urines 
issus de rats à modèle de la maladie de Wilson (excédentaire en CuII et préalablement traités par 
le chélateur détoxifiant D-Pen avant recueil d’urine). Notamment, l’échantillon d’urine du groupe 
de rats traité avec le chélateur a montré un signal de luminescence du TbIII plus bas, donc une 
quantité de CuII plus élevée dans les urines excrétées, en comparaison de l’échantillon d’urine de 
rat du groupe contrôle (non traité) pour un signal de luminescence d’EuIII constant dans les deux 
cas (Figure 6C). 

 

 
Figure 6. Caractérisation de la sonde AHHCs124/Tb-Eu. A) Structure schématique de la sonde; B) Extinction 
de la luminescence par titrage avec CuII; C) Détection du CuII dans l’urine de rats. Conditions 
expérimentales: B) [AHHCs124/Tb-Eu] = 10 μM, HEPES 100 mM, pH 7.4; C) [AHHCs124/Tb-Eu] = 10 μM, urine 
10%.  
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Etudes sur la réactivité de complexes CuII-TSCs dans les milieux biologiques 

Pour évaluer la stabilité des complexes de CuII-TSC dans le sang, des spectres RPE de ces 
complexes en présence d’albumine sérique humaine (HSA) ont été enregistrés. La Figure 7 montre 
que pour le ligand 3AP comme pour le ligand Dp44mT, le spectre RPE du mélange HSA-CuII-
TSC (bleu) ressemble à celui du complexe CuII-TSC (rouge) mais apparait décalé pour des valeurs 
de g plus faibles. Ce résultat suggère qu’un complexe ternaire se forme entre le CuII-TSC et 
l’albumine. Notamment, l’expérience contrôle du complexe ternaire TSC-CuII-Imidazole (vert) 
montre que son spectre RPE est superposable à celui du spectre RPE du mélange HSA-CuII-TSC, 
ce qui signifierait que la protéine HSA lie probablement le CuII via la chaine latérale d’une 
histidine.  

 
Figure 7. Réactivité de complexes CuII-TSCs vis-à-vis de l’albumine sérique étudiée par spectroscopie 
RPE (A, B) et d’absorption UV-vis (C). Conditions expérimentales: A, B) [TSC] = 300 μM, [CuII] = 250 
μM, [HSA] = 300 μM, HEPES 50 mM pH 7.4 (DMSO ~5%), glycérol 10% (v/v), T = 100 K ; C) [TSC] = 
10 μM, [CuII] = 9 μM, [HSA] = 100 μM, [TSC] = 10 μM, [CuII] = 10 μM, [HSA] = 100 μM, HEPES 500 
mM pH 7.4 (DMSO 1%). T = 37 °C. 

De plus, nous avons effectué un suivi par spectroscopie d’absorption de la réaction du complexe 
CuII-HSA vis-à-vis des ligands 3AP et Dp44mT grâce aux bandes d’absorption caractéristiques 
des complexes CuII-TSCs (à 422 nm pour 3AP et 412 nm pour Dp44mT).17 Lors de l’ajout des 
ligands TSCs au complexe CuII-HSA nous avons observé la croissance de bandes d’absorption à 
environ 430 nm (Figure 7C). Ce déplacement bathochrome de la bande des complexes CuII-TSCs 
suggère que le CuII est transféré de l’albumine aux TSCs en formant un complexe ternaire. En 
particulier, la majorité du CuII est transférée en moins de 20 min à 37 °C.  

En définitive, ces résultats tendent à montrer que les ligands TSCs 3AP et Dp44mT ont la capacité 
d’extraire le CuII de l’albumine en formant avec cette proteine un complexe ternaire stable . 

Enfin, nous avons mesuré la capacité des complexes CuII-3AP et CuII-Dp44mT à produire des 
ROS en présence de GSH à pH cytosolique (7.4) ou à pH lysosomale (5). En effet, le Dp44mT 
semble être accumulé avec le CuII dans les lysosomes des cellules déclenchant ainsi l’action 
cytotoxique.10 Le radical nitroxyle TEMPOL a été utilisé pour capturer les ROS produites, ce qui 
a pour effet d’éteindre le signal RPE du TEMPOL (Figure 8).  

A pH 7.4, le complexe CuII-Dp44mT (rouge) s’est révélé être nettement plus actif pour la 
production de ROS que le complexe CuII-3AP (blue), dont l’activité est comparable au CuII 
« libre » (noir). Cela peut être expliqué par le fait que le complexe de CuII avec le 3AP est 
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rapidement réduit et dissocié par le GSH pour former un complexe de CuI-(GS)x, alors que le 
Dp44mT forme lui un complexe ternaire assez stable avec le CuII et le GSH.17 

A pH 5, les deux complexes CuII-TSCs, mais plus particulièrement le CuII-Dp44mT, ont montré 
une activité remarquablement plus haute qu’à pH 7.4, alors que le CuII « libre », comme attendu, 
montre une plus faible activité. En effet, la coordination et la réduction du CuII en CuI par le GSH 
implique la déprotonation de ce dernier normalement favorisée à plus haut pH. 

 

Figure 8. Disparition du signal du TEMPOL à la suite de la réaction avec les ROS produit par les complexes 
CuII-TSC en présence de GSH. Conditions expérimentales: [CuII] = 27 μM, [TSC] = 30 μM, [GSH] = 3 
mM, [TEMPOL] = 20 μM, HEPES 100 mM pH 7.4 or MES 100 mM pH 5 (DMSO 3%). 

On peut ainsi faire l’hypothèse qu’une plus grande protonation du TSC puisse causer l’effet 
observé à bas pH. En effet, la protonation de l’azote du groupe hydrazinique transforme le 
groupement thiolate en groupement thione ce qui a pour effet de réduire l’affinité du TSC pour le 
CuII facilitant ainsi la réduction du CuII par le GSH et par conséquent la production de ROS. 

 Conclusion générale 

En conclusion, ce travail de thèse s’est intéressé, d’un coté, à la problématique de conception de 
sonde turn-on ou turn-off pour la détection et au dosage du CuII en milieu biologique et, de l’autre, 
à la réactivité des ligands anticancéreux vis-à-vis de l’albumine sérique et du GSH.  

Nous avons développé une série de sondes luminescentes turn-off à lanthanides réversibles et 
spécifiques basées sur le motif peptidique naturel ATCUN. En particulier, grâce à ce motif nous 
avons montré la bonne sélectivité et l’affinité de ces sondes pour la detection de CuII. De plus, 
l’apport d’un complexe luminescent de TbIII à long temps de vie (~ 2 ms) a permis de faire une 
détection de luminescence résolue en temps afin de s’affranchir de l’autofluorescence du milieu 
biologique lors de la détection. Enfin, le perfectionnement de ces sondes luminescentes en version 
ratiométriques avec deux complexes de lanthanides TbIII et EuIII permet maintenant de mieux 
contrôler à la fois la concentration de la sonde présente et de réaliser la detection de CuII. En 
perspectives de ces travaux, des futures optimisations de ces sondes pour la détection dans des 
milieux biologiques complexes comme le plasma sanguin reste à envisager.  
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Par ailleurs, nous avons montré que les thiosemicarbazones pourraient être capables de lier le CuII 
dans le sang et former ainsi des complexes ternaires avec l’albumine, ce qui pourrait moduler leur 
biodisponibilité dans l’organisme. De plus, nous avons aussi mis en évidence que le Dp44mT 
produit plus de ROS que la 3AP en présence de CuII et de GSH, justifiant ainsi sa plus grande 
cytotoxicité. Enfin, nous avons étudié l’influence du pH sur les complexes CuII-TSC pour la 
production de ROS. Nos résultats montrent un taux de production de ROS qui augmente en 
diminuant le pH de 7.4 à 5, ce qui apparait intriguant d’après le mécanisme de réaction supposé. 
Des études complémentaires restent à effectuer afin de mieux comprendre ce phénomène.  
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1. Introduction 

1.1 Metals in biology 

Although nonmetal elements, namely O, C, H, N, P and S, account for more than 99% of the atoms 
in a human body, several metal ions are also essential to life. In humans, Ca is the most abundant 
metal element, as it is a fundamental bone component and second messenger, while Na and K are 
well-known electrolytes, and Mg serves mainly as an enzyme cofactor. Besides such “bulk 
elements”, trace metals such as Fe, Zn and Cu are required in very low amounts (see Table 1). 
Nevertheless, they are momentous to the maintenance of life. Indeed, Fe and Cu are versatile 
redox-active enzyme cofactors, while Zn serves mainly as Lewis acid. Finally, humans do also 
need Mn, Co and Mo as co-factors of important enzymes, such as SOD2, methionine synthase and 
xanthine oxidase, respectively.1  

Table 1. Amount of essential metal elements in the human body (average body weight of 70 Kg).1 

Element Amount (g) 

Ca 1000 
K 140 
Na 100 
Mg 30 
Fe 5 
Zn 2 
Cu 0.1 
Mn 0.016 
Mo 0.005 
Co 0.002 

Furthermore, the role of trace metals in biochemical catalysis and the presence of those elements 
on prebiotic Earth have led to the plausible hypothesis that minerals or even free metal ions might 
have catalysed prebiotic metabolism and the synthesis of bio-macromolecules such as nucleotides 
and peptides.2  

1.2 Copper: “a veteran covered with glory” §  

1.2.1 Chemistry of Cu in aqueous solution: coordination and reactivity  

The main oxidation states of Cu, CuI and CuII, have [Ar]3d10 and [Ar]3d9 electronic configurations 
and hence are diamagnetic and paramagnetic, respectively. In spite of the apparent higher stability 
of the d10 configuration of CuI, CuII is the most stable state in aqueous solution, as CuI is promptly 
oxidized by dioxygen, or it disproportionates to Cu0 and CuII in anaerobic conditions. Therefore, 
in order to survive in water, CuI should be stabilized by suitable ligands and/or co-solvents.  

                                                
§ This is how the chemist and writer Primo Levi described Copper in Zinc, a tale of The Periodic Table. 
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Once dissolved in water, CuII salts generate the hexaaquacopper(II) ions, [Cu(H2O)6]2+, where Cu 
is coordinated in its typical distorted (axially-elongated) octahedral geometry (D4h symmetry), 
according to the so-called Jahn-Teller effect (see Fig. 1).3 Interestingly, such distortion is 
accountable for the position of CuII complexes on top of the Irving-Williams series, i.e. for the 
higher stability of CuII complexes compared to the other divalent first-row d-metal ions.4,5 

 
Figure 1. Jahn-Teller effect. Octahedral complexes with unevenly occupied degenerate orbitals undergo a 
geometrical distortion that stabilizes the system removing the degeneracy. Notably, CuII complexes 
typically show an axially-elongated octahedral geometry with four strongly bound equatorial ligands and 
up to two weakly bound axial ligands.  

As the hexaaquacopper(II) has pKa ≈ 8, hydrolysis occurs above neutral pH with the formation of 
the insoluble neutral hydroxide species Cu(OH)2 (Ksp = 1.6·10–19 at 25°C).6 Likewise, CuI also 
forms quite insoluble hydroxide (Ksp =  2·10-15) which in turn dehydrates to cuprous oxide (Cu2O).  

The two Cu oxidation states prefer very different ligands and coordination geometry, which is 
mainly ascribed to their different hard/soft character and electronic configuration. Indeed, 
according to Pearson’s HSAB (Hard and Soft Acids and Bases) theory, Lewis acids (e.g. metal 
cations) and bases (e.g. metal ligands) are distinguished in soft or hard basically depending on 
their charge-to-radius ratio, and a certain base prefers reacting with an acid of its same type (soft-
soft or hard-hard).7 Due to its big ionic radius and low charge, CuI is classified as soft acid, whereas 
CuII shows an intermediate character. As a result, the former prefers binding to soft ligands such 
as thiolates or thioethers (e.g. cysteine and methionine in proteins), while the latter prefers harder 
N and O donors (e.g. amines, imidazole, carboxyl group). Besides, as mentioned above, CuII 
favourite geometry is substantially square planar, square pyramidal or square bipyramidal 
depending on the extent of the axial elongation (Jahn-Teller distortion). Instead, CuI being d10, it 
does not benefit from any ligand field stabilization energy (LFSE = 0), and hence its preferred 
geometries, i.e. linear, trigonal or tetrahedral, are limited to low coordination numbers due to steric 
factors, as soft donors are normally large.6 

The accessibility of two oxidation states explains the exploitation of Cu by living organisms as a 
catalyst in electron transfer and redox reactions. However, the reduction potential of the CuII/CuI 
couple (E° = 0.16 V) also allows free Cu to catalyse the generation of harmful Reactive Oxygen 
Species (ROS) in the presence of dioxygen (or H2O2) and a suited reductant (see Fig. 2). Notably, 
ascorbate (AscH-

, E°AscH-/AscH•- = 0.33 V)8 and thiols (RSH) are recognized as the most biologically-
relevant reducing agents for CuII, leading to the formation of dehydroascorbic acid or disulfides 
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(RSSR) via the ascorbyl (AscH•-) or thiyl (RS•) radicals, respectively. In addition, thiols are 
excellent ligands for CuI, and hence CuI-(SR)x complexes are often formed upon their reaction. 
Interestingly, the reaction of CuII and hydrogen sulfide (H2S) yields copper sulfide (CuS), which 
is very insoluble (Ksp = 6·10–36).6 

 
Figure 2. Mechanism of Cu-catalysed ROS production in the presence of dioxygen and a reducing agent 
(Red) such as AscH- or a thiol (RSH).  

Importantly, coordinating ligands are able to tune the reduction potential of the CuII/CuI couple 
over the whole electrochemical water window, i.e. from – 0.4 to + 0.8 V at pH 7, depending on 
the relative association constants for the CuII and CuI complex. In particular, the reduction potential 
decreases if the ligand stabilizes CuII more than CuI and it increases in the opposite case. 
Noteworthy, considering the very different coordination preferences of CuII and CuI, it is very 
challenging for Cu complexes to achieve efficient redox cycling. Thus, biological Cu ligands have 
evolved either to suppress or to optimize the redox cycling as per the need (see section 1.2.4). 

Finally, Cu complexes are mostly kinetically labile, i.e. they can undergo ligand-exchange, unless 
solvent/ligand accessibility is hampered by steric hindrance. 

1.2.2 Cu in biological systems 

1.2.2.1 An evolutionary perspective 

Although mankind has known Cu for thousands of years (as also celebrated by writers and poets), 
it can be considered a “modern” or “young” bioelement compared to other essential trace metals. 
Indeed, the primordial atmosphere was reducing as it contained H2, H2S, and CH4 as well as CO2 
and CO. As a result of the likely high concentration of H2S in the primordial sea (about 1-10 mM) 
and the reducing conditions, Cu was found in the reduced state in the form of highly insoluble 
sulfide minerals, and hence it was not bioavailable to early cells. Interestingly, the profile of the 
cytosolic concentration of “free” transition metals ions mirrors the concentration of such ions in 
the primordial sea and correlates inversely with the Irving-Williams series. This suggests that the 
bioavailability of the metal ions in the environment was a fundamental aspect influencing the 
bioselection of elements by primordial living organisms. Later, the Great Oxygenation Event 
caused by the early photosynthetic organisms led to an oxidizing environment, and hence to the 
conversion of S2- to SO4

2-, insoluble CuI to soluble CuII and soluble FeII to insoluble FeIII (in the 
form of hydroxide). In such an oxidizing environment, CuII met the biochemical need for a redox 
catalyst operating in a higher range of redox potential (0-0.8 V) and hence partially replaced, or 
better complemented, Fe as a biological redox catalyst.9–12 

However, living organisms had also to cope with the potential toxicity of Cu redox chemistry, 
evolving complex machinery to handle the metal ion safely (see section 1.2.3). In this regard, it is 



  

4 
 

curious to observe how cells also tamed the capacity of Cu (bound in the enzyme superoxide 
dismutase, SOD) to catalyse superoxide (O2

•-) dismutation to fight against its very ability to 
produce the superoxide radical via the Fenton-type reaction.  

1.2.2.2 Biological functions of Cu: from redox catalysis to neuromodulation 

Cu is involved in many different physiological processes, such as cellular respiration, antioxidant 
defence, the production of connective tissue, the biosynthesis of neurotransmitters, peptides and 
pigments, as well as iron homeostasis. From the chemical point of view, all these biological 
functions are related to similar Cu-mediated electron transfer or redox reactions (see Table 2). 

The electron transfer activity is typically encountered in proteins that are involved in energetic 
metabolism. For instance, Azurin serves as the electron donor to nitrite reductase in the 
denitrification pathway of some bacteria, Plastocyanin takes part in the photosynthetic electron 
transport chain between photosystems II and I, and Cu sites in NADH dehydrogenase and 
cytochrome c oxidase (CCO) are essential to both prokaryotic and eukaryotic respiratory chains. 

Besides, the activity of cuproenzymes is closely related to dioxygen biochemistry, i.e. oxidation 
and oxygenation reactions. As an example, methane monooxygenase catalyses the conversion of 
methane in methanol, hephaestin oxidizes FeII to FeIII and galactose oxidase converts the primary 
alcohol of the sugar in the corresponding aldehyde. Moreover, as mentioned above, the enzyme 
SOD1 catalyses the dismutation of the cytotoxic O2

•- radical into O2 and H2O2. Noteworthy, Cu is 
also found in enzymes involved in denitrification, such as N2O reductase and the above-mentioned 
nitrite reductase. Finally, another Cu-protein whose function is related to O2 is hemocyanin, which 
ensures O2 transport throughout the body of some mollusc and arthropods.13 

In addition to its main catalytic functions, an important role of Cu in signalling has been more 
recently recognized.14–17 As an example, Cu modulates the binding of ethylene, a key plant 
hormone, to its receptor (ETR), and seems to mediate the recognition of small organosulfur metal-
coordinating odorants by olfactory receptors in mammals.18–20  

Moreover, CuII has been shown to stimulate cell proliferation via the interaction with Receptor 
Tyrosine Kinase (RTK), such as EGFR (epidermal growth factor receptor), and the protein MEK1 
which has a key role in the mitogenic MAPK/ERK signalling pathway. In particular, Cu promotes 
RTK phosphorylation and the following activation of both AKT and MAPK/ERK pathways. 
MEK1 seems able to bind two Cu ions, which enhance its kinase activity (i.e. ERK1/2 
phosphorylation) and in turn cell proliferation.21–23 

A fundamental role of Cu in angiogenesis (i.e. the growth of blood vessels from pre-existing 
vessels) has also been recognized. Indeed, Cu interacts directly with several pro-angiogenic factors 
(e.g. FGF, VEGF and angiogenin) and promotes their secretion and expression.24,25 

Furthermore, Cu acts as a neuromodulator in the brain.  Indeed, calcium-dependent Cu trafficking 
from neuronal cell bodies to dendrites has been reported.26 Upon synaptic depolarization, such Cu 
pool can be then released into the synaptic cleft, where it is estimated to attain about 100 μM 
concentration. Cu showed inhibitory activity towards neurotransmitter (glutamate, GABA and 
ATP) receptors.27–30 In addition, Cu can interact with neurotrophins (e.g. NGF and BDNF) and 
influence their binding to TrkB and TrkA receptors, respectively.31–34 

 
 



  

5 
 

Table 2. Function and localization of human cuproenzymes. 

Enzyme Localization‡ Organ‡ 
Catalysed Reaction 

(Function) 

Cytochrome C Oxidase 
(CCO) 

Inner Mitochondrial 
Membrane 

Ubiquitous 
Reduction of  

O2 to H2O 
(H+ translocation) 

Superoxide dismutase 1 
(SOD1) 

Cytosol, Nucleus, 
Mitochondrial 

Intermembrane Space 
Ubiquitous Dismutation of O2

•- to O2 and 
H2O2  

(Radical scavenging) Superoxide dismutase 3 
(SOD3) 

Secretory pathway/ 
extracellular space 

Ubiquitous 

Hephaestin (Heph) Plasma membrane Ubiquitous 
Oxidation of 
FeII to FeIII Ceruloplasmin (Cp) 

Secretory pathway/ 
extracellular space 

Liver, Brain 

Peptidylglycine-α-
amidating monooxygenase 

(PAM) 

Secretory pathway/ 
extracellular space 

Ubiquitous 
Biosynthesis of  

Cter-amidated peptides 

Lysyl oxidase (LOX) 
Secretory pathway/ 
extracellular space 

Ubiquitous 
Oxidation of lysyl amine to 

aldehyde  
(collagen cross-linking) 

Dopamine β-hydroxylase 
(DBH) 

Secretory pathway/ 
extracellular space 

Brain, 
Adrenal gland 

Hydroxylation of Dopamine 
to Noradrenaline 

Tyrosinase (TYR) 
Secretory pathway/ 
extracellular space 

Skin, Retina 

Oxidation of Tyrosine to 
DOPA and DOPA to DOPA-

quinone  
(melanin biosynthesis) 

Formylglycine-generating 
enzyme (FGE) 

Endoplasmic 
reticulum 

Ubiquitous 
Conversion of cysteine to 

formylglycine  

Amine oxidases (AOC1-3) 
Secretory pathway/ 
extracellular space 

Ubiquitous 
Oxidation of primary amines 

to aldehydes 
‡ Sources: UniProt database (www.uniprot.org) and The Human Protein Atlas (www.proteinatlas.org) 

 

1.2.2.3 Mechanisms of Cu toxicity 

By virtue of its significant roles, a deficiency of Cu appears clearly detrimental for most living 
organisms. Likewise, a surplus of Cu results to be poisonous. The fundamental mechanisms of 
such toxicity, though not thoroughly known, are ascribable to some of the above-mentioned 
chemical properties of Cu ions. 

Firstly, the toxicity of excess Cu has been classically and almost exclusively related to its redox 
activity, notably through the ROS production by CuII in presence of dioxygen and reductants (see 
Fig. 2) or via the Fenton reaction of CuI with H2O2, which produces the most dangerous hydroxyl 
radical (HO•). ROS in turn induce oxidative damage on all types of biomolecules (protein, lipids 
and nucleic acids), whose structure and function is consequently impaired. In addition, redox-
based Cu toxicity may arise from abnormal oxidation of protein thiols (cysteines). Likewise, due 
to its significant affinity to cysteine and histidine residues, excess Cu might inhibit the activity of 
certain proteins through the binding to essential residues. Such an interaction could also induce 
protein misfolding and in turn aggregation.  
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More recently, Cu toxicity has been also observed on bacteria grown under anaerobic conditions, 
suggesting that other O2-independent mechanisms do exist. Indeed, thanks to its highest 
thiophilicity, CuI is able to inactivate iron-sulfur (Fe-S) proteins (such as fumarase, 
isopropylmalate dehydratase, ferredoxin, as well as the Fe-S cluster assembly machinery) via the 
transmetallation of Fe in solvent-exposed Fe-S clusters. Importantly, this mechanism has been also 
observed in eukaryotic cells.35–38  

Very interestingly, our immune system exploits Cu toxicity to fight against bacterial pathogens. 
Indeed, in macrophages, Cu is pumped into the phagolysosomes where bacteria are sequestered 
and killed.39–42 

1.2.3 Cu homeostasis in humans 

In order to prevent the potential toxicity of loosely/mis-bound Cu ions, sophisticated machinery is 
charged with handling and trafficking Cu safely throughout the body. 

1.2.3.1 Systemic Cu trafficking 

Dietary Cu is mainly absorbed in the small intestine, from which it is then transported to the liver.43 
The latter plays a key role in maintaining systemic Cu homeostasis (see Fig. 3). Indeed, its Cu 
content (normally about 15-55 μg/g of dry tissue) is the highest among the organs.15,44 Serum Cu-
binding proteins (see section 1.2.3.2) are secreted from the liver in the bloodstream and ensures 
Cu distribution throughout the body. The liver also provides for excess Cu excretion through the 
bile (~ 2 mg/24 h).45 Conversely, almost no Cu is normally found in the urine, namely < 50 μg/24 
h (corresponding to < 0.5 μM assuming an average urine volume of 1.5 L in 24 h).46 

 
Figure 3. Systemic Cu trafficking. Dietary Cu is adsorbed by enterocytes in the small intestine and 
transported through the bloodstream to the liver, from which Cp is secreted and Cu is re-distributed to the 
whole body. Excess Cu is excreted by the liver into the bile and then discarded in the stool.  

1.2.3.2 Serum Cu trafficking 

In human blood, the average total Cu concentration is ~16 μM (normal values spans from 12.7 to 
22.2 μM).47,48 Several blood CuII pools can be distinguished (see Table 3). Most of serum Cu (~65-
95%, ~10-15 μM) is bound to Ceruloplasmin (Cp), a cuproenzyme that oxidizes FeII to FeIII 
contributing to its uptake and systemic distribution via Transferrin (Tf). Cp is metallated with six 
Cu ions in the secretory pathway of hepatic cells and then released into the bloodstream. As Cu 
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ions in Cp are buried and shielded by the protein structure, they appear to be kinetically inert, or 
better not exchangeable nor chelatable by external ligands (unless used at very high, ~10-2 M, 
concentration).49,50 Indeed, exogenous Cu did not equilibrate with endogenous Cp-bound Cu, but 
it resulted bound to a kinetically labile, exchangeable pool, including Human Serum Albumin 
(HSA) and α2-Macroglobulin (α2M).47,51 

In particular, HSA (~ 600 μM) is the main component of the exchangeable pool, as it seems to 
bind up to ~ 20% serum Cu (~ 3  μM) in a well-characterized redox-inert high-affinity site (see 
section 1.2.4.1).  

α2M is a serum antiprotease whose alleged Cu-binding has been discovered and characterized by 
Linder and coworkers. Although the exact Cu coordination remains unknown, it seems that α2M 
might be physiologically saturated with two Cu ions per tetramer, accounting for up to ~15% 
serum Cu (~ 2 μM).52,53 However, Palumaa and co-workers have recently contradicted previous 
findings, reporting that α2M does not bind Cu nor competes with HSA for Cu in vitro and showing 
that no Cu was associated with α2M in serum samples.54 Albeit not clear, the source of such 
incoherent results could be ascribed to the different form of Cu used, i.e. acetate salt by Palumaa 
et al. or a nitrilotriacetate complex, Cu-NTA, by Linder et al. Indeed, whereas free Cu might not 
be able to bind directly to α2M, Cu-NTA might form stable ternary complexes with the protein. 

Finally, low-molecular-weight (LMW) molecules such as amino acids have been suggested as 
relevant Cu-binding ligands since long ago.55 More recent calculations reported by Palumaa et al. 
suggest that < 1% of serum Cu may be bound to histidine (His) and other amino acids (Xxx) as 
Cu(His)2 and Cu(His)(Xxx) complexes.54 Besides, also small peptides such as GHK are potential 
Cu partners in the blood. Furthermore, Lutsenko et al. recently reported about an additional LMW 
Cu pool, called Small Cu Carrier (SCC), whose identity remains elusive.56–58 

Table 3. CuII pools in the blood. 

Pool 
([Ligand]tot) 

Cu-loading† 

(n° of bound 
Cu ions) 

% Total Cu 
([Cu-Ligand]) 

Affinity⁎ Lability/Inertia 

Cp 
(~2.6 µM)59 ~ 90% (6) 59 

65-95% 
 (~ 10-15 µM) 59,60 n/a  Inert 49 

HSA 
(~ 600 µM) < 2% (1) 61  

5-20%  
(~ 3µM) 59,60 13 62 

Exchangeable  
(t1/2, ON < 1 sec;63,64 
t1/2, OFF ~ min 49,65) 

α2M 
(~3.5 µM) 66 

~ 100%  
(2/tetramer) 67 

5-15%  
(~ 2µM) 59,60 

> 13 67 Exchangeable 67 

LMW  
 

His  
(75 µM) 68 

~ 0.01% (1) 

< 5% 60 

8.4 (Cu-His) 
6.3 (Cu-His2) 69 

Exchangeable 70 
GHK  

(0.5 µM) 71 
n/a (1) 

~13 72 
 

SCC 
(n/a) 

n/a n/a 

† % of ligand bound to Cu 
⁎ log K7.4 
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1.2.3.3 Cellular Cu uptake 

Cu cellular uptake occurs predominantly as CuI via the membrane transporter Ctr1, and to a lower 
extent as CuII through the non-specific divalent metal ion transporter DMT1. Ctr1 and its homolog 
Ctr2, which is mainly located in lysosomes and late endosomes, are trimeric membrane proteins 
(each monomer containing three transmembrane helices) forming a cone-shaped pore. Two triads 
of methionine (Met) residues at the extracellular edge of the pore form a selectivity filter that binds 
two CuI ions.73–75 In addition, Ctr1 also contains an N-terminal ectodomain rich in His and Met 
residues that promote Cu uptake. Conversely, Ctr2 ectodomain (which is exposed to endosome 
lumen) is shorter and devoid of such motifs. Interestingly, Ctr1 ensures Ctr2 protein stability 
against proteasomal degradation, while Ctr2 promotes the formation of an N-truncated form of 
Ctr1 that facilitates endosomal copper mobilization.76,77 Importantly, both Ctr1 and Ctr2 contain 
two distinct N-terminal CuII-binding sites that could be involved in the uptake of Cu upon 
reduction (see section 1.2.4.1).78–80  

Actually, the mechanism with which extracellular CuII carriers deliver Cu to the cell is not fully 
understood yet. Linder et al. have shown that HSA and α2M can deliver Cu to hepatic cells with 
different mechanisms.67 In addition, it has been shown that in vitro HSA interacts with Ctr1 
ectodomain and is able to transfer CuII to the membrane transporter.65,81 Moreover, in spite of its 
kinetic inertia, Cp-bound Cu also resulted to be bioavailable and taken up by cells via an 
endocytosis-independent mechanism. Cu release from Cp likely require substantial 
conformational change induced by interaction with membrane proteins and/or CuII reduction by 
the reductase STEAP or small physiological reductants such as ascorbate.82–85  

1.2.3.4 Intracellular Cu trafficking 

Once internalized, Cu is kept reduced by the high abundance of reducing agents such as glutathione 
(GSH), ascorbate and NADPH. GSH attains 1–10 mM concentration in cells, where it is found in 
both reduced (thiol) and oxidized (disulfide, GSSG) form. Importantly, the  GSH:GSSG ratio, 
which represents a key marker of cellular redox status, is > 1 in all cell compartments (in particular, 
> 10000:1 in the cytosol and mitochondria, while in the 1–15:1 range in the endoplasmic 
reticulum) and contributes to keeping intracellular Cu in the reduced CuI state (CuII exists only 
transiently during the redox cycling of cuproenzymes).86 GSH is also able to tightly bind CuI in 
mainly tetranuclear ([Cu4(GS)6]) CuI-S- clusters.87 Accordingly, an important role of GSH in Cu 
uptake has been suggested.88 However, further studies have shown that the intracellular 
concentration of “free” Cu is normally buffered around 1 aM, which is below the threshold for Cu-
GSH cluster assembly.89 Indeed, cytosolic Cu is placed in the charge of intracellular shuttles, called 
metallochaperones, that bind CuI in quite redox-inert sites (see section 1.2.4.2) and escort it safely 
towards specific enzymes and organelles (see Fig. 4). In particular, three cytosolic Cu-chaperones 
have been identified to date. 

CCS (Copper Chaperone for SOD) delivers Cu to the sole cytosolic cuproenzyme, SOD1, and 
helps its maturation. CCS is made of three distinct domains (DI-III): DI binds CuI tightly and is 
required for Cu transfer to SOD1; D2, homologous to SOD1, is crucial for protein recognition; D3 
is essential for the formation of a disulfide bond in SOD1 required to reach the active dimeric form 
of the enzyme.90–93 
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Figure 4. Cu uptake and intracellular trafficking. Extracellular Cu carriers deliver Cu either as CuII (blue 
circles) either upon reduction by STEAP reductases or reducing agents such as ascorbate. Ctr1 imports Cu+ 

(yellow circles), which is then shuttled by metallochaperones (and maybe by an LMW pool like GSH) to 
specific targets: CCS to SOD1, Cox17 to CCO, Atox1 to ATP7A/B, which in turn transport Cu+ in the TGN 
where Cu-enzymes are metalated, or export Cu in the extracellular space. Dashed arrows indicate pathways 
that are uncertain or occur only under Cu-overload (such as Cu-binding to MTs).  

