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ABSTRACT 

 

Coordination compounds have been widely used as model systems in attempts for elucidating 

and/or understanding the mechanism of a myriad of processes including in vivo metabolism and 

oxygen conversion for the generation of energy or reactive oxygen species (ROS). It is well-

known that copper ions are frequently found in enzymes that oxidize organic molecules and 

take part in interconversion processes of oxygen to water. To study the mechanisms involved in 

such processes, longstanding efforts have been made for elucidating the geometries and 

electronic structures of intermediates to unravel the relationships among these aspects and the 

catalytic functions. A successful strategy that have been adopted by inorganic chemists lies on 

the synthesis, characterization and reactivity study of copper containing molecules that mimic 

the enzymatic activity in vitro. In this context, this work presents the results obtained for two 

novel Schiff bases, 1,3-bis(1,10-phenantrolyn-2-yloxy)-N-(4-(methylhtio)benzylidene)propan-

2-amine (2CP-Bz-SMe) and (E)-1-(4'-methil-[2,2'-bipyridine]-4-yl)-N-(4(methylthio)phenyl) 

metanimine (4-mbipy-Bz-SMe), and for the copper complexes (states I and II) produced from 

the reaction of these bases with Cu(NO3)2. The isolated compounds were characterized by 

nuclear magnetic resonance (Schiff bases), vibrational and electronic (room temperature and 

90 oC) spectroscopies, electrochemical techniques, and electron paramagnetic resonance 

(EPR). The thioether moiety of the Schiff bases allowed the immobilization of the copper 

compounds on gold electrodes and on gold-coated Fe3O4 (Fe3O4@Au) nanoparticles 

(core@shell structures, Fe3O4@Au@Cu) so that the reactivity of these compounds was also 

evaluated on surface. To reach such goal, surface techniques were used, citing, beside the 

conventional electrochemical techniques, surface plasmon resonance (SPR), scanning 

electrochemical microscopy (SECM), surface-enhanced Raman scattering (SERS), and 

electrochemical impedance. The characterization of the nanomaterials, in turn, was performed 

by means of transmission electron microscopy (TEM), X-rays diffraction (XRD), and vibrating 

sample magnetometry (VSM). All the isolated compounds presented nuclease activity towards 

plasmid DNA, either in solution or adsorbed on electrodes or nanoparticles. According to EPR 

and SECM data, this activity was assigned to the generation of hydroxyl radicals (OH). The 

measurements performed to elucidate the mechanism involved in the production of this species 

showed the formation of H2O2 in a Fenton-like reaction, and a bimetallic intermediate 

containing peroxo as bridge ligand, {[CuII(4-mbpy-Bz-SMe)2]2(-O2
2)}2+. 

 

Keywords: Copper complexes. Reactive Oxygen Species. Gold Surfaces. 
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RESUMO  

 

Compostos de coordenação têm sido amplamente empregados como sistemas modelos na 

tentativa de elucidação e/ou entendimento do mecanismo de inúmeros processos incluindo 

metabolismo in vivo e conversão de oxigênio para geração de energia ou espécies reativas de 

oxigênio (ROS). Sabidamente, íons cobre são frequentemente encontrados em enzimas que 

oxidam moléculas orgânicas e participam de processos de interconversão de oxigênio molecular 

à água. Para estudar os mecanismos envolvidos nesses processos, vem de longas datas as 

proposições de geometrias e estruturas eletrônicas dos intermediários a fim de desvendar as 

relações entre esses aspectos e as funções catalíticas. Uma estratégia que tem sido usada com 

relativo sucesso pelos químicos inorgânicos reside na síntese, caracterização e estudos de 

reatividade de moléculas que contêm cobre e que mimetizam a atividade enzimática in vitro. 

Nesse contexto, o presente trabalho apresenta os resultados obtidos para duas bases de Schiff 

inéditas, 1,3-bis(1,10-fenantrolin-2-iloxi)-N-(4-(metiltio)benzilideno)propan-2-amina (2CP-

Bz-SMe) e (E)-1-(4'-metil-[2,2'-bipiridina]-4-il)-N-(4(metiltio)fenil)metanimina (4-mbipy-Bz-

SMe), e para os complexos de cobre (estados I e II) produzidos a partir das reações destas bases 

com o sal Cu(NO3)2. Os compostos isolados foram caracterizados por ressonância magnética 

nuclear (bases de Schiff), espectroscopias vibracionais e eletrônica (em temperatura ambiente 

e a 90 oC), técnicas eletroquímicas, e ressonância paramagnética eletrônica (EPR). O 

fragmento tioéter das bases de Schiff permitiu a imobilização dos compostos de cobre sobre 

eletrodos de ouro e nanopartículas magnéticas de Fe3O4 recobertas com ouro (estruturas do tipo 

caroço-casca, Fe3O4@Au@Cu) de modo que a reatividade de tais compostos foi avaliada, 

também, em superfície. Para esse fim, foram utilizadas técnicas de superfície, podendo-se citar, 

além das técnicas eletroquímicas convencionais, ressonância de plásmons de superfície (SPR), 

microscopia de varredura eletroquímica (SECM), espectroscopias Raman intensificada em 

superfície (SERS) e de impedância eletroquímica. Já a caracterização dos nanomateriais 

Fe3O4@Au@Cu foi realizada por microscopia eletrônica de transmissão (TEM), difração de 

raios-X (XRD) e magnetometria de amostra vibrante (VSM). Todos os compostos isolados 

apresentaram atividade nuclease em relação a DNA plasmidial, tanto em solução como 

adsorvidos sobre eletrodos ou nanopartículas. Tal atividade, de acordo com os resultados de 

EPR e SECM, foi atribuída à geração de radicais hidroxil (OH). Os experimentos para 

elucidação do mecanismo envolvido na geração dessa espécie mostraram que há formação de 

H2O2 em uma reação do tipo Fenton, além de um intermediário bimetálico contendo peroxo 

como ligante ponte, {[CuII(4-mbpy-Bz-SMe)2]2(-O2
2)}2+. 

 

Palavras-Chave: Complexos de cobre. Especies reativas de oxigênio. Superfícies de ouro. 
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1 INTRODUCTION  

 

1.1 Copper complex and dioxygen activation 

 

The different geometries and coordinate numbers that copper presents in its oxidation 

states (I) and (II) have been extensively studied in different areas of chemistry, such as 

supramolecular, photochemical and bioinorganic chemistry [1-6]. Figure 1 illustrates the planar 

square and tetrahedral geometries for Cu(II) and Cu(I), respectively. 

 

Figure 1. Geometries associated to the oxidation states (I) and (II) of the tetracoordinated 

copper. Source: Prepared by the author 

 

 

 

There is also the possibility that copper is found in pentacoordinated form, either with 

phosphine groups or with oxygen, as Tolman suggests [7,8]. Figure 2 shows a pentacoordinated 

pyramidal copper(II) complex with one oxygen atom in the axial axis. The authors suggest such 

conformation confers to the complex the ability to reduce dioxygen (O2). 

 

Figure 2. Pentacoordinated cupric complex with O2 stabilized by hydrogen bonds. Reprinted 

(adapted) with permission from (Chem. Rev. 2017, 117, 2059−2107). Copyright (2015) 

American Chemical Society. Geometry adopted by pentacordinate copper(II) complex. 

Copyright permission can be found in Annex A.  
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In biological, synthetic, and industrial systems, the reductive activation of dioxygen (O2) 

is a fundamental process [9], which is well known in aqueous media. This process is carried out 

through several intermediates that include superoxide (O2
-), hydrogen peroxide (H2O2) and 

hydroxyl radical (OH), cooperatively named reactive oxygen species (ROS), in addition to two 

equivalents of water as proposed in Scheme 1[10].  

 

Scheme 1. Aqueous reduction of O2 and pertinent intermediates. Reduction potentials can be 

found in Reference [11]. Copper-containing enzymes that perform parts of this reduction are 

shown. Copyrigth of J. Biol. Inorg. Chem. License number 4611411477876. Copyright 

permission can be found in Annex A. 

 

 

 

 

It is also important to know how these processes occur in the presence of metal ions 

since many important oxidative transformations have been attributed to reactive metals and 

oxygen species [12-15]. In general, metalloproteins that contain copper have the capacity to 

activate O2 (or its reduced forms, e.g. O2
-) for a great variety of biological functions [16]. For 

instance, monooxygenases, containning one or two copper ions (coupled or uncoupled), oxidize 

substrates by incorporating an O2 molecule followed by the conversion of an O atom to water 

in a four-electron mechanism. Dioxygenases are another class of metalloproteins in which both 

oxygen atoms of O2 molecule are attached to the substrate. So far, only one dioxygenase 

containing copper as central atom is known: quercetin 2,3-dioxygenase [17]. Oxidase enzymes 

are responsible for the reduction of O2 that involves proton transfer either by two electrons 

(producing H2O2) or four electrons (generating two equivalents of H2O).  

 

Generally, the processes of oxygen activation in biological medium are part of a network 

that involve oxidant cofactors (organic or metallic ions) inducing several biolocal functions 

such as pumping protons into cytochrome c oxidase (CcO), vide Scheme 1. The molecular level 

knowledge of the mechanism involved in such processes is vital not only for the understanding 
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of the whole process but also for the potential application of the molecules in converting oxygen 

from a technological point of view. Inorganic chemists have been contributing for such goal 

synthesizing compounds that mimetize the metalloprotein functions [10, 13, 14]. 

  

Regarding the reactivity of copper complexes towards the oxygen activation, a few 

research groups, headed by Karlin, Tolman, Kitajima, Meyer, and Stack, have been explored, 

mainly, the reaction intermediates aiming to elucidate the mechanism. Figure 3 shows some 

examples of intermediates that were isolated and characterized. 

  

Figure 3. Synthetically derived mono- and binuclear copper-(di)oxygen complexes. 

Representative crystal structures are shown for the intermediates that have been structurally 

characterized [18-23]. Copyrigth of J. Biol. Inorg. Chem. License number 4611411477876. 

Copyright permission can be found in Annex A. 

 

 

  

From a chronological perspective, the first copper-dioxygen adduct (trans--1,2-

peroxide) was structurally characterized by Karlin and colleagues in 1988 [24]. Later, Kitajima 
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et al. [25] obtained the crystal structure of a complex with peroxide attached from side to side 

(μ-η2:η2) to two Cu(II) ions. The first spectroscopic characterization of a 1:1 mononuclear 

copper-dioxygen intermediate was reported in 1991 by Karlin and colleagues [26].  Since then, 

two crystalline structures of copper(II) dinuclear complexes were reported with superoxide 

bounded in the η2 and η1 [20, 23] conformations. In 1996 and 1997, Tolman and Stack published 

the spectroscopic and structural data obtained for a dicopper(III) compound (bis-μ-oxide) [19, 

27]. More recently, Meyer et al. [22] published the crystal structure of a complex of 

peroxodicopper(II) presenting peroxide and pyrazolate as bridge ligands (cis--1,2-peroxide). 

This complex shows the peroxide in an intermediate geometry between cis and trans, and it 

was found to have an electronic background state S = 1; all the other dicopper(II) complexes 

described above (Figure 3) show (when measured) antiferromagnetic coupling (S = 0 ground 

state) for the CuII ions. These generated peroxide bridges between two copper atoms are 

presented in similar systems in nature mainly for the transport of oxygen in living organisms, 

being found in hypoxic enviroments such as arthropods and mollusks. These latter organisms 

use hemocyanin (Hc) to transport oxygen, a protein that contains in its active site a copper 

binuclear complex where each copper is linked by three histidine residues, unlike the 

hemoglobin that has iron in its structure. The hemocyanin protein contains a pair of Cu(I) atoms 

separated by ~ 4.6 Å in the colorless form, totally reduced and without EPR (Electronic 

Paramagnetic Resonance) signal (deoxy-Hc). This protein binds to dioxygen in the deoxy form 

producing oxy-Hc as an intense purple species (Figure 4). The O2 bridge requires the transfer 

of two electrons from the Cu(I) centers to dioxygen to form the peroxide bridge. According to 

the analysis of the population of Mulliken along the O2-binding coordinate, this formally 

forbidden spinning process, where the triplet ground state of the dioxygen becomes the singlet 

of oxy-Hc, is overcome by the simultaneous reduction of the dioxygen in the bridge due to the 

two electrons of the Cu(I) centers.[28]  
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Figure 4. X-ray crystal structure of oxy-Hc. Reference [29]. Copyrigth of J. Biol. Inorg. Chem. 

License number 4611411477876. Copyright permission can be found in Annex A. 

 

 

Figure 5 presents a pictorial illustration of the conversion of the deoxy to oxy-Hc form 

including a few spectroscopic data and Cu-Cu distances. While the Cu-Cu distance in deoxy-

Hc is 4.6 Å, the oxy-Hc form presents the copper centers closer to each other (~3.6 Å) due to 

the dioxygen bridge [29-31]. The bands observed for oxy-Hc at ~350 nm (ε = ~20,000 M−1 

cm−1) and 570 nm (ε = ~1000 M−1 cm−1) are assigned to charge-transfer transitions from 

peroxide to copper(II) [32]. It is worth mentioning that the band at higher energy shows an 

associated resonance-enhanced Raman vibration at ~750 cm−1 that shifts (Δ ~ −40 cm−1) upon 

18O2 isotope labeling thus proving the metal centers are connected by the oxygen atoms. 

 

 Figure 5. General reaction of deoxy-Hc with O2 [32]. Copyrigth of J. Biol. Inorg. Chem. 

License number 4611411477876. Copyright permission can be found in Annex A. 

 

 

 

Lastly, photoexitation results were reported for three complexes of peroxodicopper(II), 

which are illustrated in Figure 6 [33]. Peculiarly, one-photon two-electron oxidation was 
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observed leading to the formation of O2 and two Cu(I) ions. A reaction mechanism was 

proposed including a mixed-valent intermediate with superoxide as bridged ligand. The 

observation of such mixed-valent species, which had never been observed before, showed that 

the reaction of LCu2(I) with O2 must pass through a kind of superoxide intermediate (e.g. 