Cox17 seems to transport Cu to the mitochondria, where the important cuproenzyme cytochrome 
c oxidase (CCO) is located. CCO is a large transmembrane protein complex (Complex IV of the 
respiratory chain) composed of up to thirteen subunits. It catalyzes the reduction of dioxygen to 
water, which provides energy to pump protons from the matrix to the mitochondrial 
intermembrane space (IMS), contributing to generate the proton gradient required for ATP 
biosynthesis. Subunits I (COX1) and II (COX2) host two Cu-binding sites, CuB and CuA 
respectively, which are crucial for the enzymatic activity. In the IMS, Cox17 transfers Cu to CCO 
assembly proteins such as SCO1 and Cox11. In particular, Cox11 is implicated in the formation 
of the CuB site, while SCO1, together with SCO2, is involved in the formation of the CuA site.94,95 
In addition, SOD1 is also needed in the IMS to scavenge harmful radicals formed by the respiratory 
chain. As its translocation through the mitochondrial outer membrane occurs in the apo-state, CCS 
is also found in the IMS to ensures SOD1 maturation.96 The source of mitochondrial Cu is not 
clear yet. Cox17 might shuttle Cu from the cytosol to the IMS, but it seems not to be essential for 
Cu transport to the mitochondria. Actually, an undefined non-proteinaceous labile Cu pool has 
been found in the mitochondrial matrix and it seems to be mobilized to the IMS and used for the 
metallation of CCO and SOD1. Such LMW ligand could be also responsible for Cu trafficking 
from the cytosol to the mitochondria, where Cu accumulation in the matrix is mediated by the 
phosphate carrier SLC25A3. Interestingly, the existence of such Cu pool in the matrix may 
guarantee the functionality of the mitochondrial cupro-proteome even in the face of an overall 
cellular Cu deficiency.97–100 

Finally, Atox1 provides for Cu delivery to the secretory pathway via the transmembrane Cu-
transporting ATPases, ATP7A and ATP7B, indirectly ensuring the metallation of most 
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cuproenzymes, which are located mainly extracellularly. In particular, Atox1 interacts and delivers 
Cu to the six ATP7A/B N-terminal Atox-like metal-binding domains (NMBDs).101–103  On top of 
its chaperone activity, Atox1 has been proposed to act as a Cu-responsive transcription factor 
inducing the expression of genes involved in cell proliferation (Cyclin D1) and radical scavenging 
(SOD3).104–107 However, a direct Atox1-DNA interaction was not supported by in vitro 
experiments. Nevertheless, Atox1 can translocate to the nucleus, where gene regulation could be 
mediated by several Atox-interacting proteins that have been identified in yeast.108,109 

ATP7A/B pumps Cu into the lumen of the trans-Golgi network (TGN) or secretory vesicles, which 
can lead in turn to Cu export. These two transporters often show distinct localization and functions. 
For instance, ATP7A is found on the basolateral membrane of enterocytes and blood-brain barrier 
(BBB) where it ensures dietary Cu absorption and Cu import into the brain parenchyma, 
respectively. Instead, ATP7B mediates Cu biliary excretion in hepatocytes and expels excess Cu 
from the brain in the apical membrane of the BBB. In noradrenergic neurons, ATP7A also pumps 
Cu into secretory granules for the metallation of DBH, whereas ATP7B sequesters Cu into vesicles 
regulating the amount of available cytosolic Cu.110,111 The mechanism of active (i.e. ATP-
dependent) Cu transport through ATP7A/B involves a self-phosphorylation reaction: before ATP 
hydrolysis, Cu is bound tightly in sites exposed to the cytosol; after the autophosphorylation, Cu 
is released into the luminal/extracellular compartment.94 

Curiously, nothing is known about the trafficking of Cu inside the TGN lumen and the metallation 
of cuproenzymes therein. In the absence of specific metallochaperones, Cu might be mainly shuttle 
by GSH.  

Finally, an additional family of intracellular Cu-binding proteins is formed by Metallothioneins 
(MTs). These are small Cys-rich proteins with high metal-binding capacity due to the formation 
of metal-thiolate clusters. In mammals, four isoforms (MT-1 to MT-4) exist, with multiple 
subtypes within each isoform. While MT-1 and MT-2 are ubiquitously expressed, MT-3 and MT-
4 are selectively distributed into the central nervous system (CNS) and the stratified epithelia, 
respectively. Although MTs show a higher affinity for CuI than ZnII (in line with HSAB theory, 
see section 1.2.1), and the highest affinity for CuI among cytosolic cuproproteins, they seem to be 
mostly loaded with ZnII, due to its higher bioavailability, and to bind Cu only in case of overload.112 

This also suggests that an increasing affinity gradient (from Ctr1 to the acceptor proteins via the 
metallochaperones) is not the mere driving force of the directional Cu trafficking in cells.113 
Indeed, the latter is also likely kinetically controlled, e.g. via protein-protein interactions.  

1.2.3.5 Regulation of cellular Cu homeostasis 

Contrary to microorganisms, whose Cu sensors and regulators (e.g. CueR in bacteria and Mac1 in 
yeast) have been identified,13 very little is currently known about the regulation of human Cu 
homeostasis.  

For many years, the metal-responsive transcription factor (MTF-1) has been the sole known 
mediator of the cellular response to Cu excess. Notably, thanks to six DNA-binding zinc finger 
domains, MTF-1 is directly activated by zinc and promotes the expression of MT-I/II. Excess 
levels of Cu and other heavy metals ions instead activate MTF-1 indirectly by the displacement of 
zinc from MTs.114,115 

More recently, other regulatory mechanisms of Cu uptake/export have been discovered.  
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For instance, Ctr1 is regulated at both transcriptional and post-translational levels in human cells. 
In particular, Ctr1 transcription is regulated by the ubiquitous transcription factor Sp1, a zinc-
finger protein that recognizes the hCtr1 gene promoter sequence. Excess Cu down-regulates Ctr1 
expression via Sp1. It has been shown in vitro that Cu can replace ZnII in the ZF domain of Sp1. 
Interestingly, such a metal swap induces a slight conformational change that disrupts the ability of 
Sp1 to bind to the hCtr1 promoter sequence. Furthermore, Sp1 also self-regulates its own 
expression with the same Cu-dependent mechanism.116–118 

Besides, mitochondria generate and transmit a redox signal that regulates cellular Cu import and 
export. In particular, SCO1 sustains Ctr1 expression, limiting its proteasomal degradation, and 
regulates ATP7A-mediated Cu efflux through the mediation of Cox19. The latter is a soluble CCO 
assembly factor that partitions between mitochondria and the cytosol in a Cu-dependent manner 
and stimulates the trafficking of ATP7A to the plasma membrane.119,120 

1.2.3.6 Cu speciation in bodily secretions and excretions 

Unlike serum Cu pools, the Cu-binding components of other extracellular fluids are not precisely 
known. Recently, Cu speciation in gastrointestinal fluids has been revised by Linder.121  

In the bile, early studies showed Cu bound to LMW ligands, which might be protease-resistant Cp 
fragments. More recent studies also suggested the presence of Cu-MTs.  

Cu is also found in the saliva at 1-10 μM concentration, where it could serve as an antimicrobial 
agent. For instance, the salivary peptide Histatin-5 (Hist-5) can bind CuII with high affinity and a 
potential role of such interaction in the physiological function of the peptide has been proposed.122–

126 

As anticipated, an exiguous amount of Cu is normally found in urine (< 0.5 μM/24h). As a 
consequence of the size-dependent filtering activity of the kidney, urinary Cu originates mainly 
from the serum LMW pool. Indeed, the elusive SCC was first discovered as the main Cu pool (> 
70% total Cu) in the urine and suggested to mediate a secondary Cu excretion pathway.70 Besides, 
even though protein urine content is also normally neglected (e.g. HSA concentration is < 0.3 
μM/24h), a Cu/HSA ratio around 2 has been reported, suggesting that a Cu-HSA pool might exist 
in urine.127,128 In addition, MTs have also been found in urine and might bind Cu therein.129 
Overall, most (if not all) urinary Cu pools seem to be labile and exchangeable. 

It has also been mentioned above the remarkable role played by Cu at the synapse. In addition, Cu 
dyshomeostasis has been implicated in some neurodegenerative disorders (see section 1.2.5.2). 
Accordingly, many putative Cu-binding synaptic ligands have been proposed even though no solid 
evidence exists about their relevance in vivo. For instance, MT-3 is supposed to occur also 
extracellularly in the brain, where it might scavenge free CuII preventing oxidative damage.130–132 

Besides, the cells of the choroid plexus release Cu (via ATP7A) and Cp into the cerebrospinal 
fluid (CSF), where their concentration is approximately 0.3-0.5 μM and 1 nM, respectively. 
Indeed, Cp-bound Cu is only about 35% of total Cu in the CSF, whereas HSA is the most abundant 
protein (about 3 μM) and likely the major Cu pool. As a result, most Cu in the CSF is 
exchangeable.28,133,134 

Finally, Cp represents the major form of Cu in breast milk (70–80%), where Cu attains about 5 
μM concentration. Interestingly, the metabolism of newborns is adapted to acquire Cu from Cp. 
HSA and casein might bind the residual Cu.135–139 
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1.2.4 Cu coordination to proteins and peptides 

Hereinafter, the Cu-binding sites in the mentioned cuproproteins are described at the molecular 
level and on a functional basis. In particular, cuproproteins are distinguished in cuproenzymes and 
Cu-carriers, the latter being in turn differentiated in CuII- and CuI-carriers (transporters and 
chaperones).  

Interestingly, the structural difference between Cu-sites in enzymes and carriers mirrors their 
distinct functions. Indeed, Cu in enzymes needs to be trapped and generally cycle between the 
CuI/II states, whereas Cu-carriers have to be redox-inert (to avoid toxicity) and kinetically labile. 

 

1.2.4.1 CuII carriers 

Among the established and putative extracellular CuII-carriers, HSA, the tripeptide GHK and 
amino acids (especially Histidine) are those whose Cu coordination is well-known. 

HSA binds CuII in an N-terminal site (NTS), involving the first three amino acids, Asp-Ala-His 
(DAH). This motif, NH2-Xxx1-Zzz2-His3 (XZH), where Xxx and Zzz can be any amino acid except 
for Pro (a secondary amine) as Zzz, is usually known as Amino-Terminal CuII- and NiII-binding 
(ATCUN) motif. The ATCUN motif is a tetradentate chelator that coordinates CuII via the N-
terminal amine group (NH2), the first two amidates of the peptide backbone (N–) and the Nπ of the 
His3 imidazole ring forming a square planar complex (see Fig. 5). Such coordination mode 
involving four nitrogen atoms is often denoted as 4N (NH2, N–

, N–
, NIm).72,140 In line with CuII 

preference for nitrogen donors and square planar coordination geometry, this site is well-adapted 
for CuII but not for CuI, resulting in a very low reduction potential (< –1 V) and negligible ROS 
production in the presence of ascorbate.141 Moreover, the ATCUN motif also binds selectively CuII 
among the essential biometals, as a strong Lewis acid character is needed to induce amide 
deprotonation. Importantly, this site shows a quite high affinity for CuII, i.e. log K7.4 = 12-15, which 
is probably the highest among the naturally occurring pure CuII-ligand currently known. The 
affinity depends on the identity of Xxx, Zzz and the sequence downstream, as well as the whole 
protein structure.72 For instance, CuII-HSA has log K7.4 = 13, while the simple tripeptide DAH 
showed log K7.4 = 13.7.62,142 Even though a correlation has been found between the affinity for 
CuII and the basicity of the N-terminal amine (pKa), the relative affinity of different ATCUN 
sequences remains hardly predictable. Finally, CuII-bound to the ATCUN motif is kinetically 
labile, although bulky and aromatic amino acids can effectively shield the ion enhancing the kinetic 
stability from minutes to hours/days.143 Noteworthy, as the name suggests, ATCUN peptides can 
also bind NiII, which is not an essential element for mammals. However, the affinity and binding 
kinetics of such ion are much lower compared to CuII.142 Interestingly, the ATCUN motif does not 
occur uniquely in HSA. hCtr1 also contains an ATCUN motif, MDH, with an affinity comparable 
to HSA (log K7.4 = 13), from which Ctr1 can retrieve CuII.65 Furthermore, the ATCUN motif is 
also found in about 400 human protein sequences, such as human protamine-2, endostatin, the 
neuropeptide Neuromedin C, the hormone hepcidin and the above-mentioned Hist-5. However, it 
is not clear whether the ATCUN motif has a functional role in such biomolecules.72,144 

The tripeptide GHK, containing the similar but distinct NH2-Xxx1-His2 (XH) motif, represents a 
tridentate chelator binding CuII with a 3N (NH2, N–

, NIm) coordination mode involving the N-
terminal amine, one amidate, His2 imidazole and a fourth external ligand (see Fig. 5). 
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Figure 5. Structure of the CuII complexes with Xxx-Zzz-His and Xxx-His peptides, amino acids and 
Histidine.  

GHK affinity for CuII is similar to HSA. Likewise, XH motif shows high selectivity for CuII (e.g. 
the log K7.4 of AH dipeptide is ~3 for ZnII and ~13 for CuII).145 Besides, although XH motif has a 
higher reduction potential (~ –0.2 V), it shows poor ROS production activity.72,140,146 Finally, the 
XH motif shows faster CuII exchange than XZH (< ms), as a likely result of the lower number of 
amidates involved (as the amide protonation seems to be the rate-limiting step) and the possibility 
to form 3N+L (self-)ternary complexes (see section 2.5.1.2).63,72,140,147,148 Finally, free amino acids 
represent bidentate ligands coordinating via the amino group and the carboxylate with modest 
affinity and selectivity (e.g. log K7.4 = 5.87 for Cu-Gly and log K7.4 = 2.62 for Zn-Gly). Histidine 
can coordinate Cu also via the imidazole side-chain, forming stronger bidentate 2N (NH2, NIm) 
complexes (log K1 = 8.43, log K2 = 6.3 at pH 7.4).69 CuII-(His)2 complex can be reduced by 
ascorbate and cysteine in aerobic conditions forming ROS.141,149,150 

1.2.4.2 CuI carriers 

As opposed to extracellular CuII carriers, intracellular CuI transporters and chaperones stabilize 
CuI in linear or trigonal coordination sites involving mostly Cys or Met residues. As already 
mentioned, hCtr1 ectodomain has several His- and Met-rich motifs, while CuI results 
tricoordinated by Met residues belonging to an MX3M motif in the second transmembrane domain 
of each monomer (see Fig. 6). Moreover, at the intracellular C-terminus, an HCH motif has been 
shown to bind and transfer CuI to Atox1 in vitro.151 Most chaperones bind CuI through two Cys 
residues, belonging to characteristic motifs. In particular, Atox1, CCS (domain I) and the NMBDs 
of ATP7A/B, which all show the same ferredoxin-like fold, bind CuI via two Cys belonging to a 
CXXC motif. Such coordination site may be further stabilized by an additional Cys residue from 
a molecule of GSH.152 Interestingly, such trigonal species are also involved in the Cu transfer 
between Atox1 and the NMBDs of ATP7A/B.153 Moreover, the ability of Atox1 to form 
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tetracoordinated Cu-bridged dimers has been reported.101,154 Besides, in ATP7A/B, a CXC motif 
found in the sixth transmembrane domain represents the Cu-translocation site.94 Cox17, instead, 
coordinates Cu via two adjacent Cys residues,155 while Cox11 dimerizes upon CuI-binding forming 
a tetracoordinated dinuclear Cu-S cluster.156 A trigonal Cu-binding site involving a CX3C motif as 
well as a His residue is found in SCO1/2.157  Finally, human MTs can bind up to twelve Cu ions 
in Cu-thiolate clusters. The reaction of Cu with Zn7-MT-3 yields for instance the formation of a 
Cu4-S9 cluster that is air-stable and redox-inert.158 

 
Figure 6. Structure of some CuI-binding sites in membrane transporters and metallochaperones.  

1.2.4.3 Cu-enzymes 

As discussed above, CuI and CuII states prefer very different ligand and coordination geometry, so 
much that an efficient redox cycling is rarely accomplished by Cu-complexes with simple organic 
ligands in biological conditions.159 However, living systems shaped the active sites of 
cuproenzymes to favour their function, i.e. optimize redox cycling, accommodating CuI/II in a so-
called entatic (literally meaning “under tension”) state that represents a compromise in terms of 
both donor type and coordination geometry.160 In particular, the well-defined protein structure 
constrains Cu in mostly tetra- or penta-coordinated sites via a mix of hard, or better intermediate, 
and soft ligands (mainly His, Cys and Met).  

Cu-binding sites in cuproenzymes are distinguished into three main types based on their structural 
features, which also reflect their different functions (see Table 4). 

Table 4. Cu-binding sites in human cuproenzymes. 

Enzyme Type of site Ligands 

CCO 
CuA 

1 His, 1 Met,  
2 bridging Cys  
1 His, 1 C=O 

CuB 3 His 
SOD1/3 T2 3-4 His 

DBH, PAM T2 
3 His (CuH) 

2 His, 1 Met (CuM) 
Amine oxidases T2 3 His 

TYR T3 3 His + 3 His 

Cp, Heph 
T1 2 His, 1 Cys, (1 Met) 
T2 2 His, H2O 
T3 3 His + 3 His 

FGE n/a 2 Cys 
 

In Type 1 (T1) Cu centres, which are typically found in electron-transfer proteins (known as 
cupredoxins), Cu is coordinated by 2 His (Nπ) and 1 Cys forming a pseudo-trigonal plane. T1 sites 
are further classified based on the presence and identity of axial ligands: 1 Met (class I), a non-
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methionine residue (class II), forming a distorted tetrahedral site, or 1 Met and a glycine carbonyl 
oxygen (class III), resulting in a distorted trigonal bipyramidal geometry. Examples of T1 Cu 
proteins are the above-mentioned plastocyanin (class I) and azurin (class III). In humans, T1 Cu 
sites are found only in multicopper proteins (see below).6,161 

 
Figure 7. Structure of the main Cu-binding sites in cuproenzymes.  

Type 2 (T2) Cu sites are instead tri- or tetra-coordinated mostly via His (Nτ) residues (Met, Glu, 
Gln or Tyr may complete the coordination sphere). Such site is found in SOD1/3, monooxygenases 
(DBH and PAM) and amine oxidases (such as LOX). In SOD1/3, for instance, CuII and CuI are 
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tetra- and tri-coordinated, respectively, by His residues. DBH and PAM contain two T2 sites: CuH, 
coordinated by 3 His, and CuM, coordinated via 2 His and 1 Met.162 

Type 3 (T3) Cu sites are antiferromagnetically coupled dinuclear Cu centres found for instance in 
TYR and the O2-transporter hemocyanin. In the absence of O2, each CuI ion is coordinated by 3 
His in a trigonal planar geometry. Upon dioxygen binding in a side-on bridging coordination, a 
distorted trigonal bipyramidal geometry is adopted.6  

Besides, some cuproenzymes, notably multicopper oxidases (MCO), contain more than one Cu 
site. Members of such family are laccases, ascorbate oxidase, as well as Ceruloplasmin (Cp) and 
its homologue Hephaestin. All MCOs include at least 4 Cu ions arranged in a mononuclear T1 Cu 
site and a trinuclear Cu centre composed of a T2 Cu site and a couple of T3 ions.163 In particular, 
Cp binds 6 ions arranged as three T1 Cu sites (two including a Met residue and one lacking axial 
ligands), one of which is permanently reduced, and a trinuclear Cu centre where dioxygen binding 
and activation occur.164,165 

The two Cu sites of CCO, CuA and CuB, escape the classification described above. The CuA site, 
which is found in COX2 subunit and serves for electron transfer, is a dinuclear mixed-valence Cu 
centre bridged by 2 Cys residues in a tetrahedral geometry. The coordination spheres are completed 
by 1 His and 1 Met or 1 His and a glutamate carbonyl oxygen, respectively. The CuB site, found 
in COX1 subunit, is coordinated by 3 His in a trigonal planar geometry and faces a heme a3 
cofactor, between which dioxygen is bound and reduced (see Fig. 7).6  

Finally, a very unconventional Cu site involving two Cys residues has been recently identified in 
the enzyme FGE.166–168 

1.2.5 Cu-related human diseases  

By virtue of the momentous role played by Cu and Cu-enzyme in human physiology, it seems 
evident that the breakdown of Cu homeostasis can lead to severe pathological conditions. Indeed, 
some genetic disorders related to defective cuproenzyme activity or altered Cu trafficking exist, 
as well as idiopathic diseases where Cu involvement has been observed but remains controversial. 

1.2.5.1 Genetic disorders of Cu metabolism 

Genetic defects affecting some cuproenzymes, such as SOD1, TYR and Cp, give rise to consequent 
diseases, such as amyotrophic lateral sclerosis, oculocutaneous albinism and aceruloplasminemia, 
respectively.169–171 The latter is characterized by the lack of functionality of Cp, resulting in iron 
accumulation in the liver and the brain, while normal Cu transport and metabolism are observed. 
Interestingly, this indicates that Cp has a primary role in iron mobilization but not as a Cu carrier. 

Besides, CCO deficiency can arise from mutations of the assembly cofactors SCO1 and SCO2, 
leading to neonatal hepatic failure and encephalocardiomyopathy.172–174 

Actually, the impairment of Cu trafficking can affect simultaneously several biochemical functions 
and lead to very detrimental consequences. This is indeed illustrated by the two best-known Cu-
related disorders, i.e. Menkes and Wilson diseases, which are caused by mutations in the 
membrane transporters ATP7A and ATP7B, respectively.   

Menkes disease (MD) is an X-linked recessive disorder affecting about 1:100000-250000 
newborns. As ATP7A assures Cu transport from enterocytes to the bloodstream, its impairment 
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entails the accumulation of Cu in the intestine and a systemic Cu deficiency with, consequently, 
reduced activity of cuproenzymes. As a result, MD patients show mental and growth retardation, 
hypopigmentation and laxity of skin and joints. The average lifespan of MD patients is about 3 
years.175,176 The diagnosis of MD is classically based on clinical manifestations and confirmed by 
decreased blood levels of Cu (< 11 μM) and Cp (< 200 mg/L). Interestingly, the level of plasma 
catecholamines, which are altered as a result of DBH deficiency, is also a selective biomarker. 
Parenteral Cu supplementation as Cu-His complex (see Fig. 5) represents the classical treatment, 
even though this often does not improve neurological manifestations due to poor penetrance in the 
brain.177,178 Recently, elesclomol (see Fig. 8) appeared to be promising to overcome such 
limitation.179 

Wilson’s disease (WD) is an autosomal recessive disorder with an incidence of 1:30000-100000. 
WD is progressive and the severity of clinical manifestations is very variable, spanning from 
hepatic cirrhosis and chronic hepatitis to cardiomyopathy and neurological defects such as 
Parkinsonian features (e.g. tremor and bradykinesia).176,180 Indeed, ATP7B dysfunction implies 
Cu accumulation in the liver (250 μg/g of dry weight) and the brain, as well as reduced Cp levels 
in the blood (< 100 mg/L).44,48,181 Therefore, total serum Cu is usually decreased, but normal levels 
are also often observed.182 This suggests an increase of the exchangeable non-Cp Cu (NCC) pool. 
Effectively, the level of NCC, or better the Relative Exchangeable Cu (REC), i.e. the 
exchangeable/total Cu ratio, correlates well with Cu overload in WD and is emerging as a relevant 
biomarker due to high diagnostic selectivity and specificity.183 Curiously, high urine Cu levels (> 
1 μM/24h) are also diagnostic in untreated WD patients. As an explanation, it has been recently 
proposed that a putative secondary SCC-mediated Cu excretion pathway in urine may be 
upregulated as a result of ATP7B impairment.70 Importantly, the median life expectancy of 
untreated WD patients is 40 years, but almost normal expectancy is often achievable with currently 
available treatments. These typically consist in Cu chelation therapy using D-penicillamine (D-
Pen), trientine (trien) or tetrathiomolybdate (TTM), or zinc supplementation (e.g. as zinc acetate) 
to inhibit Cu intestinal absorption (see Fig. 8).180,184,185  

 
Figure 8. Ligands used or investigated as drugs to treat MD (elesclomol) and WD (D-pen. Trien, TTM). 
Cu-binding atoms are coloured. 
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1.2.5.2 Neurodegenerative diseases 

The harmful effects of brain Cu dyshomeostasis are clearly demonstrated by the clinical 
manifestations of MD and WD. Besides, brain Cu misbalance has been also related to the most 
relevant neurodegenerative disorders, namely Alzheimer’s disease (AD) and Parkinson’s disease 
(PD), which share oxidative stress and proteinaceous aggregates (amyloids) as major hallmarks.186 

AD is the most common type of dementia in western countries, currently affecting almost 50 
million people worldwide. AD patients’ brain is characterized by the presence of extracellular 
deposits, called amyloid plaques, mainly composed of the peptide(s) Amyloid-β (Aβ), and 
intracellular aggregates of the protein τ, known as neurofibrillary tangles (NFTs).187 

Aβ peptides are generated by the “amyloidogenic” proteolysis of the Amyloid Precursor Protein 
(APP), a transmembrane neuronal protein. In particular, the sequential cleavage of APP by β- and 
γ-secretases originates Aβ1-40 and Aβ1-42 peptides, which may be further processed (e.g. by 
proteases such as neprilysin, angiotensin-converting enzyme and insulin-degrading enzyme) 
forming N-truncated Aβ species. Actually, the N-truncated Aβ4-40 peptide is now recognized to be 
as abundant as Aβ1-42  in both healthy and AD brains.188,189  

Only a small portion (about 5%) of AD cases are hereditary, due to mutations in APP or γ-secretase 
subunits (presenilins). Most AD cases are instead idiopathic. According to the so-called amyloid 

cascade hypothesis, AD pathology arises from the aggregation of Aβ into soluble amorphous 
oligomers, now considered the most neurotoxic species, and then into insoluble fibrils, although 
Aβ appears also to be essential to brain physiology.190,191  

Importantly, Cu can interact with APP, preventing its amyloidogenic processing, inducing its 
dimerization and trafficking to the plasma membrane. Hence, it has been speculated that APP, 
whose function is unknown, could play a role in Cu brain metabolism and modulate the 
neuromodulatory activity of Cu.192–196 In addition, it has been shown in vitro that Cu can modulate 
the amount and the morphology of Aβ aggregates depending on the Cu/Aβ ratio.197 Most 
importantly, a high amount of Cu has been found in amyloid plaques, where Cu can be bound to 
Aβ.198,199 Moreover, the Cu content of the whole brain seems to be lower in AD patients than 
healthy controls, while increased NCC has been reported in the CSF.200,201 Interestingly, 
intracellular Cu deficiency implies higher Aβ secretion.202 AD patients also show increased levels 
of Cu, especially non-Cp Cu (NCC), in serum and urine. In particular, the Cu:Cp ratio has been 
proposed as a suitable marker.201,203,204 Actually, few single nucleotide polymorphisms in ATP7B 
gene have been identified in some AD patients, which could explain the Cu misbalance 
observed.205–207 

Therefore, the molecular interaction between Cu ions and Aβ peptides have been thoroughly 
investigated. Studies showed that Aβ1-40/42 bind CuII and CuI with (sub)nanomolar affinity forming 
complexes that are competent in ROS production and, as such, could contribute to AD 
pathogenesis.208,209 On the contrary, N-truncated Aβ4-x and Aβ12-x fragments bearing ATCUN 
motifs (see section 1.2.4.1) have even higher Cu-affinity (log K7.4 about 14) and showed lower 
redox activity.210–214 Hence, they have been postulated to act as CuII carriers or synaptic CuII 
scavengers.188,215  

Similar to AD, Parkinson’s disease is characterized by intracellular aggregates, known as Lewy 
bodies, mainly composed of the protein α-Synuclein (α-Syn).  
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The most affected brain regions of PD patients, i.e. substantia nigra and locus coeruleus, show 
lower Cu levels than healthy controls, whereas meta-analytic studies showed no significant 
difference of Cu levels in serum and CSF between PD patients and controls.216,217  

The interaction of Cu with α-Syn has also been extensively studied, showing that Cu modulates α-
Syn aggregation, toxicity and aggregation.218,219 Several Cu-binding sites have been identified in 
α-Syn, revealing its ability in producing ROS.220–223 However, due to moderate (micro- to 
nanomolar) Cu affinity, the occurrence of Cu-(α-Syn) complexes in vivo is questionable and not 
yet addressed. Notwithstanding, even a functional role of Cu-(α-Syn) as ferrireductase has been 
proposed.224–226 

 

1.2.5.3 Cancer 

The favourable role of Cu in carcinogenesis appears coherent with Cu involvement in signalling 
pathways promoting cell proliferation and angiogenesis (see section 1.2.2.2), a process that is 
essential to support tumour growth. In addition, Cu seems also to promote tumour metastasis, e.g. 
via the activity of LOX, which is secreted by cancer cells to remodel the extracellular matrix and 
allow cell migration. Thus, accumulation of Cu and the up-regulation of Cu-
transporters/chaperones (e.g. Ctr1, Atox1, CCS, Cox17, SCO1 as well as ATP7A/B) in cancer 
cells have been reported for many tumour types. This trend is mirrored by elevated serum Cu and 
Cp levels, which might arise from enhanced Cu export from the liver. Interestingly, such increase 
correlates with disease progression and remission, suggesting the possibility that serum Cu levels 
may be used as a marker during cancer treatments.25,227,228 

Consequently, Cu chelation is being explored as a strategy to halt cancer progression, for instance 
exploiting chelators used in WD (D-Pen, trien and TTM, see Fig. 9). On the other hand, different 
approaches aim at raising intracellular Cu levels to enhance its cytotoxic effects. For this purpose, 
Cu ionophores (i.e. ligands facilitating Cu import) such as gtsm, hydroxyquinolines (HQs) and 
diethyldithiocarbamate (DEDTC), as well as potentially pro-oxidant Cu-complexes (i.e. redox-
active complexes able to produce ROS) of phenanthrolines (phen), bipyridine (bipy) and 
thiosemicarbazone (TSC) ligands are currently investigated (see Fig. 9). Interestingly, based on 
the higher Cu content in the tumour environment, such Cu-targeting anticancer drugs could benefit 
from selective toxicity towards cancer cells.25,228–234 

 
Figure 9. Ligands investigated as Cu-based anticancer drugs. Cu-binding atoms are coloured. 
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1.3 Aim of the thesis  

The physiological functions and the pathological effects of Cu in living systems demonstrate the 
interest in Cu measurement in biological samples. Notably, Cu dyshomeostasis does not arise only 
from the alteration of total Cu levels, but it often occurs as Cu mislocalization and protein 
mismetallation with Cu. Therefore, besides “bulk” Cu determination, the dynamic and spatially-
resolved detection of cuprome (i.e. Cu metallome) is equally important. Furthermore, as already 
mentioned, the exchangeable Cu pool in biological fluids, rather than the total Cu,  has been 
particularly correlated with WD and AD.183,235 

However, methods for the specific detection of the exchangeable pool are not established yet. 
Actually, current approaches employing elemental analysis (e.g. ICP-MS/OES or AAS) or 
imaging techniques (e.g. LA-ICP-MSI or XRF) are mostly insensitive to Cu speciation, unless 
they are coupled with separative steps or rely on a Cu-responsive chemical probe (see section 
2.1).236 

For instance, Cu-sensitive luminescent probes could be suitably designed to detect and image 
exchangeable Cu in biological systems. In particular, sensors based on emission enhancement 
upon Cu recognition, known as “turn-on”, are more desirable for quantification and imaging 
applications than those based on luminescence quenching, denoted as “turn-off” (see section 2.2).  

Several turn-on luminescent CuI-probes have been reported and used to investigate intracellular 
CuI-trafficking.26,89,99,237 Conversely, a deep analysis of luminescent CuII-probes reported in the 
literature revealed that, at best, very few of them, may be suitable for exchangeable CuII analysis 
in body fluids.236 In particular, as CuII is a well-known luminescence quencher, the design of 
coordination-based (hence reversible) turn-on CuII-probes appears very challenging. 
Notwithstanding, some examples of putative reversible turn-on CuII-probes have been reported. 
Thus, with the aim to develop luminescent CuII probes suited for applications in biological 
samples, we first examined the working mechanism of a putative reversible turn-on CuII-probe 
previously reported in the literature. Remarkably, we found out that this is instead based on an 
irreversible Cu-mediated reaction, unlikely to occur in biological conditions (see section 2.3).238 

Therefore, in light of the very challenging rational design of reversible turn-on CuII-probes, we 
first focused on the development of turn-off luminescent chelators provided with beneficial 
properties for the detection of exchangeable CuII in biological media, namely suited affinity and 
selectivity as well as background-free detection.239,240 Then, our efforts were directed towards the 
development of a ratiometric derivative in order to improve CuII quantification and enable the 
analysis of exchangeable CuII in urine and blood serum (see sections 2.4-2.6). 

Besides, the mode of action of some putative Cu-based drug, such as anticancer 
thiosemicarbazones (TCSs), is not thoroughly understood yet. Notably, although synergism with 
CuII has been observed for some TSCs, for which CuII-mediated ROS production has been 
proposed as a mechanism of cytotoxicity, it is currently controversial whether TSCs form pro-
oxidant CuII-complexes in vivo. Hence, a minor part of this work was devoted to the investigation 
of the stability and reactivity of some CuII-TSCs complexes in the presence of HSA or GSH, to 
assess the capacity of TSCs to pick up CuII in the blood and to generate ROS in the presence of 
GSH and dioxygen at both cytosolic and lysosomal pH (see section 3). 
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2. Luminescent probes for exchangeable Cu 

2.1 Introduction 

The measurement of non-Cp Cu (NCC), also referred to as exchangeable Cu (CuEXC) has been 
gaining interest as a potential diagnostic marker for WD and AD. In the following, current methods 
to detect and quantify the NCC/CuEXC are described highlighting their shortcomings.  

2.1.1 Exchangeable Cu measurement 

2.1.1.1 Drawbacks of common elemental analysis and imaging methods 

Although elemental analysis techniques, such as ICP-MS (inductively-coupled plasma-mass 
spectrometry) or ICP-AES (inductively-coupled plasma-atomic emission spectroscopy) and AAS 
(atomic absorption spectroscopy), are the gold standard for bulk (total) Cu measurement in 
biological or environmental samples thanks to their very low detection limits (in the pM-nM 
range), they are not directly suited for speciation analysis. To this aim, the so-called hyphenated 
techniques are required, which combine the above-mentioned detection methods with separation 
techniques such as size-exclusion chromatography (SEC) or electrophoresis. These approaches 
have been extremely important for the study of Cu speciation in body fluids and represent the 
ground on which current knowledge about Cu metabolism is based. However, they require 
relatively fancy instrumentation and expertise, which hamper the applications in clinical 
analysis.241–245 

Besides, LA-ICP-MS (laser ablation-ICP-MS) and X-ray fluorescence (XRF) are used for imaging 
scope, providing high sensitivity and spatial resolution (down to about 20 nm for XRF). 
Nevertheless, they detect total Cu and remain mostly insensitive to metal speciation.246,247 

2.1.1.2 Indirect estimation of NCC – the Walshe’s index 

The measurement of NCC first acquired significance in the diagnosis of WD, for which purpose 
Walshe proposed to estimate indirectly the NCC in serum as the difference (known as Walshe’s 
index), between total Cu (measured by elemental analysis) and Cp-bound Cu. The latter has 
initially been measured via immunological methods, which unfortunately do not distinguish apo-
and holo-Cp, resulting in a potential overestimation of Cp-bound Cu and underestimation of NCC. 
Indeed, even unrealistic negative NCC values were obtained. Therefore, it was then recommended 
to selectively measure holo-Cp via an enzymatic assay of its oxidase activity, with the assumption 
that Cp is saturated with 0.3% (w/w) Cu. However, this assumption, together with the variable 
purity of commercial Cp standards, compromise the reliability of this method.248–250 

2.1.1.3 Chelation-free methods – ultrafiltrable Cu 

Due to the flaws of Walshe’s index, direct methods have been developed implicating the separation 
of NCC from holo-Cp. Such separation is mostly achieved via ultrafiltration (UF) through size-
exclusion membranes with a defined molecular weight cut-off.60,251–255 Thus, a suitable cut-off 
could be used for instance to retain Cp (132 kDa) and collect the NCC in the ultrafiltrated fraction, 
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also referred to as ultrafiltrable Cu (CuUF), which can be then quantified by elemental analysis. 
Notably, the Cu pools present in the CuUF depend on the cut-off used.  

McMillin et al. reported a method to measure non-protein-bound (“free”) Cu using a filter with 30 
kDa cut-off. They found CuUF lower than about 1.5 μM in more than hundred healthy people, 
while CuUF resulted to be at least 6-fold higher in WD patients.254  

On the other hand, using different 50 kDa or 30 kDa cut-off membranes, negligible levels of CuUF 
were detected by Catalani et al., who suggested that protein clotting into the membrane could 
represent a source of systematic error leading to CuUF underestimation. Instead, the same authors 
isolated non-protein-bound Cu (0.1 – 0.8 μM) with a 100 kDa cut-off filter that evidently also 
retained HSA.60 

These examples show that the amount and the speciation of CuUF strongly depend on the precise 
type of filter and cut-off used, undermining reproducibility and reliability. 

2.1.1.4 Chelation-based methods – exchangeable or chelatable Cu 

A partially different approach employs chelators to extract Cu from the labile pool. Nevertheless, 
most methods reported up to date still rely on the extraction or isolation of the Cu-chelator complex 
prior to the detection of such exchangeable (or chelatable) Cu, CuEXC (see Table 5). 

Table 5. Chelation-based methods for CuEXC measurement. 

Chelator Affinity‡ 

Chelator 

Concentration 

(mM) 

Incubation 

time (min) 

Sample 

treatment 

Detection 

method 
Reference 

DEDTC 
11.7, 

12.2 256 

0.28 20 n/a 
Colorimetry 

(λabs = 440 nm) 
257 

0.16 30 
Extraction of 

Cu-DEDTC in 
mineral oil 

ICP-MS 258 

His 8.4, 
6.3 69 

10-100 120 Dialysis ICP-MS 259 

EDTA 15.9 54 5 60 Ultrafiltration ICP-MS, AAS 183,255 

Phen 
9.1, 

6.8 260 
1 60 

Addition of 
DNA and 

mercaptoethanol; 
reaction with 
thiobarbituric 

acid in 
trichloroacetic 
acid at 100 °C; 
extraction in 

butanol 

Fluorescence 
(λex = 532nm 
λem = 553 nm) 

261 

‡ The values reported for Phen, His and EDTA are log K at pH 7.4; for DEDTC log K was determined in 
methanol. 

For instance, Woimant and colleagues employed EDTA (5 mM, 1h incubation, log K7.4 = 15.9, see 
Fig. 10) to chelate CuEXC in serum prior to ultrafiltration (30 kDa cut-off) and elemental analysis. 
Interestingly, the authors reported higher levels of CuEXC (0.62 – 1.15 μM) compared to CuUF (0.07 
– 0.16 μM), coherently with the ability of EDTA to extract HSA-bound Cu, which should not be 
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found instead in CuUF.255,262 Overall, Woimant et al. showed higher short-term (24h) stability of 
CuEXC compared to CuUF and proposed the CuEXC/CuTOT ratio, called Relative Exchangeable Cu 
(REC), as a promising biomarker with high selectivity and specificity for WD diagnosis.183 

 

Figure 10. Structure of the hexadentate chelator EDTA. Cu-binding atoms are coloured. 

However, speciation analysis recently revealed the presence of protein-bound Cu (Cu-HSA and 
Cu-Cp) in CuUF obtained after incubation of blood serum with EDTA and ultrafiltration with 30 
kDa cut-off. Furthermore, very poor reproducibility was found even using filters of the same lot.263 
This underlines once more the flaws related to the use of ultrafiltration devices.  

Another interesting strategy to detect the Cu-chelator complex, known as “phenanthroline assay”, 
was introduced by Gutteridge in 1984 using the bidentate ligand 1,10-phenanthroline (phen, log 
K1 = 9.1, log K2 = 6.8 for CuII). The quantification of the formed Cu(phen)2 complex is achieved 
thanks to its pro-oxidant activity towards DNA. Cu(phen)2 is indeed very competent in catalysing 
the production of ROS in the presence of a reductant such as β-mercaptoethanol. The generated 
ROS can in turn degrade DNA forming intermediate thiobarbituric acid-reactive species that 
become fluorescent and can be detected upon reaction with thiobarbituric acid.261 It is noteworthy 
that, even though the assay relies on the redox activity of Cu(phen)2, the endogenous Cu chelated 
by phen is not necessarily a redox-active or pro-oxidant form of Cu, as often falsely claimed. 
Gutteridge et al. applied this assay to measure labile Cu in serum, CSF, sweat and brain tissue.264–

268 Interestingly, Gutteridge also found no chelatable Cu in fresh serum samples and suggested that 
the levels of NCC could be altered by Cu release from Cp upon sample storage and freezing.269 

Although the reactivity-based phenanthroline assay benefits from catalytic amplification, it is also 
more susceptible because interferences can be also amplified. In addition, even though 
ultrafiltration is not required, the assay needs additional reactants (β-mercaptoethanol, DNA, 
thiobarbituric acid), harsh reaction conditions (100 °C) and a liquid-liquid extraction step. Hence, 
a more direct read-out of the catalytic activity would be desirable. 

Overall, most current methods rely on elemental analysis to detect CuUF or CuEXC. As a cheaper 
and faster alternative, Squitti and colleagues recently used a fluorescent Cu probe to detect CuUF.249 
In this vein, a suitable luminescent chelator used as a probe for Cu would also enable the direct 
measurement of CuEXC in biological samples without sample treatments nor separative steps. 
However, for this purpose, the probe has to fulfil some demanding criteria that are discussed in 
the following. 
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2.1.2 Requisites for application of a CuII-probe in CuEXC measurement 

The requisites that must be fulfilled to apply a luminescent CuII-probe in biological samples 
concern both the chelator (e.g. affinity, selectivity) and the luminophore moieties (e.g. 
absorption/emission wavelength, brightness).   

2.1.2.1 Affinity 

In order to chelate, even partially, the CuEXC, a chelator must compete thermodynamically with 
the endogenous Cu-ligands. The exact affinity needed depends primarily on the affinity and 
concentration of endogenous ligands, as well as on the chelator concentration used.  

To get insight into the affinity needed by a probe, we can focus, for the sake of simplicity, on the 
equilibria occurring in a simplified system mimicking the blood, i.e. containing 500 µM HSA and 
3 µM HSA-bound Cu. 

By definition 

���� =  
[�	
��]

[�	][
��]
                                                             Eq. 1 

and  

�� =  
[�	�]

[�	][�]
                                                                Eq.  2 

are the thermodynamic stability constant of Cu complexes with HSA and the probe P, respectively.  

At the equilibrium,  

�� =  ����
[
��]
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[�	�]

[�]
                                                   Eq.  3  

As [CuHSA] = [CuHSA]0 – [CuP], [HSA] = [HSA]0 – [CuHSA] (where [CuHSA]0 is the 
concentration of CuHSA in absence of P, and [HSA]0 the total concentration of HSA) and [P] = 
[P]0 – [CuP] (where [P]0 is the total concentration of the probe), Eq. (A.3) becomes:  
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([�]� − [�	�])
                    Eq.  4  

Finally, defining l as the Cu-loading of P, [CuP] = l·[�]�, (0 ≤ l ≤ 1) the following equation is 
obtained: 

�� =  ����  
([
��]� − [�	
��]� + �[�]�)

([�	
��]� − �[�]�)

�

(1 − �)
                              Eq. 5 

Assuming [CuHSA]0 = 3 µM and [HSA]0 = 500 µM and considering that the stability constant of 
Cu-HSA is log K7.4 = 13, a chelator added in very high excess, e.g. at 5 mM concentration such as 
EDTA in the method reported by Woimant et al., needs an affinity of log K ~14 to withdraw 99% 
of CuEXC (2.97 µM), but only log K ~ 12 to chelate 50% of CuEXC (1.5 µM). Interestingly, as EDTA 
has log K ~ 16, it is able to bind substantially all CuEXC, representing an outcompeting chelator.  

However, luminescence measurements are normally performed at much lower probe 
concentration, i.e. < 10 µM. Actually, such low chelator concentration is also needed to achieve a 
significant Cu-loading and hence a detectable signal change. Thus, a chelator added at 1 µM 
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concentration must have instead log K = 15.3 in order to achieve 50% Cu-loading, whereas log K 
~ 14 would be enough to accomplish 10% loading. Remarkably, such affinity values are quite 
independent from the total chelator concentration below 10 µM, but depends more on the Cu-
loading desired, and hence on the detection limit and sensitivity of the probe (see Fig. 11A).  

Overall, a chelator at concentration < 10 µM needs a log K > 13 (that is the log K of HSA) to bind 
a portion of CuEXC. Moreover, an upper-affinity threshold has to be considered to avoid the probe 
saturation and hence allow a dose-dependent response to Cu. In particular, both the probe affinity 
and concentration must be conveniently tuned to this aim. As an example, a probe with log K = 18 
ideally shows a dose-dependent Cu response in the range 0.5-10 µM at 10 µM concentration (black 
dots, Fig. 11B) and in the range 0.1-1 µM at 1 µM concentration (red dots, see Fig. 11B). 

These interesting, albeit simplistic, thermodynamically-based considerations reveals that the 
affinity of the chelator must be suitably chosen as a function of the specific application sought. 
Indeed, an excess of an outcompeting chelator, such as EDTA, allows the quantitative 
determination of CuEXC,  but it could be detrimental if used for in vivo applications as it would 
considerably perturb Cu homeostasis. Conversely, a competing probe that binds only a portion of 
the CuEXC cannot achieve a precise quantification unless all the thermodynamic (and kinetic) 
parameters of the system analyzed are known. Notwithstanding, it allows to compare different 
samples and also to detect dynamic changes of Cu levels.  

 
Figure 11. Thermodynamic criteria to design and apply a chelator for the measurement of CuEXC. A) 
Relation between the stability constant (log K) of a probe at different concentrations (black dots, 10 µM; 
red dots, 1 µM; blue dots, 0.001 µM) and its CuII loading l in the presence of [HSA]0 = 500 µM and 
[CuHSA]0 = 3 µM; B) the loading of a probe with log K = 18 at 10 µM (black dots) or 1 µM (red dots) 
concentration as a function of the CuEXC concentration ([CuHSA]0).  

2.1.2.2 Reversibility 

The real-time monitoring of Cu fluctuations in a biological system also requires the reversibility 
of the probe, that is the ability to bind but also release Cu if the medium becomes more competitive 
(e.g. if Cu is translocated or the concentration of endogenous ligands increases). In order to be 
reversible, a probe has not to be an outcompeting chelator, i.e. it must have a not too high affinity 
(see above). In addition, the Cu-chelator complex has also to be kinetically labile and, notably, it 
should undergo Cu-exchange reactions faster than the timeframe in which Cu fluctuations occur. 
It is noteworthy that the dissociation rate constant (koff) of a chelator with affinity log K > 13 may 
be very low (e.g. if the association rate is diffusion-limited, i.e. kon = 109 M-1s-1, koff < 10-4 s-1, 
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which implies half-time of hours) to ensure a fast transfer via a pure dissociative mechanism. 
Hence, the ability of the chelator to form (even transient or low populated) ternary complexes 
enhancing the Cu transfer via an associative mechanism could be beneficial (see section 2.5). 

2.1.2.3 Selectivity 

Another fundamental aspect to consider in the chelator choice or design is the selectivity for CuII 
over the other biological cations. In particular, selectivity is not a concern when a very large excess 
of an outcompeting chelator is used, especially if the complex is detected by elemental analysis, 
such as in the methods described above. On the contrary, the selectivity of a luminescent probe, 
used at (sub)micromolar concentration, must be taken into account. Notably, the selectivity of a 
probe for CuII may arise from either (i) the selective binding of CuII or (ii) the selective response 
(e.g. fluorescence quenching) of the probe in response to CuII. However, although a probe based 
on a non-selective chelator but with a selective response could be able to detect qualitative Cu 
fluctuations, it would not be recommended for quantification purposes as the signal may also 
change indirectly due to the binding equilibria involving the competing cations. Therefore, an 
intrinsically selective chelator is preferable.  

It could be erroneously argued that the selectivity of a ligand for CuII is guaranteed by virtue of 
the Irving-Williams series (see section 1.2.1), which actually compares the affinity of equivalent 
concentrations of divalent cations to a unique ligand. However, in a biological system, many 
ligands and cations co-exist at different concentrations. Hence, the real selectivity of a chelator in 
a biological medium depends on the concentrations and affinity of all the competing ligands and 
cations. 

Among essential biometals, only ZnII practically represents a relevant issue for the selectivity of a 
ligand for CuII. Indeed, ZnII is the most similar ion to CuII in terms of intermediate hard/soft 
character and position in the Irving-Williams series. In particular, Irving and Williams showed that 
the log (KCu/KZn), which we can use as a selectivity parameter, spans from ~ 1 to ~ 6 for different 
types of common ligands.4,5 Roughly, this also means that such ligands are selective for CuII in the 
presence of ~ 10- to 106-fold excess of ZnII.  

Overall, in order to compete with a ligand for CuII but not ZnII, a chelator needs higher selectivity 
for CuII, i.e. higher log (KCu/KZn), and in particular higher log KCu but lower log KZn compared to 
the competing ligand. As an example, in blood serum, where ~12 μM ZnII (~ 75–90% of total 
serum Zn) is bound to HSA (in a different site than CuII) with log KZn = 7,61,270 the probe needs 
log KZn < 7 and log KCu > 13, thus a log (KCu/KZn) > 6. Such requisite is quite demanding and not 
fulfilled by most ligands, including those used so far in the measurement of CuEXC (see Table 6). 

Notwithstanding, chelators forming square-planar complexes involving at least one amidate donor 
can be sufficiently selective for CuII over ZnII, as the latter is normally not acidic enough to foster 
amide deprotonation. Remarkably, this is the case of the naturally-occurring N-terminal Xxx-His 
and Xxx-Zzz-His (ATCUN) peptide motifs already described (see section 1.2.4.1). In addition, 
aminomethyl-phenolate ligands (see L2 in Fig. 12) have shown a suitable selectivity owing to the 
phenolate donors.271 Furthermore, although aza-crown ethers such as cyclam and cyclen (see Fig. 
12) have higher Cu vs Zn selectivity than HSA (i.e. log (KCu/KZn) > 6), they would also bind a 
significant portion of ZnII as their log KZn >> 7.272 
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Table 6. Selectivity of some chelators for CuII against ZnII. 

CHELATOR log KCu ‣ log KZn ‣ log (KCu/KZn) 

HSA 13 62 7 61 ⁑ 6 
His 18.3 273 12 274 6.3 

EDTA 15.9 49 13.6 275 2.3 
Phen 15.4 276 11.9 276 3.5 

Xxx-Zzz-His 12-15 72 (n/a) (12-15) 
Xxx-His 12-13 72 3 145 9-10 

L2 13.8 272 6.1 272 7.7 
Cyclam 23.8 272 12.6 272 11.1 
Cyclen 21.1 272 12.7 272 8.4 

‣ Values are log K7.4 for all chelators except for His and Phen, for which log β2 values are considered. 
⁑ Note that HSA binds ZnII

 in a different site than CuII. 

 
Figure 12. Ligands showing high selectivity for CuII over ZnII. Metal-binding atoms are coloured. 

Finally, the selectivity can be also compromised by a kinetic competition between CuII and ZnII 
transfer from endogenous ligands to the probe. For instance, the dissociation of CuII from HSA 
may be relatively slow while ZnII is more readily released (see section 3.3). 

2.1.2.4 Detectability 

Besides the requisites concerning the CuII-binding site of a luminescent probe, the luminescent 
moiety must also comply with some requirements in order to be applied in biological systems. 
First, its limit of detection (LOD) should be lower than the CuEXC concentration whose 
measurement is sought. Among the several factors influencing the LOD, the brightness (i.e. the 
product of the molar extinction coefficient, ε, and the quantum yield, Φ) of the luminophore is 
clearly paramount.  

Besides, luminescence detection in biological media is particularly challenged by the “inner-filter 
effect” and autofluorescence. Indeed, several biomolecules, such as aromatic amino acids (Trp, 
Tyr and Phe), heme groups and flavins, absorb light in the UV-visible spectral region. 
Consequently, autofluorescent emission is observed when fluorescent biomolecules are 
photoexcited. As the biological medium constitutes the largest portion of a sample to which a 
luminescent probe is added, it can absorb a considerable portion of the exciting light, representing 
a “inner-filter” that hamper the efficient excitation, and in turn the emission, of the probe. 
Likewise, autofluorescence can represent a non-negligible background in the detection of the 
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probe signal. To circumvent such issues, suitable brightness and excitation/emission wavelengths 
are required, which have to be adapted to the medium of interest. 

On balance, the spectral regions from the far red to the near-infrared (NIR), i.e. 650-950 nm (NIR-
I) and 1000-1700 nm (NIR-II), where blood and water absorption are minimal, represent the most 
“transparent” windows in biological tissues. As a result of low absorption and scattering, red/NIR 
light also shows a maximal depth of penetration in biological tissues (~ 5 mm), appearing ideal for 
in vivo bioimaging. Therefore, red/NIR-absorbing luminophores are the most suited for 
applications in biological media and are the focus of intense research.277–280 In this respect, an 
emerging approach is represented by two-photon excitation, which exploits the simultaneous 
(within fs) absorption of two NIR photons by fluorophores that emit in the visible region.281,282 

Furthermore, to get rid of the autofluorescent background, which is characterized by short lifetime 
(up to few ns), luminophores presenting higher emission lifetime, such as lanthanides ions, can be 
used (see section 2.4.1.2).283,284 

2.2 Luminescent probes for CuII – State of the art 

In the following, luminescent CuII probes are classified depending on their response and 
mechanism and described highlighting their pros and cons. 

2.2.1 Turn-off probes  

Turn-off probes for CuII can be developed straightforwardly due to the widely-known ability of 
CuII to quench fluorescence emission via ultrafast non-radiative decay and spin-orbit 
coupling.285,286 Turn-off probes are typically coordination-based, i.e. designed via the combination 
of a CuII-ligand and a luminophore located close to each other to optimize the quenching by CuII 
(which depends on the distance).   

Many kinds of ligands have been used so far, most of which are poorly selective for CuII. In this 
case, the selectivity may arise from the CuII-specific quenching activity. In principle, coordination-
based probes benefit from the reversibility of CuII-binding, as long as ligands with suited affinity 
and kinetic lability are used (see section 2.1.2).  

As regards the emitting moiety, many diverse luminophores have been exploited, mostly organic 
dyes covering the UV to NIR spectral regions (e.g. pyrene, anthracene, dansyl, fluorescein, 
cyanine and BODIPY) but also luminescent inorganic complexes of transition metal ions such as 
RuII and IrIII or lanthanides such as TbIII and EuIII (see section 2.4.1.2).286–291 

Overall, albeit easily designed, turn-off luminescent sensors are flawed because the emission 
quenching could also arise by inner-filter effect by the medium, degradation of the probe and 
undesired off-target interactions.  

2.2.2 Turn-on probes 

Due to the shortcomings of turn-off probes, turn-on sensors are generally preferred, as they are 
also easier to quantify and allow for higher spatial resolution in the case of imaging applications.287 
However, as CuII is an effective quencher, the design of coordination-based turn-on sensors 
appears very challenging.  
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Actually, turn-on CuII-probes have been successfully developed using a reactivity-based approach, 
i.e. exploiting a CuII-induced reaction that enhances the fluorescence emission. 

2.2.2.1 Reactivity-based chemodosimeters 

Reactivity-based probes, also known as chemodosimeters, generally rely on the peculiar Lewis 
acidity or redox activity of CuII, from which selectivity also stems. Thus, the main reactions 
exploited are CuII-induced hydrolysis or oxidation of a “pre-fluorophore” that turns into an 
emitting compound. Nevertheless, the coordination of the pre-fluorophore to CuII seems to be at 
least partially required for the reaction to occur (unless in case of an outer-sphere oxidoreduction) 
and hence a suitable affinity is also required. In particular, common substrates of CuII-promoted 
hydrolysis are hydrazine, hydrazide, or hydrazone derivatives. Indeed, many chemodosimeters are 
non-fluorescent Rhodamine B or fluorescein spirolactam derivatives that undergo CuII-promoted 
spirolactam ring-opening and following hydrolysis of a hydrazine, hydrazide, or hydrazone group, 
with the release of the fluorescent moiety (see Fig. 13A).286,287,289 Interestingly, some of these 
reactions are reversible. Finally, it is worth pointing out that stimuli other than Cu, such as low 
pH,  can also trigger the opening of spirolactam rings or the hydrolysis of hydrazones, and hence 
chemodosimeter are also vulnerable to off-target response.287 Besides, oxidoreduction-based 
chemodosimeters usually undergo a CuII induced oxidative cyclization or oxidation of an imine 
group to a carboxylic acid.292–296 Furthermore, the “click” Cu-catalysed azide/alkyne cycloaddition 
(CuAAC) has been also used to develop Cu-selective reactivity-based sensors (see Fig. 13 B).297–

302 Importantly, to be detectable via a CuAAC-based probe, CuII has to be reducible (generally by 
AscH-) and only partially and transiently coordinated by the substrates. Interestingly, among 
physiological CuII-complexes, only Cu-His has been shown to catalyse the CuAAC up to date.303 
Overall, as a consequence of relative long reaction time and common chemical irreversibility, 
chemodosimeters are not ideal for the real-time monitoring of Cu fluctuations. 

 

Figure 13. Mechanisms of reactivity-based CuII-probes. A) CuII-promoted spirolactam ring-opening and 
hydrolysis of Rhodamine B/fluorescein derivatives; B) CuII-catalysed azide/alkyne cycloaddition.  

 

2.2.2.2 Putative coordination-based turn-on probes 

Although CuII normally quenches the emission of luminescent ligands, some putative 
coordination-based turn-on probes have also been reported (see Table 7 and Fig. 15).304–318 The 
observed fluorescence enhancement has been mostly attributed to the modulation of photoinduced 
electron transfer (PET) or internal charge transfer (ICT). Besides, a poorly defined chelation-
enhanced fluorescence (CHEF) mechanism is also claimed for certain probes.  
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Table 7. Putative coordination-based turn-on CuII probes. 

Probe Mechanism Reversibility Solvent Reference 

1 

PET 

Yes (EDTA) 
No (EDTA)238 

MeCN:PBS 6:4 
pH 7.4 

314 

2 n/a 
MeCN:HEPES 1:1 

pH 7.0 
304 

3 n/a 
MeCN:HEPES 3:1 

pH 7.0 
311 

4 n/a 
MeOH:HEPES 7:3 

pH 7.0 
305 

5 n/a 
MeCN:MOPS 7:3 

pH 7.0 
312 

6 n/a MeCN:H2O 316 

7 Yes (EDTA) 
MeCN:Tris-HCl 1:1 

pH 7.4 
309 

8 

ICT 

n/a MeCN 306 

9 
Yes 

(C2O4
2-, EDTA, CN-, PO4

3-, S2-) 
DMSO:H2O 2:1 

pH 8.0 
307 

10 n/a MeCN:H2O 3:1 310 

11 

CHEF 

n/a 
MeCN:HEPES 7:3 

pH 7.5 
313 

12 n/a 
MeCN:HEPES7:3 

pH = 7.4 
315 

13 Yes (EDTA) 
MeCN:Universal buffer 9:1 

pH 6.8 
317 

14 Yes (EDTA) 
MeCN:H2O 1:1 

pH 7.2 
318 

15 n/a n/a MeCN 308 
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Figure 15.  Structures of putative coordination-based turn-on CuII probes 1-15. Cu-binding atoms are 
coloured.  
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In a (reductive) PET-based turn-on sensor, the ligand (L) moiety quenches the photo-excited 
fluorophore (F*) group via an intramolecular electron transfer, provided that the HOMO of the 
ligand (HOMOL) has higher energy than the HOMO of the fluorophore (HOMOF). The binding of 
an analyte to the ligand decreases the energy of its HOMO below that of the fluorophore so that 
the PET cannot occur, enabling the fluorescence emission (see Fig. 14). Importantly, the existence 
of PET should be proven via time-resolved spectroscopies.319,320 ICT instead pertains to π-
conjugated systems with electron-rich and electron-poor (donor and acceptor) groups at opposite 
ends of the molecule, such that a dipole is generated upon photo-excitation, which can be 
modulated by the binding of an analyte. Notably, if the analyte binding destabilizes the excited 
state with respect to the ground state, a blue-shift of absorption and fluorescence emission are 
observed, while a red-shift occurs when the excited state results stabilized (see Fig. 14).321 

 
Figure 14. Schematic mechanism of PET and ICT. In PET, the metal binding stabilizes the ligand HOMO 
so that the PET between the ligand HOMO and the Fluorophore is prevented and fluorescence emission 
allowed. In ICT, the metal binding either stabilizes or destabilizes the excited state with respect to the 
ground state causing a blue or red shift, respectively.  

Overall, many of these probes shared common structural features, such as a hydrazone group 
linking the luminescent moiety and the CuII-binding site, and behaviour (see Fig. 15 and Table 7): 
for instance, they showed selective response for CuII despite the non-selectivity of the CuII-binding 
site, they have been only shown to work in the presence of acetonitrile (MeCN) and, last but not 
least, the reversibility has not usually been verified. Therefore, the mechanism behind the turn-on 
of such probes appears to be puzzling and questionable.  
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2.2.3 Ratiometric probes 

Intensiometric probes (i.e. based on the intensity change of one signal), especially if turn-off, does 
not seem ideal for quantification and imaging purposes. Indeed, in biological systems, the signal 
could be not only a function of Cu concentration but also of the probe concentration, which in turn 
depends on the local partitioning and the potential degradation. In addition, off-target interactions 
altering the probe response to CuII cannot be ruled out for both turn-off and turn-on systems. 
Therefore, ratiometric probes based on the measurement of the ratio of two signals appear more 
advantageous, as they are less sensitive to external factors. Hence, selectivity and quantifiability 
result improved.287  

A simple kind of ratiometric probe (here called “type I”) is composed of two luminescent moieties, 
one that is sensitive to the analyte while the other serves as an analyte-insensitive “reference” 
signal (see Table 8). Type I ratiometric probes are normally turn-off, as the Cu-responsive 
luminophore is quenched while the “reference” fluorophore is not perturbed or quenched to a lower 
extent.322,323 Alternatively, a ratiometric probe can be conceived based on a system emitting two 
related analyte-sensitive reversible signals (“type II”, see Table 8). In particular, the analyte can 
trigger the disappearance of a signal and the appearance of the second, for instance via ICT and/or 
FRET (Fluorescence Resonance Energy Transfer).324,325 Type II probes are typically ICT-based 
naphthalimide derivatives that undergo a blue shift upon CuII-binding to aromatic amine 
donors.326–328 Noteworthy, a red-shift can be instead obtained if CuII triggers the deprotonation of 
such amines (as for probe 20).329 Interestingly, these type II sensors show a coordination-based 
ratiometric turn-on response. In addition, ratiometric sensors can be developed on a reactivity-
based mechanism, for instance coupling a chemodosimeter with a non-reactive fluorophore.325,330  

Overall, none of the reported ratiometric CuII-probes has a suitable affinity to compete with 
endogenous ligands in biological systems such as blood plasma. In particular, the need for aromatic 
donors to develop ICT-based “type II” ratiometric sensors may clash with the requirement of high 
affinity for application in biological media. Besides, the ligands found in such ratiometric probes 
show also weak selectivity, so much that dipicolylamine (DPA) ligand found in probes 16 and 22, 
for instance, is commonly used in zinc sensors.331–334 
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Table 8. Ratiometric probes for CuII reported in the literature. 

Probe Type Affinity Solvent 
λex 

(nm) 
λem (nm) Reference 

16 

I 
4.8 PIPES 342 486 (ref) 

648 (down) 
322 

17 4.5 HEPES 395 
435 (ref) 

526 (down) 
323 

18 

II 
(coordination-based) 

6.1 EtOH:HEPES 4:6 451 
475 (up) 

525 (down) 
326 

19 7.5 MOPS 455 
477 (up) 

535 (down) 
328 

20 n/a EtOH:HEPES 6:4 
420 
510 

518(down) 
592(up) 

329 

21 n/a THF:HEPES 9:1 350 435 (up) 
510 (down) 

327 

22 4.9 
MeCN:Tris-HCl 

9:1 
405 460 (up) 

555 (down) 
324 

23 II 
(spirolactam ring-opening 

+ hydrolysis) 

n/a 
MeCN:Tris-HCl 

20:1 
420 577 (up) 

535 (down) 
330 

24 n/a 
MeCN:HEPES 

2:8 
410 

481 (down) 
581 (up) 

325 
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Figure 16. Structures of coordination-based ratiometric CuII probes 16-22. Cu-binding atoms are coloured. 
For type I ratiometric probes, “reference” fluorophores are coloured in green and quenched fluorophores in 
red. The naphtalimide core of type II ratiometric probes is coloured in orange. In probe 22, the donor and 
acceptor of a FRET couple are coloured in light blue and pink, respectively.  
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2.2.4 Applications of CuII-probes in biological media 

Among the hundreds of luminescent CuII probes developed to date, only a few have been applied 
for the in vitro measurement of CuII in body fluids or in cell culture (see Table 9 and Fig. 17). In 
this regard, it seems very surprising how many CuII sensors, either turn-off/on or ratiometric, have 
been claimed to allegedly detect intracellular CuII. As previously described, in the intracellular 
environment CuII state occurs only in the transient redox cycling of Cu-enzymes, whose sites are 
buried and inert, while Cu is trafficked in the CuI state bound to metallochaperones due to very 
reducing conditions (e.g. 1-10 mM levels of GSH). Clearly, any probe for intracellular Cu should 
have a very high affinity (log K > 17-20) to compete with intracellular ligands, which is a condition 
fulfilled by very few CuI chelators so far.335 Overall, the observation of a putative CuII-responsive 
signal inside cells is doubtful and rather points towards a non-specific or indirect response. For 
instance, low pH microenvironments could trigger reactions, and hence a response, similar to CuII 
ions.287 Alternatively, the CuII-related signal inside cells could arise indirectly, e.g. via oxidative 
processes involving CuII-induced ROS.  