CuII(O2
-)CuI) before forming the peroxodicopper(II) species. This reactivity is different from 

that reported for Hc, where it was demonstrated that the formation of a superoxide mixed-valent 

dicopper intermediate was unfavorable [33]. The difference between Hc and the complexes 

cited above can be explained by the proximity of the copper ions in Hc in respect to the 

flexibility of the synthetic systems [33]. 

 

Figure 6. Photoexcitation of a μ-η2:η2-peroxide (top, n = 3 or 5) and a μ-1,2-peroxide (bottom) 

leads to the observation of novel mixed-valent dicopper superoxide complexes which is, then, 

converted to the dicopper(I) complexes[33]. Only the starting μ-η2:η2 -peroxide fully releases 

O2, while the μ-1,2-peroxide keeps O2 caged until rebinding occurs. Copyrigth of J. Biol. 

Inorg.Chem. License number 4611411477876. Copyright permission can be found in Annex 

A. 

 

 

 

 

It has been observed that the reactive oxygen species generated by copper complexes 

has the capacity to perform an inter or extra molecular hydroxylation, depending on the active 

sites. Tolman et al. [21] demonstrated that the reaction of certain Cu(I) complexes with 

dioxygen generates a rapid equilibrium between the μ-η2:η2-peroxodicopper(II) and bis(μ-

oxo)dicopper(III) (Figure 7A). This balance is controlled by many factors, such as donor 

capacity of the ligand, steric effect, solvent and anions [34]. Karlin and colleagues [35] have 

shown that the complex μ-η2:η2-peroxodicopper(II) containing an XYL bridging ligand was 
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also able to perform an intramolecular hydroxylation through an electrophilic aromatic 

substitution (EAS) mechanism (Figure 7B). Stack and coworkers [36] have provided evidence 

that the phenolate can coordinate to μ-η2:η2-peroxodicopper(II) forming a bis(μ-

oxo)dicopper(III) complex that, in turn, induces internal hydroxylation of phenolate through an 

EAS mechanism, giving the respective o-catechol (Figure 7C) [36]. Therefore, model systems 

have shown that both μ-η2:η2-peroxo and bis(μ-oxo) type complexes are capable of performing 

hydroxylation through EAS.  

 

Figure 7 a) Equilibrium between the μ-η2:η2-peroxodicopper(II) and bis(μ-oxo) dicopper(III) 

metal active centers and their spectroscopic parameters [34]. b) Intramolecular hydroxylation 

by a μ-η2:η2-peroxodicopper(II) complex [35]. c) Internal hydroxylation of phenolate by a 

phenolate-bounded bis(μ-oxo)dicopper(III) complex [36].  Copyrigth of J. Biol. Inorg. Chem. 

License number 4611411477876. Copyright permission can be found in Annex A. 

 

 

 

In the search for efficient materials for O2 reduction, synthetic heme-Cu models have 

been developed bling related to the cathode catalysts of fuel cells [37, 38]. Citochrome c oxidase 

(CcO) has attracted the primary interest of the synthetic inorganic and bioinorganic chemists 

due to its fundamental and practical importance to understand the activation/reduction of 

dioxygen and the translocation of protons [39]. Recent literature suggests that O2 initially binds 
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to Cu that readily transfer to the heme group forming an initial adduct of Fe-O2 analogous to 

oxy-hemoglobin/myoglobin [40]. FeIII-(O2)
2-CuII peroxide bridged (side on or end on) (Figure 

8) as intermediate has been characterized spectroscopically and structurally in several active 

sites of CcO [37, 38]. The investigation of the synthetic heme-Cu systems has helped to 

understand the reaction mechanism of the reduction of dioxygen and the factors that lead to the 

selective reduction of O2 in a 4e/4H+ mechanism, avoiding the formation of harmful species 

of partially reduced oxygen species (PROS). These bridging peroxo intermediates can also be 

interconverted, in some cases, from a side on or end on product in synthetic myoglobin or CcO 

upon incorporation of an external strong field ligand like imidazole or its analogues. 

 

Figure 8. Reprinted (adapted) with permission from (J. Am. Chem. Soc. 2015, 137, 40, 12897-

12905) Copyright (2015) American Chemical Society. Binuclear active site structures of CcO 

showing (A) side on (μ-η1:η2) (η1 at Fe center and η2 at Cu center) (PDB ID: 3ABM) and (B) 

end on (μ-1, 2) (PDB ID: 3S8F) bridging peroxo complexes [40]. Copyright permission can be 

found in Annex A. 

 

 

 

Electrocatalytic O2 reduction reactions have been reported [41, 42] at physiological pH 

using complexes that mimic CcO, those that contain only Fe and Fe-Cu bimetallic centers 

(Figure 9). Although it was initially thought that the presence of Cu ion was essential for the 

selective reduction of O2 in a four-electron reaction, it is now established that the presence of 

copper is only required when the heterogeneous electron transfer (ET) reaction is slow [43, 44]. 

Rotary disk electrode (RDE) was coupled to surface-enhanced Raman scattering (SERS) 

allowing direct input into in situ investigations of reactive intermediates formed under steady-

state conditions thus giving insights in the electrocatalytic mechanism [45]. This allows the 

oxygen reduction processes to be studied from the surface point of view based on the adsorption 
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of compounds on different substrates. 

 

Figure 9.  Reprinted (adapted) with permission from (J. Am. Chem. Soc. 2015, 137, 40, 12897-

12905) Copyright (2015) American Chemical Society. Plausible Mechanistic Pathways during 

Steady State O2-Reduction by Complex L-FeCu (a), and L-Fe(Im)Cu (b). Copyright permission 

can be found in Annex A. 

 

 

 

 

1.2 Copper complex and nuclease activity 

 

Cancer is the second largest cause of death in the world [46]. Accordingly, it has been a 

major focus of medicinal chemistry, conducting numerous investigations and concentrating a 

great deal of effort and money on developing synthetic agents capable of interacting with DNA 

to prevent replication of tumor cells [47, 48]. Medicinal Chemistry, part of chemistry science 
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that study the interactions among synthetic compounds and biological systems, has the aim of 

synthesize medicines with a specific biological content for diagnostic and therapeutic use. In 

medicinal chemistry, the use of coordination chemistry [49, 50] for drug design is very attractive 

due to the variety of structures, geometries, types of interaction and possible connections with 

DNA or the generation of free radicals that cause oxidative damage to DNA. The most known 

example of coordination chemistry in the treatment of cancer is cisplatin which was synthesized 

by M. Peyrone in 1844 and had its chemical structure elucidated by Alfred Werner in 1893. 

However, the compound did not gain scientific investigations until the 1960's when the initial 

observations of Rosenberg [51] at Michigan State University pointed out that certain 

electrolysis products of platinum electrodes were capable of inhibiting cell division 

in Escherichia coli. Such result called great interest in view of possible use of platinum 

compounds in cancer chemotherapy. In this context, attention turned back to cisplatin and, in 

the end of 1970s, it emerged as the key ingredient in the systemic treatment of germ cell cancers 

being the the first FDA-approved platinum compound for cancer treatment [52]. Among several 

chemotherapy drugs that are widely used for cancer, cisplatin is one of the most compelling 

ones presenting anticancer activity against a variety of tumors in ovaries, head and neck. The 

pharmacological action of platinum compounds is based on the lability of the chlorine ligands 

thus facilitating the reaction with two adjacent guanine nitrogen bases [53]. In addition, the 

planar square geometry of the complexes favors the intercalation in the double helix causing 

local DNA damage (Figure 10) preventing the synthesis of proteins and RNA in the stage of the 

cycle cell G2, which ultimately leads to the cell apoptosis [54, 55]. 
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Figure 10. Schematic representation of cisplatin adduct with the N7 nitrogen from guanine 

bases. Adapted from PDB entry code 3LPV. Copyright permission can be found in Annex A. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A second generation of drugs derived from platinum, containing less labile ligands such 

as dicarboxylic acids were designed and showed slower reaction avoiding unwanted 

interactions with other biological structures. A third generation of platinum-derived antitumor 

based on Pt(IV) [56, 57] octahedral structures (Figure 11c) exhibits stability for several days 

into the body, where the metal center is reduced to Pt(II) by ascorbate, glutathione or NADPH. 

The reduced platinum complex, in turn, is stabilized by the hypoxic environment of the solid 

tumors. 

 

Figure 11. Structures of a) carboplatin, b) oxaliplatin and c) satraplatin. Source: Prepared by 

the author 
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As cancer research progresses, octahedral ruthenium complexes have emerged with 

Ru(II) complexes [58] being biologically active whereas Ru(III) complexes are essentially inert 

in physiological medium. Despite the inertness of Ru(III) complexes [59], they are able to enter 

into the cell by mimicking iron and attaching to albumin or transferrin proteins. This property 

has been explored to design Ru(III) drugs, such as KP1019 and KP1339, which are currently in 

phase III of clinical trials [60]. 

 

Rhodium has also been used in the development of potential antitumor drugs [61, 62]. 

Complexes produced from the reaction of Rh(I) with biquinoline-substituted (2,4N and 3,4N) 

and norbornadiene (NBD) ligands, [Rh(NBD)(3,4N)]ClO4 and [Rh(NBD)(2,4N)]ClO4, have 

been embedded in polymer matrices such as POE (polyoxyethylene) [63] to elute in water or 

blood plasma. Studies using rats showed Rh complexes act similarly to cisplatin, minimizing 

tumor growth whereas the polymer is not metabolized and is easily excreted in urine. 

 

Back to the copper chemistry, promising compounds containing aromatic ligands, such 

as dipyridophenazine (dppz) [64-66] were reported and showed affinity constants with DNA 

(Kb) in the order of 106 with a direct intercalation in the minor groove. Copper complexes with 

pseudo-tetrahedral geometries containing 1,10-phenanthroline (phen), 2,9-dimethyl-1,10-

phenanthroline (dmp) or 2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline (bcp) [67] ligands 

showed affinity constants in the order of 104-105. In these cases, it is assumed that interaction 

occurs through the major groove of DNA [68]. Further studies have established that the nuclease 

mechanism of complexes containing NN'-ligands coordinated to copper [69, 70] is similar to 

that of the compound [CuI/II(phen)2], which interacts with the minor groove of DNA, cleaving 

it [68]. The efficiency of such systems has been attributed, mainly, to the synergistic action of 

intercalation and ROS production that, in turn, promote oxidative degradation of DNA, 

according to the representative mechanism described in Equations 1 to 3 in the presence of a 

reducing agent (Red) [71]: 

 

2[CuII(phen)2]2+ + 2Red → 2[CuI(phen)2]+ + 2Red+                                                (Eq. 1) 

2[CuI(phen)2]+ + 2DNA → 2[(phen)2CuI---DNA]                                 (Eq. 2) 

2[(phen)2 CuI---DNA] + H2O2 → 2[CuII(phen)2]2+ +  •OH + -OH + DNA → cleavage of DNA    (Eq. 3) 

 

The above mechanism is attributed to Fenton and/or Haber-Weiss reactions [72, 73], 

where there is the reduction of copper(II) to copper(I) with subsequent generation of hydroxyl 
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radicals (•OH) and superoxide (O2
•-) [74-78]. These radicals react with different 

macromolecules such as nucleic acids, proteins or lipids causing generalized oxidative damage 

within the cell. 

 

It is suggested that [CuI(phen)2]
+ upon interaction with DNA, is activated by H2O2 or 

O2 through the formation of an active "oxo" species [79, 80]. Although the exact nature of this 

active species is still unknown, the first chemical steps involving [Cul/II(phen)2] were unraveled 

[71]. The first two steps are the reduction of the initial complex to [CuI(phen)2]
+ followed by 

reversible reaction with O2 to form [CuII(phen)2] and O2
•-. The participation of superoxide was 

established by using superoxide dismutase [81] that changed the rate of the cleavage reaction. 

Besides, the addition of a superoxide generator in the presence of oxygen improved the cleavage 

reaction rate [82]. Interestingly, the reaction with a superoxide generator in the absence of 

[CuI/II(phen)2] did not lead to any DNA cleavage, thus indicating that the superoxide anion is 

not directly implicated in the reaction. Although the cleavage reaction proceeds in the presence 

of H2O2 in equal proportions under aerobic and anaerobic conditions, the involvement of the 

generated H2O2 has been unequivocally proven [83]. Further, without H2O2, the cleavage 

reaction is markedly slower, and the addition of catalase inhibits the reaction. The reaction of 

H2O2 with [CuI(phen)2] leads to its active species. The cleavage products produced from the 

interaction of [CuI/II(phen)2] with DNA are typically seen upon •OH attack [84] 

though hydroxyl radical scavengers do not inhibit the cleavage reaction, hydroxyl radical 

scavengers do not inhibit the cleavage reaction. It has been proposed that steric hindrance in 

the DNA-[CuI/II(phen)2] adduct may prevent radical scavengers from reaching the copper site 

where the radicals are generated. The proposed pathway [85] for the formation of reactive 

species capable of cleaving DNA in the presence of a reducing agent and dioxygen is presented 

in Equations 4 to 7: 

 

[CuII(phen)2]  +  e-  →  [CuI(phen)2]                                        (Eq. 4)  

[CuI(phen)2]  +  O2  →  [CuII(phen)2]  +  O2
•-                              (Eq. 5)  

[CuI(phen)2]  +  O2
•- +  2H+  →  [CuII(phen)2]  +  H2O2                                  (Eq. 6) 

[CuI(phen)2]  +  H2O2  →  [CuII(phen)2]  +  •OH + OH-                      (Eq. 7) 

 

In the end of the nineties of the last century, a family of compounds based on pincers 

derivatives of phenanthroline capable of generating ROS associated with the redox processes 

of its metal center was developed [71, 86]. Particular highlight was dispensed to Cu(I) and Cu(II) 
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complexes with bis-phenanthroline ligands, referred to as "clip-phen" because of the ability 

adaptive they present in respect to geometry changes in function of oxidation state. These 

ligands and their derivatives are constituted by two 1,10-phenanthroline molecules linked by a 

2-amino-1,3-propylether bridge at the C2 (2-clip-phen) or C3 (3-clip-phen) positions, as shown 

in Figure 12. 