Besides, all the probes listed in Table 9 show one or more shortcomings for the measurement of 
CuEXC in biological samples and none of them fulfils the whole set of requisites that have been 
defined in section 2.1.2. In particular, all the probes used in blood samples do not have a suitable 
affinity to detect endogenous CuEXC. 249,300,302,336–342 Instead, a couple of low-affinity sensors seemed 
to detect micromolar levels of Cu in brain dialysates, where the affinity required to compete with 
endogenous ligands is likely lower than in the blood.343,344 Interestingly, the probe 19 was able to 
detect a portion (about 25%) of the CuEXC released by synaptosomes upon depolarization.345 Only 
the genetically-encoded ATCUN-based probe 40, which was applied in the detection of 
extracellular CuII in cell culture, was shown to compete with HSA for CuII via a competition assay, 
even though its apparent affinity determined by fluorescence measurements appeared to be 
unsuited.  Moreover, among the sensors listed in Table 9, only this ATCUN-based probe benefits 
from a highly CuII-selective ligand.346 Importantly, the assessment of a probe selectivity for CuII 
against equimolar or low excess of competing ions in buffered solution, as usually reported in the 
literature, is absolutely not real proof of selectivity in biological systems, since the availability of 
the other cations is often much higher (e.g., selectivity for CuII over ZnII in the blood should be 
theoretically proven in the presence of > 106-fold excess of ZnII). 

Concerning the luminescent moiety, most probes were equipped with green-emitting dyes, while 
very few examples exhibit the more favourable red/NIR emission. Finally, even if a TbIII 
coordination polymer appears among the sensors reported, the time-delayed detection of TbIII long 
lifetime emission was not exploited to overcome the autofluorescent background. 

In conclusion, it seems evident that current probes lack suitable affinity, selectivity, and 
luminescent signals for the application in biological fluids, especially in blood, which is the most 
challenging sample with regard to both the competition with endogenous ligands and the 
luminescence detection.   
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Table 9. CuII probes applied in CuII detection in biological systems. 

Probe Mechanism Affinity Reversibility 
λex 

(nm) 

λem 

(nm) 
Sample 

Detection 

range 

(μM) 

Ref. 

25 Turn-Off 4.9 n/a 430 490 

Human blood 
(spiked) 

1-10 336 

26 Turn-Off n/a Yes (I-) 270 310 
∼ 0.009-

2.5 
337 

27 Turn-Off n/a n/a 340 
412, 
518 

1-10 338 

28 Turn-Off n/a n/a 704 786 
Mouse blood 

(spiked) 
0.45-36.3 339 

29 Turn-Off n/a Yes (EDTA) 500 727 

Human blood 

16-23 340 

30 
Turn-On 

(CuAAC) 
n/a No 395 471 ∼ 4 300 

31 
Turn-On 

(CuAAC) 
n/a No 450 520 18-30 302 

32 
Turn-On 

(hydrolysis) 
n/a NO (EDTA) 452 482 1-5 341 

33 Turn-Off 5 n/a 380 495 0-3 249,342 

34 Turn-Off n/a 
Yes 

(Cys, His) 
450 527 

Human urine 
(spiked) 

3-6 347 

35 
Turn-On 

(CuAAC) 
n/a No 488 525 Human urine ∼ 0.13-9.9 301 

36 Turn-Off n/a n/a 328 550 
Rat brain 
dialysate 

2 343 

37 Turn-Off n/a Yes 365 450 2-5 344 

38 Turn-Off 5.6 Yes 414 645 Synaptosomes 0.2-25 345 

19 
Ratiometric 

Turn-On n/a n/a 455 477/535 

Cell culture 

n/a 328 

39 
Ratiometric 

Turn-Off n/a Yes (EDTA) 517/432 595/510 n/a 348 

40 Turn-Off 8 Yes (EDTA) 480 510 n/a 346 
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Figure 17. Structures of some coordination-based probes applied in extracellular CuII detection. 
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2.3 Insights into the mechanism of a putative reversible turn-on probe 

2.3.1 Introduction 

In section 2.2.2.2, we have questioned the coordination-based behaviour of some putative turn-on 
probes reported in the literature (see Table 7). To get insight into the mechanism of such kinds of 
probes, we choose the hydrazone 2-(2-(pyren-1-ylmethylene)hydrazinyl)pyridine, PHP, as a 
representative case study owing to its straightforward preparation.  

PHP is composed of a pyrene group as the fluorescent unit and a hydrazinyl-pyridine as CuII-
binding moiety (see Fig. 18). Such compound was shown to be weakly fluorescent, supposedly 
due to PET occurring between the imine nitrogen and the pyrene group, as computationally 
suggested by DFT (density-functional theory) calculations. Similar to most probes listed in Table 
7, PHP is a promiscuous ligand whose selective turn-on response to CuII was supposed to occur 
upon metal binding to PHP imine and pyridine nitrogens (red in Fig. 18). This was shown in the 
presence of MeCN (in particular in MeCN:PBS 10 mM 4:6) due to limited water solubility. 
However, MeCN is not an “innocent” solvent for CuII-binding/reactivity studies, at it is known to 
stabilize CuI via coordination (e.g. [CuI(MeCN)4]+ salts are commonly used as CuI source).349 
Moreover, the reversibility of PHP was also shown by means of the stronger chelator EDTA (log 
K7.4 = 15.9).314 

 

Figure 18. Scheme of the putative mechanism of CuII detection by the turn-on probe PHP. CuII is supposed 
to bind to the probe via imine and pyridine nitrogen donors (blue) eliciting a reversible turn-on response 
via suppression of PET.  

2.3.2 Results and discussion 

We started our re-investigation monitoring the interaction of PHP with CuII in a MeCN:HEPES 
25 mM 1:1 (pH 7.4) by UV-vis absorption spectroscopy. PHP showed an absorption band at 387 
nm that underwent a progressive decrease upon the addition of CuII while a new blue-shifted band 
appeared at 346 nm (see Fig. 19A). Besides, upon excitation at 346 nm, an increase of the 
fluorescence emission (see Fig. 19B) was observed. These findings resulted in agreement with the 
previous report. However, we realized that the absorption shift and the related fluorescence 
enhancement were occurring slowly, i.e. within ~ 1h (see Fig. 19B, inset). Furthermore, the 
addition of excess EDTA surprisingly did not reverse the effect of CuII (blue curves, Fig. 19). 
These results seem not compatible with a mere CuII-binding to PHP, which should be fast and 
reversible, but rather pointed towards the development of an irreversible chemical reaction. In this 
case, CuII reactivity rather than coordination should be accountable for the reported probe 
selectivity.  
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Figure 19. Spectroscopic analysis of the interaction between PHP and CuII. A) UV-vis absorption spectra 
and B) fluorescence spectra. Inset: evolution of the fluorescence emission (at 385 nm) over time upon 
addition of CuII. Conditions: A) [PHP] = 20 μM, [CuII] = 25 μM, [EDTA] = 40 μM; B)  [PHP] = 10 μM, 
[CuII] = 20 μM, [EDTA] = 20 μM; solvent: MeCN:HEPES (25 mM, pH 7.4) 1:1. 

For instance, CuII reduction to CuI and the following CuI-binding to the probe could be a likely 
mechanism to support the turn-on response observed, since coordination-based probes for CuI are 
conceivable. Hence, we assessed whether CuII undergoes reduction during the interaction with 
PHP. To this aim, the CuI-specific chromophore bathocuproine sulfonate (BCS) was added, 
showing the appearance of a characteristic band at 483 nm due to the formation of CuI(BCS)2 
complex and proving the formation of CuI during CuII reaction with PHP (see Fig. 20A).  Besides, 
in light of the CuI-stabilizing capacity of MeCN, we tested whether such co-solvent had a role in 
the reaction. Interestingly, when MeCN was replaced by dimethyl sulfoxide (DMSO), no 
absorption band at 346 nm appeared, suggesting that the reaction was not taking place and that 
MeCN seems to be essential to promote the reaction via CuI-stabilization (see Fig. 20B). 
Furthermore, to check whether CuI binding was responsible for the turn-on behaviour, 
[CuI(MeCN)4]+ was added to PHP in MeCN. No significant change of the PHP absorption band 
(see Fig. 20C) was observed, suggesting that the absorption shift and fluorescent turn-on observed 
were not due to CuI-binding but rather to a chemical modification of the PHP molecule.  

 

Figure 20. Evidence for the reduction of CuII to CuI by PHP in the presence of MeCN. A) The formation 
of CuI(BCS)2 (band at 483 nm) upon addition of BCS proves the reduction of CuII to CuI; B) the replacement 
of MeCN with DMSO halt the reaction as no band at 346 nm appears; C) CuI does not interact with PHP. 
Conditions: A) [PHP] = 20 μM, [CuII] = 25 μM, [BCS] = 100 μM, MeCN:HEPES (25 mM, pH 7.4) 1:1; B) 
[PHP] = 20 μM, [CuII] = 25 μM, DMSO:HEPES (25 mM, pH 7.4) 1:1; C) [PHP] = 20 μM, [CuI] = 20 μM, 
MeCN. 
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Indeed, HPLC-DAD (diode array detector) analysis of the reaction mixture demonstrated the 
formation of several products absorbing at 345 nm, i.e. the excitation wavelength of the CuII-
induced fluorescent species (see Fig. 21A). Moreover, the analysis of the UV-vis spectra 
corresponding to each peak revealed that the major product, 1, showed an absorption spectrum 
(red curve in Fig. 21B) very similar to the excitation spectrum (light green curve in Fig. 21B) of 
the PHP after interaction with CuII, suggesting that the formation of product 1 is accountable for 
the turn-on effect.  

 

 

Figure 21. HPLC-DAD analysis of the reaction mixture PHP-CuII. A) Chromatograms of PHP and PHP-
CuII mixture; B) DAD spectra of HPLC peaks 1-6 and excitation spectrum (light green) of PHP after 
reaction with CuII. 

 

Therefore, this product was isolated by preparative TLC and characterized by ESI-HRMS and 1H-
NMR. Interestingly, the MS spectrum showed a peak of m/z = 320.1182 (z =1) having about 2 
units lower mass than the PHP (m/z = 322.1344), which can be interpreted as the product of a 
2H+/2e- oxidation. Besides, the major differences in the 1H-NMR spectra of PHP and the 
fluorescent product concerned the hydrazone protons (δNH = 11.09 ppm and δCH = 9.13 ppm), 
which disappeared upon PHP oxidation (see Fig. 22A). Hence, we postulated that the reaction 
between CuII and PHP gives rise to the oxidative cyclisation of PHP to 3-(pyren-1-yl)-
[1,2,4]triazolo[4,3-a]pyridine via the attachment of the pyridine nitrogen to the hydrazone carbon 
atom (see Fig. 22B). In support of this hypothesis, CuII has been shown to oxidise heterocyclic 
hydrazones forming 1,2,4-triazolo[4,3-a]pyridines,350 and 3-aryl-[1,2,4]triazolo[4,3-a]pyridines 
have been built as deep-blue (350-450 nm) emitting fluorophores.351 Moreover, some existing CuII 
turn-on chemodosimeters are actually based on Cu-promoted oxidative cyclisation of N-acyl-
hydrazones, thiosemicarbazones and azo-anilines.292,293,352,353 

Overall, we showed that PHP is not a reversible coordination-based probe for CuII, but rather an 
irreversible chemodosimeter based on a CuII-induced oxidative cyclisation likely forming a 
fluorescent triazolopyridine. With this respect, it appears unclear how PHP showed a reversible 
behaviour with EDTA in the original report. 
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Figure 22. Characterization of compound 1. A) 1H-NMR spectra of PHP (black) and compound 1 (red) 
show the disappearance of the hydrazone protons (grey dashed lines, δNH = 11.09 ppm and δCH = 9.13 ppm, 
red in B) upon reaction with CuII suggesting the formation of a 3-(pyren-1-yl)-[1,2,4]triazolo[4,3-a]pyridine 
(B).  

 

Besides, we also proved that the reaction takes place only in the presence of a CuI-stabilizing agent 
such as acetonitrile. For this reason, we also tested whether physiological CuI-binding molecules 
such as glutathione (GSH), could exert the same role in the absence of acetonitrile. Indeed,  GSH 
is able to reduce CuII and bind CuI strongly forming Cu-S clusters. Hence, we added GSH at a 
physiologically relevant concentration to a solution of Cu and PHP in DMSO:HEPES. While CuII 
induced a decrease of the PHP band in DMSO, which might be due to CuII-binding to the ligand, 
the addition of GSH produced a more intense and slightly red-shifted band which could be 
attributed to a ternary PHP-Cu-GSH complex (see Fig. 23). However, no band at 346 nm was 
observed and hence the PHP did not result oxidised by CuII in the presence of GSH. Interestingly, 
the same, red-shifted band was observed when PHP was added to a CuI(GS)x solution. Hence, it 
seems that GSH reduces CuII more efficiently than PHP, preventing its oxidation, and maybe form 
ternary complexes. 

 

 

Figure 23. Interaction of PHP and CuII in the presence of GSH. A) Addition of GSH to PHP-CuII; B) 
addition of PHP to CuI(GS)x. Conditions: [PHP] = 25 μM, [CuII] = 30 μM, [GSH] = 5 mM, DMSO:HEPES 
(25 mM, pH 7.4) 1:1. 
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2.3.3 Conclusions 

Overall, our examination of PHP-Cu interaction revealed that, contrary to previous suggestions, 
this probe is an irreversible chemodosimeter with a slow response rather than a reversible turn-on 
sensor. Moreover, as the reaction occurred in the presence of acetonitrile but not in the presence 
of physiologically relevant thiol such as GSH, PHP appears not to be suited for CuII sensing in 
biological media. Furthermore, although we have discovered such an oxidation-based mechanism 
for PHP only, it can be speculated that the similar probes listed in Table 7 share the same or a 
similar reactivity-based mechanism. 

In general, some issues should be taken into account and assessed during the development of a 
turn-on sensor to prove its real nature and mechanism. Notably, the response of the probe to CuII 
should be fast, i.e. complete in the mixing time in buffer, and reversible to be related with mere 
CuII-binding; otherwise, a chemical reaction is likely to occur. To (dis)prove this, HPLC analysis 
of the probe before and after interaction with CuII is recommended. In this context, care should be 
also taken in the analysis of NMR spectra to study the interaction of PHP with CuII. Actually, as 
paramagnetic CuII broadens NMR signals due to paramagnetic relaxation enhancement, the 
interpretation of NMR peak disappearance as CuII-binding to the corresponding atoms can be 
misleading, hiding a potential chemical modification. Hence, it is advised to record NMR spectra 
also after the removal of CuII from the mixture.  

Finally, the CuII-selective response of turn-on probes based on a promiscuous ligand should be 
suspicious. For instance, while the characteristic CuII quenching ability can be conceived as the 
source of a specific turn-off response by non-specific ligands, a turn-on response due to the 
suppression of PET (as initially proposed for PHP) in a non-specific ligand should be also observed 
for metals others than CuII, as demonstrated by the existence of many PET-based ZnII- and pH-
responsive probes.319,320 Otherwise, the peculiar (redox) catalytic activity of CuII could be 
envisioned as the basis for the selective response. 

Overall, our study showed that the rational design of reversible coordination-based turn-on CuII 
probes, as well as the application of turn-on chemodosimeters in biological samples, remain very 
challenging.  

2.3.4 Experimental section 

2.3.4.1 Materials 

Commercially available chemicals were used without further purification. Thin layer 
chromatography (TLC) was carried out on Merck silica gel 60 F254 coated aluminium plates and 
visualization when required was achieved using UV light. 1H NMR measurements were performed 
in DMSO-d6 on a Bruker Avance III 300 MHz spectrometer. ESI-HRMS spectra were acquired 
on an Exactive Plus EMR Orbitrap (Thermo Fischer) spectrometer.  

2.3.4.2 Synthesis of PHP  

PHP was prepared by adapting the procedure reported in the literature: 1-pyrenecarboxaldehyde 
(230 mg, 1.0 mmol) and 2-hydrazinopyridine (126 mg, 1.1 mmol) were mixed in 10 mL ethanol 
solution and the reaction mixture was refluxed overnight. The resulting yellow precipitate was 
isolated by filtration and washed with ethanol and hot ethyl acetate to give a yellow solid (315 mg, 
98% yield). ESI-HRMS: calculated m/z for C22H16N3 ([M+H]+) 322.1344, found m/z = 322.1338. 
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1H-NMR (300 MHz, DMSO-d6): δ 11.09 (s, 1H), 9.13 (s, 1H), 8.70 (d, 1H, 9.3 Hz), 8.62 (d, 1H, 
8.2 Hz), 8.31-8.34 (m, 4H), 8.16-8.21 (m, 3H), 8.10 (t, 1H, 7.5 Hz), 7.73 (t, 1H, 6.9 Hz), 7.43 (d, 
1H, 8.4 Hz), 6.83 (t, 1H, 5 Hz). 

2.3.4.3 Preparation of stock solutions  

Stock solutions were prepared in ultrapure water (ρ = 18.2 MΩ·cm−1). HEPES (4-(2-
hydroxyethyl)-1-piperazineethanesulfonic acid) buffer (500 mM, pH 7.4) was prepared by 
dissolving HEPES (free acid) powder and adjusting the pH with NaOH. CuII (50 mM) was 
prepared from CuCl2·2H2O and the concentration was verified by UV-Vis Spectroscopy via the 
CuII d-d band at 780 nm (ε = 12 M-1cm-1). A solution of CuI (50 mM) was prepared in MeCN from 
tetrakis(acetonitrile)copper(I) hexafluorophosphate, [Cu(MeCN)4]PF6. PHP stock solutions were 
prepared either in MeCN (200 µM) or DMSO (3 mM). 

2.3.4.4 Spectroscopic analysis  

UV-vis spectra were recorded on a Cary 60 spectrophotometer using a 1 cm path cuvette. 
Fluorescence emission (λex = 346 nm) and excitation (λem = 385 nm) spectra of the reaction 
mixture were recorded on a HORIBA “Fluorolog FL3-22” fluorimeter.  

2.3.4.5 HPLC-DAD analysis  

HPLC-DAD analysis was performed using a Hitachi Primaide instrument on a C18 column 
(XBridge Peptide BEH C18 column from Waters, 4.6 mm x 150 mm, pore size 300 Å, particle 
size 3.5 µm) with a step gradient from 95% solvent A (0.1% TFA in water) and 5% solvent B 
(90% MeCN and 0.1% TFA in water) to 100% solvent B in 30 min. 

2.3.4.6 Isolation of the fluorescent product 

PHP (3.5 mg, 11 µmol) was dissolved in MeCN (100 mL) and mixed with a CuCl2·2H2O solution 
(300 µL, 16.5 µmol). The mixture volume was reduced under vacuum and the warmed solution 
was charged on a TLC plate. After elution in MeCN, the oxPHP-containing spot was scratched off 
and dissolved in hot DMSO. ESI-HRMS: calculated m/z for C22H14N3 ([M+H]+) 320.1182; found 
m/z = 320.1183. 1H-NMR (300 MHz, DMSO-d6): δ 8.54 (d, 1H, 7.9 Hz), 8.45 (d, 1H, 7.5 Hz), 
8.36-8.42 (m, 4H), 8.29 (d, 1H, 9.2 Hz), 8.17-8.20 (m, 2H), 8.00 (d, 2H, 9.2 Hz), 7.52 (dd, 1H, 6.5 
Hz, 9.2 Hz), 7.00 (dd, 1H, 6.5 Hz, 6.5 Hz). 

 

 

 

 

 

 

 

 

 

 



  

47 
 

2.4 Development of turn-off ATCUN/LnIII probes for CuII 

2.4.1 Introduction 

As the design of selective and reversible coordination-based turn-on probes for biological 
applications emerged to be very challenging, we rather focused on the development of turn-off 
probes in an effort to fulfill the affinity, selectivity and detectability criteria stated in section 2.1.2. 

To this aim, we choose the ATCUN peptide motif as CuII-chelator thanks to the high selectivity 
and tunable affinity in a suited range, i.e. 13 < log K7.4 < 15, to compete with the most abundant 
and competitive component of the exchangeable pool in the blood, HSA.  

2.4.1.1 ATCUN-based CuII-probes – State of the art   

Besides the ATCUN-engineered fluorescent protein presented in section 2.2.4, few short ATCUN 
peptides have also been developed as fluorescent sensors for CuII by conjugation with mostly 
green-emitting dyes (see Table  10 and Fig. 24). 

It is noteworthy that the presence of a free amino-terminus in the peptide is crucial for the binding 
of CuII in the 4N ATCUN-type coordination mode (see section 1.2.4.1). Hence, to preserve the 
affinity and the selectivity of the ATCUN site, the conjugation of the fluorophores should be 
carefully oriented towards sites other than the N-terminus. For instance, N-terminal acetylation 
(i.e. amidation) is known to suppress the ATCUN-like coordination and affect the high 
affinity.354,355 Likewise, a similar effect can be postulated when the terminal alkyl-amino group is 
converted into an aromatic amine (e.g. in probe 50).  

Overall, none of the reported ATCUN-peptide probes was applied in biological samples, and hence 
there is no evidence about their effective applicability and detectability in the presence of a 
biological background, which instead could be likely ensured by red/NIR-emitting fluorophores 
(see section 2.1.2.4). 

Besides, as the autofluorescent background has short lifetime emission (in the ns range), it can be  
circumvented by resorting to long-lifetime emitting luminophores, such as lanthanide ions.  

Table 10. ATCUN-based CuII probes reported in the literature. 

Probe ATCUN Sequence ⁂ N-terminus Fluorophore λex (nm) λem (nm) Ref. 

41 DapDns-Gly-His-Ser-Ser 

Amine 

Dansyl 333 550 356 42 AmbDns-Gly-His-Ser-Ser 
43 OrnDns-Gly-His-Ser-Ser 
44 DapRhoB-Gly-His-Ser-Ser Rhodamine B n/a ~ 580 

357 45 DapDns-Gly-His-Ser-Ser Dansyl n/a ~ 550 
46 DapFluo-Gly-His-Ser-Ser Fluorescein n/a ~ 520 
47 Asp-Ala-His-LysBODIPy BODIPy 495 507 358 
48 CouGly-Gly-His Amide Coumarin 420 470 359 
49 DnsGly-Gly-His Sulphonamide Dansyl 340 558 360 
50 NBDSer-Ser-His Aromatic amine NBD 469 525 361 

⁂ Dap: 2,3-diaminoproprionic acid; Amb: 2,4-diaminobutyric acid; Orn: ornitine; Dns: dansyl; RhoB: 
Rhodamine B; Fluo: fluorescein; Cou: coumarin ; NBD: nitrobenzo-2-oxa-1,3-diazol. 
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Figure 24. Fluorescent units found in ATCUN-based probes for CuII. 

 

2.4.1.2 Lanthanides  

Lanthanides (Lns) form the first-row of the f-block, characterized by the filling of the 4f orbitals 
(except for the eponym lanthanum). As the most common oxidation state for Ln ions is +3, with 
electronic configuration [Xe]4f n (n = 0-14), LnIII ions are hard Lewis acids preferring hard donors 
such as (charged) oxygen and nitrogen atoms. Interestingly, all the LnIII ions show a common 
chemical behaviour, quite independent of the atomic number, which mainly stems from the high 
penetration (i.e. the proximity to the nucleus) of f-electrons. Hence, the interaction of Ln and 
ligands orbitals are mostly electrostatic and isotropic, and the coordination number and the 
geometry of Ln complexes are mainly dictated by the electrostatic and steric repulsion between 
the ligands. As Ln ions have quite high ionic radii (about 100 pm), high coordination numbers, i.e. 
8 and 9, are accessible and preferred.362 

In order to form stable complexes with high coordination number, polydentate chelators such as 
acyclic and cyclic polyaminocarboxylate ligands (e.g. DTPA and DOTA, log K > 21) are 
commonly used. Remarkably, such complexes can attain very high kinetic inertia, which is 
paramount to ensure stability and avoid the transmetallation.363–366 

It is also noteworthy that as a result of the very similar chemical behaviour, ligands show poor 
selectivity for different LnIII. 

LnIII ions also have peculiar and remarkable spectroscopic features. In particular, they generally 
show several sharp but weak (ε = 1-10 M-1cm-1) absorption bands, at wavelengths characteristic 
of each LnIII ion but largely independent from the coordination sphere. Indeed, many electronic f-
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f transitions can be conceived owing to many microstates existing for each electronic 
configuration, although they are forbidden by the Laporte rule. The narrow bandwidth and the 
coordination-independent absorption wavelength stem instead from the poor overlap between f- 
and ligand orbitals. For the same reasons, most LnIII ions (all but LaIII and LuIII) show also long-
lived luminescent emission at invariable wavelengths. Indeed, the weak interaction with the 
ligands also prevents the coupling of electronic transitions with molecular vibrations and the 
nonradiative decays from the excited states.367,368 For instance, TbIII and EuIII emit in the visible 
region (green to red) with a lifetime in the ms range, while NdIII and YbIII emit in the NIR with a 
lifetime in the μs range. Actually, LnIII emission, especially in the NIR, is affected by the non-
radiative deactivation by high-energy water vibration modes.369 As a consequence, it is important 
to minimize the number of water molecules bound to the ion (hydration number) to maximize the 
emission intensity. 

Furthermore, the low extinction coefficients hamper the efficient direct excitation of LnIII ions. 
This issue is usually overcome via the so-called antenna effect, that is the indirect sensitization of 
LnIII through the excitation of a suited chromophore and the following energy transfer to the 
LnIII.370 Generally, the chromophore first absorbs the light populating an excited singlet state, then, 
the energy is transferred to a triplet state via inter-system crossing and finally transferred to an 
excited level of the Ln from which emission occurs. The efficiency of the energy transfer is a 
function of the energy gap between the antenna triplet state and the Ln excited state, and of the 
antenna-Ln distance. Hence, antennas that directly coordinate the LnIII ion are more efficient.371,372 
Generally, very few antennas are able to sensitize efficiently different LnIII.373 For instance, Cs124 
and naphthalene can sensitize both TbIII and EuIII, and anthracene both NdIII and YbIII.374–377 
Overall, Ln show very favourable features for applications in bio-imaging. In particular, as they 
are not essential ions, they allow for a background-free detection, also thanks to their long-lifetime 
emission enabling time-delayed measurements. 

2.4.1.3 Ln-based CuII-probes – State of the art 

Few Ln-based probes for CuII have been reported in the literature using TbIII or EuIII ions (see 
Table 11 and Fig. 25).378–384 

Such probes are normally composed of a Ln complex, an antenna, and an attached CuII-binding 
ligand, which can be the antenna itself. The quenching of Ln emission may occur directly or 
indirectly, through the quenching of the antenna and the impairment of the energy transfer. As 
already remarked for other sensors, most of the reported Ln-based probes are not equipped with 
high-affinity and selective ligands, but they generally show suitable LOD for potential applications 
in the measurement of CuEXC.  

Interestingly, a probe based on the Cu-enzyme azurin was reported very recently. In particular, a 
lanthanide-binding tag (LBT), i.e. a short peptide sequence (15-20 amino acid) that bind TbIII with 
high affinity and includes a Trp as the antenna for TbIII sensitization,385,386 was engineered as a 
loop into the protein structure, close to the Cu-binding site.387 Although azurin-LBT represents the 
sole protein/Ln-based sensor for CuII, several peptide/Ln-based probes for CuI and ZnII have been 
developed.388–391 Besides LBTs, non-peptidic LnIII complexes can be conjugated to the peptide via 
grafting on the amino-acid side chains. Concerning the antenna, it can be part of the LnIII chelator 
or the peptide scaffold. In the latter case, Trp (ε280 = 5690 M-1cm-1, Φ = 0.12) has been commonly 
used to sensitize TbIII, while other chromophore-derivatized amino acids have been used to excite 
other LnIII ions. 
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Table 11. Lanthanide-based CuII probes reported in the literature. 

Probe Cu-ligand Ln Antenna 
λex 

(nm) 
LOD 
(μM) 

Reference 

51 Phen Eu Phen ~ 270 n/a 378 

52 Aromatic iminodiacetate Tb phenyl 285 n/a 379 

53 
Pyridine/aza-18-crown-6 

ether 
Eu 

Pyridine 
derivative 

325 n/a 380 

54 DPA Eu 
Pyridine 

derivative 
350 9.6 381 

55 DPA Eu o-terphenyl 337 0.0037 382 

56 DPA Tb 
Pyridine 

derivative 
260 0.130 383 

57 NOTA Tb Cs124 330 0.0017 384 

58 Azurin Tb Trp 280 0.65 387 
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Figure 25. Structure of Ln-based CuII probes. CuII-binding atoms are coloured. TbIII and EuIII ions are 
coloured in green and orange, respectively. Lanthanide antennas are highlighted in yellow.  
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2.4.1.4 Design of an ATCUN/TbIII-based probe for CuII 

In the light of the advantageous properties of ATCUN peptides as CuII-selective chelators and 
lanthanide ions as long-lifetime luminophores, we decided to explore the employment of a TbIII 
complex as the luminescent moiety in an ATCUN peptide probe for CuII detection in biological 
media. As explained above, a suited antenna is also needed to ensure the efficient excitation of the 
lanthanide. In this respect, the amino acid Trp (W) was first chosen as the antenna by virtue of its 
straightforward insertion into the peptide scaffold.391–394 For this reason, we chose the ATCUN 
motif found in the neuropeptide Neuromedin C, which contains a Trp residue in the fourth position, 
i.e. Gly-Asn-His-Trp (GNHW) and showed affinity (log K7.4 = 13.6) higher than HSA.395,396 
Interestingly, it has been shown in the literature that a Trp in such position is efficiently quenched 
upon CuII-binding and even a cation-π interaction between CuII and Trp4 has been suggested to 
occur in the Cu-NMC complex.63,147,396,397 Hence, a consequent quenching of TbIII emission was 
conceivable. A TbIII-chelating DOTA unit was grafted onto the side-chain of a Lys residue adjacent 
to Trp4 (see Fig. 26).  

 
Figure 26. Structure of GNHW/Tb and mechanism of CuII detection: in absence of CuII, Trp excitation (violet 
flash) gives rise to Trp (blue flash) emission, and also TbIII (green flash) emission via antenna effect, i.e. 
energy transfer (ET, black/grey arrow); upon CuII-binding to the peptide ATCUN motif, both Trp and TbIII 
luminescence are quenched. 

2.4.2 Results and discussion 

The peptide GNHW/Tb (H2N-GNHWKDOTA(Tb)GK-NH2) was synthesized according to a standard 
Fmoc/tBu Solid-phase Peptide Synthesis (SPPS) protocol. The DOTA unit was grafted as DOTA-
tris(tBu) ester upon deprotection of an allyloxycarbonyl-protected Lys residue, and the TbIII was 
coordinated to the DOTA after peptide cleavage and side-chain/DOTA deprotection (see section 
2.4.4.2).  

The fluorescence spectrum of the probe upon Trp excitation (λex = 280 nm) shows Trp (348 nm) 
and TbIII emission bands (487 and 545 nm), showing that partial energy transfer occurs between 
the amino acid and the lanthanide. As a consequence, TbIII bands emerge out of the tail of Trp 
band, which may represent a non-negligible background (see Fig. 27A). In addition, the time-
delayed excitation spectrum of TbIII emission (545 nm, 100 µs) resembles Trp absorption 
spectrum, confirming the antenna effect (see Fig. 27B) Furthermore, the TbIII lifetime resulted to 
be ~ 1.97 ms, in agreement with previous reports.389 
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Figure 27. Characterization of GNHW/Tb luminescence. A) Emission spectrum upon Trp excitation (280 
nm): inset: TbIII emission bands; B) time-delayed (τ = 0.1 ms) excitation spectrum (545 nm). Conditions: 
[GNHW/Tb] = 10 μM, HEPES 100 mM, pH 7.4. 

Then, the response of GNHW/Tb to CuII upon Trp excitation (λex = 280 nm) was examined via a 
fluorometric titration, which showed a progressive quenching of both Trp and TbIII emission bands 
until saturation at 1:1 CuII:GNHW/Tb stoichiometric ratio (see Fig. 28A). Besides, TbIII lifetime was 
not affected by CuII addition, suggesting that TbIII quenching may arise indirectly from the 
quenching of Trp. Moreover, the calibration curve showed good linearity between 0.05 and 10 µM 
and revealed a LOD of about 0.56 µM in the conditions used (see section 2.4.4.4).  

Furthermore, the probe also demonstrated to be selective in the presence of physiologically-
relevant extracellular concentrations of other cations (ZnII, FeIII, CoII, MnII 10 µM, MgII and CaII 
2 mM), as no significant quenching was observed when the probe was incubated with each of these 
ions, while CuII quenched the signal even in presence of all the other cations (see Fig. 28B). 

Interestingly, NiII also quenched efficiently the signal (see Fig. 28C). However, this does not 
represent an issue since NiII is not an essential ion for mammals and it binds to ATCUN motifs 
with a much lower affinity and rate than CuII.142,396 

 

Figure 28. Luminescence response of GNHW/Tb to CuII and other cations. A) Quenching of GNHW/Tb 
emission upon titration with CuII; B) Diagram of GNHW/Tb selectivity for CuII against the other essential 
cations (M denotes the sum of all cations); C) Quenching of GNHW/Tb emission by NiII. Conditions: A) 
[GNHW/Tb] = 10 μM, HEPES 100 mM pH 7.4; B) [GNHW/Tb] = 10 μM, [CuII] = [ZnII] = [FeIII] = [CoII] = 
[MnII] = 10 μM, [MgII] = [CaII] = 2 mM, HEPES 100 mM pH 7.4; C) [GNHW/Tb] = 10 μM, [NiII] = 2.5 μM 
(light green), 5 μM (yellow), 7.5 μM (orange), 10 μM (red), HEPES 100 mM pH 8.2, after 3h incubation. 

Thus, we tested whether the probe could detect CuII in the presence of a fluorescent biomolecule. 
To this aim, we chose Porcine Serum Albumin (PSA), which binds CuII weakly (as it does not 
contain an ATCUN motif) and contain many fluorescent aromatic residues. Notably, the CuII 
transfer from PSA to the probe can be monitored over time via the progressive quenching of the 



  

54 
 

probe emission. The fluorescent spectrum of the CuII-PSA complex showed an intense and broad 
band centred at ~ 335 nm, which can be attributed to the aromatic amino acid in the protein (Trp, 
Phe and Tyr). Remarkably, when the probe was added to the mixture, no change was observed 
within 1h (see Fig. 29A), suggesting that neither Trp nor TbIII bands could be detected against PSA 
fluorescent background. Hence, we resorted to time-delayed detection of TbIII luminescence to get 
rid of such background. In this condition, the four characteristic emission bands of TbIII (at 487, 
544, 585 and 623 nm) were detected and a progressive quenching was observed. Importantly, the 
addition of the stronger chelator EDTA caused a slow and almost complete recovery of the signal, 
proving the reversibility of the sensor (see Fig. 29B).  

Then, the probe was challenged in the detection of CuII in a more complex medium, such as the 
lysogeny broth (LB) used for bacterial culture growth. This is composed of tryptone and yeast 
extract, hence it is rich in peptides and protein fragments that may represent relevant competitors 
for CuII. Similar to the case of PSA, the probe GNHW/Tb could not be detected in the presence of 
10% LB medium due to the high background (see Fig. 29C). Instead, the time-delayed detection 
allowed the measurement of TbIII emission. Interestingly, the addition of CuII produced a rather 
slow and partial quenching of the signal. Analogously, the addition of EDTA slowly recovered the 
signal (see Fig. 29D).  

 

Figure 29. Luminescence response of GNHW/Tb to CuII in the presence of a biological autofluorescence 
medium. A, B) CuII transfer from PSA to GNHW/Tb and from GNHW/Tb to EDTA monitored by fluorescence 
(A) and time-delayed luminescence (B). C, D) Reversible detection of CuII in LB medium monitored by 
fluorescence (C) and time-delayed luminescence (D). Conditions: A, B) [PSA] = 10 µM, [CuII] = 9 µM, 
[GNHW/Tb] = 10 µM, [EDTA] = 35 µM, HEPES 50 mM pH 7.4; C, D) [GNHW/Tb] = 10 μM, [CuII] = 10 
μM (blue), 20 μM (cyan), [EDTA] = 100 μM, LB 10 %; τ = 0.1 ms (B, D). 

On balance, the probe showed a reversible binding/sensing of CuII even in a complex medium 
containing potential competing ligands. However, the kinetics of the response appeared to be 
surprisingly slower than in buffer, where the CuII-binding/response is achieved within the mixing 
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time. To explain such behaviour, we speculate that even though GNHW/Tb has likely suitable 
affinity to bind CuII in the LB medium, the latter also kinetically competes with the probe. Namely, 
it is likely that the CuII spiked into the LB medium containing GNHW/Tb is first caught by 
kinetically-favoured ligands that slowly release CuII to the probe. This may be due to the fact that 
the CuII-binding to the amide groups of the ATCUN motif requires their slow deprotonation.148 

2.4.3 Conclusions  

Overall, the novel probe GNHW/Tb revealed to detect CuII selectively and reversibly, and to be 
responsive to CuEXC fluctuations in a biological-like medium such as 10% LB. In addition, the 
time-delayed detection of the TbIII long-lifetime emission was required to detect the probe and 
hence CuII in the presence of a biologically-relevant fluorescent background, which demonstrate 
the advantageous use of the lanthanide as luminescent moiety. However, the response of the probe 
appeared to be remarkably slow. Such kinetics issue, which seems unprecedented in the literature, 
has been addressed in the following.  
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2.4.4 Experimental section 

2.4.4.1 Materials  

Commercially available reagents were used without further purification. LB medium was prepared 
from LB broth (Lennox) powder (Carl Roth), enriched with 5 g/L of yeast extract (Carl Roth). 
Analytical HPLC was performed using a Hitachi Primaide instrument on a C18 column (XBridge 
Peptide BEH C18 column from Waters, 4.6 mm x 150 mm, pore size 300 Å, particle size 3.5 µm). 
MS spectra were recorded on an LCQ Fleet Ion Trap mass spectrometer (Thermo Fischer). 
Preparative HPLC was carried out using a LaPrep Sigma (VWR International) instrument. 
Spectrophotometric titrations were performed on a Cary 60 UV-vis spectrophotometer using a 1 
cm path quartz cuvette. Luminescence spectra were recorded on a Fluorolog FL3-22 or a 
FluoroMax-4 spectrometer from HORIBA JobinYvon using a 1 cm path quartz cuvette. 

2.4.4.2 Peptide synthesis  

GNHW/Tb (H2N-GNHWKDOTA(Tb)GK-NH2) was synthesized manually through a standard 
Fmoc/tBu SPPS protocol in a syringe with filter frit (see Fig. 30). Fmoc-Rink amide aminomethyl-
polystyrene resin (Fmoc-Rink-Amid AM Resin from Iris Biotech, 0.74 mmol/g loading, 100-200 
mesh) was used to obtain C-terminal amidation. Coupling reactions (1h under shaking) were 
performed using 4 equivalents of Fmoc-protected amino acids, 3.9 equivalents of HBTU (3-
[Bis(dimethylamino)methyliumyl]-3H-benzotriazol-1-oxide hexafluorophosphate) as coupling 
agent, 8 equivalents of DIEA (diisopropylethylamine) as the base and DMF (N,N-
dimethylformamide) as the solvent. After coupling, the presence of unreacted N-terminal free 
amine was checked with TNBS (2,4,6-Trinitrobenzenesulfonic acid) reagent, and the coupling was 
repeated in case of a positive test. Capping of the unreacted free amine group was carried out using 
5% acetic anhydride (Ac2O) and 10% DIEA in DMF for 5 min. N-terminal Fmoc deprotection was 
carried out using 20% piperidine in DMF. The peptide N-terminus was Boc-protected adding 4 
equivalents of di-tert-butyl dicarbonate (Boc2O) and 2 equivalents of DIEA in DMF for 1 hour. 
Deprotection of the alloc-protected side-chain of the Lys5 residue was performed using Pd(PPh3)4 
(0.05 mmol, 0.5 eq., 58 mg) and phenylsilane (2.4 mmol, 24 eq., 0.3 mL) in degassed anhydrous 
DCM in the dark (2x1h). The resin was then washed with DCM (2×2 min), DMF (2×2 min), 1% 
H2O in DMF (2×2 min), DMF (2×2 min), 1% DIEA in DMF (2×2 min), DMF (2×2 min), sodium 
diethyldithiocarbamate in DMF (0.12 M, 2×5 min) and DMF (2×2 min). The DOTA unit was 
grafted adding DOTA-tris(tBu) ester (0.1 mmol, 57 mg, 1 eq.), PyBOP (0.2 mmol, 104 mg, 2 eq.) 
and then DIEA (0.8 mmol, 140 μL, 8 eq.) in DMF overnight. Resin cleavage and side-chain 
deprotection were performed treating with 95% TFA (trifluoroacetic acid), 2.5% H2O and 2.5% 
TIS (triisopropylsilane) for 90 min. The crude was precipitated with cold ether and purified by 
HPLC on a C18 column (XBridge Peptide BEH C18 OBD Prep Column from Waters, 19 mm x 
150 mm, pore size 130 Å, particle size 5 µm). The TbIII complex was prepared by overnight 
incubation of a solution of the peptide in H2O with a solution of TbCl3 ͘·6H2O in H2O (5 eq.) at pH 
~ 6.3. The purity and identity of the peptides were assessed by HPLC and LC-MS (see Fig. 30). 
[GNHW+H]+: experimental m/z = 1211.77, calculated m/z = 1211.63; [GNHW/Tb+H]+:  
experimental m/z = 1367.55 , calculated m/z = 1367.52. Yield: GNHW/Tb·(CF3COO-)3 = 12% (4.5 
mg). 
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Figure 30. Synthetic pathway of GNHW/Tb. Amino acids are labelled in bold and standard side chain 
protecting groups are denoted as * (Boc for Lys and Trp, Trt for His and Asn). HPLC chromatograms and 
ESI-MS spectra of purified GNHW and GNHW/Tb are also reported. 

 

 

 

 

 

 



  

58 
 

2.4.4.3 Preparation of stock solutions 

Stock solutions were prepared in ultrapure water (ρ = 18.2 MΩ·cm−1). The concentration of 
peptide solution was determined by tryptophan UV-vis absorption (ε280 = 5690 M-1cm-1) and UV-
vis titration with CuII monitoring the increase of the d-d band at 525 nm. HEPES buffer (500 mM, 
pH 7.4) was prepared by dissolving the free acid powder and adjusting the pH with NaOH. The 
metal salts used were CuCl2·2H2O, NiCl2·6H2O, ZnSO4·7H2O, Fe(NO3)3·9H2O, CoCl2, 
MnCl2·4H2O, MgSO4, CaCl2, KCl. The concentration of CuCl2·2H2O stock solution was verified 
by UV-Vis spectroscopy (ε780 = 12 M-1 cm-1). The concentration of the PSA solution was 
determined by UV-vis absorption spectroscopy (ε280 = 43824 M-1cm-1).  

2.4.4.4 Luminescence measurements 

All spectra were obtained using λex=280 nm and time-delayed luminescence spectra were recorded 
with 100 µs time delay. The time-delayed excitation spectrum was recorded using λem = 544 nm. 

Luminescence lifetimes were determined by fitting a single-exponential decay curve to the data 
(the values reported are averages of three independent measurements).  

The limit of detection (LOD = 3σ/k, where is the standard deviation of the blank measured over 
three different peptide samples, and k is the slope of the linear regression line of the luminescence 
quenching, ΔI = I0-I, as a function of CuII

 concentration) was evaluated at 10 µM probe 
concentration in HEPES buffer (100 mM, pH 7.4) using excitation slit = 4 nm, emission slit = 3 
nm.  

The probe selectivity was assessed adding (i) the potentially competing cations individually or (ii) 
CuII together with the mix of all the other ions to the peptide in HEPES. The impact of NiII on the 
luminescence was incubating (for 3h) the peptide (10 µM) and NiCl2·6H2O at different molar 
ratios in HEPES 100 mM (pH 8.2).  
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2.5 Improvement of the kinetic responsiveness of ATCUN/TbIII-based probes 

2.5.1 Introduction 

In order to overcome the slow responsiveness of the probe GNHW/Tb in a complex biological medium, 
we resorted to an ATCUN motif variant, NH2-Xxx1-His2-His3 (XHH) that has previously shown 
higher CuII exchange rate.  

2.5.1.1 The Ala-His-His motif 

The coordination of CuII by Ala-His-His (AHH) peptide has been recently studied by our 
group.398,399 Analogously to the XZH (Z ≠ H) motif, AHH binds CuII with the characteristic 4N 
(NH2, N–, N–, NIm) coordination mode at pH 7.4.  At lower pH (< 5.5), while the protonation of 
even one amidate (pKa  ~17) in the XZH motif triggers the release of CuII owing to the loss of two 
out of three chelate rings, CuII can be bound to the AHH motif with a 3N (NH2, N–, NIm) mode 
typical of XH peptides (such as GHK, see section 1.2.4.1) thanks to a rearrangement (in which the 
imidazole ring of His2 replaces His3 amidate) that keeps two chelate rings (see Fig. 31A). For 
instance, about 95% CuII is bound to AHH peptide at pH 5 (log K ~ 7) as the sum of 3N (~72%) 
and 4N (~22%) species, whereas only 50% is bound to the 4N AAH (log K ~ 5) at the same pH 
(see Fig. 31B).398,400 

 
Figure 31. pH- and external ligand (L)-dependent speciation of the CuII-AHH complex. A) Structures of 
the 4N (ATCUN-type) and 3N(+L) coordination modes; B, C) Species distribution diagrams for CuII-
(AHH-NH2) (B) and CuII-(AAH-NH2) (C) complexes, modeled at [peptide] = 10 µM, [CuII] = 9 µM using 
the stability constant reported in the literature.398,400 
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Remarkably, in the presence of excess peptide or external ligands (L), a certain portion of 3N(+L)-
type ternary complexes co-exists with the major 4N form of the AHH peptide at pH 7.4. 
Interestingly, although the percentage of such ternary complexes can be very low (< 1%) at 
micromolar peptide concentration, the large number of external ligands in a complex biological 
medium (e.g. amino acids, His residues in peptides and proteins, etc.) could considerably increase 
the population of the 3N+L species (e.g. comparable amount of 4N and 3N+L species are obtained 
in the presence of imidazole at mM concentration). By virtue of this bimodal speciation, AHH 
benefits from the high selectivity and affinity (log K7.4 = 13.7) of the conventional XZH motif, but 
also from the faster CuII exchange showed by the XH motif.63,147,398,401 

2.5.1.2 Mechanism of CuII-exchange/transfer by ATCUN peptides 

To date, the rationale behind the faster CuII exchange shown by XH and XHH has not been 
unambiguously ascertained.  As the CuII release from XH and XZH motifs implies the protonation 
of amidate groups, the different exchange rate has been classically explained via the lower number 
of amidate donors implicated in Cu-XH (1) compared to Cu-XZH (2).148 Besides, as the CuII 
transfer between XZH peptides and external ligands seems to occur via an associative mechanism, 
the potential of XH(H) to form 3N+L ternary complexes can be also responsible for the higher 
exchange rate.402 Indeed, recent investigations showed that a 2N (NH2, NIm) intermediate is formed 
during the self-exchange of CuII by ATCUN peptides. Moreover, as the conversion between the 
2N and 4N species showed poor pH-dependence, the rearrangement of the ligand from such 2N 
complex to the final 4N mode was suggested as the rate-limiting step rather than the amidate 
protonation.64  Overall, we may speculate that a (2N)-Cu-L transition state forms during the CuII 
transfer from an ATCUN peptide and a ligand L. In such a scenario, we can envision that the 
reorganization from a (3N)-Cu-L complex to the hypothesized transition state requires lower 
activation energy compared to a (4N)-Cu complex. Hence, even if low populated, ternary 3N+L 
species could enhance the CuII-transfer. 

2.5.2 Results and discussion 

In order to improve the kinetic responsiveness of the former GNHW/Tb probe, the AHHW/Tb variant 
was designed and synthesised analogously (see section 2.5.4.2). AHHW/Tb also showed similar 
quenching behaviour (see Fig. 32) and dose-dependent response to CuII with a LOD of 0.28 μM 
(similar to GNHW/Tb, for which LOD resulted to be 0.35 μM in the current experimental conditions, 
see Table 12).  

Then, the response of GNHW/Tb and AHHW/Tb to CuII was compared in the presence of biological-
like media such as 10% LB and fetal bovine serum (FBS), where, due to higher absorption 
background, the LOD of CuII resulted to be about 1 μM or higher (note that even if LOD for 
GNHW/Tb in FBS resulted to be 0.46 µM due to low standard deviation of the blank, the calibration 
curve showed poor linearity below 1 µM). 

Table 12.  LOD (µM) of CuII with GNHW/Tb and AHHW/Tb in HEPES and biological media. 

 
HEPES  

100 mM pH 7.4 
LB 10% FBS 10% 

GNHW/Tb 0.35 1.22 0.46 
AHHW/Tb 0.28 1.23 0.97 
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Figure 32. Quenching of AHHW/Tb time-delayed luminescence by CuII. Conditions: [AHHW/Tb] = 10 µM, 
HEPES 50 mM pH 7.4; τ = 0.1 ms.  
 

2.5.2.1 Kinetics of CuII transfer in biological media 

The kinetics of CuII-binding to the probes was tested in the presence of LB medium (10%) and 
fetal bovine serum (FBS, 10%), which is a common supplement for cell culture growth and 
resembles the composition of human serum (see Fig. 33A/B). Noteworthy, as AHHW/Tb and 
GNHW/Tb likely have both different affinities and CuII-exchange rates, the measurement of the 
luminescent quenching as a function of the time represents only apparent CuII-binding/transfer 
rates that depend on both affinity and binding rates.  

In both cases, AHHW/Tb demonstrated a faster response (quenching/time) to the addition of 
exogenous CuII than GNHW/Tb. However, contrary to the LB medium, where a significant portion 
of CuII was bound by both peptides, FBS appeared to be much more competitive, i.e. a lower 
amount of CuII was available for complexation by the probes in the same timespan. Likely, this 
results from the presence of an excess of thermodynamically-competing ligands, such as bovine 
serum albumin, in FBS.  

Thus, to assess whether the probes are able to compete with the main CuEXC pool in human blood, 
i.e. HSA, we monitored the CuII-transfer from pre-complexed HSA to each probe at 1:1 
HSA:probe ratio (see Fig. 33C). Interestingly, both peptides competed with HSA, and AHHW/Tb 
showed again larger CuII-binding than GNHW/Tb (e.g. 60% vs 20% after 30 min).  

Besides, the ability of the probes to release CuII, which is sought to detect time-dependent CuII 
fluctuations, was examined using EDTA (see Fig. 33D). The de-quenching observed upon the 
addition of EDTA to the Cu-probe complexes indicated that the dissociation of CuII from AHHW/Tb 
was faster than from GNHW/Tb. Interestingly, such behaviour was observed when a concentration 
of EDTA as high as 10 mM was used, whereas no significant difference was observed for the two 
probes with 100 μM chelator. 

This could suggest that a significant enhancement of the CuII-exchange by AHHW/Tb is obtained 
only if the concentration of external ligands is such that ternary complexes are formed. 
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Figure 33. Comparison of GNHW/Tb (green dots) and AHHW/Tb (orange dots) CuII transfer kinetics. A) CuII 
binding in 10% LB medium; B) CuII binding to the peptides in 10% FBS; C) CuII transfer from HSA; D) 
CuII release to EDTA. Conditions: A) [GNHW/Tb] = [AHHW/Tb] = 10 µM, [CuII] = 9 µM, LB 10%; B) 
[GNHW/Tb] = [AHHW/Tb] = 10 µM, [CuII] = 9 µM, FBS 10%; C) [GNHW/Tb] = [AHHW/Tb] = [HSA] = 10 µM, 
[CuII] = 9 µM, HEPES 50 mM pH 7.4; D) [GNHW/Tb] = [AHHW/Tb] = 10 µM, [CuII] = 9 µM, [EDTA] = 10 
mM, HEPES 100 mM pH 7.4; λex = 280 nm, τ = 0.1 ms (A, B, C), λex = 295 nm (D).  

 

2.5.2.2 Ternary complexes 

Hence, we assessed the formation of potential ternary complexes by CuII-AHHW/Tb in the presence 
of HSA, LB or FBS by means of spectroscopic techniques.  

In particular, a switch between the 4N and the 3N+L coordination modes can be suggested by a 
red-shift of the d-d band in the UV-vis absorption spectrum as well as by the increase of the g 
factors in the EPR (electron paramagnetic resonance) spectrum.398,399 

Noticeably, Cu-AHHW/Tb and Cu-HSA complexes show barely distinguishable d-d bands and low-
temperature (LT) EPR spectrum, as they have the very same coordination sphere (at pH 7.4). 

After 1 h incubation of Cu-HSA with AHHW/Tb, the LT-EPR spectrum looked almost identical to 
that of Cu-AHHW/Tb and Cu-HSA complexes (see Fig. 34A), meaning that CuII is bound in a 4N 
ATCUN-type coordination sphere, and no detectable amounts of ternary complexes were formed. 
Besides, to confirm that CuII was bound to AHHW/Tb,  we resorted to room-temperature (RT) EPR, 
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which allows to differentiate complexes having the same coordination sphere but different 
tumbling rates, as it is the case for HSA (66 kDa) and AHHW/Tb (~ 1 kDa).62 Thus, the CuII-HSA-
AHHW/Tb mixture showed a signal very similar to that of CuII-AHHW/Tb (see Fig. 34B), confirming 
that AHHW/Tb takes out CuII from HSA, as observed by the luminescence quenching. 

 
Figure 34. EPR spectra recorded at 100 K (A) or at RT (B) of CuII-HSA (black), CuII-AHHW/Tb (orange) 
and after 1h incubation of CuII-HSA with AHHW/Tb (blue). Conditions: [HSA] = [AHHW/Tb] = 320 µM, 
[Cu2+] = 300 µM, 100 mM HEPES pH 7.4. LT samples were supplemented by 10% (v/v) glycerol.  

The potential formation of ternary species in LB medium and FBS (10%) was instead explored via 
UV-vis absorption spectroscopy. Again, no significant shift of d-d bands of CuII-AHHW/Tb was 
observed in the media compared the complex in HEPES buffer (50 mM, pH 7.4), suggesting that 
no more ternary complexes than those potentially found in the buffer are found in the biological 
samples. 

 
Figure 35. Visible spectra (d-d bands) of CuII-AHHW/Tb in HEPES 50 mM pH 7.4 (black), 10% LB medium 
(pink) and 10% FBS (yellow). Conditions: [AHHW/Tb] = 500 µM, [CuII] = 450 µM. 

These findings point towards the potential formation of very low levels of ternary complexes that 
are not detectable via the techniques used. Moreover, such ternary complexes could be even short-
lived transient intermediates rather than stable species. 
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2.5.2.3 pH-dependence of the luminescence response 

As mentioned above, the CuII complexes of XH(H) peptides benefit from higher stability than 
XZH at pH < 5.5. For this reason, we explored the possibility to apply the probe AHHW/Tb in a 
lower pH range than GNHW/Tb. To study the pH dependence of the luminescent response, pH 
titrations of the CuII-probe complexes were performed.  

The emission of Cu-GNHW/Tb was constant between pH 7.5 and 6, but it increased (2-fold) at pH 
5 (see Fig. 36A). Instead, the signal of Cu-AHHW/Tb remained unchanged down to pH 5, increasing 
(2-fold) at pH 4.5 (see Fig. 36B). This indicates that GNHW/Tb could be applied down to pH 6, 
while AHHW/Tb can be used to detect CuII even at pH 5. This could be useful for application in 
slightly acidic body fluids such as urine.  

However, while the luminescence of the Cu-free GNHW/Tb showed negligible pH-dependence, the 
emission of AHHW/Tb decreased by about 25% when lowering the pH from 7 to 4.5 (see Fig. 36C/ 
D). To explain this effect, it could be speculated that the protonation of a vicinal His affects Trp 
fluorescence and in turn TbIII emission. This implies that care should be taken in the application 
of AHHW/Tb in samples with different pH. 

 

Figure 36. pH dependent time-delayed luminescence of A) CuII-GNHW/Tb,  B) CuII-AHHW/Tb, C) GNHW/Tb 
and D) AHHW/Tb. Conditions: A) [GNHW/Tb] = 10 µM, [Cu2+] = 9 µM; B) [AHHW/Tb] = 10 µM, [Cu2+] = 9 
µM; C) [GNHW/Tb] = 10 µM; D) [AHHW/Tb] = 10 µM. 
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2.5.3 Conclusions  

In conclusion, AHHW/Tb demonstrated enhanced kinetic responsiveness to CuII in biological media 
and to be competitive against HSA, which probably represents the most challenging competitor in 
body fluids.  

Moreover, the ternary complexes that are held accountable for the faster CuII transfer seem to form 
in very low (undetectable) amounts and/or only transiently. 

Finally, AHHW/Tb can be potentially applied at lower pH than GNHW/Tb (down to pH 5), although 
a pH-dependent calibration seems to be needed to compare samples at different pH. 

Overall, this study highlighted that the apparent CuII-binding kinetics in biological media can be 
much slower than in a simple buffer solution and differ considerably from a medium to another 
depending on its composition. Therefore, the CuII-binding kinetics to a probe in a certain sample 
should be carefully assessed during the development of an analytic protocol in order to define the 
suitable timespan in which the analysis has to be performed. 
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2.5.4 Experimental section 

2.5.4.1 Materials  

Commercially available reagents were used unless otherwise stated. Essentially fatty acid-free 
HSA (Sigma) was used without further purification. LB medium was prepared from LB broth 
(Lennox) powder (Carl Roth), enriched with 5 g/L of yeast extract (Carl Roth). Analytical HPLC 
was performed using a Hitachi Primaide instrument on a C18 column (XBridge Peptide BEH C18 
column from Waters, 4.6 mm x 150 mm, pore size 300 Å, particle size 3.5 µm). MS spectra were 
recorded on an LCQ Fleet Ion Trap mass spectrometer (Thermo Fischer). Preparative HPLC was 
carried out using a LaPrep Sigma (VWR International) instrument. Spectrophotometric titrations 
were performed on a Cary 60 UV-vis spectrophotometer using a 1 cm path quartz cuvette. 

2.5.4.2 Peptide synthesis  

AHHW/Tb (H2N-AHHWKDOTA(Tb)GK-NH2) was synthesized manually through a standard 
Fmoc/tBu SPPS protocol (see Fig. 37) in a syringe with filter frit. Fmoc-Rink amide aminomethyl-
polystyrene resin (Fmoc-Rink-Amid AM Resin from Iris Biotech, 0.74 mmol/g loading, 100-200 
mesh) was used to obtain C-terminal amidation. Coupling reactions (1h under shaking) were 
performed using 4 equivalents of Fmoc-protected amino acids, 3.9 equivalents of HCTU (O-(1H-
6-Chlorobenzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate) as coupling agent, 
8 equivalents of DIEA as the base and DMF as the solvent. After coupling, the presence of 
unreacted N-terminal free amine was checked with TNBS reagent, and the coupling was repeated 
in case of a positive test.  Capping of the unreacted free amine group was carried out using 5% 
acetic anhydride and 10% DIEA in DMF for 5 min. N-terminal Fmoc deprotection was carried out 
using 20% piperidine in DMF. The N-terminal Ala residue was introduced as tert-
butyloxycarbonyl-protected amino acid (Boc-Ala-OH) to ensure orthogonal deprotection of the 
Lys5(Alloc). Removal of the Nε-Alloc protecting group was performed using Pd(PPh3)4 (0.05 
mmol, 0.5 eq., 58 mg) and phenylsilane (2.4 mmol, 24 eq., 0.3 mL) in degassed anhydrous 
dichloromethane (DCM) in the dark (2x1h). The resin was then washed with DCM (2×2 min), 
DMF (2×2 min), 1% H2O in DMF (2×2 min), DMF (2×2 min), 1% DIEA in DMF (2×2 min), 
DMF (2×2 min), sodium diethyldithiocarbamate in DMF (0.12 M, 2×5 min) and DMF (2×2 min). 
The DOTA unit was grafted adding DOTA-tris(tBu) ester (0.1 mmol, 57 mg, 1 eq.), PyBOP (0.2 
mmol, 104 mg, 2 eq.) and then DIEA (0.8 mmol, 140 μL, 8 eq.) in DMF overnight. Resin cleavage 
and side-chain deprotection were performed treating with 95% TFA, 2.5% H2O and 2.5% TIS for 
90 min. The peptide was cleaved and acid-labile side-chain deprotected by treatment with 
TFA/TIS/H2O (95:2.5:2.5) for 90 min. The crude was precipitated with cold ether and purified by 
reverse-phase HPLC on a C18 column (XBridge Peptide BEH C18 OBD Prep Column from 
Waters, 19 mm x 150 mm, pore size 130 Å, particle size 5 µm). TbIII complex was prepared by 
overnight incubation of the peptide with TbCl3 ͘·6H2O (5 eq.) in H2O at pH ≈ 6.3. The purity and 
identity of the peptide were assessed by analytical HPLC and LC-MS. [AHHW+H]+: experimental 
m/z = 1248.87, calculated m/z = 1248.84; [GNHW/Tb+H], experimental m/z = 1404.82, calculated 
m/z = 1404.76. Yield AHHW/Tb·(CF3COO-)3: 27% (15.2 mg). 
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Figure 37. Synthetic pathway of AHHW/Tb. Amino acids are labelled in bold and standard side chain 
protecting groups are denoted as * (Boc for Lys and Trp, Trt for His). HPLC chromatograms and ESI-MS 
spectra of purified AHHW and AHHW/Tb are also reported. 
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2.5.4.3 Preparation of stock solutions  

Stock solutions were prepared in ultrapure water (ρ = 18.2 MΩ·cm−1). The concentration of 
peptide stock solutions was determined by tryptophan UV-vis absorption (ε280 = 5690 M-1cm-1 ) 
and spectrophotometric titration with CuII. A stock solution of HEPES buffer (500 mM, pH 7.4) 
was prepared by dissolving free acid powder and by adjusting the pH with NaOH. The 
concentration of CuCl2·2H2O stock solution was verified by UV-Vis spectroscopy (ε780 = 12 M-

1cm-1). As the N-terminus of commercial HSA stock is partially truncated (and hence CuII binding 
to the ATCUN site is abolished),403 the concentration of the ATCUN-bearing HSA was measured 
via spectrophotometric titration with CuII. 

2.5.4.4 Luminescence measurements  

Luminescence spectra were recorded on a Cary Eclipse (Agilent) fluorescence spectrophotometer 
using a 1 cm path quartz cuvette, λex = 280 nm and 100 µs time delay. 

CuII-binding kinetics in LB medium and FBS were measured by adding exogenous Cu2+ to a 
solution of the peptides in the media. 

Calibration curves have been obtained by adding the pre-formed CuII-complexes (at 10 µM final 
concentration of the peptides and CuII concentration varying from 0.1 to 10 µM) to the 
buffer/media solution. Luminescence intensity was measured using the following parameters: 
excitation slit 20 nm, emission slit 10 nm, averaging time 0.1 s. The average intensity at 545 nm 
over five measurements was plotted versus the CuII concentration and fitted using linear regression 
(y = k x) with fixed intercept (the average intensity of the blank, i.e. the peptides in absence of 
CuII). The limit of detection (LOD) was calculated based on 3σ/k (where σ is the standard deviation 
of the blank measurements and k is the slope of the linear regression line). 

pH titrations were performed adding small aliquots of a concentrated NaOH solution to the 
peptides/complexes solutions in water.  

Kinetics of CuII-binding in LB medium was monitored via time-delayed luminescence using a 
Spark (Tecan) plate reader inside a 384 wells microplate.  

Kinetics of CuII release to EDTA was monitored via tryptophan fluorescence emission using a 

CLARIOStar Plus (GMB Biotech) plate reader inside a 384 wells microplate, with λex = 295 nm 
and λem = 360 nm.  

2.5.4.5 UV-vis spectroscopy  

UV-vis spectra were recorded on a Cary 60 spectrophotometer using a 1 cm path quartz cuvette. 
Spectra of CuII-AHHW/Tb in biological media were obtained adding the pre-formed complex to the 
medium. 

2.5.4.6 EPR spectroscopy 

EPR spectra were recorded on a continuous-wave EPR X-band spectrometer (EMXplus, Bruker 
Biospin GmbH, Germany) equipped with a high sensitivity resonator (4119HS-W1, Bruker) at 
both room (RT, T = 295 K ± 1 K) and low temperature (LT, T = 100 K), which was achieved by 
a continuous flow liquid nitrogen cryostat. 

The principal RT experimental parameters were: modulation amplitude 10 G, microwave power 
10 mW, time constant ~ 80 ms, conversion time ~ 375 ms. 1000 G were swept in 5 minutes and 5 
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scans were accumulated. A blank sample (100 mM HEPES at pH 7.4) was used to baseline all 
spectra.  

The principal LT experimental parameters were: modulation amplitude 5 G, microwave power 0.1 
mW, time constant ~ 80 ms, conversion time ~ 200 ms. 1500 G were swept in 5 minutes and 6 
scans were accumulated.  

Samples were prepared in 100 mM HEPES (pH 7.4) at 320 μM concentration of the ligands and 
300 μM CuII. RT samples were transferred into 25 μL glass capillaries (Hirschmann) and sealed 
on both ends. LT samples were supplemented by 10 % v/v glycerol to ensure a good glassy sample 
once freeze-quenched in 3 mm ID quartz tubes (Wilmad LabGlass).  
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2.6 From intensiometric to ratiometric ATCUN/LnIII probes 

The general shortcomings of turn-off probes have been described above. Above all, they suffer 
from inaccurate quantification, since the probe signal may change also due to a change in the 
concentration of the probe itself, for instance, because of degradation, or due to off-target 
interactions, especially in a complex biological medium. Therefore, ratiometric probes are 
preferred as the ratio between two signals is less sensitive to external factors. For instance, “type 
I” ratiometric probes (see section 2.2.3) includes a non-responsive luminophore acting as an 
internal “reference” for the calibration of the probe response.   

As seen in section 2.2.3, current ratiometric CuII probes do not show suitable affinity and 
selectivity for applications in biological media, although probe 19 was applied to detect 
extracellular Cu in cell culture.328 Hence, novel ratiometric sensors for CuII are needed in order to 
measure CuEXC in biological samples.  