 

Figure 12. Copper complexes containing  (a) 1,10-phenanthroline; (b) 2-clip-phen (2CP); and 

(c) 3-clip-phen (3CP) as ligands. Source: Prepared by the author 

 

 

 

 

 

1.3 Gold surface 

 

A feasible way to conduct studies focused primarily on the redox processes of a given 

species is to adsorb it onto metallic surfaces forming self-assembed monolayers (SAMs) [87-

92]. SAMs consist of the spontaneous adsorption of a chemical species that has a region with 

strong affinity for the metal substrate and another region that has very little or no affinity. From 

the energetic point of view, the monolayers are constituted by three regions, as illustrated in 

Figure 13.  
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Figure 13. Representative illustration of a self-assembled monolayer on a solid surface. Source: 

Prepared by the author 

 

 

 

The first region (X) is the "head group”, where the adsorption site of the molecules is 

located. The second region (in green) is, generally, an organic chain. This region is responsible 

for the intermolecular interactions with neighboring molecules depending on the size and 

structural nature, ranging from Van der Waals forces to -stacking. Due to the structures of the 

side chains and the interactions they present, a tilt angle () is frequently observed between the 

adsorbed molecule and the substrate producing nanopores that allow species present in solution 

to reach the surface. The third region (Y) is constituted by a terminal functional group that is 

able to interact with species present in the solution side of the interface. The chemical nature of 

this functional group can be tuned in order to give desirable properties to the surface. The study 

of the thermodynamic and structural aspects of the formation of a given SAM offers 

opportunities to increase the fundamental understanding of self-organization, structure-property 

relations, and interfacial phenomena being a good model for physical and chemical studies. 

 

The first example of a self-assembled monolayer was given by Zisman et al. [93]  in 

1946 and dealt on the adsorption of a surfactant on a metallic surface. Almost forty years later, 

in 1982, Taniguchi et al. [94] used gold electrodes modified with sulfur containing molecules 

to study electron transfer phenomena. However, the birth of the fundamental studies on SAMs 

is usually attributed to the pioneering work published in 1983 by Nuzzo and Allara [95], where 

they present results about monolayers of sulfur compounds on gold by simple immersion in 

diluted disulfide solutions. Ulman, in turn, [88] carried out systematic studies on the formation 

and properties of self-assembled monolayers of 4-mercaptobiphenyls on gold surfaces focusing 
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on the main difference between unsaturated and aromatic thiols. Atomic force (AFM) and 

scanning tunneling microscopies (STM) indicated that SAMs are usually tilted in respect to the 

surface normal due to the interactions among the neighboring molecules [89]. Gold has been 

widely used as metallic suport for SAM production due to the simplicity of the surface 

modification, redox inertia, cellular biocompatibility, and so on [90]. In addition, gold surface 

makes feasible the use of several techniques such as surface plasmon resonance (SPR), STM, 

scanning electrochemical microscopy (SECM), electrochemical impedance spectroscopy (EIS), 

surface-enhanced Raman scattering (SERS) and quartz crystal microbalance (QCM), among 

others. 

 

The adsorption of complexes containing sulfur aromatic moieties can be carried out on 

a gold electrode due to the well-known affinity between sulfur and gold atoms [88, 89, 96, 97]. 

By means of computational studies, some models were developed to study the 

adsorbate/substrate interactions between sulfur compounds (-SH and -SCH3) and 

monocrystalline gold surfaces (Au(111)) [98-100]. Acordingly, the bonding between the gold 

surface and the sulfur atom has mainly σ character with a small π contribution for the adsorption 

configuration "on-top" sites [101], that is, bonding of sulfur molecule with only one gold atom, 

as can be seen in Figure 14. In this configuration, the sulfur atom exhibits a sp3 hybridization 

with an angle of 109° for the Au-S-R bond. Considering the z-axis as the internuclear axis, the 

σ bond is formed by the superposition between pz and 6s orbitals of sulfur and gold atoms, 

respectively. In another perspective, Sellers [98]  suggests that the bonding of the sulfur atom 

with the metal atom of the surface involves several atoms of gold and can not be interpreted in 

terms of an individual atom. In fact, it was observed that the adsorption is more stable when the 

sulfur atom assumes a sp hybridization with an angle of 180° penetrating between the empty 

spaces in the structure of the metal with the sulfur atom interacting with several atoms of gold 

including the atoms of the second outer layer of the surface. For surfaces such as Au(111), the 

presence of thioether groups may favor the formation of SAMs in respect to the adsorption of 

thiol species, allowing the formation of more robust SAMs [102]. Also, the thioether fragment 

(-SCH3) can improve the ordering of the monolayer providing greater mobility to the molecule 

on the electrode. 
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Figure 14. Reprinted (adapted) with permission from (J. Phys. Chem. B 2002, 106, 49, 12727-

12736). Copyright (2015) American Chemical Society." Representation of "on-top" mode of 

bonding by means of theoretical calculations for the sulfur chemistry on gold. The connection 

angles are in degrees and the distance in Å. The Au-Au distance is set at 2,884 Å [101]. 

Copyright permission can be found in Annex A. 

 

 

 

Monolayers of aromatic compounds with sulfur fragments such as mercaptopyridines 

or benzenethiols have been used in a variety of applications [87, 103]. The high anisotropy they 

present, allowing stronger intermolecular interactions, stabilize the side chains interactions 

making the SAMs more robust. In addition, the electrons are more delocalized on the surface 

in comparison to the SAMs formed by molecules that contain alkyl chains in the intermediate 

region (vide green region in Figure 13), which translates into a better electrical conductivity 

[103]. 

The possibility of adsorbing compounds that have active metal centers such as 

metalloproteins or metal complexes on gold electrodes allows to control the oxidation state of 

the metal center through the application of potential (E), as can be seen in Figure 15. Such 

control makes possible the study of species that are not stable in a given oxidation state under 

normal conditions of pressure and temperature or, even more, in contact with oxygen. Therefore, 

the study under electrolysis provides conditions for obtaining reactive oxygen species in situ.   
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Figure 15. Schematic representation of a gold electrode modified with [Cu(4-mbpy-Bz-

SMe)2]
2+, where 4-mbpy-Bz-SMe = ((Z)-1-(4'-methyl-[2,2'-bipyridin]-4-il)-N-(4(methylthio) 

phenil)methanimine), showing the reduced and oxidized forms depending on the applied 

potential. Source: Prepared by the author 

 

 

 

The known affinity of sulfur towards gold offer the possibility to adsorb sulfur 

containing compounds not only on gold electrodes but also on nanoparticles, whether pure gold 

nanoparticles or magnetic nanoparticles recovered with a gold shell. In the last decades, the 

concept of nano surfaces, or nanoparticles, has been developed mainly due to the scientific 

interest and the numerous technological applications that they present [104-107]. The 

magnetism of nanoparticles is an area of intense development being associated with various 

fields of study; mentioning materials, biology, medicine and planetary science, among others. 

Due to the reduction of size, the magnetic nanoparticles present intrinsic properties different 

from their counterparts in macroscopic scale, such as blocking temperature, saturation 

magnetization, and energy of anisotropy [108], in addition to superparamagnetism [109]. Due 

to its magnetic properties, magnetic nanoparticles are considered as a new generation of 

nanoscale materials with applications in ferrofluids, high performance permanent magnets, 

magnetic refrigeration and as transporting agents in medicine for the release of drugs due to the 

ability to move from one place to another by means of magnetic fields [109]. For biological 

applications, as a general criterion, small particles with uniform shapes, short size distribution, 

good resistance to corrosion and high magnetic moments are necessary [110, 111]. Following 

these criteria, metal nanoparticles of Fe, Co, Ni and FeCo alloys are strong candidates for 

presenting high magnetic moments in nanoparticles. Despite having favorable properties, they 

can not be directly used because of toxicity and easy oxidation under physiological conditions 

[112]. One way to stabilize the nanoparticles and maintain the attractiveness of their properties 

is the use of core@shell structures in which the core is formed by the magnetic particle, which 
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is covered by a protective shell of some inert material that isolates the magnetic core from the 

environment. The use of these structures combines the magnetic properties of the core with the 

properties of the surface generated by the shell adding new physical and chemical properties 

thus producing highly versatile materials. Aiming to protect the magnetic nucleus of these 

systems, different materials have been used as shells, such as surfactants, silica, oxides and 

precious metals [113]. Regarding the metals, gold offers several advantages including the high 

affinity toward sulfur compounds (thiols or thioethers) that makes easy the modification of the 

surface (Figure 16). 

 

Figure 16. Schematic representation of the production of the structure Fe3O4@Au from a 

magnetic nanoparticle Fe3O4 coated with gold. Source: Prepared by the author 

 

 

 

 

An example of functionalization of a nanoparticle coated with gold (NP@Au) is the 

addition of organic colorant or fluorophores as contrast agents in images [114]. For that, it is 

used a combination of magnetic, plasmonic and luminescence properties in a single material 

making possible the detection by multiple modalities. However, despite the countless 

applications of NP@Au materials, the control of the thickness of the shell represents a challenge 

for the preparation and homogenities of these materials. 

 

 The presented PhD thesis deals with the syntheses of two new Schiff bases 1,3-bis(1,10-

phenanthrolin-2-yloxy)-N-(4-(methylthio)benzylidene)propan-2-amine (2CP-Bz-SMe)  and 

(E,Z)-1-(4'-methyl-[2,2'-bipyridine]-4-yl)-N-(4(methylthio)phenyl)methanimine (4-mbipy-Bz-

SMe), besides six copper complexes (I and II oxidation states) derived from the reaction of 

these ligands with Cu(NO3)2 salt. The isolated compounds were fully characterized and have 

their reactivities explored toward the reductive oxygen activation phenomenon both in solution 

and adsorbed on gold electrodes and Fe3O4@Au nanoparticles. The reactive oxygen species 

generated were spectroscopically detected and have their deleterious effect evaluated through 
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nuclease assays. Part of the results obtained with these systems from August 2015 to July 2019 

were compiled in three papers which are included in this document as chapters one, two and 

three. A brief comment regarding each chapter is given below.  

 

Chapter 1 (Adolfo I. B. Romo, Dieric S. Abreu, Tercio F. Paulo, Marta S. P. Carepo, Eduardo 

H. S. Sousa, Luis Lemus, Carolina Aliaga, Alzir A. Batista, Otaciro R. Nascimento, Hector D. 

Abruña, Izaura C. N. Diógenes, Chem. Eur. J. 22 (2016) 10081-10089).  Studies carried out in 

solution and on gold surface gave insights on the nature of the reactive oxygen species (ROS) 

generated by a copper(II) compound containing a thioether clip-phen derivative, 1,3-bis(1,10-

phenanthrolin-2-yloxy)-N-(4-(methylthio) benzylidene) propan-2-amine (2CP-Bz-SMe). 

SECM and EPR data indicated hydroxyl radical (OH) is the main species produced by the 

copper complex.  

 

Chapter 2 (Maria A. S. Silva, Adolfo I. B. Romo, Dieric S. Abreu. Marta S. P. Carepo, Luis 

Lemus, Miguel Jafelicci Jr., Tércio F. Paulo, Otaciro R. Nascimento, Esteban Vargas, Juliano 

C. Denardin, Izaura C. N. Diógenes. J. Inorg. Biochem. 186 (2018) 294–300). A modular 

capping strategy was used to produce magnetic gold-coated Fe3O4 (Fe3O4@Au) nanoparticles 

decorated with a copper(II) complex containing a thioether derivative of clip-phen 

(Fe3O4@Au@Cu). The nuclease activity of [Cu(2CP-Bz-SMe)]2+ due to the OH production 

was proven to be transferred to the nanoparticle as indicated by nuclease assays and EPR spectra. 

 

Chapter 3 (Adolfo I. B. Romo, Victoria S. Dibo, Dieric S. Abreu. Marta S. P. Carepo, Andrea 

C. Neira, Ivan Castillo, Luis Lemus, Otaciro R. Nascimento, Paul V. Bernhardt, Izaura C. N. 

Diógenes. Dalton Trans., 48, (2019),  14128-14137). The reaction of a thioether derivative of 

bipyridine, (E,Z)-1-(4'-methyl-[2,2'-bipyridine]-4-yl)-N-(4(methylthio)phenyl)methanimine 

(4-mbpy-Bz-SMe) with Cu(NO3)2 resulted in the production of [CuII(4-mbpy-Bz-SMe)2]
2+. The 

characterization of the isolated complex was fully performed including the acquisition of 

electronic spectra at 183 K (90 oC) of the cuprous complex [CuI(4-mbpy-Bz-SMe)2]
+ 

generated in situ. This result indicates the formation of the peroxodicopper compound {[CuII(4-

mbpy-Bz-SMe)2]2(-O2
2)}2+ as intermediate taking part in the mechanism of the ROS 

production. In this work, EPR spectra obtained for the gold electrode modified with [CuII(4-

mbpy-Bz-SMe)2]
2+ detected not only the hydroxyl radical but also the ascorbyl radical when 

the redox process was studied in solution containing ascorbic acid. 
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Chapter 1 
 

 

 

 

Hydroxyl Radical Generation and DNA Nuclease Activity: A 

Mechanistic Study Based on a Surface Immobilized Cu Thioether 

Clip-Phen Derivative 

 

 

 

Studies in solution and on surfaces (SECM and SPR) of a Cu(II) coordination compound 

containing a clip-phen derivative indicated the production of OH radical through a catalytic 

mechanism involving a Fenton-like reaction with the formation of a dimeric Cu(I) intermediate 

containing O2 as a bridging ligand and the recovery of the starting Cu(II) complex.    
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RESUMO 

 

Compostos de coordenação de cobre têm sido considerados atores principais em processos 

envolvendo a redução de oxigênio molecular, particularmente com a geração de espécies 

radicalares cujas atribuições, até o momento, não foram completamente elucidadas. Neste 

trabalho, nós realizamos estudos em solução e superfície para obter informações sobre a 

natureza das espécies reativas de oxigênio (ROS) geradas por um composto de coordenação de 

cobre contendo um derivado tioéter de clip-phen, 1,3-bis(1,10-fenantrolin-2-iloxi)-N-(4-

(metiltio)benzilideno)propan-2-amina (2CP-Bz-SMe), que permite a adsorção/imobilização 

sobre superfícies de ouro. Enquanto a ressonância de plásmons de superfície (SPR) e a 

eletroquímica do complexo adsorvido indicaram a formação de um intermediário dimérico de 

Cu(I) contendo oxigênio molecular como ligante ponte, a microscopia de varredura 

eletroquímica (SECM) e ensaios de nuclease apontaram para a geração de uma espécie ROS. 

Dados de ressonância paramagnética eletrônica (EPR) reforçaram tais conclusões indicando 

que a produção de radical era dependente da quantidade de oxigênio e H2O2 apontando, assim, 

para um mecanismo envolvendo uma reação do tipo Fenton que resulta na produção de OH. 

 

Palavras-chave: cobre, clip-phen, espécies reativas de oxigênio (ROS), reação Fenton, SECM, 

SPR. 
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ABSTRACT  

 

Coordination compounds of copper have been invoked as major actors in processes involving 

the reduction of molecular oxygen, mostly with the generation of radical species whose 

assignment has, so far, not been fully addressed. In the present work we have carried out studies 

in solution and on surfaces to gain insights as to the nature of the radical oxygen species (ROS) 

generated by a copper(II) coordination compound containing a thioether clip-phen derivative, 

1,3-bis(1,10-phenanthrolin-2-yloxy)-N-(4-(methylthio)benzylidene)propan-2-amine (2CP-Bz-

SMe) enabling its adsorption/immobilization to gold surfaces. While surface plasmon 

resonance (SPR) and electrochemistry of the adsorbed complex indicated the formation of a 

dimeric Cu(I) intermediate containing molecular oxygen as a bridging ligand, scanning 

electrochemical microscopy (SECM) and nuclease assays pointed to the generation of a ROS 

species. Electron paramagnetic resonance (EPR) data reinforced such conclusions indicating 

that radical production was dependent on the amount of oxygen and H2O2 thus pointing to a 

mechanism involving a Fenton-like reaction that results in the production of OH. 

Keywords: Copper Clip-Phen, reactive oxygen species (ROS), Fenton reaction,  SECM, SPR 
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INTRODUCTION 

 

Extended  systems, like bidentate 1,10-phenanthroline (phen), have shown nuclease 

activity towards DNA by intercalation, and have been widely used in studies involving cancer 

therapy [1,2]. Since the seventies [3] the nuclease activity of copper compounds containing 2-

Clip-Phen or 3-Clip-Phen, which are phenanthrolines linked via their C2- or C3-carbons [4], 

respectively, has attracted more attention due to the activity enhancement in comparison to 

[Cu(phen)2]
+ (60 times) [4,5]. The cleavage activity induced by copper complexes containing 

phen type ligands seems to follow oxidative pathways [6,7] through a multi-step mechanism 

initially involving the reduction of the Cu(II) complex to Cu(I) that, in turn, binds DNA 

noncoordinatively and is oxidized back to Cu(II) by H2O2 produced in situ. The oxidative 

degradation of DNA is thus ascribed to reactive oxygen species (ROS) generated during the 

redox processes of the copper complexes. The nature of these ROS species, as well as the 

formation of intermediate compounds, is still under active investigation. The mechanism likely 

involves the promotion of Fenton and Haber–Weiss like reactions [8-10] due to reduction of 

the coordinated copper(II) to copper(I) with generation of hydroxyl (OH) or superoxide (O2
) 

radicals. Despite the relevant function of ROS in vivo, or precisely because of that, there is an 

unsettled controversy in the literature concerning the generation of OH itself and its action 

towards DNA strand breakage.[11-15] While several authors claim that OH mediates DNA 

nuclease [16], others emphasize the radical generation in reactions involving Cu2+ ions and 

H2O2 [17,18]. 

 

In this work, we have deliberately attached a SCH3 fragment to a clip-phen derivative in 

order to make possible the modification of gold substrates, due to the known affinity of sulfur 

towards gold [19-27]. In this way, we could combine data obtained in solution with those 

obtained by surface techniques such as surface plasmon resonance (SPR) and scanning 

electrochemical microscopy (SECM) in an attempt to identify the ROS species generated during 

the redox processes and, in the end, to better understand the degradation mechanism of DNA 

by copper complexes. 

 

 

 



38 

 

RESULTS AND DISCUSSION 

The UV-Vis spectrum of [Cu(2CP-Bz-SMe)]2+ presents, besides the intraligand transitions 

of the phenanthroline ligands [28] at c.a. 350 nm, a broad band centered at 820 nm which is 

typically assigned to d-d transitions for Cu(II) complexes with a trigonal bipyramidal structure 

[29]. This result is in accordance with the conductivity measurements which suggest that the 

copper center is pentacoordinated. In addition, the observation of three g values (gx = 2.22, gy 

= 2.14, gz = 2.03) in the EPR spectrum of the [Cu(2CP-Bz-SMe)](NO3)2 complex (Figure 1 

(A)) in the solid state, recorded at 133 K, is in accordance with the EPR profile frequently 

reported for pentacoordinated Cu(II) complexes [4,30-32] with an intermediate geometry 

between the trigonal bipyramidal and square pyramidal, suggesting that the ground state 

HOMO is a linear combination of the dz2 and dx2-y2 orbitals. For the [Cu(2CP-Bz-SMe)](NO3)2 

complex a major contribution from the dz2 orbital is expected due to the fact that the R 

parameter is higher than 1 (R = 1.37). Considering the above, the geometry of the [Cu(2CP-Bz-

SMe)](NO3)2 complex is most likely distorted trigonal bipyramidal with each phenanthroline 

unit of the 2CP-Bz-SMe ligand providing an equatorial and an axial nitrogen bonding to 

copper(II), whereas the fifth coordination site is occupied by a NO3
 fragment, as suggested in 

the drawing representation shown in Figure 1 (B). 
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Figure 1. (A) EPR spectrum (powder at 133K, microwave frequency 9.87 GHz, microwave 

power 0.638 mW and modulation amplitude 10 G) and (B) drawing representation of [Cu(2CP-

Bz-SMe)(NO3)]
+. 

Although the adsorption of [Cu(2CP-Bz-SMe)]2+ on carbon surfaces cannot be precluded 

due to the high  electron density of the clip-phen moiety, we decided to acquire the 
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electrochemical characterization measurements in solution by using glassy carbon electrode 

(Figure 2, solid black line) since the fast adsorption on gold could difficult the data 

interpretation. 
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Figure 2. Cyclic voltammograms of the glassy carbon electrode in 0.1 mol L1 KCl containing 

5.0 mmol L1 of [Cu(2CP-Bz-SMe)]2+ at 50 mV s1 (solid black line) and of the gold electrode 

in KCl without the complex at 10 mV s1 (dotted blue line) after 1h of immersion in 5.0 mmol 

L1 aqueous solution of [Cu(2CP-Bz-SMe)]2+. Inset: Plot of E1/2 vs pH for the glassy carbon 

electrode in 0.1 mol L1 phosphate buffer solution containing the complex. 

The cyclic voltammogram of the [Cu(2CP-Bz-SMe)]2+ complex in aqueous KCl solution 

exhibited a quasi-reversible process with a half-wave potential (E1/2) at 0.13 V vs Ag/AgCl 

(mean value of anodic and cathodic peak potentials), as can be seen in Figure 2, solid black line. 

Similar experiments were run in KNO3 and KClO4 electrolytes yielding E1/2 values of 0.15 and 

0.09 V vs Ag/AgCl, respectively, suggesting the coordination of a fifth ligand to the copper 

center. In fact, a band at 1040 cm1 was observed in the normal Raman spectrum of [Cu(2CP-

Bz-SMe)]2+ (Figure S1 of the Supporting Information) and was assigned [33] to the NO3
 

stretching vibration, consistent with the formulation [Cu(2CP-Bz-SMe)(NO3)]
+ where the NO3

 

moiety is coordinated to the copper atom, as suggested above. Different E1/2 values were also 

observed for [Cu(Clip-Phen)]2+ and [Cu(Phen)2]
2+ in KCl and KNO3 electrolytes [4,32]. Such 

behavior has been assigned to the different abilities of NO3
 and ClO4

 to form complexes with 

cuprous ions [34]. Accordingly, ClO4
 forms stronger complexes than NO3

 with cuprous ions 

favoring the formation of Cu(I) complex. This is in agreement with the less positive potential 
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observed for [Cu(2CP-Bz-SMe)]2+ in KClO4 (0.09 V) relative to KNO3 medium (0.15 V). Also, 

the reduction of the [Cu(2CP-Bz-SMe)]2+ complex is more facile (E1/2 = 0.13 V vs Ag/AgCl) 

when compared to [Cu(Clip-Phen)]2+ (E1/2 = 0.085 V vs Ag/AgCl) and [Cu(Phen)2]
2+ (E1/2 = -

0.056 V vs Ag/AgCl), all in KCl electrolyte. In all electrolyte solutions, quasi-reversible 

processes were observed with peak potential value differences (Ep) of about 190 mV. In 

addition, as can be ascertained from the inset in Figure 2, the potential shifts observed at 

different pH values are consistent with a two-electron process and are tentatively assigned to 

the oxidation of a dimeric species of copper(I). In fact, the formation of reactive intermediates 

containing oxygen species as bridging ligands has been claimed by several groups, particularly 

those attempting to isolate compounds that mimic the active site of the copper monooxygenases 

enzymes to understand their CuI/O2 reactivity [35-39]. 

 

Aiming to detect the dimer at the electrode/solution interface, surface plasmon resonance 

(SPR) measurements were run since this technique can provide direct information on the 

amount of adsorbed material on the surface  [40-42]. Prior to the SPR experiments, however, 

the adsorption of [Cu(2CP-Bz-SMe)]2+ on gold was assessed by electrochemistry and SERS 

(surface-enhanced Raman scattering). Polycrystalline gold electrodes were modified by 

immersion in a 5 mmol L1 aqueous solution of [Cu(2CP-Bz-SMe)]2+ for 1h. The cyclic 

voltammogram of the modified gold electrode in 0.1 mol L1 KCl, without the complex in 

solution (dotted blue line in Figure 2), exhibited a one-electron redox process centered at 0.29 

V indicating that the complex adsorbs onto the gold surface. The observation of a one-electron 

redox process, in turn, indicates that dimerization is not occurring, at least over the experimental 

time scale. However, if the voltammograms of the modified gold electrode are acquired in 

solution containing the complex (Figure S1 of the Supporting Information), the curves present 

contributions of both difusional and adsorbed processes, as can be ascertained from the virtual 

linearity observed in the plots of i vs v1/2 and i vs v. In addition, the anodic charge is almost four 

times the cathodic charge. Such result may be explained assuming the formation of dimeric 

species on both sides of the interface, i.e. four electrons would be needed at the oxidation 

reaction (one per dimer). 

 

The positive shift of the E1/2 value (from 0.13 to 0.29 V) upon adsorption, relative to the 

solution, can be ascribed to the stabilization of the reduced state of the complex on the surface 

as well as to the different working electrodes, i.e. glassy carbon and gold for the experiments 
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with the complex in solution and adsorbed, respectively. By integration of the area under the 

reductive wave (Figure 2, dotted blue line), the surface coverage () was calculated to be 5.1 x 

1010 mol cm2, a value consistent with monolayer coverage. The SERS spectrum of the 

modified gold electrode obtained in air (Figure S2 of the Supporting Information) shows a 

relative enhancement, in comparison to the normal Raman spectrum, of the vibrational modes 

associated to CS bonding [23,43,44] at 717 and 736 cm1. This result indicates that the 

adsorption of the [Cu(2CP-Bz-SMe)]2+ complex occurs through the sulfur atom of the thioether 

fragment as expected for sulfur containing molecules [19-27]. In addition, the relative 

enhancement of the band at 427 cm1, which is assigned [45,46] to CC stretching modes of the 

benzene ring, mainly composed of the zz tensor [46], suggests a perpendicular configuration 

although, based on previous works on the adsorption of thiols on metallic surfaces [21,22,25], 

a tilted-perpendicular geometry may be more appropriate for describing the adsorption of the 

[Cu(2CP-Bz-SMe)]2+ complex on gold.  

 

The SPR sensorgram obtained as a function of time for the adsorption of the [Cu(2CP-Bz-

SMe)]2+ complex is shown in Figure 3. 

 

Figure 3. SPR responses as a function of time following steps of potential application (#; 

0.2V) and open circuit (*), and injections of KCl (red) and [Cu(2CP-Bz-SMe)]2+ in KCl 
(black). 