As already observed, “type II” ratiometric probes seem to involve aromatic donors which 
undermine the affinity and the selectivity for CuII. On the other hand, the design of “type I” 
ratiometric probes appears more straightforward, as it can be envisioned that a luminophore placed 
far from the CuII binding site would be less affected by the quenching effect. 

2.6.1 Assessment of a poly-Proline spacer 

Thus, with the aim to develop an ATCUN peptide-based ratiometric sensor, we first focused our 
attention on the choice of an appropriate spacer to distance the CuII-responsive and the CuII-
binding site. Although well-folded protein structures could ensure a defined spatial detachment 
between two appended entities such as fluorophores, the design of a rigid linker using short 
peptides is hampered by their tendency to be intrinsically disordered and hence very flexible.  

Browsing the literature about peptide-based ratiometric probes, we encountered a ratiometric two-
fluorophore ZnII sensor build on a peptide scaffold.404 Notably, the authors employed a poly-
proline (poly-Pro) scaffold to separate the two fluorophores, i.e. a ZnII-insensitive 
hydroxycoumarin conjugated at the peptide N-terminus and a ZnII-responsive DPA-fluorescein 
derivative grafted on the side-chain of the C-terminal Lysine.  

Indeed, poly-Pro sequences can assume well-defined helical secondary structures thanks to the 
unique properties of proline (Pro), which is a (cyclic) secondary amine, and hence forms tertiary 
amide bonds when polymerized. Contrary to most peptide bonds, which predominantly exist in 
the trans conformation due to the lower steric repulsion between the amide hydrogen and the 
preceding Cα,  the trans and cis conformers of Xxx-Pro peptide bonds show considerably lower 
energy difference owing to the cyclic nature of Pro side-chain (see Fig. 38A).405 Notwithstanding, 
by virtue of the high constrain brought by the bulky side-chain, the preferred folding of 
oligoprolines is the so-called poly-proline helix II (PPII), which is a left-handed helix composed 
of trans peptide bonds (see Fig. 38B). PPII is characterized by backbone dihedral angles ϕ = -75° 
and ψ = 150° and a pitch of about 9 Å with 3 residues per turn. Interestingly, due to the lack of 
amide hydrogens, the PPII helix is not stabilized by intramolecular hydrogen bonds, unlike α-
helices and β-sheets, but rather by van der Waals interactions between adjacent amide bonds.406–

408 
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Figure 38. Structure of trans and cis conformers of Proline peptide bonds (A) and PPII helix (B). 

Oligoprolines have been recognized for a long time for their structural rigidity, thanks to which 
they have been used as “molecular rulers”, for instance, to calibrate FRET efficiency 
measurements or to modulate the distance between groups attached at the poly-Pro termini.408–411 

Thus, we examined whether the adoption of a poly-Pro spacer could be suited to build an ATCUN-
based ratiometric CuII sensor. For this purpose, we designed a proof-of-principle peptide, RTHW-

NBD, bearing a high-affinity ATCUN motif (RTH, log K7.4 = 14.5),412 a Trp residue as CuII-
responsive fluorophore, a hexa-proline spacer, and an NBD dye grafted onto a Lys side-chain as 
“reference” fluorophore (see Fig. 39). 

 
Figure 39. Mechanism of ratiometric CuII detection by RTHW-NBD: CuII quenches efficiently Trp emission 
due to its proximity to the ATCUN motif, while ideally it does not affect NBD emission, which acts as a 
“reference” fluorophore. 

 

2.6.1.1 Results and discussion 

The peptide RTHW-NBD (H2N-RTHWKAPPPPPPKNBDK-NH2) was synthesized via automatized 
SPPS followed by manual deprotection of alloc-protected lysine and coupling of NBD on the side-
chain (see section 2.6.5.2). First, the peptide structure was assessed via circular dichroism (CD) 
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spectroscopy, which showed a spectrum with a minimum at ~220 nm and a maximum at ~230 nm 
(see Fig. 40), attributable to a PPII helix.413–415 

 
Figure 40. Far-UV CD spectrum of RTHW-NBD. Conditions: [RTHW-NBD] = 20 μM, HEPES 2 mM pH 7.4. 

Then, the fluorescent response of RTHW-NBD to CuII was studied via fluorometric titration (see Fig. 
41A). Trp and NBD fluorescent emission were recorded exciting at 280 nm and 480 nm, 
respectively. Remarkably, while Trp emission (at 348 nm) showed about 80% quenching at 1:1 
Cu:RTHW-NBD ratio, the signal of the distal NBD group (at 560 nm) was quenched only by about 
20%. Moreover, unlike Trp, the plot of NBD emission as a function of the Cu:RTHW-NBD ratio did 
not show a breakpoint at 1:1 ratio, suggesting that its quenching does not directly arise from the 
binding of CuII to the ATCUN motif (see Fig. 41B). Hence, the ratiometric response, i.e. I348/I560, 
represents a corrected version of Trp signal that takes into account external factors contributing to 
the fluorescence quenching.  

 
Figure 41. Fluorometric CuII titration of RTHW-NBD. A) Fluorescence spectra of Trp (λex = 280 nm, λem = 
348 nm) and NBD (λex = 480 nm, λem = 560 nm) emission upon gradual addition of CuII. B) Titration curves 
and plot of the ratiometric response (red stars). Conditions: [RTHW-NBD] = 2 μM, HEPES 100 mM pH 7.4. 

Overall, the ratiometric behaviour observed using a poly-Pro spacer appeared satisfactory and 
promising for the development of two-fluorophore peptide-based ratiometric CuII probes. 
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2.6.2 Development of ratiometric probes for CuII using the TbIII/EuIII couple 

2.6.2.1 TbIII/EuIII-based ratiometric sensors 

In order to improve the detection and quantification of the turn-off ATCUN/LnIII-based probes 
reported previously, we focused our efforts on designing peptide-based ratiometric probes 
composed of the ATCUN motif, two different luminescent LnIII complexes and a poly-Pro spacer. 

The TbIII-EuIII couple is often used to build LnIII-based ratiometric sensors.416–420 Indeed, although 
TbIII and EuIII emission bands partially overlap in the 560-670 nm spectral range, they also show 
distinct bands at ~490 and 545 nm (TbIII) and 700 nm (EuIII).  

As the two LnIII complexes need to be far away in the case of a CuII sensor, two antenna units have 
to be used. Conveniently, TbIII and EuIII can be sensitised by the same chromophore (e.g. 
naphthalene) or by different antennas that can be excited at the same wavelength.  

However, as LnIII ions share common coordination preferences, and ligands selective for a certain 
LnIII ion do not exist, the regiospecific metalation of even distinct LnIII chelator appears very 
challenging and very few strategies have been developed so far. For instance, Sames et al. 
exploited the different kinetic lability of the macrocyclic DOTA (more inert) and the linear DTPA 
(more labile) ligands to achieve the site-specific metalation with TbIII and EuIII.421 Later, Faulkner 
et al. reported a different approach based on the selective (acid vs. basic) deprotection of differently 
carboxy-protected (t-butyl vs. ethyl) DOTA esters.422 Another strategy introduced by Faulkner et 
al. consists in the conjugation of previously metalated inert LnIII complexes.416,423,424 Likewise, 
Sénèque et al. recently used bis(2-sulfanylethyl)amino (SEA) Native Chemical Ligation (NCL) to 
assemble peptide building blocks bearing distinct LnIII-DOTA complexes forming hetero-bis-
lanthanide ratiometric ZnII probes.425  

2.6.2.2 SEA ligation 

In 1994, bioinspired by the mechanism of protein splicing, Kent et al. developed the Native 
Chemical Ligation (NCL) as a tool to link two deprotected peptidic fragments forming a native 
peptidic bond between a peptide thioester and a cysteinyl peptide in aqueous solution at neutral 
pH (see Fig. 42).426,427 In particular, this approach includes the trans-thioesterification between the 
cysteinyl peptide (green) and the peptide thioester (red), followed by an intramolecular S,N-acyl 
shift between the amino group of Cys (orange) and the thioester group (green). Due to the 
instability of thioesters linkers during the standard Fmoc/tBu SPPS protocols (notably under the 
basic conditions of Fmoc deprotection), it is preferable to generate the thioester moiety in solution, 
after the peptide cleavage from the resin. In 2010, Melnyk et al. developed an SPPS strategy to 
prepare a stable peptide thioester precursor, that can be converted to the active thioester via a 
reverse N,S-acyl shift.428,429 Such precursor is the bis(2-sulfanylethyl)amino (SEA) group, which 
can be attached to a chloro-trityl resin on which SPPS is performed and then cleaved forming a 
“SEA-peptide” bearing a C-terminal bis(2-sulfanylethyl)amido moiety. In addition, the thiol 
groups of the “SEAon” peptide can be further stabilized and inactivated by oxidation to the disulfide 
“SEAoff” form (see Fig. 43). Hence, the SEA ligation protocol involves the reduction of the SEA 
sulfide by tris(2-carboxyethyl)phosphine (TCEP) in the presence of 4-mercaptophenylacetic acid 
(MPAA), which catalyses the ligation via trans-thioesterification.  
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Figure 42. Mechanism of Native Chemical Ligation between a peptide thioester (blue) and a cysteinyl-
peptide (orange). First, a trans-thioesterification occurs between the thiol group (green) of the N-terminal 
cysteine and the thioester group (red). Then, the newly formed thioester undergoes a S,N-acyl shift forming 
a native peptidic bond (purple). 

 

 
Figure 43. Synthesis of a SEA-peptide bearing a “latent” N-terminal peptide thioester group. A bis(2-
sulfanylethyl)amino (SEA) resin is used for the elongation of the SEA-peptide sequence. After the cleavage 
from the resin, the SEA peptide is oxidised using I2 to the more stable disulfide form. The reduction of such 
compound by TCEP and a reverse N,S-acyl shift produces the sought peptide thioester. 
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2.6.2.3 Design of an ATCUN/TbIII/EuIII-based ratiometric probe  

Here, we adopted an NCL approach to develop an ATCUN hetero-bis-lanthanide (TbIII/EuIII) 
ratiometric probes for CuII, AHHW/Tb-pic/Eu. In particular, we assembled the N-terminal peptide 
fragment AHHW/Tb-SEA (AHHWKDOTA(Tb)A-SEA) containing the AHH motif and the Trp-
TbIII(DOTA) couple as CuII-responsive luminescent unit, and the C-terminal fragment CP9

pic/Eu 
(CPPPPPPPPPKDO3Apic(Eu)K-NH2) containing the poly-Pro spacer and a EuIII-DO3Apic (2,2′,2′-
(10-((6-carboxypyridin-2-yl)methyl)-1,4,7,10-tetraazacyclododecane-1,4,7-triyl)triacetic acid) 
complex as “reference” luminescent unit. The DO3Apic unit (see Fig. 44) contains a picolinate 
group serving as a very efficient intra-ligand antenna for EuIII that can be excited at the same 
wavelength as Trp (280 nm). In addition, thanks to the binding of the picolinate unit to the EuIII, 
DO3Apic represents a nonadentate ligand that prevents water-binding to EuIII enhancing its 
signal.430 Moreover, the intra-ligand picolinate antenna has lower flexibility than Trp, reducing the 
possibility to get closer to the CuII-binding site. Finally, envisaging a lower quenching by CuII at 
a longer distance, a nona-proline spacer was used for this probe.  

 
Figure 44. Structure of the ratiometric probe AHHW/Tb-pic/Eu. 

 

2.6.2.4 Results and discussion 

The peptide fragments AHHW/Tb-SEA and CP9
pic/Eu were synthetized by standard SPPS and 

metalated similarly to the previously described probes. The SEA ligation of AHHW/Tb-SEA and 
CP9

pic/Eu was accomplished obtaining the probe AHHW/Tb-pic/Eu (see sections 2.6.5.3-2.6.5.5). 

As the intra-ligand picolinate is a far better antenna for EuIII than Trp for TbIII, the intensity of EuIII 
is expected to be higher than TbIII.430 Nevertheless, as TbIII has a higher lifetime than EuIII, the 
ratio between the intensity of their bands can be modulated by tuning the time delay applied. 
Therefore, in order to select a time-delay yielding comparable TbIII and EuIII signals and keeping 
a good signal-to-noise ratio, the decay of TbIII and EuIII luminescence at 487 and 700 nm, 
respectively, was recorded (see Fig. 45A). The lifetimes resulted to be 1.96 and 1.16 ms for TbIII 
and EuIII, respectively, in agreement with previous reports, and a time delay of 3 ms was chosen 
to record the time-delayed luminescence spectrum (see Fig. 45B). Thus, all bands can be observed 
with a good signal-to-noise ratio. Notably, the band at 487 and 545 nm arise from TbIII transitions 
and the bands at a wavelength higher than 675 nm arise from EuIII transitions, while the bands in 
the 575-675 spectral range bands include a contribution from both TbIII and EuIII. 



  

77 
 

 
Figure 45. Characterisation of AHHW/Tb-pic/Eu luminescence. A) Decay of TbIII (green, 487 nm) and EuIII 
luminescence (red, 700 nm); B) time-delayed luminescence spectra of AHHW/Tb-pic/Eu with 3 ms time delay. 

The luminescent response was hence assessed titrating AHHW/Tb-pic/Eu with CuII (see Fig. 46A), 
which quenched EuIII emission of a lower extent, about 70%, than TbIII (about 100%). As a result, 
the spectrum observed after the addition of one equivalent of CuII (red) shows only EuIII bands. 
Moreover, the plot of both TbIII and EuIII signals as a function of the CuII:AHHW/Tb-pic/Eu show a 
breakpoint at 1:1 ratio suggesting that both LnIII are responsive to the binding of CuII to the 
ATCUN motif (see Fig. 46A, inset). Besides, EuIII quenching resulted surprisingly higher 
compared to the analogous NBD in RTHW-NBD (20% quenching). Such unexpected behaviour 
seems even more surprising considering that AHHW/Tb-pic/Eu, compared to RTHW-NBD, contains 9 
rather than 6 prolines.  

 
Figure 46. Luminescence response of AHHW/Tb-pic/Eu to CuII. A, B) Time-delayed luminescence spectrum 
of AHHW/Tb-pic/Eu without (green curve) and with 1 eq. of CuII (red curve); insets: titration curves. 
Conditions: [AHHW/Tb-pic/Eu] = 10 μM (A) or 1 μM (B), HEPES 50 mM pH 7.4 (A, B).  

On balance, the poly-Pro length is not the only difference between RTHW-NBD and AHHW/Tb-pic/Eu. 
Indeed, the grafted LnIII complexes and the additional Cys residue (required for the SEA ligation) 
in AHHW/Tb-pic/Eu could, for instance, perturb the helical folding of the poly-Pro that should keep 
EuIII far from the ATCUN site. In addition, the known tendency of poly-Pro sequence to self-
assemble,407,431,432 as well as the CuII-catalysed cysteine oxidation with consequent formation of 
disulfide-bridged dimers, could be accountable for the increased quenching effect. Hence, we 
investigated these aspects.  
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The potential contribution of peptide assembly was assessed by titrating the peptide at 10-fold 
lower concentration (1 μM, see Fig. 46B). In these conditions, EuIII band was quenched to a lower 
extent than at 10 μM concentration (see insets), revealing that some intermolecular interaction 
could indeed partially contribute to the observed behaviour. 

Besides, the peptide structure was verified by CD (see Fig. 47). Interestingly, although the C-
terminal proline-rich fragment CP9 (H2N-CPPPPPPPPPKK-NH2) showed an enhanced CD signal 
compared to the hexa-proline containing RTHW-NBD peptide, the full-length AHHW/Tb-pic/Eu peptide 
presented a lower PPII helical character. Indeed, the decrease of the positive band at 230 nm, which 
is the most diagnostic of a PPII helix, as well as the additional negative band at about 240 nm, 
revealed that the flaking amino acids and the pendant complexes perturb the folding of the spacer, 
implying higher flexibility of the peptide scaffold that intensify the quenching of EuIII, as it can 
get closer to the CuII site.  

 
Figure 47. Far-UV CD spectrum of AHHW/Tb-pic/Eu (blue) and CP6 (red). Conditions: [AHHW/Tb-pic/Eu] or 
[CP9] = 30 μM, HEPES 5 mM pH 7.4.  

Furthermore, we assessed whether CuII oxidized the peptide Cys forming disulfide-bridged dimers. 
For this purpose, AHHW/Tb-pic/Eu (10 μM) was incubated with CuII (0.9 eq.) in HEPES (100 mM, 
pH 7.4). After 30 minutes, the LC-ESI-MS spectrum of the solution shows new peaks (m/z = 
1255.23, z =5; m/z = 897.06, z = 7, red spectrum in Fig. 48) compared to the AHHW/Tb-pic/Eu peptide 
in absence of CuII (blue spectrum in Fig. 48), which can be ascribed to the formation of a disulfide 
bridged dimer (see table in Fig. 48).  

 
Figure 48. LC-ESI-MS spectra of AHHW/Tb-pic/Eu before (blue) and after (red) incubation (30 min) with CuII. 
Conditions: [AHHW/Tb-pic/Eu] = 10 μM, [CuII] = 9 μM, HEPES 100 mM pH 7.4. The expected m/z of the ions 
deriving from AHHW/Tb-pic/Eu monomer or dimer are reported in the table.  
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Overall, the nona-proline spacer appeared to be not very suited to build the two-LnIII ratiometric 
CuII-probe sought. Actually, an unexpected lower PPII helix content and the tendency of such 
poly-Pro segment to self-assemble seem partially accountable for the worse response compared to 
the RTHW-NBD probe.413–415,433 Therefore, a hexa-proline spacer might be more convenient. 
Besides, the CuII-induced dimerization of AHHW/Tb-pic/Eu via disulfide bridge formation also 
potentially undermines the ratiometric behaviour and the applicability in biological media, where 
disulfide bridges could be formed with endogenous biomolecules. Consequently, the removal or 
the protection of the reactive Cys thiol group appears to be needed to prevent disulfides formation. 

2.6.3 Optimization of ATCUN/TbIII/EuIII-based probe for biological applications 

In the attempt to improve the response of the previous construct, another TbIII/EuIII-based probe 
was conceived. First, as for the promising RTHW-NBD, we decided to adopt a 6- rather than 9-
residue poly-Pro spacer. Besides, in order to remove the potential interference of the free Cys thiol, 
Cys was desulfurized after the SEA ligation.  

Furthermore, we tackled another flaw of the ATCUN/LnIII-based probe developed, namely the 
excitation in the UV region. Indeed, the antenna we employed so far for TbIII and EuIII 
sensitization, i.e. Trp and picolinate, were excited at 280 nm. As discussed above, the inner-filter 
effect exerted by biomolecules in such spectral region is very high and challenges the excitation 
of exogenous fluorophores. Remarkably, although the excitation at 280 nm, together with a time-
delay, enabled the detection of GNHW/Tb and AHHW/Tb in diluted biological media such as 10% 
LB and FBS, we failed to record TbIII emission from the AHHW/Tb peptide in rat urine samples.  
This brought out the need to use another antenna, suitable for both TbIII and EuIII,  that can be 
excited at a higher wavelength.   

In this regard, the carbostyril derivative Cs124 (Carbostyril 124, 7-Amino-4-methyl-2-
hydroxyquinoline), which can be excited at 330 nm (ε327 = 12000 M-1cm-1, Φ = 0.97) , has been 
shown to sensitize both TbIII and EuIII (but with different efficiency).434 Moreover, Cs124 
conjugates with Glu amino acid (Fmoc-Glu(Cs124)-OH, see Fig. 49) have been successfully used 
as a building block to insert a Cs124 unit into peptide scaffolds.377,425,435 Therefore, we chose to 
use Cs124 as the antenna for TbIII and EuIII, bound to DOTA ligands.  

Finally, we also decided to reduce the flexibility of the appended LnIII complexes grafting the 
DOTA units on the shorter Dap amino acid rather than Lys. Indeed, approaching the LnIII 
complexes to the peptide backbone could be beneficial for the energy transfer between Cs124 and 
the LnIII ions, and also to hamper potential interactions between the “reference” EuIII complex and 
CuII. 

 
Figure 49. Structure of the ratiometric probe AHHCs124/Tb-Eu. 



  

80 
 

 

2.6.3.1 Results and discussion 

Based on these principles, the probe AHHCs124/Tb-Eu-SH was synthetized assembling the N-terminal 
peptide AHHCs124/Tb (AHHECs124DapDOTA(Tb)A-SEA) and the C-terminal fragment CP6

Cs124/Eu 
(CPPPPPPECs124DapDOTA(Eu)K-NH2). AHHCs124/Tb-Eu-SH was then desulfurized obtaining 
AHHCs124/Tb-Eu (see sections 2.6.5.6-2.6.5.9).  

Curiously, the CD analysis of the native and desulfurized peptides showed distinct signatures (see 
Fig. 50). In particular, AHHCs124/Tb-Eu-SH (red) showed a minimum around 215 nm but no positive 
band at 230 nm. However, the apparent absence of this positive band might be due to an undesired 
baseline drift. The thiol-free AHHCs124/Tb-Eu peptide (blue) showed a similar but weaker negative 
peak at 215 nm and a positive band around 240 nm. Interestingly, according to the literature, such 
a red-shift of the positive band in oligoprolines could be induced by aromatic-proline 
interactions.436 Here, this could suggest that an interaction between prolines and the aromatic 
Cs124 occurs. Overall, the CD spectra recorded revealed that desulfurization impacts the peptide 
structure. Besides, they did not confirm unambiguously, but they also did not disprove, the 
formation of a PPII helix.  

 
Figure 50. Far-UV CD spectrum of AHHCs124/Tb-Eu-SH (blue) and AHHCs124/Tb-Eu (red). Conditions: 
[AHHCs124/Tb-Eu-SH] or [AHHCs124/Tb-Eu] = 20 μM, HEPES 2 mM pH 7.4.  

The characterization of AHHCs124/Tb-Eu-SH time-delayed emission showed that, as reported in the 
literature, Cs124 sensitizes TbIII better than EuIII, as the latter show much less intense bands than 
the former (see Fig. 51A, green curve).434 

The titration of AHHCs124/Tb-Eu-SH with CuII revealed that TbIII and EuIII luminescence were 
quenched at about 100% and 50%, respectively. Hence, it seems that the newly designed scaffold 
ensures a lower interaction between EuIII and CuII compared to AHHW/Tb-pic/Eu.  

Then, we assessed the impact of the free Cys thiol on the luminescent response to CuII titrating the 
desulfurized variant AHHCs124/Tb-Eu (see Fig. 51B). Remarkably, this did not behave differently 
from its parent AHHCs124/Tb-Eu-SH, suggesting that the peptide dimerization does not alter the 
response significantly, or that non-covalent dimerization occurs independently from the disulfide 
bridge.   
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Figure 51. Luminescence response of AHHCs124/Tb-Eu-SH (A) and AHHCs124/Tb-Eu (B) to CuII. Conditions: 
[AHHCs124/Tb-Eu-SH] = 10 μM (A) or [AHHCs124/Tb-Eu] = 10 μM (B), HEPES 100 mM pH 7.4.  

 
Finally, we evaluated whether the Cs124 antenna enables the detection in urine. Thus, we recorded 
time-delayed luminescence spectra of AHHCs124/Tb-Eu-SH in urine samples collected from LEC 
(Long–Evans Cinnamon) rats, which are studied as an animal model of Wilson’s disease.437 In 
particular, we analysed the samples collected from a rat treated with the Cu-chelator D-Pen (see 
Fig. 8) with an untreated control. Of note, the administration of D-Pen increases urinary Cu 
levels.438,439 Remarkably, both TbIII and EuIII signals were detected (see Fig. 52). Moreover, the 
treated rat sample showed a lower intensity of TbIII bands than the control, consistent with a higher 
Cu content, while EuIII bands showed no difference. Therefore, these preliminary data demonstrate 
that a ratiometric, albeit only qualitative at present, CuII detection is achievable in real biological 
samples such as urine.  

 

 
Figure 52. Ratiometric CuII detection by AHHCs124/Tb-Eu-SH in urine samples collected from a D-Pen-treated 
(orange) LEC rat and an untreated control (green). Conditions: [AHHCs124/Tb-Eu-SH] = 10 μM, urine 10%. 
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2.6.4 Conclusions 

As the turn-off response impairs a proper quantification of the probe and hence of CuII, we 
attempted to develop a ratiometric probe that is less sensitive to external factors and artefacts. For 
this aim, we designed a proof-of-concept dual-lanthanide ATCUN-based probe exploiting an 
oligoprolines sequence as the spacer between a CuII-responsive TbIII complex proximal to the 
ATCUN motif and an ideally “reference” EuIII complex. In such a probe, CuII quenched completely 
TbIII, but only partially EuIII. Therefore, a ratiometric response could be obtained. However, the 
spacer used did not ensure a complete quenching of the “reference” fluorophore, which would be 
desirable. Overall, the flexibility of the peptide scaffold and side-chain-grafted luminophores, as 
well as a certain propensity of the peptide to self-assemble, seems to be responsible for such 
behaviour. These issues have to be certainly addressed to further optimize the probe prototypes 
realized in this work.  

Besides, the use of Cs124, rather than Trp or picolinate, as the antenna, enabled the detection of 
the probe in urine samples. Hence, our investigations also highlight that the choice (e.g. Trp/pic 
vs Cs124) and the placement (e.g. intra-ligand vs external) of the antenna are crucial to obtain a 
comparable intensity of TbIII and EuIII signals and ensure the detection in biological media. 

 

2.6.5 Experimental section 

2.6.5.1 Materials 

Commercially available reagents were used without further purification. SEA resin was prepared 
by Dr. Lucia Borkova following a previously reported procedure.429 DO3Apic-tris(allyl)ester and 
Fmoc-Glu(Cs124)-OH were prepared according to literature procedures and kindly provided by 
Dr. Olivier Sénèque (CEA, Grenoble).377,430 Analytical HPLC was performed using a Hitachi 
Primaide instrument on a C18 column (XBridge Peptide BEH C18 column from Waters, 4.6 mm 
x 150 mm, pore size 300 Å, particle size 3.5 µm). LC-MS spectra were recorded on an LTQ-XL 
mass spectrometer coupled to a Dionex UltiMate3000 Ultra-HPLC system (Thermo Scientific). 
Preparative HPLC was carried out using a LaPrep Sigma (VWR International) instrument. 
Spectrophotometric titrations were performed on a Cary 60 UV-vis spectrophotometer using a 1 
cm path quartz cuvette. 

2.6.5.2 Synthesis of RTHW-NBD 

RTHW-NBD (H2N-RTHWKAPPPPPPKNBDK-NH2) was synthetized via standard Fmoc/tBu SPPS 
protocol using an automated peptide synthesizer (Biotage Iniziator+ Alstra) on a Tentagel XV 
RAM resin (0.24 mmol/g loading, particle size 100-200 µm). Amino acid coupling was performed 
using 4 eq. of Fmoc-protected amino acids and 3.8 eq. of DIC/Oxyma (0.5 M) as coupling agents 
in DMF. Microwave heating (5 min, 75 °C) was applied except for the three N-terminal amino 
acids (60 min, rt) to prevent His racemization. Capping of the unreacted free amine group was 
carried out using 0.16 M (Ac2O and 1M DIEA in NMP/DMF 4:1 for 2 min. Fmoc deprotection 
(3×5 min) was carried out using 20% piperidine in DMF. The peptide N-terminus was Boc-
protected adding 4 equivalents of Boc2O and 2 equivalents of DIEA in DMF for 1 hour. 
Deprotection of the alloc-protected side-chain of the Lys13 residue was performed using Pd(PPh3)4 
(0.05 mmol, 0.5 eq., 58 mg) and phenylsilane (2.4 mmol, 24 eq., 0.3 mL) in degassed anhydrous 



  

83 
 

DCM in the dark (2x1h). The resin was then washed with DCM (2×2 min), DMF (2×2 min), 1% 
H2O in DMF (2×2 min), DMF (2×2 min), 1% DIEA in DMF (2×2 min), DMF (2×2 min), sodium 
diethyldithiocarbamate in DMF (0.12 M, 2×5 min) and DMF (2×2 min). 4-Chloro-7-nitro-1,2,3-
benzoxadiazole (NBD-Cl, 0.05 mmol, 10 mg, 5 eq.) was coupled overnight in the dark in the 
presence of DIEA (0.01 mmol, 20 μL, 10 eq.) in DMF. Resin cleavage and side-chain deprotection 
were performed treating with TFA/H2O/TIS (95:2.5:2.5) for 90 min. The crude was precipitated 
with cold ether and purified by HPLC on a C18 column (XBridge Peptide BEH C18 OBD Prep 
Column from Waters, 19 mm x 150 mm, pore size 130 Å, particle size 5 µm). The purity and 
identity of the peptides were assessed by HPLC and LC-MS (see Fig. 53). Deconvoluted mass: 
1798.60, expected mass: 1799.08. Yield: RTHW-NBD·(CF3COO-)5 ~ 5% (5.5 mg). 
 
 

 

Figure 53.  Synthetic pathway of RTHW-NBD. Amino acids are labelled in bold and standard side chain 
protecting groups are denoted as * (Pbf for Arg, tBu for Thr, Trt for His, Boc for Trp and Lys). HPLC 
chromatograms and ESI-MS spectrum of purified RTHW-NBD are reported. 
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2.6.5.3 Synthesis of AHHW/Tb-SEAoff  

AHHW/Tb-SEAoff (H2N-AHHWKDOTA(Tb)A-SEAoff) was synthesized manually via standard 
Fmoc/tBu SPPS protocol on a SEA resin (0.12 mmol/g loading). Amino acids couplings (2×45-
60 min) was performed using 4 eq. of Fmoc-protected amino acids, 3.9 equivalents of HCTU and 
8 eq. of DIEA in DMF, except for the first coupling where double amounts of reactants were used 
(8 eq. Fmoc-Ala-OH, 8 eq. HCTU, 16 eq. DIEA). Capping of the unreacted free amine group was 
carried out using 5% acetic anhydride (Ac2O) and 10% DIEA in DMF for 5 min. Fmoc 
deprotection was carried out using 20% piperidine in DMF. The N-terminal Ala residue was 
introduced as tert-butyloxycarbonyl-protected amino acid (Boc-Ala-OH) to ensure orthogonal 
deprotection of the Lys5(Alloc), which was performed using Pd(PPh3)4 (0.05 mmol, 0.5 eq., 58 
mg) and phenylsilane (2.4 mmol, 24 eq., 0.3 mL) in degassed anhydrous dichloromethane (DCM) 
in the dark (2x1h). The resin was then washed with DCM (2×2 min), DMF (2×2 min), 1% H2O in 
DMF (2×2 min), DMF (2×2 min), 1% DIEA in DMF (2×2 min), DMF (2×2 min), sodium 
diethyldithiocarbamate in DMF (0.12 M, 2×5 min) and DMF (2×2 min). The DOTA unit was 
grafted adding DOTA-tris(tBu) ester (0.1 mmol, 57 mg, 1 eq.), PyBOP (0.2 mmol, 104 mg, 2 eq.) 
and then DIEA (0.8 mmol, 140 μL, 8 eq.) in DMF overnight. Resin cleavage and side-chain 
deprotection were performed treating with TFA/H2O/TIS/DTT/thioanisole (90:2.5:2.5:2.5) for 90 
min. The crude was precipitated with cold ether, dissolved in 0.1 % aq. TFA and lyophilized. 
Oxidation of the SEA thiol groups was achieved by dissolving the lyophilized powder in 10% 
acetic acid and adding I2 dropwise until the solution became orangish. DTT was added to quench 
the excess of I2. The SEA-peptide was then purified by HPLC on a C18 column (XBridge Peptide 
BEH C18 OBD Prep Column from Waters, 19 mm x 150 mm, pore size 130 Å, particle size 5 
µm). TbIII complex was prepared analogously to AHHW/Tb (see section 2.5.4.2). The purity and 
identity of the peptides were assessed by HPLC and LC-MS (see Fig. 54). Deconvoluted mass 
AHHW-SEA: 1252.65, expected mass AHHW-SEA: 1252.48; deconvoluted mass AHHW/Tb-
SEAoff: 1408.42, expected mass AHHW/Tb-SEAoff: 1408.38. Yield: AHHW-SEA·(CF3COO-)3 ~8% 
(5 mg).  
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Figure 54.  Synthetic pathway of AHHW/Tb-SEAoff. Amino acids are labelled in bold and standard side chain 
protecting groups are denoted as * (Trt for His, Boc for Trp). HPLC chromatogram and/or ESI-MS 
spectrum of AHHW-SEAoff and AHHW/Tb-SEAoff are reported. 
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2.6.5.4 Synthesis of CP9
pic/Eu  

CP9
pic/Eu (H2N-CPPPPPPPPPKDO3Apic(Eu)K-NH2) was synthetized via standard Fmoc/tBu SPPS 

protocol on a Tentagel XV RAM resin (0.24 mmol/g loading, particle size 100-200 µm). All amino 
acids but Cys were coupled with an automated peptide synthesizer (Biotage Iniziator+ Alstra) 
using 4 eq. of Fmoc-protected amino acids and 3.8 eq. of DIC/Oxyma (0.5 M) in DMF under 
microwave heating (5 min, 75 °C). Capping of the unreacted free amine group was carried out 
using 0.16 M (Ac2O and 1M DIEA in NMP/DMF 4:1 for 2 min. Fmoc deprotection (3×5 min) was 
carried out using 20% piperidine in DMF. N-terminal Cys was coupled (3×30 min) manually using 
4 eq. of Fmoc-Cys(Trt)-OH, 4 eq. of PyBOP as the activator and 8 eq. of DIEA in DMF. The 
peptide N-terminus was Boc-protected adding 4 eq. of Boc2O and 2 eq. of DIEA in DMF for 1 
hour. Deprotection of the alloc-protected side-chain of the Lys11 residue was performed using 
Pd(PPh3)4 (0.05 mmol, 0.5 eq., 58 mg) and phenylsilane (2.4 mmol, 24 eq., 0.3 mL) in degassed 
anhydrous DCM in the dark (2x1h). The resin was then washed with DCM (2×2 min), DMF (2×2 
min), 1% H2O in DMF (2×2 min), DMF (2×2 min), 1% DIEA in DMF (2×2 min), DMF (2×2 
min), sodium diethyldithiocarbamate in DMF (0.12 M, 2×5 min) and DMF (2×2 min). DO3Apic-
tris(allyl)ester (0.045 mmol, 30 mg, 1 eq.) was coupled overnight using PyBOP (0.09 mmol, 52 
mg, 2 eq.) and DIEA (0.36 mmol, 70 μL, 8 eq.) in DMF. Deprotection of allyl esters was performed 
as described above for alloc-Lys. Resin cleavage and side-chain deprotection were performed 
treating with TFA/H2O/TIS (95:2.5:2.5) and DTT (200 mg) for 90 min. The crude was precipitated 
with cold ether and purified by HPLC on a C18 column (XBridge Peptide BEH C18 OBD Prep 
Column from Waters, 19 mm x 150 mm, pore size 130 Å, particle size 5 µm). The DO3Apic unit 
was metalated with EuIII adding EuCl3 ͘·6H2O (7 eq.) in H2O at pH 6.2 overnight. The purity and 
identity of the peptide were assessed by analytical HPLC and LC-MS (see Fig. 55). Deconvoluted 
mass CP9

pic: 1714.08, expected mass CP9
pic: 1714.06; deconvoluted mass CP9

pic/Eu: 1862.21, 
expected mass CP9

pic/Eu: 1863.00. Yield CP9
pic·(CF3COO-)2 ~2% (3.6 mg). 