The injection of 0.1 mol L1 KCl containing the [Cu(2CP-Bz-SMe)]2+ complex for 60 min 

at open circuit potential (OCP, ) increased the SPR angle indicating the adsorption of the 

0 30 60 90 120 150 180 210 240

0

400

800

1200

364 ng/cm
2

* ocp

*

*

*

#
#

#

KCl

S
P

R
 a

n
gl

e 
 (

m
)

Time (min)

[Cu(2CP-Bz-SMe)]
2+

 in KCl

#

*

#
 -0.2V

345ng/cm
2

potential



42 

 

compound, as previously shown by electrochemistry and SERS measurements. Based on the 

relation [42] of 122 m°  1.0 ng mm2, the surface coverage, , was calculated as c.a. 5.4 x 

1010 mol cm2, which is essentially identical with that calculated from the cyclic 

voltammogram. A second increase in angle was observed after applying a potential of 0.2V 

(#) with almost the same mass increase as that observed under OCP conditions. After 15 min, 

when the OCP condition was recovered, there was a decrease in the SPR angle to almost the 

initial plateau when the system was washed with KCl solution. This behavior was observed in 

all applied potential steps except for those in red, where there was no complex in solution, 

suggesting that dimerization is only operative when there are molecules of the compound in the 

bulk electrolyte solution. This observation is in agreement with the electrochemical data. 

Assuming that dioxygen acts as a bridging ligand in the putative dimeric intermediate, the 

difference between the mass values (364 – 345 = 19 ng cm2) corresponds to 5.9 x 1010 mol 

cm2. In addition, the SPR experiment was also performed in NaF solution precluding the 

possibility of a chloride bridge (data not shown). Thus, we propose that, upon reduction, there 

is the production of a dimeric adduct, as suggested below in Equations 1 and 2. 

 

2CuII  +  2e    2CuI                                (1) 

2CuI  +  O2       [CuIO-OCuI]                                       (2) 

 

Very recently, Karlin et al [47] have suggested the formation of CuI-OOH intermediate in 

solution. According to these authors, the intermediate is not sufficiently reactive to induce H-

abstraction and undergoes homolytic O-O cleavage yielding CuIIOH and OH. However, on the 

surface and with the complex in the bulk electrolyte solution, the SPR data indicate a mass 

increase consistent with another molecule of the complex being attached to the previously 

adsorbed one through an O-O bridge. In fact, the formation of putative dimeric intermediates 

containing oxygen species has been claimed by a number of authors [35-39,47-52]. In most of 

these reports, however, the detection of such intermediates is proposed based on observations 

at very low temperatures (e.g. T < 50oC). To the best of our knowledge, this is the first time 

that a dimeric copper intermediate containing molecular oxygen as a bridging ligand is observed 

under mild conditions at room temperature. 

 

 Assuming that the DNA cleavage promoted by copper complexes can occur through 

hydrolytic or oxidative pathways [6] the nuclease activity of the [Cu(2CP-Bz-SMe)]2+ 
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compound was monitored by the relaxation of the supercoiled circular plasmid pBR322 DNA 

(Form I) into nicked (Form II) and linear (Form III) through DNA agarose gel electrophoresis. 

The copper complex, in the absence of a reducing agent, does not promote DNA cleavage 

(Figure 4A, lane 2) suggesting no hydrolytic activity. Addition of ascorbic acid to the reaction 

mixture resulted on the complete disappearance of the plasmidic DNA bands (lane 3) indicating 

that DNA is being completely degraded and therefore that the nuclease activity of the copper 

complex is related to the redox state, as observed for other copper complexes [1,5,7,32,53]. 

 

Figure 4. Nicked and cleaved plasmid pBR322 DNA by 10 μmol L1 of Cu(II)*. (A) 1. DNA 

(control); 2. DNA + Cu(II); 3. DNA + Cu(II) + 30 μmol L1 ascorbic acid; 4. DNA + Cu(II) + 

30 μmol L1 ascorbic acid + 0.1 μg/μL catalase;  5. DNA + Cu(II) + 30 μmol L1 ascorbic acid 

+ 50 m mol L1 D-mannitol; 6. DNA + Cu(II) + 30 μmol L1 ascorbic acid + 0.1 μg/μL SOD. 

(B) 1. DNA (control); 2. DNA + 3 mmol L1 H2O2; 3. DNA + 3 mmol L1 H2O2 + Cu(II). Form 

I-Supercoiled; Form II Nicked; Form III linear. *Cu(II) = [Cu(2CP-Bz-SMe)]2+. 

In order to confirm the oxidative nature of the nuclease effect and simultaneously obtain 

insights regarding the ROS generation, scavengers were tested as protecting agents towards 

DNA cleavage. Lanes 4, 5 and 6 of Figure 4 (A) were acquired upon the addition of the radical 

scavengers catalase, mannitol and SOD intending to protect the DNA from the nuclease activity 

of H2O2 (radicals generated by this molecule), OH and O2
 species, respectively. The only 

protective effect was noticed upon the addition of catalase, a well-known hydrogen peroxide 

degrading enzyme, where two DNA bands corresponding to form II (nicked) and form III 

(linear plasmid) were seen (Figure 4 (A), lane 4). These results showed that although DNA 

cleavage is still occurring, catalase is protecting the DNA, preventing complete degradation. 

Hydrogen peroxide, therefore, is one of the ROS formed during the cleavage mechanism 

promoted by [Cu(2CP-Bz-SMe)]2+ and ascorbic acid, thus supporting an oxidative mechanism 
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of DNA cleavage. Further experiments were conducted to evaluate if hydrogen peroxide could 

react directly with the copper complex in the absence of ascorbic acid and promote DNA 

degradation. Lane 2, Figure 4 (B), which was obtained with H2O2 incubated with DNA in the 

absence of the copper complex, showed that this molecule is not active in relaxing DNA 

supercoiling. In Lane 3 of Figure 4 (B), where H2O2, DNA and [Cu(2CP-Bz-SMe)]2+ are 

present, the relaxation to the nicked form is clearly seen. The overall results indicate that not 

only is H2O2 an intermediate involved in the cleavage mechanism, but also that this molecule 

can act as a reducing agent, thus reducing Cu(II) to Cu(I). The lack of DNA protection by D-

mannitol (Lane 5, Figure 4A) and SOD (Lane 6, Figure 4A) supports neither O2
 radical as an 

intermediate nor the generation of OH. However, the lack of protection provided by D-

mannitol may also be explained by the swift reaction of hydroxyl radicals with the DNA bases 

due to their high reactivity, combined with properties of Clip-Phen complexes that induce a 

close proximity between the complex and DNA [54], preventing the scavenger action of D-

mannitol, even at high concentrations. This has already been described in the literature as a 

false negative [55,56] due to a “site-specific” type of reaction towards the DNA bases by copper 

complexes. Taking into account that H2O2 does not modify the DNA bases at all, our hypothesis 

is that the H2O2 molecules produced upon the oxidation of the dimeric Cu(I) compound in acid 

medium (Reaction 3) act as both reducing and oxidizing agents producing O2
 and OH radicals, 

as indicated in Equations 4 and 5, respectively. In aerated acid medium, however, Equation 5 

might be favored. 

 

[CuIO-OCuI] + 2H+  2CuII + H2O2                                  (3)    

2CuII  +  2H2O2     2CuI  +   2O2
  +  4H+                                (4) 

 2CuI + 2H2O2 → 2CuII  +  2 OH  +  2HO−                                 (5) 

 

EPR techniques were used for investigating the nature of the ROS species produced by the 

[Cu(2CP-Bz-SMe)]2+ complex in solution. To facilitate the detection of the reactive species, 

the measurements were run by using the spin trap PBN (N-tert-butyl--phenylnitrone) which 

is known to form a long-lived adduct to detect oxygen-centered radicals by EPR [57-59]. The 

spin trap PBN reacts with the generated ROS producing a PBN adduct which is detected by 

EPR. Initially, three control spectra were acquired for PBN + Cu(II), PBN + ascorbic acid and 

PBN + ascorbic acid + Cu(II), all in aerated aqueous solution. While the first spectrum showed 

no signal due to the excess of PBN, the spectra with ascorbic acid presented the same result 
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regardless the presence of the copper complex in solution indicating that the PBN adduct is 

generated by the ascorbic acid itself. Therefore, in solution containing PBN, the Cu(II) complex 

is not reduced to Cu(I) due to competition by PBN. Considering the possibilities suggested in 

Equations 4 and 5, spectra were acquired in aerated aqueous solution containing H2O2 and are 

illustrated in Figure 5. 

 

 

Figure 5. EPR spectra of [Cu(2CP-Bz-SMe)]2+ (100 mol L1) in aerated (black) and partially 
deaerated (blue) aqueous solution containing H2O2 and PBN. Spectral simulations were made 

using the EasySpin program [60]. Measurement conditions:  center field 339mT, sweep field 

10mT, sweep time 60s, MW power 20mW, gain 2.0x103, modulation amplitude 0.05mT, 

modulation frequency 100kHz, time constant: 0.064s, MW frequency: 9.50390GHz. See 

experimental section for EPR parameters of simulations. (Sim) and (Exp) are for simulated and 

experimental curves, respectively. 

The hyperfine splitting (aN = 15.5 G) observed in the EPR spectrum of [Cu(2CP-Bz-

SMe)]2+ with H2O2 containing PBN indicates the presence of the PBN-OH adduct precluding 

the generation of O2
 and OOH whose hyperfine splittings of the respective PBN adducts 

would be expected [59] at around 14.8G. The generation of the PBN-OH adduct showed to be 

dependent on the amount of oxygen. Percentages of 59% and 41% were observed, respectively, 

for the radicals PBN-OH and PBN in aerated solution (black curve) while in partially 

deaerated solution (blue curve), the values were inverted: 33% and 67% for PBN-OH and 

PBN, respectively. This behavior is in accordance with Equation 2 in which the formation of 

a Cu(I) intermediate containing molecular oxygen is proposed prior to the reoxidation to Cu(II), 

Equation 3. Hence, a decrease in the amount of oxygen would affect the formation of this 
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putative species and, consequently, the production of H2O2, which is, itself, the reactant for the 

formation of the OH radical. 

The generation of ROS by the [Cu(2CP-Bz-SMe)]2+ complex adsorbed on a gold surface 

was investigated by scanning electrochemical microscopy (SECM) employing the surface 

interrogation (SI) and surface generation tip collection (SG/TC) modes at room temperature 

using [IrCl6]
2 (E0’, IrIV/III = 0.87V vs Ag/AgCl) as titrant. Following the SI sensing mechanism 

[61,62], the potential applied to the SECM tip (Etip) is kept constant to generate the reduced 

form of the titrant, [IrCl6]
3 (panel 1 of Scheme 1), while the potential applied to the substrate 

(Esubs, panel 2 of Scheme 1), at first, should be enough to generate the ROS species which, after 

taking the substrate to open circuit (OCP), will chemically react with the titrant that was 

previously generated at the SECM tip (panel 3 of Scheme 1). 

 

 

 

 

 

 

Scheme 1. Illustrative representations of the redox steps involved in the surface interrogation 

(SI) and surface generated tip collection (SG/TC) modes of SECM operation for a gold substrate 

modified with a copper complex in a solution containing [IrCl6]
2 as titrant. Panel 1: Etip < 

E0’(IrIV/III) and Esubs = OCP; Panel 2: Etip = OFF and Esubs < E1/2(CuII/I); Panel 3: Etip < E0’(IrIV/III) 

and Esubs = OFF. 

The SECM images show that the positive feedback current (red regions in the three-dimensional 

plots) is only observed when the copper complex, adsorbed on gold, is previously reduced and 

then taken to OCP (Figure 6, (B)) indicating that the reactive species is generated during the 

reoxidation of the copper metal. The positive feedback current is, in fact, the response of the 

reduction reaction of the titrant which is oxidized by the ROS species produced by the copper 

complex, as suggested in Scheme 2. The reduction potential of this species, in turn, should be 

such so as to permit the oxidation of IrIII to IrIV. Therefore, any of the ROS species OH, O2
, 
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HO2
 or H2O2 could be reduced by [IrCl6]

3. Assuming that the generation of O2
, HO2

 or 

H2O2 species can be precluded, based on the data obtained from DNA cleavage assays and EPR 

spectra, the hydroxyl radical is the most likely oxidizing agent. Therefore, in aerated solution, 

the one-electron reduction of the copper(II) complex is followed by the reaction with O2 

resulting in the formation of a copper(I) intermediate containing O2. In acid medium and under 

OCP, this species is oxidized to copper(II) generating OH which, in turn, reacts with the 

reduced form of the titrant (IrIII) oxidizing it back to IrIV. The oxidized titrant is then reduced at 

the SECM tip giving rise to the observed positive feedback current. 

 

Figure 6. SECM SG-SI/TC images displaying the SECM tip current for ROS collection 

scanning above the gold substrate modified with [Cu(2CP-Bz-SMe)]2+. SECM tip at 0.5 V in 

aerated 0.1 mol L1 KCl solution and gold modified substrate at OCP after 60 s at (A) 0.40 V 

and (B) 0.20 V. Tip−substrate distance = 12 μm and tip scan rate (y-axis direction) = 200 μm/s. 

 

The reduction potential of this species, in turn, should be such so as to permit the oxidation 

of IrIII to IrIV. Therefore, any of the ROS species OH, O2
, HO2

 or H2O2 could be reduced by 

[IrCl6]
3. Assuming that the generation of O2

, HO2
 or H2O2 species can be precluded, based 

on the data obtained from DNA cleavage assays and EPR spectra, the hydroxyl radical is the 

most likely oxidizing agent. Therefore, in aerated solution, the one-electron reduction of the 

copper(II) complex is followed by the reaction with O2 resulting in the formation of a copper(I) 

intermediate containing O2. In acid medium and under OCP, this species is oxidized to 

copper(II) generating OH which, in turn, reacts with the reduced form of the titrant (IrIII) 

oxidizing it back to IrIV. The oxidized titrant is then reduced at the SECM tip giving rise to the 

observed positive feedback current. 
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The proposed mechanism, based on the SECM data, reinforces the EPR results that 

indicated the generation of the OH radical as a consequence of a Fenton-like reaction. 

 

 

Scheme 2. Proposed mechanism for the formation of hydroxyl radicals during the reoxidation 

of the copper(I) complex by using SECM. 

CONCLUSIONS 

 

The combination of results obtained for the [Cu(2CP-Bz-SMe)]2+ complex in 

solution and adsorbed onto gold surfaces strongly suggests that the ROS species responsible 

for the DNA degradation by copper compounds containing phenanthroline ligands is, indeed, 

the hydroxyl radical, OH. Our results suggest that the ROS production occurs through a 

catalytic mechanism involving a Fenton-like reaction, the formation of a dimeric intermediate 

of Cu(I) and the recovery of the starting copper(II) complex, as suggested in Scheme 3. In such 

a mechanism, the production of O2
•- is suggested when considering H2O2 as reducing agent. 

However, in acidic conditions this species is not stable as shown by EPR. 
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Scheme 3. Proposed mechanism for the formation of ROS species by the [Cu(2CP-Bz-SMe)]2+ 

complex in aerated acid aqueous solution. 

EXPERIMENTAL SECTION 

Apparatus: Electronic spectra in the Ultraviolet and Visible (UV-Vis) regions were acquired 

at room temperature with a Hewlett Packard, UV-Vis photo-diode-array, model 8453 

spectrophotometer, and an Analytik Jena Specord S-100 spectrophotometer. 

 

Conductivity measurements were performed at controlled temperature with a Hanna 

Instruments EC-215 and a DDS-12DW (ICT, SL – Instrumentación Científica Técnica). The 

melting point of the organic ligand was determined using a Coasin Instrument Control SMP 2 

(ICT, SL). 

 

1D and 2D NMR experiments were performed on a Bruker Avance-400 instrument operating 

at 400.13 MHz for 1H and 100.63 MHz for 13C nuclei respectively, equipped with a 5 mm 

multinuclear broad-band dual probehead (109Ag–31P), incorporating a Z-gradient coil. NMR 

spectra were calibrated with respect to CDCl3 or C2D2Cl4 and corrected relative to TMS. 

Typically 16 scans were used in each experiment. 

 

Electrochemical measurements were performed with a conventional glass cell with Au or glassy 

carbon and Pt as working and auxiliary electrodes, respectively, using an EPSILON potentiostat 

(Bioanalytical Systems Inc., BAS. West Lafayette, IN) at 25 ± 0.2 °C. The supporting 
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electrolyte was purged with nitrogen or argon for 20 min prior to experiments, and an inert 

atmosphere was maintained during all the experiments. It is worth mention, however, that the 

electrochemical cell was not oxygen free. 

 

A CH Instruments (Austin, TX) model 920D SECM was used to perform steady-state 

voltammetry and scanning electrochemical microscopy (SECM) measurements by using an 

electrode configuration similar to those reported in the literature[62] where a gold substrate is 

inserted from below a drilled Teflon cell with the SECM tip concentrically positioned at the 

top. Ultramicroelectrodes (UME) of Pt (25 μm diameter) and Au (50 μm diameter) were used 

as SECM tip and substrate, respectively, and were fabricated by using platinum and gold wires 

(99.99%, Goodfellow Corp., Oakdale, PA) sealed in glass capillary tubes using a pipet puller 

(Narishige Scientific Instrument Lab, Tokyo, Japan) by following procedures described in the 

literature [61,62]. Back contacts were made using gallium−indium–eutectic and the tip was 

sharpened using sandpaper. Before each measurement, the tip was polished with 0.05 μm 

alumina on a polishing cloth (Buehler, Lake Bluff, IL), rinsed with water, sonicated for 10 min 

in water and cycled in 0.5 mol L1 H2SO4 until the typical clean cyclic voltammogram of 

polycrystalline platinum was obtained, [63] as shown in Figure S3 of the Supporting 

Information. The aligning procedure, which is critical to performing the SECM measurements, 

was carried out in the substrate generation/tip collection (SG/TC) mode with 

hydroxymethylferrocene as mediator. The approach curves obtained during this procedure 

(Figure S4 of the Supporting Information) indicated virtually 100% collection efficiency (CE) 

as can be seen from the collapse of the substrate and tip currents to the same curve (Graphic 1 

in Figure S4 of the Supporting Information). In addition, this observation indicates the 

successful alignment of the electrodes as well as ensuring that the substrate was not contacted 

by the SECM tip. For the surface interrogation (SI) mode, [IrCl6]
2 (E0, IrIV/III = 0.87V vs 

Ag/AgCl) was used as titrant. All potentials, unless otherwise specified, are referenced against 

a Ag/AgCl electrode (3 mol L1 KCl, BAS) at room temperature (25 oC). 

 

Vibrational normal Raman and SERS (surface-enhanced Raman Scattering) spectra were 

acquired using a Renishaw inVia confocal Raman spectrometer coupled to a Leica DM 500 

microscope. The system presents spectral resolution of 1 cm1 and operates in a backscattering 

geometry with 785 nm incident radiation (diode laser, 300 mW) and is equipped with a 50× 

objective lens (~1 μm laser spot size) to focus the laser beam. 
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Surface plasmon resonance (SPR) measurements were performed on a double channel Autolab 

ESPRIT instrument by using gold discs purchased from Eco Chemie. The rinsing and the 

sample solutions (0.1 mol L1 KCl) were injected in the cell using an auto sampler equipped 

with a peristaltic pump. The mass of the adsorbed species was calculated by SPR based on the 

relation[40-42] that a change of 122 millidegrees (m°) corresponds to 1.0 ng mm−2 at 25 °C. 

An aerated KCl aqueous solution (0.1 mol L1) was used as electrolyte medium in potential 

controlled experiments during the acquisition of the SPR sensorgrams. 

 

EPR spectra of [Cu(2CP-Bz-SMe](NO3)2 in the solid state were recorded on a Bruker EMX-

1572 operating at the X-band (9.0-9.9 GHz), at 133 K. 5 mg of the sample were transferred to 

a quartz capillary tube (1 mm diameter) before being inserted into a regular tube (3 mm 

diameter) and then into the spectrometer cavity; microwave power 0.638 Mw; modulation 

amplitude 10 G. The R parameter value was determined using (gy-gz)/(gx-gy).[64,65] The 

spectra in solution, containing the spin trap N-tert-butyl--phenylnitrone (PBN) to form radical 

adducts, were acquired at room temperature (298 K) on a Varian E-109 X-band instrument with 

a standard rectangular cavity and a Wilmad Glass quartz flat cell. Spectral simulations were 

made using the EasySpin program[60] with the following EPR parameters: PBN [g = 2.0063, 

line width = 0.149mT,  AN = 1.638mT, AH =0.318mT ]; OH [ g = 2.0064,  line width =  

0.144mT, AN = 1.553mT,  AH = 0.295mT ]. 

 

Chemicals: Aqueous solutions were prepared using Millipore water of at least 18.2 MΩ cm at 

25 oC. KCl, KOH, KNO3, KClO4, H2SO4 (99.999%), 1,10-phenantroline, active neutral alumina 

(70-290 mesh), metallic sodium, 4-methylthio-benzaldehyde, 2-amino-1,3-propanediol and 

deuterated tetrachloroethane (C2D2Cl4) were purchased from Aldrich and used as received. 

Monobasic potassium phosphate (KH2PO4, 99%), and dibasic potassium phosphate (K2HPO4, 

99%) were purchased from Sigma-Aldrich and was used to prepare the buffer solution (PBS) 

in a pH range adjusted with sodium hydroxide (98%, Fisher Scientific) and hydrochloride acid 

(99%, Tedia). Hydroxymethylferrocene (FcMeOH) and K2IrCl6, from Alfa-Aesar (Ward Hill, 

MA), were used without further purification. Cu(NO3)2•3H2O from Merck, was used without 

any treatment. Methanol and dimethylformamide were dried over 4 Å molecular sieves for 72 

h prior to use. Acetonitrile (chromatographic grade, from Mallinckrodt) was dried by refluxing 

over P2O5. Plasmid pBR322 was purchased from New England BioLabs and used as received. 

Catalase, D-mannitol and superoxide dismutase, from Sigma-Aldrich, were used as received in 
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the DNA cleavage assays which were acquired in 10 mmol L1 PBS, pH 7.4. All other chemicals 

were of at least reagent grade quality and were used as received. 

 

2-Amino-1,3-bis(1’,10’-phenanthrolin-2’-yloxy)propane (Clip-Phen). The precursor Lewis 

base 2-Amino-1,3-bis(1’,10’-phenanthrolin-2’-yloxy)propane was prepared according to the 

literature [4]. 

 

1,3-bis(1’,10’-phenanthrolin-2’-yloxy)-N-(4-(methylthio)benzylidene)propan-2-amine 

(2CP-Bz-SMe). 1.53 g of Clip-Phen (2.96 mmol) were dissolved in 100 mL of anhydrous 

methanol in a three-neck flask and 40 mL of a methanolic solution of 4-methylthio-

benzaldehyde (0.40 mL, 2.96 mmol) were added dropwise. After 48h of reflux, the mixture was 

rotoevaporated producing an orange oil which was kept under stirring in diethylether for 48h. 

The solid thus obtained was dissolved in dichloromethane that was slowly evaporated yielding 

pale-yellow needles. Yield: 76%, m.p. 173.5 oC. NMR spectra according to numbering 

illustrated in Figure S5 of the Supporting Information. 1H-NMR (C2D2Cl4, 400.13 MHz) δ 

(ppm) = 9.18 (d, 2H, J = 4.4 Hz, H9’), 8.64 (s, 1H, Hi), 8.28 (d, 2H, J = 8.2 Hz, H7’), 8.15 (d, 

2H, J = 8.7 Hz, Hb), 7.78 (d, 2H, J = 8.5 Hz, H3’), 7.75 (dAX, 2H, J = 8.5 Hz, H6’), 7.70 (dAX, 

2H, J = 8.4 Hz, H5’), 7.63 (dd, 2H, J = 8.1Hz, H8’), 7.28 (d, 2H, J = 8.1 Hz, H4’), 7.20 (d, 2H, 

J = 8.7 Hz, Ha), 5.19 (m, 2H, J = 10.7 Hz, H1’), 5.14 (m, 2H, J = 10.7 Hz, H1), 4.45 (q, 1H, J 

= 6.1 Hz, H2), 2.53 (s, 3H, Hc). 13C-NMR (C2D2Cl4, 100.63 MHz):  (ppm) = 149.90 (C9’), 

163.09 (Ci), 135.88 (C7’), 139.57 (Cb), 129.52 (C3’), 125.46 (C6’), 124.36 (C5’), 123.09 (C8’), 

125.00 (C4’), 113.86 (Ca), 67.52 (C1), 67.94 (C1’), 68.88 (C2), 15.12 (Cc).  

 

[Cu(2CP-Bz-SMe)](NO3)2. The cupric complex was obtained by the reaction of stoichiometric 

amounts of 2CP-Bz-SMe with Cu(NO3)2·3H2O in acetonitrile as solvent. The mixture was 

allowed to react at room temperature overnight and rotoevaporated at reduced pressure yielding 

a green solid which was washed with chloroform and then cold water. Yield: 90%. Molar 

conductivity values of 123.2 and 195.2 S cm2 mol1 were determined for the complex in 

acetonitrile and water solutions, respectively. While in acetonitrile, the value is consistent with 

a 1:1 electrolyte composition, the conductivity in water is intermediate between 1:1 and 2:1 

electrolyte compositions. Therefore, in both solvents, the copper center is most likely 

pentacoordinated with the following suggested formulations: [Cu(2CP-Bz-SMe)(NO3)]NO3 in 

acetonitrile and a mixture of [Cu(2CP-Bz-SMe)(NO3)]NO3 and [Cu(2CP-Bz-
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SMe)(H2O)](NO3)2 in water. Despite several attempts, we were unable to produce crystals 

suitable for X-ray diffraction. Similar difficulties have been reported in the crystallization of 

similar copper complexes [32].  

 

[Cu(2CP-Bz-SMe)](ClO4). [Cu(CH3CN)4]ClO4 dissolved in acetonitrile was added dropwise 

to a deaerated solution of 2CP-Bz-SMe in acetonitrile. After 2h of stirring under N2 flow, the 

mixture was rotoevaporated to dryness and chromatographically purified through a silica gel 

column with methylene chloride. Yield: 80%. The copper(I) complex was synthesized for 

comparison purposes, since the full characterization of this compound is quite difficult due to 

the facile oxidation of the copper central atom. In fact, the 1H NMR spectrum in deareated 

C2D2Cl4 presented in Figure S6 of the Supporting Information shows a complicated pattern of 

signals, in addition to paramagnetic residues due to the fast oxidation of the cuprous complex 

in solution, likely by traces of oxygen. The aliphatic (3.3-3.7 ppm) and some aromatic (7.6-7.8 

ppm) protons show a diastereotopic behavior in solution due to the formation of a helical 

bimetallic complex which coexists with the monometallic complex in a dynamic equilibrium, 

as reported for several copper(I) compounds containing rigid bidentate ligands [66,67]. 