  

87 
 

 
Figure 55. Synthetic pathway of CP9

pic/Eu. Amino acids are labelled in bold and standard side chain 
protecting groups are denoted as * (Trt for Cys, Boc for Lys). HPLC chromatogram and/or ESI-MS 
spectrum of CP9

pic and CP9
pic/Eu are reported. 
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2.6.5.5 Synthesis of AHHW/Tb-pic/Eu (SEA ligation) 

A solution of TCEP and MPAA was prepared by dissolving TCEP·HCl (114.7 mg) and MPAA 
(33.6 mg) in 1 mL phosphate buffer 100 mM pH 7.4. The pH of such solution was adjusted to pH 
6.5 with NaOH 5M. After degassing under Ar for about 15 min, the TCEP/MPAA solution (450 
μL) was used to dissolve the mixture of peptides AHHW/Tb-SEA (3 mg, 2 µmol) and CP9

pic/Eu (3.6 
mg, 2 µmol) at ~4 mM final peptide concentrations. The SEA ligation was performed overnight at 
37°C under shaking. At the end, the reaction mixture was diluted with 0.1% aq. TFA, and MPAA 
was extracted with diethyl ether. The peptide was purified by HPLC on a C18 column (XBridge 
Peptide BEH C18 OBD Prep Column from Waters, 19 mm x 150 mm, pore size 130 Å, particle 
size 5 µm). The purity and identity of the peptide were assessed by analytical HPLC and LC-MS 
(see Fig. 56). Deconvoluted mass AHHW/Tb-pic/Eu: 3135.67, expected mass AHHW/Tb-pic/Eu: 3136.14. 
Yield AHHW/Tb-pic/Eu ·(CF3COO-)4 ~ 8% (0.5 mg). 
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Figure 56.  Synthetic pathway of AHHW/Tb-pic/Eu. HPLC chromatogram and ESI-MS spectrum are reported. 
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2.6.5.6 Synthesis of AHHCs124/Tb-SEAoff  

AHHCs124/Tb-SEAoff (H2N-AHHECs124DapDOTA(Tb)A-SEAoff) was synthesized manually via 
standard Fmoc/tBu SPPS protocol on a SEA resin (0.12 mmol/g loading). Amino acids couplings 
(2×30-45 min) was generally performed using 4 eq. of Fmoc-protected amino acids, 3.9 
equivalents of HCTU and 8 eq. of DIEA in DMF, except for the first coupling where double 
amounts of reactants were used (8 eq. Fmoc-Ala-OH, 8 eq. HCTU, 16 eq. DIEA). GluCs124 was 
coupled adding 2 eq. of Fmoc-Glu(Cs124)-OH, 2 eq. PyBOP and 4 eq. DIEA in DMF. The N-
terminal Ala residue was introduced as tert-butyloxycarbonyl-protected amino acid (Boc-Ala-OH) 
to ensure orthogonal deprotection of the Dap(Alloc). Capping of the unreacted free amine group 
was carried out using 5% acetic anhydride (Ac2O) and 10% DIEA in DMF for 5 min. Fmoc 
deprotection was carried out using 20% piperidine in DMF. Alloc deprotection was performed 
using Pd(PPh3)4 (0.05 mmol, 0.5 eq., 58 mg) and phenylsilane (2.4 mmol, 24 eq., 0.3 mL) in 
degassed anhydrous dichloromethane (DCM) in the dark (2x1h). The resin was then washed with 
DCM (2×2 min), DMF (2×2 min), 1% H2O in DMF (2×2 min), DMF (2×2 min), 1% DIEA in 
DMF (2×2 min), DMF (2×2 min), sodium diethyldithiocarbamate in DMF (0.12 M, 2×5 min) and 
DMF (2×2 min). The DOTA unit was grafted adding DOTA-tris(tBu) ester (0.1 mmol, 57 mg, 1 
eq.), PyBOP (0.2 mmol, 104 mg, 2 eq.) and then DIEA (0.8 mmol, 140 μL, 8 eq.) in DMF 
overnight. Resin cleavage and side-chain deprotection were performed treating with 
TFA/H2O/TIS/DTT/thioanisole (90:2.5:2.5:2.5:2.5) for 90 min followed by pure TFA treatment 
for 60 min. The crude was precipitated with cold ether, dissolved in 0.1 % aq. TFA and lyophilized. 
Oxidation of the SEA thiol groups was achieved by dissolving the lyophilized powder in 10% 
acetic acid and adding I2 dropwise until the solution became orangish. DTT was added to quench 
the excess of I2. The SEA-peptide was then purified by HPLC on a C18 column (XBridge Peptide 
BEH C18 OBD Prep Column from Waters, 19 mm x 150 mm, pore size 130 Å, particle size 5 
µm). TbIII complex was prepared analogously to AHHW/Tb (see section 2.5.4.2). The purity and 
identity of the peptides were assessed by HPLC and LC-MS (see Fig. 57). Deconvoluted mass 
AHHCs124-SEA: 1309.68, expected mass AHHCs124-SEA: 1309.49; deconvoluted mass 
AHHCs124/Tb-SEAoff: 1465.58, expected mass AHHCs124/Tb-SEAoff: 1465.39. Yield: AHHCs124-
SEA·(CF3COO-)3 ~ 4% (5.4 mg).  
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Figure 57.  Synthetic pathway of AHHCs124/Tb-SEAoff. Amino acids are labelled in bold and standard side 
chain protecting groups are denoted as * (Trt for His). HPLC chromatogram and/or ESI-MS spectrum of 
AHHCs124-SEAoff and AHHCs124/Tb-SEAoff are reported. 
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2.6.5.7 Synthesis of CP6
Cs124/Eu 

CP6
Cs124/Eu (H2N-CPPPPPPECs124DapDOTA(Eu)K-NH2) was synthetized via standard Fmoc/tBu 

SPPS protocol on a Tentagel XV RAM resin (0.24 mmol/g, particle size 100-200 µm). Pro residues 
were coupled on an automated peptide synthesizer (Biotage Iniziator+ Alstra) using 4 eq. of Fmoc-
protected amino acids and 3.8 eq. of DIC/Oxyma (0.5 M) in DMF under microwave heating (5 
min, 75 °C). Dap and Lys were coupled manually (2×30-45 min) using 4 eq. of Fmoc-protected 
amino acid, 3.9 eq. of HCTU as the activator and 8 eq. of DIEA in DMF, while Cys and GluCs124 
were coupled using 4 eq. Fmoc-Cys(StBu)-OH, 4 eq. of PyBOP and 8 eq. DIEA in DMF or 2 eq. 
of Fmoc-Glu(Cs124)-OH, 2 eq. PyBOP and 4 eq. DIEA in DMF, respectively. Capping of the 
unreacted free amine group was carried out using 5% acetic anhydride (Ac2O) and 10% DIEA in 
DMF for 5 min. Fmoc deprotection was carried out using 20% piperidine in DMF. The peptide N-
terminus was Boc-protected adding 4 eq. of Boc2O and 2 eq. of DIEA in DMF for 1 hour. 
Deprotection of the alloc-protected side-chain of Dap was performed using Pd(PPh3)4 (0.05 mmol, 
0.5 eq., 58 mg) and phenylsilane (2.4 mmol, 24 eq., 0.3 mL) in degassed anhydrous DCM in the 
dark (2x1h). The resin was then washed with DCM (2×2 min), DMF (2×2 min), 1% H2O in DMF 
(2×2 min), DMF (2×2 min), 1% DIEA in DMF (2×2 min), DMF (2×2 min), sodium 
diethyldithiocarbamate in DMF (0.12 M, 2×5 min) and DMF (2×2 min). The DOTA unit was 
grafted adding DOTA-tris(tBu) ester (0.1 mmol, 57 mg, 1 eq.), PyBOP (0.2 mmol, 104 mg, 2 eq.) 
and then DIEA (0.8 mmol, 140 μL, 8 eq.) in DMF overnight. Resin cleavage and side-chain 
deprotection were performed treating with TFA/H2O/TIS (95:2.5:2.5) for 90 min followed by pure 
TFA treatment for 30 min. The crude was precipitated with cold ether and purified by HPLC on a 
C18 column (XBridge Peptide BEH C18 OBD Prep Column from Waters, 19 mm x 150 mm, pore 
size 130 Å, particle size 5 µm). The EuIII complex was prepared as described for CP9

pic/Eu. The 
purity and identity of the peptide were assessed by analytical HPLC and LC-MS (see Fig. 58). 
Deconvoluted mass CP6

Cs124: 1677.32, expected mass CP6
Cs124: 1677.02; Deconvoluted mass 

CP6
Cs124/Eu: 1826.42, expected mass CP6

Cs124/Eu: 1825.96. Yield CP6
Cs124·(CF3COO-)2 ~7% (7.5 

mg). 
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Figure 58. Synthetic pathway of CP6

Cs124/Eu. Amino acids are labelled in bold and standard side chain 
protecting groups are denoted as * (Boc for Lys). HPLC chromatogram and/or ESI-MS spectrum of CP6

Cs124 

and CP6
Cs124/Eu are reported. 
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2.6.5.8 Synthesis of AHHCs124/Tb-Eu-SH (SEA ligation) 

A solution of TCEP and MPAA was prepared by dissolving TCEP·HCl (43 mg, 50 eq.) and MPAA 
(25 mg, 50 eq.) in 1 mL phosphate buffer 100 mM pH 7.4. The pH of such solution was adjusted 
to pH 6.6 with NaOH 5M. After degassing under Ar for about 15 min, the TCEP/MPAA solution 
(1 mL) and a solution of guanidine hydrochloride 6 M in phosphate buffer 100 mM (1 mL) were 
added to the powder of peptides AHHCs124/Tb-SEA (5.4 mg, 3 µmol) and CP6

Cs124/Eu (7.5 mg, 3.6 
µmol) at 2.5 mM final peptide concentrations. The SEA ligation was performed at 37°C under 
shaking and monitored by HPLC. After 70 hours, the reaction mixture was diluted with 0.1 % aq. 
TFA (2 mL), and MPAA was extracted with diethyl ether. The peptide was purified by HPLC on 
a C18 column (XBridge Peptide BEH C18 OBD Prep Column from Waters, 19 mm x 150 mm, 
pore size 130 Å, particle size 5 µm). The purity and identity of the peptide were assessed by 
analytical HPLC and LC-MS (see Fig. 59). Deconvoluted mass AHHCs124/Tb-Eu-SH: 3068.78, 
expected mass AHHCs124/Tb-Eu-SH: 3067.93. Yield AHHCs124/Tb-Eu-SH ·(CF3COO-)4 ~77% (8.2 mg).
  

2.6.5.9 Synthesis of AHHCs124/Tb-Eu (desulfurization) 

The desulfurization was performed adapting a protocol reported in the literature.440,441 AHHCs124/Tb-

Eu-SH (3 mg, 1 mM final concentration) was dissolved in a solution containing TCEP·HCl 200 
mM, glutathione (GSH) 50 mM and VA-044 (2,2'-azobis[2-(2-imidazolin-2-
yl)propane]dihydrochloride) 20 mM in phosphate buffer 100 mM at pH 7.2 (adjusted manually 
with NaOH 5 mM). The reaction was carried out at 25 °C under shaking and monitored by HPLC. 
After 6 hours, the reaction mixture was diluted with 0.1% aq. TFA and purified on a C18 column 
(XBridge Peptide BEH C18 OBD Prep Column from Waters, 19 mm x 150 mm, pore size 130 Å, 
particle size 5 µm). The purity and identity of the peptide were assessed by analytical HPLC and 
LC-MS (see Fig. 59). Deconvoluted mass AHHCs124/Tb-Eu: 3036.60, expected mass AHHCs124/Tb-Eu: 
3035.87. Yield AHHCs124/Tb-Eu ·(CF3COO-)4 ~34% (1 mg). 
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Figure 59. Synthetic pathway of AHHCs124/Tb-Eu. HPLC chromatograms and ESI-MS spectra of  

AHHCs124/Tb-Eu-SH and AHHCs124/Tb-Eu are reported. 
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2.6.5.10 Preparation of stock solutions  

Stock solutions were prepared in ultrapure water (ρ = 18.2 MΩ·cm−1). A stock solution of HEPES 
buffer (500 mM, pH 7.4) was prepared by dissolving free acid powder and adjusting the pH with 
NaOH. The concentration of CuCl2·2H2O stock solution was verified by UV-Vis spectroscopy 
(ε780 = 12 M-1cm-1). A stock solution of phosphate buffer (500 mM, pH 7.4) was prepared by 
dissolving K2HPO4 and KH2PO4 and adjusting the pH with NaOH. The concentration of peptide 
stock solutions was estimated by UV-vis absorption spectroscopy and, if possible, via 
spectrophotometric titration with CuII (monitoring the increase of the d-d band at ~520 nm). In 
particular, RTHW-NBD concentration was estimated in HEPES 50 mM pH 7.4 using ε480

 = 26000 
M-1cm-1.442 AHHW/Tb-pic/Eu concentration was estimated in water using ε280 = (ε280,Trp

 + 
ε280,DO3Apic(Eu)) = (5690 + 3050) M-1cm-1 = 8740 M-1cm-1.63,443 The concentration of AHHCs124/Tb-

Eu-SH and AHHCs124/Tb-Eu stock solutions were estimated using ε327 = 2· ε327,Cs124 = 2·(12000) M-

1cm-1 = 24000.374 

2.6.5.11 CD Spectroscopy  

Far-UV (190-250 nm) CD spectra were recorded in a 1 cm path cuvette with a Jasco J-180 CD 
spectropolarimeter using a scanning speed of 20 nm/min and 3 accumulations. After blank (buffer) 
subtraction, CD spectra were smoothed using the Savitzy-Golay method. 

2.6.5.12 Luminescence 

Fluorescence spectra of RTHW-NBD were recorded on a Fluorolog FL3-22 spectrometer (HORIBA 
JobinYvon) using a 1 cm path quartz cuvette. Luminescence decay was measured on an FLS1000 
Photoluminescence Spectrometer (Edinburgh Instruments) and lifetimes were determined by 
fitting a single-exponential decay curve to the data.  Time-delayed luminescence spectra were 
recorded on a Cary Eclipse (Agilent) fluorescence spectrophotometer using a 1 cm path quartz 
cuvette.  
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2.7 General conclusions and perspectives 

In this project, we aimed at developing CuII-responsive luminescent probes suited for the 
measurement of the exchangeable Cu pool in biological samples.  

In this context, we first assessed the dubious mechanism of a putative reversible turn-on probe 
reported in the literature, unveiling that it actually acts as an irreversible chemodosimeter that 
could not be applied in biological systems. This finding calls into question the reversibility of other 
structurally similar putative turn-on probes and, more generally, the feasibility of a coordination-
based turn-on probe for CuII, which appear at least very hard to conceive.  

Hence, focusing on the realization of turn-off probes, we chose the naturally-occurring Xxx-Zzz-
His ATCUN peptide motif as CuII-binding site, chiefly because of high selectivity for CuII against 
other physiological metal ions, and affinity (log K7.4 = 12-15) in the range of the most competitive 
endogenous ligands, namely HSA. Indeed, our simulation of simplistic equilibria occurring in a 
serum-like system containing HSA and a probe revealed that a rather high affinity of the probe for 
CuII (log K7.4 > 13) is needed to compete with HSA (log K7.4 = 13).  

Our studies showed that the GNHW- and AHHW- motifs are indeed able to retrieve CuII from 
equimolar HSA and bind CuII in a cell culture medium such as LB. However, very low/slow CuII-
binding was observed in even diluted serum (10% FBS), where albumin is in excess, revealing 
that faster and higher affinity motifs are needed for applications in blood serum. In order to keep 
the kinetic lability of the Xxx-His-His motif, sequences with higher affinity could be identified via 
the screening of a peptide library bearing different Xxx residues. In this respect, the screening 
could be also extended to non-proteinogenic and non-natural amino acids. Indeed, the tripeptide 
Hms-Hms-His-NH2 containing the non-proteinogenic amino acid α-hydroxymethylserine (Hms) 
seems to be the strongest ATCUN motif known to date (log K7.4 ~17).444 Besides, as the affinity 
of different ATCUN motifs has been correlated to the basicity of their N-terminal amino group,143 
it could be envisioned to replace the N-terminal amine with an electron-poor heterocycle such as 
pyridine (pKa ~5).  

Concerning the probe detection, we demonstrated that the time-delayed detection of lanthanide 
ions is advantageous, or even essential, to suppress the autofluorescent background and to enable 
the measurement in biological samples. However, the inner-filter effect remains a major issue to 
overcome, especially for turn-off probes. For this reason, the choice of an antenna with a suited 
absorption (and hence excitation) wavelength and extinction coefficient is crucial for the 
applicability of LnIII-complexes as luminophores. For instance, Cs124 but not Trp allowed the 
detection of TbIII (and EuIII) in urine samples, and it is also expected to decrease the LOD of the 
probe AHHCs124/Tb-Eu compared to AHHW/Tb-pic/Eu. Moreover, the antenna effect, and hence the LnIII 
signal, could also be optimized by approaching the antenna and the lanthanide, for instance using 
LnIII-complexes bearing an intra-ligand antenna (as for DO3Apic). Finally, the use of NIR-
emitting LnIII ions such as NdIII and YbIII can be also envisaged. 

Besides, we attempted to improve the quantifiability through a ratiometric detection, which can 
circumvent for instance the variability of the medium absorption (and hence of the inner-filter 
effect) among different samples thanks to a CuII-independent reference signal. Noteworthy, in 
order that the reference signal represents a correction factor for the inner-filter effect, the same 
excitation wavelength should be used for the responsive and reference fluorophores. Interestingly, 
this can be simply achieved for two LnIII ions using the same antenna as for our AHHCs124/Tb-Eu. 
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The major challenge for the design of a type-I ratiometric probe for CuII was to set up a suitable 
peptidic platform allowing for the optimal detachment between the CuII-binding site and the 
reference luminescent moiety. Actually, poly-proline spacers did not seem really suited to achieve 
the sought response. As an alternative, a rigid spacer may be build using stapled peptides, which 
are short peptides constrained in a somehow rigid (typically α-helical) conformation by a covalent 
linker between two amino acid side-chains.445 Furthermore, albeit synthetically harder, the use of 
a larger well-folded protein scaffold could be envisioned, as in this case the reference fluorophore 
could be grafted into a position that is certainly far from the N-terminal CuII-binding site (as long 
as the proper folding is guaranteed). Indeed, NCL strategies enable nowadays the total chemical 
synthesis of proteins up to 150 amino acid residues.446 

In conclusion, this work laid the basis for the development of luminescent CuII-responsive probes 
which could be beneficial for direct measurement of the CuEXC in biological fluids, especially in 
the blood. Our results highlighted several challenges that have still to be faced and warrant further 
investigations in order to improve and optimize the proofs of concept presented. 
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3. Reactivity of CuII-TSCs in biological systems 

3.1 Introduction 

3.1.1 α-pyridyl thiosemicarbazones as anticancer drugs 

Since the 1950s, α-pyridyl thiosemicarbazones (TSCs) have been emerging as promising 
anticancer drugs. The first TSC undergoing a clinical trial as an anticancer agent was Triapine (3-
aminopyridine-2-carboxaldehyde thiosemicarbazone, 3AP), which has been tested in more than 
30 clinical phase I and II trials so far. However, it eventually showed some adverse effects that 
hampered its applicability. To overcome 3AP limitations, also including inappropriate 
pharmacokinetic properties and drug resistance, further research led to the development of more 
potent and better-tolerated di-2-pyridylketone TSCs, such as Dp44mT (di-2-pyridylketone 4,4-
dimethyl-3-thiosemicarbazone) and DpC (di-2-pyridylketone 4-cyclohexyl-4-methyl-3-
thiosemicarbazone), which showed cytotoxicity at nanomolar rather than micromolar 
concentration (see Fig. 60).232,233,447 

 
Figure 60. Structures of clinically-relevant TSCs. Structural differences are highlighted in pink, red and 
green.  

3.1.2 Metal-binding properties of α-pyridyl TSCs 

α-pyridyl TSCs are tridentate promiscuous ligands that coordinate via a (Npy, N, S–) donor set, 
implying the deprotonation of both pyridine (pKa ~ 3-4) and thiol moiety (pKa ~ 10.5-11.5), which 
is accessible through the thione-thiol tautomerism (see Fig. 61A/B). In particular, the formation of 
octahedral 1:2 (metal:ligand) complexes is favoured by FeII/III and ZnII ions, while CuII prefers 1:1 
stoichiometry forming square planar (ternary) complexes involving a fourth external donor (see 
Fig. 61C).  Due to the square planar geometry imposed, TSCs are very weak CuI chelators, and 
hence CuII-TSCs complexes show negative reduction potentials (about -0.2 V).448,449 Interestingly, 
while ZnII forms the least stable complexes, FeII complexes are somewhat stronger than CuII ones. 
Besides, TSCs may exist as both E and Z isomers about the C=N double bond. Moreover, a so-
called E’ isomer, characterized by intramolecular hydrogen bonds, can be sometimes distinguished 
(see Fig. 61D). 447,450,451 
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Figure 61. TSCs and their metal complexes. A) Deprotonation steps of TSCs; B) thione-thiol tautomerism; 
C) 1:1 and 1:2 metal-TSC complexes; D) E/Z isomerism. 

3.1.3 Mechanisms of action 

The anti-proliferative activity of TSCs has been traditionally ascribed to the inhibition of the iron-
dependent enzyme Ribonucleotide Reductase (RNR), which is fundamental for DNA synthesis. 
Initially, such activity was related to iron depletion thanks to the metal-binding ability of TSCs, 
even though the iron-binding ability in cell culture has never been proven. Besides, as the redox-
active FeII-3AP complex was shown to inhibit RNR more efficiently than the free ligand in vitro, 
an indirect ROS-dependent mechanism was proposed, e.g. affecting the intracellular thiol 
homeostasis (involving for instance GSH and thioredoxin reductase) that is also crucial for RNR 
catalytic cycle.232,452 

Besides, contrary to 3AP, Dp44mT and its derivatives also showed a pronounced synergism with 
CuII salts, which suggested the involvement of Cu chelation and Cu-promoted ROS production in 
their mode of action. Indeed, CuII-Dp44mT (10 µM) was shown to produce ROS in the presence 
of cysteine (100 µM) in vitro and reduce the GSH/GSSG ratio in cells, whereas weak ROS 
generation was observed for CuII-3AP in intracellular conditions.447,453,454 

Moreover, it was shown that CuII and Dp44mT co-accumulates in lysosomes, resulting in 
lysosomal membrane permeabilization (LMP) and, in turn, in apoptosis via the mitochondrial 
pathway. In particular, the lysosomal P-glycoprotein pump is accountable for Dp44mT transport 
into lysosomes, where the ligand is trapped owing to the positive charge acquired by the 
protonation of one pyridine at lysosomal pH (~5). LMP could be caused by CuII-binding to 
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Dp44mT and following ROS formation, which has indeed been demonstrated in lysosomal-like 
conditions (cysteine 100 µM, pH 5).455,456 

Finally, Heffeter et al. have recently shown that, unlike 3AP, its double-dimethylated derivative 
Me2NNMe2 (see Fig. 60) exerts its cytotoxic activity through paraptosis, which is also 
characterized by the breakdown of ER (endoplasmic reticulum) homeostasis. Notably, Me2NNMe2 
was detected in ER-derived vesicles, wherein Protein Disulfide Isomerase (PDI) was identified as 
a potential target of the CuII-Me2NNMe2 complex. In particular, the CuII complexes of 
Me2NNMe2, Dp44mT and DpC, but not the free ligands nor CuII-3AP, appeared to be able to 
inhibit PDI. PDI catalyses the oxidation, reduction, and isomerization of disulfide bonds of nascent 
proteins assisting their folding, and it might also bind Cu ions. Overall, the inhibition of PDI by 
CuII-TSC complexes could involve essential cysteine residues, which might be oxidized or blocked 
via the formation of a ternary complex with CuII-TSCs.457  

 

3.1.4 Structure-activity relationships  

To get insight into the distinct behaviour of 3AP and Dp44mT (and their respective analogues), 
several studies about structure-activity relationships have been conducted. 

In 2009, Kowol et al. first identified the dimethylation of the terminal amino group (red in Fig. 60) 
as a factor that improves the cytotoxicity from the micromolar to the nanomolar range.458 Later, 
the same authors evaluated the role of the stepwise methylation of pyridyl- (green in Fig. 60) and 
terminal-amino groups in 3AP on the cytotoxicity and the synergism with CuII. Interestingly, the 
dimethylation of at least one amino group led to synergism with CuII. Instead, only the methylation 
of both 3AP amino groups in the compound Me2NNMe2 led to the enhancement from micromolar 
to nanomolar cytotoxicity.459 Noteworthy, the N-terminal dimethylation also increase the affinity 
of TSCs for CuII.  

More recently, the cytotoxicity of several TSCs of the 3AP and Dp44mT families has been 
correlated to the thermodynamic stability and reducibility of their CuII complexes.450,460 In 
particular, nanomolar-active TSCs showed higher affinity for CuII and much slower anaerobic 
reduction by GSH than micromolar-active analogues, such as 3AP.  

Furthermore, our group also recently assessed the stability of metal-TSCs complexes in 
intracellular-like conditions, i.e. in the presence of biologically relevant concentrations of GSH (1-
10 mM) and MTs (0.003-1 mM). Indeed, GSH and MTs are known for their ability to reduce CuII 
and bind to CuI. Interestingly, CuII complexes of 3AP and Dp44mT showed very different 
reactivity towards GSH and MT-1. Notably, in the presence of GSH only, CuII-3AP underwent 
quick reduction and dissociation forming CuI(GS-)x, whereas CuII-Dp44mT formed kinetically 
stable ternary CuII-Dp44mT-(GS-) complexes. When Zn7-MT-1 was also present, both CuII-3AP 
and CuII-Dp44mT were dissociated. Besides, Dp44mT was able to bind the ZnII released from 
MT-1, while GSH outcompeted 3AP for ZnII.461 On balance, CuII-Dp44mT but not CuII-3AP 
appeared to be sufficiently stable to survive for a certain time in the reducing and competing 
intracellular environment. 
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3.2 Aim of the work 

Although synergism with CuII has been observed for certain TSCs, poor evidence exists to date 
about the formation of CuII-TSC complexes in vivo. 

Of note, the same criteria described for probes in section 2.1.2, such as suited affinity and 
selectivity, must be fulfilled by any ligand to act as a Cu-based drug. As described above, the 
intracellular stability of CuII-TSC complexes is challenged by the GSH/MT system, which has 
been shown to inactivate several clinically relevant CuII complexes (e.g. with clioquinol and 
phenanthroline).159 Notwithstanding, the kinetic stability of some CuII-TSCs might be sufficient 
to exert a cytotoxic activity. 

As the investigated ligands/drugs are normally administered in the extracellular space (either in 
the blood or in cell culture medium), where CuII-drug complexes are most likely formed, the 
competition between the drug and the endogenous extracellular ligands should be examined. In 
this vein, in order to assess whether TSCs bind CuII and CuII-TSC complexes are stable in the 
extracellular milieu, we investigated the competition between HSA and some TSC for CuII as well 
as the stability of CuII-TSC complexes in the presence of HSA. Moreover, as TSCs also bind ZnII, 
and the latter is more “available” than CuII in the blood, the selectivity and the competition between 
CuII- and ZnII-binding in the presence of HSA were also studied (see section 3.3).   

Besides, the mode of action of the putative CuII-TSCs complexes is not fully understood. In 
particular, the relevance of ROS generation by CuII-TSCs remains especially controversial.453–

455,457,462 To get insight into this aspect, we compared the capacity of 3AP and Dp44mT to generate 
ROS in the presence of GSH, in both cytosolic (pH 7.4) and lysosomal (pH ~5) conditions (see 
section 3.4).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

103 
 

3.3 Interaction of TSCs and metal-TSC complexes with HSA 

3.3.1 Introduction 

HSA serves as a carrier of metal ions and many endogenous compounds, such as fatty acids, 
monosaccharides and hormones. Likewise, it can bind and transport several exogenous drugs, such 
as warfarin, ibuprofen and diazepam, improving their pharmacokinetics (e.g. increasing their half-
life in plasma). Interestingly, as a result of enhanced permeation and retention, HSA (as well as 
other proteins > 40 kDa) accumulates in the tumour interstitium and hence it may improve 
anticancer drug delivery.463–465 

Concerning TSCs, Richardson et al. showed that Dp44mT interacts with HSA and that the latter 
potentiates the cellular uptake and decrease the efflux of Dp44mT in a variety of neoplastic and 
normal cell types, resulting in an increased anti-proliferative and apoptotic activity.466 Moreover, 
exploiting surface-exposed His residues, HSA has been used to build ternary complexes with some 
CuII-TSCs acting as pro-drugs. Notably, the CuII-TSC complex can be released upon protonation 
of the His residue of HSA in the lysosomal compartment, where HSA can be internalized.467–469  

Accordingly, it seems that at least some TSCs can bind CuII in the presence of HSA and even form 
CuII-bridged ternary complex via His residues. Noteworthy, some CuII-TSCs also interacts with 
HSA only via ligand-protein interaction, i.e. with no change of the first coordination sphere of 
CuII.467 

In this work, we resorted to UV-vis and EPR spectroscopy to study (i) the competition between 
HSA and few medicinally-relevant TSCs, namely 3AP, Dp44mT and Me2NNMe2, for CuII and 
ZnII, and (ii) the stability of the pre-formed complexes in the presence of HSA.  

 

3.3.2 Results and discussion 

The UV-vis spectra of 3AP, Dp44mT and Me2NNMe2 and their complexes have already been 
characterized in the literature.450,451,460,461 In particular, charge transfer (CT) bands arise upon 
metal-binding to TSCs, likely stemming from thiolate-to-metal CT transitions (see Fig. 62).   

 

 
Figure 62. UV-vis spectra of TSCs (dashed lines) and their ZnII- (dotted lines) and CuII- (full line) 
complexes. A) 3AP (blue); B) Dp44mT (red); C) Me2NNMe2 (green). Conditions: [TSC] = 10 μM, [CuII] 
= 10 μM, [ZnII] = 25 μM (A) or 10 μM (B,C), HEPES 50 mM pH 7.4 (DMSO 1%). 
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3.3.2.1 Metal-independent interaction between TSCs and HSA 

As metal-free protein-ligand may be formed, we first investigated the interaction of HSA and TSCs 
in absence of metal ions (see Fig. 63).  

 
Figure 63. Interaction of TSCs with HSA. A) 3AP (blue); B) Dp44mT (red); C) Me2NNMe2 (green). 
Conditions: [TSC] = 10 μM, [HSA] = 100 μM, HEPES 50 mM pH 7.4 (DMSO 1%). T = 37 °C. 