 

Plasmid pBR322 cleavage assays Reactions using supercoiled plasmid pBR322 (BioLabs) 

were performed in 20 μL of 10 mmol L1 phosphate buffer solution pH 7.4. In all reactions the 

DNA and [Cu(2CP-Bz-SMe)]2+ concentrations were kept constant at 5 ng/μL (7.7 μmol L1 in 

base pair) and 10 μmol L1, respectively. A series of control reactions were performed 

containing the plasmid DNA in the specified buffer, and also along with ascorbic acid or 

hydrogen peroxide. The reactions containing ascorbic acid employed a final concentration of 

30 μmol L1. Scavengers, catalase (100 μg/mL), D-mannitol (50 mmol L1) and superoxide 

dismutase (SOD) (100 μg/mL) were used in separate reactions containing pBR322, [Cu(2CP-

Bz-SMe)]2+ and ascorbic acid aiming to identify the nature of the generated reactive oxygen 

species (ROS). In another set of reactions, H2O2 (3 mmol L1 final concentration) was also 

incubated with [Cu(2CP-Bz-SMe)]2+ and DNA in the absence of reducing agents. All reactions 

were incubated for 30 minutes at room temperature. Following the incubation, 4 μL of 6X DNA 

loading dye (Biolabs) were added to the reaction mixture and the samples were immediately 

loaded on a 0.8% agarose gel in TEA buffer pH 8.0 (40 mmol L1 2-amino-2-hydroxymethyl-

propane-1,3-diol, 20 mmol L1 acetic acid, 1 mmol L1 EDTA) and electrophoresed in a 

horizontal electrophoresis system (Bio-Rad) at 70V. After electrophoresis, the gels were stained 
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using GelRedTM (Biotium, Inc.) for 30 minutes and images acquired in a Gel Doc XR+ system 

(Bio-Rad) using the Quantity One 1-D analysis software. 
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Electronic Supplementary Information 

 

Electrochemistry of the gold modified surface 

By using gold as working electrode, the cyclic voltammograms obtained at different 

scan rates in solution containing the copper complex (Figure S1) present contributions of both 

difusional and adsorbed processes, as can be ascertained from the virtual linearity observed in 

the plots of current vs square root of scan rate and current vs scan rate, respectively. In addition 

the anodic charge is almost four times the cathodic charge. Such result may be explained 

assuming the formation of dimeric species on both sides of the interface, i.e. four electrons 

would be needed at the oxidation reaction (one per dimer). 
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Figure S1. (A) Cyclic voltammograms of the gold electrode in 0.1 mol L1 KCl containing 5.0 mmol L1 of 

[Cu(2CP-Bz-SMe)]2+ at different scan rates. Plots of current vs scan rate (B) and square root of scan rate (C). 

 

 

 

 

 

 

 

 



59 

 

Vibrational Spectra 

Figure S2 shows the normal Raman spectrum of the copper complex in the solid state and the 

SERS (surface-enhanced Raman scattering) spectrum in air of the gold electrode modified with 

the [Cu(2CP-Bz-SMe)]2+ complex after 1h of immersion in 5 mmol L1 aqueous solution. 
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Figure S2. Normal Raman spectrum of the [Cu(2CP-Bz-SMe)](NO3)2 complex in the solid state (      )  and SERS 

spectrum (      ) of the gold electrode modified with the [Cu(2CP-Bz-SMe)]2+ complex. 0 = 785 nm. 

 

The signals observed at 1590, 1625, 1324 and 1347 cm1 are assigned to the C=C and 

C=N of the benzene and phenanthroline rings. The stretching vibration of the NO3
 group 

(counter ion and fifth ligand) is observed at 1040 cm1. The fact that this mode is still observed 

in the SERS spectrum indicates that the NO3
 fragment is coordinated to the copper atom which 

is consistent with a trigonal bipyramidal geometry of the complex. The stretching vibration 

mode associated to the CS bonding is observed at 736 cm1 in the normal Raman and as two 

bands at 717 and 739 cm1 in the SERS spectrum. The relative intensification of this mode in 

the SERS spectrum indicates that the adsorption occurs through the sulfur atom of the thioether 

fragment of the molecule. In addition, the observation of the band at 427 cm1 with medium 

intensity in the SERS spectrum suggests that this fragment is perpendicular in relation to the 

surface. 
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SECM 

 

Figure S3 presents voltammetric profiles for the Pt tip (A) and Au substrate (B) at 0.5 V s1 in 

0.5 mol L1 H2SO4 establishing cleanliness of the electrodes. Panel C presents the cyclic 

voltammetric profiles for the Pt tip (A) and Au substrate (B) at 10 mV s1 in in 0.1 mol L1 KCl 

containing 1 mmol L1 FcMeOH aqueous solution exhibiting the anticipated steady state 

response 

Pt (a = 25 μm) and Au (a = 50 μm) UMEs were concentrically aligned by recording approach 

curves in 0.1 mol L1 KCl containing 1 mmol L1 FcMeOH, as illustrated in Figure S3. The 

diffusion limiting oxidation current of FcMeOH was measured at +0.4 V (vs. Ag/AgCl) at the 

Pt tip, itip, while the tip approached the insulating substrate at 4 μm s−1 using the stepper motor 

of the SECM. The approach curves consisted of recording the normalized current I = itip/i and 

plotting it versus the normalized distance L = d/a; i is the steady-state current when the UME 

is at an “infinite” distance from the substrate. Figures S4 (2 and 3) are examples of positioning 

when scanning in the x- and y-axis, respectively.  

 

Figure S4. (1) SECM approach curves of Pt tip stopped at 3 μm away from the Au substrate electrode in 0.1 mol 

L1 KCl containing 1 mmol L1 FcMeOH. After performing the scanning of the tip over the substrate along x-axis 

(2), y-axis (3), the tip was retracted and approached again to around 12 m away from the substrate. Scans in the 

x (2) and y (3) directions while holding the SECM tip at 0.4 V and substrate at 0.1 V (vs. Ag/AgCl). 
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Figure S3. Cyclic voltammograms of bare platinum tip (A) and gold substrate (B) at 0.5 V s1 

in 0.5 mol L1 H2SO4 and (C) at 10 mV s1 in 0.1 mol L1 KCl containing 1 mmol L1 FcMeOH 

aqueous solution. 
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NMR 

 

Figure S5 shows the planer 

representation of 1,3-bis(1’,10’-

phenanthrolin-2’-yloxy)-N-(4-

(methylthio)benzylidene)propan-2-

amine (2CP-Bz-SMe) with atom 

numbering for NMR assignments.The 

1H NMR spectrum of the Cu(I) 

complex in deareated C2D2Cl4 

solution, illustrated in Figure S6, 

shows a complicated pattern of 

signals, in addition to paramagnetic residues due to the fast oxidation of the cuprous complex 

in solution by traces of oxygen (low resolution of signals). However, some information can be 

deduced from the general analysis of the spectrum. For example, aliphatic protons of the 

propane bridge (3.3-4.3 ppm) and some aromatic protons (7.6-7.8 ppm) seem to have a 

diastereotopic behavior in solution. This feature can be ascribed to the formation of a helical 

bimetallic complex thus justifying the number of signals. The number of species in solution can 

be estimated by the singlet signals, corresponding to the CH3-S- protons, in the aliphatic region 

(2.4-2.6 ppm). This qualitative information is suggesting that, upon dissolution of the Cu(I) 

complex, a fast equilibrium is established between mono and bimetallic Cu(I) species. 

 

Figure S6. 1H NMR spectrum of [Cu(2CP-Bz-SMe)]+ in C2D2Cl4 (400.13 MHz) at 300 K. 
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Chapter 2 
 

 

 

Magnetic nanoparticles as a support for a copper (II) complex 

with nuclease activity 

 

 

 

 

 

This work presents a comprehensive study on the functionalization of magnetic gold-coated 

Fe3O4 nanoparticles with a copper complex containing a thioether derivative of clip-phen which 

show nuclease activity towards DNA due to ROS generation. 
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RESUMO 

 

Nanopartículas magnéticas têm sido extensivamente exploradas para o desenvolvimento de 

plataformas de liberação de drogas e sondas de imagens. Nesse trabalho, nós usamos uma 

estratégia de recobrimento modular para produzir nanopartículas magnéticas de Fe3O4 

recobertas com ouro (Fe3O4@Au), as quais foram decoradas com um complexo de cobre(II) 

contendo um derivado tioéter de clip-phen (Fe3O4@Au@Cu), onde o complexo [Cu(2CP-

BzSMe)]2+ mostrou afinidade por DNA e comprovada atividade nuclease. A funcionalização de 

Fe3O4@Au com o complexo de cobre ocorre através do átomo de enxofre do fragmento tioéter, 

como indicado por espalhamento Raman em superfície. As medidas magnéticas mostraram que 

o nanomaterial Fe3O4@Au@Cu se mantém magnético, apesar da camada de ouro e a 

funcionalização com o complexo de cobre ter diminuído a magnetização devido à diluição do 

núcleo magnético. Os ensaios de nuclease realizados com Fe3O4@Au@Cu indicaram que a 

atividade nuclease do nanomaterial em relação ao DNA plasmidial envolve um caminho 

oxidativo em que a espécie H2O2 participa como intermediário em uma reação do tipo Fenton. 

Baseado no espectro de ressonância paramagnética eletrônica (aN = 15,07 G, aH = 14,99 G), tal 

atividade nuclease é atribuída, essencialmente, às espécies OH indicando que a propriedade de 

produção de radicais do complexo [Cu(2CP-BzSMe)]2+ é transferida com sucesso para as 

nanopartículas magnéticas de Fe3O4 recobertas com ouro. De acordo com nossos 

conhecimentos, esse é o primeiro estudo que reporta atividade nuclease devido à espécies 

reativas de oxigênio geradas por um complexo de cobre imobilizado sobre uma nanopartícula 

magnética recoberta com ouro. 

 

Palavras-chave: nanopartículas magnética caroço-casca, complexo de cobre, atividade 

nuclease de DNA, espécies reativas de oxigênio, radical hidroxil. 
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ABSTRACT  

 

Magnetic nanoparticles have been extensively explored for the development of platforms for 

drug delivery and imaging probes. In this work, we have used a modular capping strategy to 

produce magnetic gold-coated Fe3O4 (Fe3O4@Au) nanoparticles, which have been decorated 

with a copper (II) complex containing a thioether derivative of clip-phen (Fe3O4@Au@Cu), 

where the complex [Cu(2CP-BzSMe)]2+ has affinity to bind DNA and proven nuclease activity. 

The functionalization of Fe3O4@Au with the copper complex occurs through the sulfur atom 

of the thioether moiety, as indicated by Raman scattering on surface. The magnetic 

measurements showed the nanomaterial Fe3O4@Au@Cu is still magnetic although the gold 

shell and the functionalization with the copper complex have diminished the magnetization due 

to the dilution of the magnetic core. The nuclease assays performed with Fe3O4@Au@Cu 

indicate that the nuclease activity of the nanomaterial toward the plasmid DNA involves an 

oxidative pathway in which H2O2 species is involved as intermediate in a Fenton-like reaction. 

Based on the electron paramagnetic resonance spectra (aN = 15.07 G, aH = 14.99 G), such 

nuclease activity is assigned, essentially, to the OH species indicating that the radical 

production property of [Cu(2CP-BzSMe)]2+ is successfully transferred to the core-shell gold-

coated Fe3O4 magnetic nanoparticles. To the best of our knowledge, this is the first study 

reporting nuclease activity due to the reactive oxygen species generated by a copper complex 

immobilized on a gold-coated magnetic nanoparticle. 

 

Keywords: core-shell magnetic nanoparticles, copper complex, DNA nuclease activity, 

reactive oxygen species, hydroxyl radical. 
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INTRODUCTION 

 

Fundamental and frontier knowledge of physics and chemistry have been used in a joint effort 

to synthesize nanometer-sized structures for imaging and therapeutic applications. In this 

context, magnetic nanoparticles coated with gold in a sort of core@shell nanostructure have 

been of great interest. Besides the stability enhancement provided by the gold shell, the 

biocompatibility and the easiness of gold modification have offered a sophisticate and wide 

range of functionalization possibilities going from the attachment of simple oxides to more 

complex organic and/or inorganic molecules depending on the desired application [1,2]. 

Furthermore, the advantage that core@shell magnetic nanostructures can be guided toward 

specific targets by a magnetic field gradient is a highly desirable property, especially in 

biomedical applications [3,4]. Since the late 1970s when Widder et al. [5] proposed the term 

"magnetic drug delivery" for magnetic nanoparticles functionalized with drug molecules, tens 

of thousands of publications can be found in the literature aiming, mainly, to reduce toxicity 

and adverse side-effects. In addition, a selective drug delivery platform would present a stimuli-

responsive behavior for on-demand dosing. Currently, chemotherapy treatments are based on 

drug-DNA associations due to the role DNA plays at cellular level in the cell replication and 

differentiation processes. The interaction of a given drug with DNA, in turn, can occur through 

the major or minor grooves with the formation of covalent bonds or by DNA degradation by 

reactive oxygen species (ROS) [6-13]. Coordination compounds of Cu and Mn containing 

phenanthroline (phen) derived ligands have been extensively studied due to the ability to 

degrade DNA either by intercalation and/or oxidative mechanisms [13-18]. A series of copper 

complexes containing tetracoordinating bis-phenanthroline ligands, named clip-phen (1,3-

bis((1,10-phenanthrolin2-yl)oxy)propan-2-amine), was developed by Pitié et al. and showed 

antitumor properties [14,19-22]. The clip-phen compounds are able to intercalate with DNA 

and to form copper complexes with nuclease activity about 60 times higher than [Cu(phen)2]
+ 

through multi-steps mechanisms involving oxidative pathways [23-26]. The nature of these 

ROS species, however, and the formation of intermediates are still under debate. In our group, 

we have deliberately attached a thioether fragment to a clip-phen derived ligand, thus producing 

the Schiff base ligand 1,3-bis(1,10-phenanthrolin-2-yloxy)-N-(4- (methylthio)benzylidene) 

propan-2-imine (2CP-Bz-SMe) to coordinate copper ions and also modify gold substrates. The 

design of [Cu(2CP-Bz-SMe)]2+ also took in account the positive net charge of the complex and 

the planarity of the phenanthroline moieties. While the latter feature favors the interaction with 

DNA through intercalation, the positive charge enhances the electrostatic attraction towards the 
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polyanionic DNA. The inclusion of a complex into the topological domains of the double helix 

(intercalation or groove binding) is a desired condition for artificial nucleases operating via 

ROS generation, where the reactive hydroxyl radical (OH) might be produced into close 

proximity with DNA thus causing damage. In addition, the inter-phenanthroline bridge in 2CP-

Bz-SMe is flexible enough to stand the variations in the coordination geometry of the copper 

atom due to the changes in the oxidation states (CuII/CuI) in a Fenton-like reaction (tetrahedral 

for CuI and square-planar for CuII). The association between biochemical and electrochemical 

studies indicated that the ion complex [Cu(2CP-Bz-SMe)]2+ indeed degrade DNA due to the 

generation of HO through a mechanism involving a Fenton-like reaction [17]. Have proven the 

ability of [Cu(2CP-Bz-SMe)]2+ to adsorb on gold solid substrate, this work intends to decorate 

magnetic core-shell gold-coated Fe3O4 nanoparticles (Fe3O4@Au) with [Cu(2CP-Bz-SMe)]2+ 

(Fe3O4@Au@Cu) to investigate whether the copper complex retain its ability to generate OH 

upon the immobilization on the magnetic nanomaterial. Aiming to achieve this goal, a 

multidisciplinary effort is addressed connecting several techniques associated with material 

science, coordination chemistry and biochemistry. At first, the discussion will briefly focus on 

the functionalization of Fe3O4@Au with [Cu(2CP-Bz-SMe)]2+ thus forming Fe3O4@Au@Cu. 