Monitoring over time the HSA-TSC mixtures, all systems showed a decrease of the ligand band 
(black, dashed lines), concomitant with the appearance of a red-shifted band above 400 nm, which 
suggests an interaction with HSA. However, the intensity of the new bands and hence the extent 
of such interaction differs considerably among the three compounds, notably in the order 3AP < 
Dp44mT < Me2NNMe2. Interestingly, this trend partially correlates with the compound 
lipophilicity, which is indeed consistent with the TSC binding to hydrophobic pockets in HSA.459 
However, the band shift observed (~90 nm) seems surprisingly large to be merely due to such 
hydrophobic interactions. Actually, similar bathochromic shifts have been observed for other 
TSCs in non-aqueous solvents (e.g. DMSO, methanol, chloroform, etc.) and attributed to the 
increase of the amount of the E’ isomer, which has a more extended conjugated electron system.451 
This suggests that the TSC undergo a rearrangement upon interaction with HSA. Moreover, a very 
fast interconversion between Me2NNMe2 isomers has been reported, which could explain the 
easier rearrangement and interaction with the protein.459  

 

3.3.2.2 Competition between TSCs and HSA for CuII 

Then, the ability of TSCs to take out CuII from HSA was assessed by incubating the ligands with 
the pre-formed CuII-HSA complex at 37 °C (see Fig. 64A/B/C). After mixing, new bands (light 
blue, orange and light green lines) appeared and increased over time, likely as a consequence of 
the CuII transfer from HSA to TSCs. Moreover, the new bands were red-shifted compared to those 
of the CuII-TSCs complexes in absence of HSA, suggesting the formation of ternary TSC-CuII-
HSA complexes. Interestingly, almost coincident spectra were obtained when the pre-formed CuII-
TSCs complexes were added to HSA (see Fig. 64D/E/F). In particular, for CuII-3AP and CuII- 
Dp44mT, no temporal evolution was observed over 60 min, suggesting that these complexes are 
stable in the presence of HSA. Conversely, the band observed for Me2NNMe2-CuII-HSA 
underwent a slight red-shift from ~435 nm to ~443 nm (see fig. F). Remarkably, this wavelength 
corresponds to that observed upon metal-free interaction of CuII-Me2NNMe2 with HSA (see Fig. 
63C), questioning whether such band stems from CuII-binding to Me2NNMe2 or CuII-independent 
Me2NNMe2-HSA interaction.  
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Figure 64. Competition of TSC and HSA for CuII (A, B, C) and interaction of pre-formed CuII-TSCs with 
HSA (D, E, F). A, D) 3AP (blue); B, E) Dp44mT (red); C, F) Me2NNMe2 (green). Conditions: [TSC] = 10 
μM, [CuII] = 10 μM, [HSA] = 100 μM, HEPES 500 mM pH 7.4 (DMSO 1%). T = 37 °C. 

To overcome the ambiguity and verify the CuII transfer as well as the formation of ternary TSC-
CuII-HSA species, we recorded EPR spectra of CuII-TSCs, CuII-HSA and CuII-TSCs added to 
HSA, which are sensitive to CuII coordination sphere and not influenced by ligand-protein 
interactions (see Fig. 65). Preliminary analysis of EPR spectra (spectra simulation to obtain EPR 
parameters is currently ongoing) revealed that the CuII coordination in HSA/CuII-TSC mixtures 
(blue) results closer to those of CuII-TSCs (red) rather than to CuII-HSA (black). Besides, the shift 
of the spectra towards lower g values points towards the formation of ternary HSA-CuII-TSC 
complexes. In particular, the similarity of the spectra of such ternary complexes with those of 
ternary complexes with imidazole (Im, green) suggests that the fourth ligand provided by HSA is 
a His residue.  

 
Figure 65. EPR spectra of CuII-HSA (black), CuII-TSCs (red), HSA/CuII-TSC mixtures (blue) and TSC-
CuII-Im ternary complexes (green). Conditions: [TSC] = 300 μM, [CuII] = 250 μM, [HSA] = 300 μM, 
HEPES 50 mM pH 7.4 (DMSO ~5%), glycerol 10% (v/v), T = 100 K.  

Overall, all TSCs appeared to be competitive with a 10-fold excess of HSA and form ternary 
complexes with protein His residues. Notably, assuming that no dissociation occurs when adding 
pre-formed CuII-TSC to HSA, more than 95% CuII results to be transferred from HSA to 3AP and 
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Dp44mT with very similar kinetics, while Me2NNMe2 kinetics cannot be directly compared with 
the former since the CuII-Me2NNMe2 complex added to HSA seems to re-arrange over time (see 
Fig. 66). Noteworthy, these data do not allow the relative quantification of “free” and HSA-bound 
CuII-TSCs.   

 
Figure 66. Kinetics of CuII transfer from HSA to TSCs: 3AP (blue dots), Dp44mT (red dots), Me2NNMe2 
(green dots). Data were obtained normalizing absorbance values in Fig. 64A/B/C by the absorbance at t1 in 
Fig. 64D/E for 3AP and Dp44mt, or t60 in Fig. 64F for Me2NNMe2.  

3.3.2.3 Selectivity of TSCs for HSA-bound CuII vs ZnII 

As TSCs can also bind ZnII, and HSA binds ZnII with lower affinity than CuII (log KZn = 7, log KCu 
= 13), we also evaluated the ability of TSCs to retrieve ZnII from HSA (see Fig. 67). Notably, 3AP 
was not able to withdraw ZnII from HSA (see Fig. 67A), and ZnII-3AP dissociates within the 
mixing time in the presence of HSA (see Fig. 67D). Instead, both Dp44mT and Me2NNMe2 seem 
to retrieve ZnII from HSA also forming ternary complexes, as suggested by the red shift of the CT 
band in the presence of HSA (see Fig. 67B/C/E/F).  

 
Figure 67. Competition of TSC and HSA for ZnII (A, B, C) and interaction of pre-formed ZnII-TSCs with 
HSA (D, E, F). A, D) 3AP (blue); B, E) Dp44mT (red); C, F) Me2NNMe2 (green). Conditions: [TSC] = 10 
μM, [ZnII] = 10 μM, [HSA] = 100 μM, HEPES 50 mM pH 7.4 (DMSO 1%). T = 37 °C. 
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Nevertheless, while Dp44mT immediately (within the mixing time) bound substantially all ZnII, a 
slower and uncomplete (~70%) transfer was observed for Me2NNMe2. Of note, HSA released ZnII 
much faster than CuII to Dp44mT, suggesting that ZnII could also compete kinetically with CuII 
for binding to an exogenous ligand (e.g. a probe or a drug). 

Hence, consistently with previous findings,461 3AP demonstrated rather weak ZnII-binding (of 
note, more than one equivalent of ZnII is needed to saturate the ligand), notably weaker than HSA 
and its derivatives Dp44mT and Me2NNMe2. This suggests that, although higher CuII affinity has 
been reported for the N-terminal dimethylated TSCs, 3AP might be more selective for CuII (vs 
ZnII) in the blood.  

Finally, to assess whether ZnII competes with CuII for Dp44mT and Me2NNMe2, we examined the 
reaction between these TSCs and the pre-formed CuII, ZnII-HSA complex (see Fig. 68).  

 
Figure 68. Competition between HSA-bound CuII and ZnII for TSC-binding. A) Dp44mT (red) B) 
Me2NNMe2 (green). Conditions: [CuII] = [ZnII] = 10 μM, [HSA] = 100 μM, [TSC] = 10 μM, HEPES 50 
mM pH 7.4 (DMSO 1%). T = 37 °C.  

In the case of Dp44mT (see Fig. 68A), the ternary Dp44mT-ZnII-HSA complex was readily formed 
after mixing (black dashed and orange curves), but transmetallation gradually occurred with the 
eventual formation of the Dp44mT-CuII-HSA complex (black and red curves). Noteworthy, ZnII 
did not significantly slow down the formation of the CuII complex. As regards Me2NNMe2, ZnII 
seems to be less competitive against CuII than for Dp44mT (see Fig. 68B). Notwithstanding, the 
initial formation of a Me2NNMe2-ZnII-HSA complex was unveiled by the difference spectrum (see 
Fig. 68B, inset) between the initial spectra in the presence (light green curve) or absence (black 
dashed curve) of ZnII, which showed a maximum (417 nm) close to that of the Me2NNMe2-ZnII-
HSA complex (415 nm, black dotted curve). Overall, ZnII does not seem to considerably interfere 
with the transfer of CuII from HSA to TSCs in the conditions studied, i.e. at 1:1 CuII:ZnII ratio. 
However, HSA physiologically binds ~12 μM ZnII (log K = 7) but less than 3 μM CuII (log K = 
13) and hence ZnII could represent a stronger competitor in the blood. 
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3.3.3 Experimental section 

3.3.3.1 Materials  

All solvents and reagents obtained from commercial suppliers were used without further 
purification. TSCs were purchased from Sigma Aldrich or provided by the group of Dr. C. Kowol 
(University of Vienna).  

3.3.3.2 Preparation of stock solutions  

CuII and ZnII stock solutions were prepared by dissolving CuCl2·2H2O and ZnSO4·7H2O in 
ultrapure water (ρ = 18.2 MΩ·cm−1). The concentration of CuCl2·2H2O stock solution was verified 
by UV-vis spectroscopy (ε780 = 12 M-1cm-1). A stock solution of HEPES buffer (500 mM, pH 7.4) 
was prepared by dissolving free acid powder in ultrapure water and adjusting the pH with NaOH. 
TSC stock solutions were prepared in DMSO, and their concentration was verified via 
spectrophotometric CuII titrations. HSA stock solution was prepared in ultrapure water and its 
concentration was determined via spectrophotometric CuII titration. Concentrated solutions of 
CuII/ZnII-TSC complexes were prepared in DMSO/HEPES (50 mM pH 7.4) 80:20 mixtures. 

3.3.3.3 UV-vis spectroscopy  

UV-vis spectra were recorded in 1 cm path quartz cuvettes using a Cary 60 spectrophotometer 
equipped with a thermostatted (37 °C) multicell holder. A 1 μL aliquot of metal-free TSC or pre-
formed CuII/ZnII-TSC complex was added to HSA or to the pre-formed CuII/ZnII-HSA complex in 
HEPES 50 mM pH 7.4. 

3.3.3.4 EPR spectroscopy 

Continuous-wave EPR spectra were recorded on an EMX-plus (Bruker Biospin GmbH, Germany) 
X-band EPR spectrometer equipped with a high sensitivity resonator (4119HS-W1, Bruker). The 
g factor was calibrated in the experimental conditions using the Bruker strong pitch (g = 2.0028). 
The principal experimental parameters values were microwave frequency of ~9.4 GHz, microwave 
power 0.1 mW, modulation amplitude 5 G, time constant of ~80 ms conversion time of ~200 ms. 
4 scans were accumulated to achieve reasonable signal-to-noise (S/N) ratio, resulting in ~20 mins 
of acquisition time per spectrum. Samples were supplemented by 10% v/v glycerol to ensure 
homogeneous peptide distributions and avoid water crystallization-induced phase separation. 
Then, they were introduced into 4 mm outer diameter quartz tubes (Wilmad-Labglass) and freeze-
quenched into liquid nitrogen prior to their introduction into the precooled cavity (T = 100 K, 
achieved by continuous flow liquid nitrogen cryostat). 
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3.4 ROS production by CuII-TSC complexes in the presence of GSH 

3.4.1 Introduction 

The CuII-mediated generation of ROS has been claimed to be, at least partially, accountable for 
the cytotoxic activity of some TSCs. In particular, the ROS production by CuII-Dp44mT/DpC in 
lysosomes, i.e. at low pH (~5), has been suggested as the basis of its mode of action.455,470 
Conversely, ROS seem to have only a minor role in the anticancer activity of 3AP and 
Me2NNMe2.454,457 Nevertheless, a direct comparison of CuII-catalysed ROS production by 3AP 
and Dp44mT in the presence of GSH has never been reported. Likewise, the pH dependence of 
such activity has not been evaluated. Here, we addressed these aspects measuring the kinetics of 
ROS production via EPR using TEMPOL (4-Hydroxy-2,2,6,6-tetramethylpiperidin-1-oxyl) as a 
radical scavenger. Indeed, TEMPOL is a stable nitroxyl radical whose EPR signal is quenched 
upon reaction with hydroxyl radicals (HO•) forming an oxoammonium cation and/or an N-
hydroperoxide (see Fig. 69).471–473  

 
Figure 69. Reaction of TEMPOL with hydroxyl radicals. 

 

3.4.1.1 Mechanism of CuII-catalysed thiol oxidation 

The ability of CuII to produce ROS in the presence of thiols such as Cys and GSH is well known, 
although the mechanism of CuII-catalysed thiol oxidation (to disulfide) is not fully understood.474 
Generally, the supposed mechanism implies (i) the formation of a thiolate-CuII (RS-CuII) complex 
(accompanied by thiol deprotonation), (ii) the inner-sphere electron transfer from the thiol to CuII, 
forming CuI and a thiyl radical (RS•), and (iii) the re-oxidation of CuI to CuII by dioxygen with the 
formation of ROS (O2

•-, H2O2, HO•). Finally, two RS• radicals can react to form the corresponding 
RSSR disulfide (see Fig. 70). Moreover, the formed CuI may be bound by the thiol.475–478 
 

 

Figure 70. Putative mechanism of the CuII-catalysed thiol (RSH) oxidation by dioxygen (O2) to disulfide 
(RSSR). (i) Formation of an RS-CuII; (ii) reduction of CuII to CuI and oxidation of RS- to RS•; (iii) 
reoxidation of CuI to CuII and formation of ROS. The combination of two thiyl radicals yields the disulfide. 
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Overall, the reaction rate depends on the nature of the thiol. Indeed, as the binding to CuII involves 
the thiol deprotonation, step (i) is influenced by the thiol pKa, and hence by the portion of 
deprotonated thiol at a given pH. Noteworthy, for the same reason, the reaction is pH-dependent, 
notably faster at higher pH. In addition, the relative affinity of the thiol for CuI and CuII, namely 
the reduction potential of the Cu-RS complex, impacts step (iii), i.e. the reoxidation of CuI. 
Accordingly, CuII oxidizes Cys (pKa= 8.2) faster than GSH (pKa = 9.2) as a result of lower pKa 
and higher affinity for CuII than GSH.475  

Furthermore, when CuII is complexed to a ligand, the latter modulates the redox potential and the 
accessibility of the thiol to the metal, and hence influence the thiol oxidation and ROS production. 

3.4.2 Results and discussion 

3.4.2.1 ROS production by 3AP- and Dp44mT-CuII complexes 

In order to compare the ability of 3AP and Dp44mT CuII-complexes in the generation of ROS, we 
measured the decay of TEMPOL EPR signal in the presence of CuII or CuII-TSC complexes and 
GSH (see Fig. 71). Remarkably, CuII-Dp44mT (red dots) elicited a (~3-fold) faster reduction of 
TEMPOL, and hence a higher rate of ROS production, compared to CuII-3AP (blue dots), which 
substantially showed the same activity of the CuI-(GS)x complex (black dots).  

 
Figure 71. Decay of TEMPOL EPR signal in the presence of CuII (black dots), CuII-3AP (blue dots) or 
CuII-Dp44mT (red dots) and GSH. Conditions: [CuII] = 27 μM, [TSC] = 30 μM, [GSH] = 3 mM, [TEMPOL] 
= 20 μM, HEPES 100 mM pH 7.4 (DMSO 3%).  

These findings can be explained by the different reactivity between 3AP and Dp44mT towards 
GSH, which has been previously described by our group (see Fig. 72).461 Indeed, while 3AP-bound 
CuII is quickly reduced and dissociated forming CuI-(GS)x (see Fig. 72A), CuII-Dp44mT forms a 
stable ternary complex with GSH. Indeed, upon the addition of GSH to CuII-Dp44mT, the CT band 
slightly red-shifted but remained constant over time (see Fig. 72B). Notwithstanding, some 
spectral change, namely an increase of the absorbance, can be observed around 260 nm, where 
disulfide bonds absorb.479 Hence, this reveals that, despite the apparent stability, the Dp44mT-
CuII-GS complex is able to catalyse the oxidation of GSH to GSSG, with the concomitant 
production of ROS (see Fig. 70). Actually, the stability of the CuII-related absorption band is likely 
due to the fact that, during the catalytic redox cycle, the reoxidation is faster than the reduction, so 
that CuII is observed as the steady-state.  
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Figure 72. Reaction of CuII-3AP (A) and CuII-Dp44mT (B) with GSH at pH 7.4 monitored by UV-vis 
absorption spectroscopy. Conditions: [CuII] = 27 μM, [TSC] = 30 μM, [GSH] = 3 mM, HEPES 100 mM 
pH 7.4 (DMSO 2%). 

Overall, the different behaviour of 3AP and Dp44mT can be related to the kinetics of reduction 
and oxidation of their CuII-complexes. The anaerobic reduction of CuII-TSC has been shown in 
the literature to be much faster for 3AP than the N-terminal methylated Dp44mT and 
Me2NNMe2.460 Here, we studied the oxidation of CuI-(GS)x (prepared anaerobically adding 
CuI(MeCN)4 to GSH) in the presence of 3AP or Dp44mT and dioxygen (see Fig. 73). The addition 
of the TSC in anaerobic conditions (solution fluxed with Ar in a sealed cuvette) did not cause any 
spectral change in the case of 3AP, whereas with Dp44mT a weak band assigned to CuII-Dp44mT 
immediately appeared and remained constant. This could be due to the oxidation of CuI-(GS)x to 
CuII-Dp44mT by adventitious O2 added along with Dp44mT. Interestingly, upon opening of the 
cuvette and exposition to air, the band of CuII-Dp44mT gradually increased reaching a plateau 
after about 40 min. Instead, a very weak increase of the CuII-3AP band was observed within two 
hours. However, a much higher signal was recorded after overnight incubation.  

 
Figure 73. Reaction of CuI-(GS)x with 3AP (blue dots) or Dp44mT (red dots) in the presence of O2 
monitored by UV-vis absorption spectroscopy. Conditions: [GSH] = 3 mM, [CuI(MeCN)4PF6] = 27 μM, 
[TSC] = 30 μM, HEPES 100 mM pH 7.4 (DMSO, MeCN < 1%). 
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Thus, CuI-(GS)x proved to be much more prone to oxidation by O2 in the presence of Dp44mT than 3AP, 
as the former can form a relatively strong ternary complex with CuII and GSH. Conversely, the CuII-3AP 
complex appeared only after all GSH was oxidized to GSSG.  

On balance, the Dp44mT-CuII(-GS) complex seems favoured compared to CuI-(GS)x, which is, in 
turn, more stable than CuII-3AP as long as excess GSH is present. Therefore, these observations 
point towards a scenario in which the relative affinity between CuII-TSC and CuI-(GS)x determines 
the fate and pro-oxidant activity of the Cu-TSC complex.  

3.4.2.2 Higher ROS production by CuII-TSC complexes at lower pH 

As Dp44mT also demonstrated pro-oxidant activity in lysosomal-like conditions, i.e. at pH 5, we 
compared the ROS production of CuII-TSC complexes in the presence of GSH at pH 7.4 and 5 
(see Fig. 74) through the radical scavenging activity of TEMPOL. Remarkably, while “free” CuII 
normally showed lower activity at lower pH, TEMPOL reduction in the presence of CuII-TSC 
complexes was faster at pH 5 than at pH 7.4. In particular, such effect was more pronounced for 
Dp44mT (~10-fold faster) than 3AP (~ 1.5-fold faster).  

 
Figure 74. pH-dependent decay of TEMPOL EPR signal in the presence of CuII (black dots pH 7.4, grey 
dots pH 5), CuII-3AP (blue dots pH 7.4, light blue dots Ph 5) or CuII-Dp44mT (red dots pH 7.4, orange dots 
pH 5) and GSH. Conditions: [CuII] = 27 μM, [TSC] = 30 μM, [GSH] = 3 mM, [TEMPOL] = 20 μM, HEPES 
100 mM pH 7.4 or MES 100 mM pH 5 (DMSO 3%). 

Since thiol deprotonation is needed to form the RS-CuII intermediate (see Fig. 70, step i), thiol 
oxidation by CuII is supposed to get slower by lowering the pH, as actually observed for “free” 
CuII. Hence, the higher reactivity of CuII-TSC at lower pH appears very puzzling.  

To get insight into such surprising behaviour, we first monitored the reaction via UV-vis 
absorption spectroscopy (see Fig. 75). Comparing the reactivity of CuII-3AP with GSH at pH 7.4 
and 5, the CuII-3AP complex seems to be more stable against reduction and dissociation at lower 
pH, likely as a result of weaker reducing and CuI-binding power of GSH (see Fig. 75A). This 
might explain the higher pro-oxidant activity observed. On the contrary, in the case of CuII-
Dp44mT, the higher thiol oxidation at lower pH is accompanied by a higher, albeit very weak and 
reversible, reduction (see Fig. 75B, inset). Indeed, in anaerobic conditions GSH reduced CuII-
Dp44mT faster at pH 5 than at pH 7.4 (see Fig. 76), also suggesting that the reduction of CuII 
represents the rate-limiting step of the redox cycle. 
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Figure 75. Reaction of CuII-3AP (A) and CuII-Dp44mT (B) with GSH at pH 5 monitored by UV-vis 
absorption spectroscopy. Conditions: [CuII] = 27 μM, [TSC] = 30 μM, [GSH] = 3 mM, HEPES 100 mM 
pH 7.4 (DMSO 2%). 

 
Figure 76. Anaerobic reduction of CuII-Dp44mT by GSH at pH 7.4 (red dots) or pH 5 (orange dots) 
monitored by UV-vis absorption spectroscopy. Conditions: [CuII] = 90 μM, [TSC] = 100 μM, [GSH] = 1 
mM, HEPES 100 mM pH 7.4 or MES 100 mM pH 5 (DMSO ~5%). 

In an effort to understand such pH-dependent reactivity, we analysed the UV-vis spectra of the 
Dp44mT and its CuII-complex at pH 5 and 7.4 (see Fig. 77). The comparison revealed that another 
CuII species seems to be also present at pH 5, as suggested by a shoulder at ~340 nm (see red arrow 
in Fig. 77A). This band could be attributed the CuII-complex with the N2-protonated ligand (HTSC, 
see Fig. 78), even though the pKa of such Cu-HDp44mT species has been reported to be as low as 
~2.3.460 To confirm such hypothesis and rule out interference from the buffers, a 
spectrophotometric pH titration of the CuII-Dp44mT in unbuffered water was conducted. Indeed, 
by lowering the pH from ~7 to 2, the appearance of a band centred at 342 nm was observed (see 
Fig. 77B), which support our previous speculation. Importantly, the HTSC ligand binds CuII with 
a (Npy, N, S) donor set in which the sulfur is found as neutral thione rather than negatively charged 
thiolate (see Fig. 78). Interestingly, as thiones are softer donors than thiolates,480,481 the HTSC may 
stabilize CuI better than TSC. Besides, the thione also has likely lower affinity for CuII

 than a 
thiolate, hence a transient de-coordination of the thione group can be conceived, especially in the 
ternary Dp44mT-CuII-GS complex, leaving CuII bound in a trigonal fashion (i.e. by two N-donors 
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from the TSC and the thiolate of GSH) that favours the reduction. Both these factors could explain 
the easier reducibility of Dp44mT-bound CuII at lower pH. Indeed, our hypothesis is supported by 
a faster reduction of the N2-methylated derivative of 3AP (reported in the literature), which exists 
only in the thione form.482 Furthermore, preliminary data obtained via DFT (Density Functional 
Theory) calculations by the group of Prof. Emilia Sicilia (University of Calabria, Italy) confirmed 
a higher tendency of CuII-HTSC than CuII-TSC complexes toward reduction. 

Therefore, we postulate that the higher amount of the N2-protonated thione-form CuII-HTSC 
species at lower pH may be accountable for the higher thiol oxidase activity and related ROS 
production observed. 

 
Figure 77. A) pH-dependent UV-vis absorption spectra of Dp44mT (black) and CuII-Dp44mT (red) at pH 
7.4 (full line) or pH 5 (dashed line); B) Spectrophotometric pH titration of CuII-Dp44mT. Conditions: [CuII] 
= 27 μM, [Dp44mT] = 30 μM; HEPES 100 mM pH 7.4 or MES 100 mM pH 5 (A) or water (B). 

 

Figure 78. Formation of the CuII-HTSC complex by protonation of the CuII-TSC.  
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3.4.3 Experimental section 

3.4.3.1 Materials  

All solvents and reagents obtained from commercial suppliers were used without further 
purification. TSCs were purchased from Sigma Aldrich or provided by the group of Prof. C. Kowol 
(University of Vienna).  

3.4.3.2 Preparation of stock solutions  

TSC stock solutions were prepared in DMSO, and their concentration was verified via 
spectrophotometric CuII titrations. CuII stock solution was prepared dissolving CuCl2·2H2O in 
ultrapure water (ρ = 18.2 MΩ·cm−1) and its concentration was verified by UV-vis spectroscopy 
(ε780 = 12 M-1cm-1). A stock solution of HEPES buffer (500 mM, pH 7.4) was prepared by 
dissolving free acid powder in ultrapure water and adjusting the pH with NaOH. A stock solution 
of MES buffer  (500 mM, pH 5) was prepared by dissolving MES sodium salt in ultrapure water 
and adjusting the pH with HCl. GSH stock solutions were prepared in ultrapure water on a daily 
basis. TEMPOL stock solution was prepared in ultrapure water. 

3.4.3.3 UV-vis spectroscopy  

UV-vis spectra were recorded in 1 cm path quartz cuvettes using a Cary 60 spectrophotometer. 
The reaction of CuII-TSC complexes with GSH was performed by adding a small aliquot of a 
concentrated GSH solution to the pre-formed CuII-TSC complex in the buffer. For the anaerobic 
reduction and re-oxidation studies, solutions were thoroughly degassed under Ar before and after 
the insertion into a sealable cuvette equipped with a pierceable septum. GSH or TSCs were added 
through the septum with a micro-syringe. pH titrations were conducted adding small aliquots of 
concentrated HCl or NaOH solutions to the pre-formed CuII complex in water.  

3.4.3.4 EPR spin scavenging 

EPR spin scavenging experiments were performed at room temperature (T = 295 ± 1K) using an 
EMX-plus (Bruker Biospin GmbH, Germany) X-band EPR spectrometer equipped with a high 
sensitivity resonator (4119HS-W1, Bruker). The g factor was calibrated in the experimental 
conditions using the Bruker strong pitch (g = 2.0028). Samples were introduced into glass 
capillaries (Hirschmann, 25 µL) sealed at both the ends and rapidly transferred into the EPR cavity 
for measurement. The principal experimental parameters were microwave frequency of ~9.85 
GHz, microwave power of ~4.5 mW, modulation amplitude 1 G, time constant of ~5 ms 
conversion time of ~12.5 ms. Every 17 s a single scan (sweeping time of ~10 s) was then acquired 
to obtain the kinetics of TEMPOL reduction over ~60 min. All spectra were best simulated and 
the resulting simulations were doubly integrated to relatively quantify the concentration of 
remaining TEMPOL. Data analysis and simulations based on experimental data were performed 
using Xenon (Bruker Biospin GmbH, Germany) and lab-made routines based on Easyspin 
Toolbox under Matlab (Mathworks) environment.483 
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3.5 Conclusions and perspectives  

In conclusion, our investigations showed that TSCs can bind CuII in the presence of HSA. 
Interestingly, the nanomolar active Dp44mT and Me2NNMe2, but not 3AP, can also retrieve ZnII 
from HSA. However, although ZnII transfer is faster than CuII, transmetallation eventually occurs, 
and hence ZnII does not seem to be a major concern for the formation of CuII-TSC complexes.  
Moreover, both metal-free TSCs and CuII/ZnII-TSCs complexes bind to HSA. Interestingly, such 
interactions could enhance their half-life in the blood and also their uptake by cells. Overall, our 
findings support the potential role of CuII-binding in the mode of action of anticancer TSCs. 
Indeed, it is conceivable that in the bloodstream TSCs pick up CuII and/or ZnII from HSA, forming 
ternary complexes with the protein, and enter as CuII/ZnII-complexes into the cells. Noteworthy, 
the potential formation of ZnII-TSC complexes does not necessarily hamper the Cu-mediated 
anticancer activity, as it has been suggested, for instance, that ZnII-Dp44mT/DpC transmetallate 
with CuII into lysosomal vesicles.470 

Furthermore, we demonstrated, by means of the radical scavenging activity of TEMPOL, that in 
the presence of CuII and GSH at cytosolic relevant concentrations, Dp44mT produces more ROS 
than 3AP, despite GSH has been reported to reduce CuII-3AP faster than CuII-Dp44mT. The reason 
for this is probably the higher stability of CuII-Dp44mT against the reductive dissociation by GSH. 
In other words, excess GSH reduces CuII-3AP faster and forms CuI-(GS)x, which produces little 
ROS  (see Fig. 79, step iii). In contrast, GSH reduces CuII-Dp44mT more slowly, but it is not able 
to retrieve CuI, hence Cu stays coordinated to Dp44mT and can produce continuously ROS via 
redox cycling with GSH (see Fig. 79, step iv). Interestingly, this could explain the CuII synergism 
and higher cytotoxicity of Dp44mT compared to 3AP.  

 
Figure 79. Different reactivity of CuII-3AP and CuII-Dp44mT complexes in the presence of GSH and O2: 
GSH binds to both CuII-TSCs complexes (i) and reduces CuII to CuI with the formation of a thiyl radical 
(ii). Excess GSH takes out Cu from 3AP forming CuI-(GS)x that produces little ROS (iii), whereas it does 
not retrieve Cu from Dp44mT that can be re-oxidized producing ROS.  

Finally, we also provided unprecedented evidence about a higher ROS production by CuII-TSC 
complexes, especially for Dp44mT, at lower pH. These findings need to be corroborated by 
independent techniques, for instance via the measurement of O2 consumption and thiol oxidation. 
In addition, further mechanistic investigations will be conducted to understand thoroughly such 
unexpected behaviour. At the moment, we postulate that it arises from a higher population of the 
protonated form of the TSC ligand at lower pH, which promotes the CuII reduction through a 
switch of the sulfur donor from the thiolate to the thione form. Importantly, although such higher 
pro-oxidant activity at lysosomal pH supports the proposed mode of action of Dp44mT (see section 
3.1.3), the stability of the CuII-Dp44mT complex, for instance against MTs, in lysosomal 
conditions remains to be assessed.  
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Étude de complexes de CuII à visée 
diagnostique et thérapeutique dans 

les maladies liées au cuivre 

 

 

Résumé 

La perturbation de l’homéostasie du Cu, en particulier l’augmentation du Cu échangeable dans le sang 
ou l’urine, est liée à la maladie de Wilson, d'Alzheimer ou des cancers. Cette thèse présente la 
conception de sondes luminescentes réversibles à CuII ayant une affinité, sélectivité et détectabilité 
adaptées pour mesurer le CuII échangeable dans des échantillons biologiques. Après avoir montré la 
difficulté de concevoir des sondes turn-on réversibles, nous avons développé des sondes turn-off et 
ratiométriques basées sur un motif peptidique liant le CuII (ATCUN) et des complexes luminescents de 
lanthanides, qui ont été capables de détecter le CuII dans des milieux biologiques. 
En outre, nous avons étudié la capacité de médicaments anticancéreux tels que les 
thiosemicarbazones (TCSs) à extraire le CuII de l’albumine sérique et à produire des ROS en présence 
de glutathion et de dioxygène. Les résultats suggèrent que les TSCs sont capables de retirer le CuII 
par l’albumine, que la production de ROS par les complexes CuII-TSCs corrèle avec leur activité 
anticancéreuse et que le plus bas pH lysosomale pourrait être important pour leur activité.  
 
Mots-clés : cuivre échangeable, sonde luminescente, ATCUN, lanthanide, médicaments 
anticancéreux, thiosemicarbazones, ROS 

 
 
 

Résumé en anglais 

Cu dyshomeostasis, notably increased levels of the exchangeable Cu in serum and/or urine, have been 
correlated with pathologies such as Wilson’s and Alzheimer’s diseases and cancer.  
This thesis mostly focused on the design of reversible CuII-responsive luminescent probes having 
suited affinity and selectivity for CuII, as well as detectability, for the detection of exchangeable CuII in 
biological samples. After showing that the design of reversible turn-on probes is extremely challenging, 
we developed turn-off and ratiometric probes based on the CuII-binding Xxx-Zzz-His peptide motif and 
luminescent lanthanide complexes, which were able to detect CuII in biological media.   
Moreover, we investigated the ability of the putative Cu-based anticancer drugs thiosemicarbazones 
(TSCs) to bind CuII in the presence of human serum albumin (HSA) and then to generate ROS in the 
presence of glutathione (GSH) and O2 at different pHs. Our results suggest that (i) TCSs are able to 
pick up CuII from HSA, (ii) the ROS generation by CuII-TSCs in the presence of GSH and O2 correlates 
with their anticancer activity and (iii) the lower lysosomal pH might play a key role in their activity. 
 
Keywords : exchangeable copper, luminescent probe, ATCUN, lanthanide, anticancer drugs, 
thiosemicarbazones, ROS 
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