Second, the magnetic properties determined from vibrating sample magnetometry (VSM) 

measurements of Fe3O4@Au@Cu will be compared to the parent sample to show that the 

functionalized nanoparticles still exhibit magnetic behavior. Finally, as the main goal of this 

work, electrophoresis and electron paramagnetic resonance (EPR) data will be presented to 

discuss both the nuclease activity of Fe3O4@Au@Cu and the generation of hydroxyl radical. 

 

2. EXPERIMENTAL SECTION 

2.1 Chemicals and Procedures 

 

Deionized water (18.2 M cm at 25ºC, Milli-Q) was used to prepare all aqueous solution. 

KH2PO4, (99%), K2HPO4 (99%) were purchased from Sigma–Aldrich and used to prepare the 

phosphate buffer solution (PBS) in a pH range adjusted with KOH (98 %, Fisher Scientific) and 

HCl (99%, Tedia). Iron(III) acetylacetonate, [Fe(acac)3] (99.9%), 1,2-dodecanediol (90%), 

oleic acid (99%), oleylamine (70%) and benzyl ether (98%), from Sigma-Aldrich, and gold 

acetate, Au(O2CCH3)3 (99.9%), from Alfa Aesar, were used without prior purification. 1,10-

phenantroline, active neutral alumina (70–290 mesh), metallic sodium, 4-methylthio-

benzaldehyde, 2-amino-1,3-propanediol, and deuterated tetrachloroethane (C2D2Cl4) were 
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purchased from Aldrich and used as received. Cu(NO3)23H2O, from Merck, was used without 

any treatment. Methanol and dimethylformamide were dried over 4 Å molecular sieves for 72 

h prior to use. Acetonitrile (chromatographic grade, from Mallinckrodt) was dried by heating 

to reflux over P2O5. Plasmid pBR322 was purchased from New England BioLabs and used as 

received. Catalase from bovine liver, D-mannitol, and superoxide dismutase bovine erythrocyte, 

all from Sigma–Aldrich, were used as received in the DNA cleavage assays, which were 

acquired in 10 mM PBS, pH 7.4. All other chemicals were of at least reagent grade quality and 

were used as received. The Schiff base ligand 1,3-bis((1,10-phenanthrolin-2-yl)oxy)-N-(4-

(methylthio)benzylidene)propan-2- imine (2CP-Bz-Me) and the [Cu(2CP-Bz-SMe)](NO3)2 

complex were synthesized as previously described in the literature [17]. 

 

2.1.1 Synthesis of Fe3O4@Au NPs.  

 

Fe3O4@Au core-shell nanoparticles were synthesized by seed-mediated growth approach, 

where Fe3O4 nanoparticles are employed as seeds for the subsequent gold coating in a two-step 

procedure following a protocol adapted from the literature [27]. First, Fe3O4 NPs (ca. 6 nm) 

were prepared according to the reported method [28]. Subsequently, the gold shell was grown 

on Fe3O4 (hexane suspension) by chemical reduction of Au(O2CCH3)3 with 1,2-dodecanediol 

in the presence of oleic acid, oleylamine and benzyl ether, under argon flow, using different 

Fe3O4:[Au(O2CCH3)3] molar ratios (1:1, 1:2 and 1:3). The reaction mixture was heated up to 

190°C (rate 1°C/min) and kept at this temperature for 1.5 h before cooled down to room 

temperature. The process, as well as the Transmission Electron Microscopy (TEM) images 

along with the respective particle size distribution histograms (for 1:3 ratio), are shown in Fig. 

S1 of the Electronic Supporting Information (ESI). Fig. S2 of the ESI shows the standard XRD 

patterns for Fe3O4 and Au in conjunction with those obtained for Fe3O4@Au produced by 

mixing Fe3O4 with gold acetate in different molar ratios; all the samples exhibited diffraction 

peaks consistent with a gold face-centered cubic (fcc) phase. The XRD patterns showed a 

dependence on the amount of gold acetate going from the coexistence of both Fe3O4 and Au 

phases to no peak assigned to Fe3O4 phase in the 1:3 molar ratio. 
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2.1.2 Functionalization of Fe3O4@Au NPs.  

 

The surface functionalization of Fe3O4@Au NPs (1:3 molar ratio) with [Cu(2CP-Bz-SMe)]2+ 

complex ions was carried out by means of place-exchange method in which magnetic NPs 

originally dispersed in organic medium can be transferred to an aqueous medium [29]. In this 

case, the direct replacement of the capping agents (oleic acid and oleylamine) by [Cu(2CP-Bz-

SMe)]2+ occurs due to the strong gold-sulfur bonding. In a typical procedure, [Cu(2CP-Bz-

SMe)]2+ methanol solution (5 mL, 2.4 mg mL-1) was slowly added to the hydrophobic 

Fe3O4@Au NPs hexane suspension (10 mL, 2.3 mg mL-1) into the 50 mL centrifuge tube, under 

argon flow. The biphasic mixture was placed in a water bath 7 ultrasonicator for 20 min and 

then it was vigorously stirred (170 rpm) at room temperature for 24h. The Fe3O4@Au@Cu NPs 

were separated by centrifugation at 6000 rpm for 20 min. The precipitated product was firstly 

rinsed with hexane to remove the capping agents and, subsequently, with methanol and water 

to remove the non-immobilized [Cu(2CP-Bz-SMe)]2+ species. The washing process was 

repeated until the supernatant was clear and the UV-vis spectrum presented no absorption bands 

that could be assigned to the complex. At each washing step, the particle suspension was 

vortexed (5 min) and centrifuged (6000 rpm for 20 min). The successful functionalization of 

Fe3O4@Au was visually indicated by obtaining a blue suspension in water. Each step of the 

production of the core-shell gold-coated Fe3O4 nanoparticles decorated with [Cu(2CP-Bz-

SMe)]2+ was followed by TEM (see Fig. S1 of the ESI). As can be ascertained from the 

histograms, the gold coating of Fe3O4 nanoparticles implies an average size increase from 

6.40.7 to 8.61.8 nm, no further size increase is observed upon the immobilization of the 

copper complex. 

 

2.1.3 Plasmid pBR322 cleavage assays.  

 

Reactions using supercoiled plasmid pBR322 (BioLabs) were performed in 22 µL of 10 mmol 

L-1 phosphate buffer solution pH 7.4. The DNA and Fe3O4@Au@Cu concentrations were kept 

constant for all reactions at 6.8 ng mL-1 and 0.807 mg mL-1, respectively. A final concentration 

of 15 µmol L-1 for ascorbic acid was used for the reactions containing this reagent. Scavengers, 

catalase (100 µgm L-1), D-mannitol (50 mM), and superoxide dismutase (SOD) (100 µg mL-1), 

were used in separate reactions containing the plasmid pBR322, Fe3O4@Au@Cu and ascorbic 

acid, aiming to identify the nature of the generated reactive oxygen species (ROS). H2O2 (3 mM 

final concentration) was also incubated with Fe3O4@Au@Cu and DNA in the absence of 
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reducing agents as well as in the presence of D-mannitol (50 mM). All reactions were incubated 

for 30 min at room temperature. Following the incubation, 4 mL of 6X DNA loading dye 

(Biolabs) were added to the reaction mixture and the samples were immediately loaded on a 

0.8% agarose gel in TEA buffer pH 8.0 (40 mM, 2-amino-2-hydroxymethyl-propane-1,3- 8 diol, 

20 mM acetic acid, 1 mM EDTA) and electrophoresed in a horizontal electrophoresis system 

(BioRad) at 70 V. After electrophoresis, the gels were stained with GelRedTM (Biotium, Inc.) 

for 30 min and the images were acquired with a Gel Doc XR+ system (Bio-Rad) using the 

Quantity One 1D analysis software. 

 

2.1.4 EPR measurements.  

 

To an aerated aqueous suspension containing Fe3O4@Au@Cu, H2O2 was added to a final 

concentration of 30 mol L-1 and allowed to react for 2 min with previous addition of DMPO 

(5,5-Dimethyl1-pyrroline-N-oxide, final concentration of 100 M). The reaction mixture was 

centrifuged at 5000 rpm for 2 min and a 150 L aliquot was extracted and transferred to the 

quartz cell of the EPR equipment. 

 

2.2. Apparatus 

 

 X-ray powder diffraction (XRD) characterization was carried out on a Rigaku Rotaflex RU - 

200B X-ray diffractometer with CuK radiation ( = 1.5418 Å) in the 2 range from 30 to 90°. 

Transmission electron microscopy (TEM) micrographs were taken using a HITACHI HT7700 

transmission electron microscope operating at 120 kV. Samples were prepared for TEM 

analysis by dropping NPs suspensions onto carbon-coated copper grids (300-mesh) followed 

by drying at room temperature. Size analysis was performed on captured digital images using 

ImageJ 1.45s software. For each sample, the average particle size and size distribution was 

calculated from the diameters of at least 100 particles randomly selected from the TEM 

micrographs. The chemical composition was investigated by scanning electron microscopy 

with energy-dispersive X-ray spectroscopy (SEM-EDS) using a Quanta 450 FEG-FEI scanning 

electron microscope equipped with an EDS Bruker QUANTAX system coupled to the SEM 

microscope, using an acceleration voltage of 20 kV. The SEM-EDS analysis was performed on 

the powder samples mounted on the aluminum pin stubs using carbon conductive tapes and 

without the sputtering of another material. The Fe, Au and Cu contents were determined by 
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inductively coupled plasma with optical emission spectroscopy (ICP-OES) by using a Spectro 

Arcos spectrometer. Previously, the NPs samples were digested in concentrated aqua regia at 

50 ºC, and then diluted with Milli-Q water. The magnetic properties of the NPs samples were 

measured using a vibrating sample magnetometer (5T-VSM from Cryogenic Ltd.) with a 

maximum applied field of 50 kOe and a temperature range of 5 to 300 K. Magnetization values 

were normalized and reported as emu per gram of sample. Electronic spectra in the ultraviolet 

and visible (UV-Vis) regions were acquired using a Cary 5000 UV/vis/NIR spectrophotometer. 

Normal Raman and Surface-Enhanced Raman Scattering (SERS) spectra were acquired on a 

Renishaw inVia confocal Raman system (controlled by WiRE 3.4 software) coupled to a Leica 

DM 500 microscope. The spectrometer was equipped with 785 nm diode laser (300 mW) with 

a spectral resolution of ~1 cm-1. A 50x objective lens (∼1 μm laser spot size) was used to focus 

the laser beam and to collect the Raman signal. EPR measurements were carried out on a Varian 

E-109 spectrometer operating at the X-band. Measurement conditions: center field 339 mT, 

sweep field 10 mT, sweep time 60 s, MW power 20 mW, gain 2.0x103 , modulation amplitude 

0.05 mT, modulation frequency 100 kHz, time constant: 0.064 s, MW frequency: 9.50390 GHz. 

Spectral simulations from which the hyperfine coupling constants were obtained were 

performed by using the EasySpin program [30]. 

 

3. RESULTS AND DISCUSSION  

 

The incorporation of [Cu(2CP-Bz-SMe)]2+ onto Fe3O4@Au was achieved by place-exchange 

method in which the magnetic core Fe3O4 is firstly recovered with a gold shell which, in turn, 

is functionalized with the molecules of the copper complexes. Both the steps of the formation 

of the gold shell and the functionalization with the complex were performed by the 

displacement of the surfactant molecules, as illustrated in Scheme 1. 
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Scheme 1. Representative illustration showing the formation of Fe3O4@Au and its 

functionalization with [Cu(2CP-Bz-SMe)]2+ (inset: magnified planar structure of the complex). 

Images are out of scale. 

 

As a consequence of the functionalization with the hydrophilic charged Cu(II) complex, it was 

observed a decrease in the hydrophobicity of Fe3O4@Au that made possible the dispersion of 

the nanomaterial in water. SEM-EDS analysis (Fig. S3(A) of the ESI) show emission peaks 

assigned to O, Fe, Au and Cu elements indicating the incorporation of the copper complex on 

Fe3O4@Au, based on the assumption that [Cu(2CP-Bz-SMe)]2+ is the only source of Cu atoms. 

The corresponding elemental mapping (Fig. S3(B) of the ESI) indicates the O, Fe, Au and Cu 

signatures of the functionalized coreshell structure and, also, the homogeneous distribution of 

the complex meaning the different phases are coexisting on the selected area of Fe3O4@Au@Cu 

shown in the SEM image. The presence of the elements Fe (5.69 mg L-1, 7.11 wt%), Au (59.50 

mg L-1, 74.38 wt%), and Cu (0.22 mg L-1, 0.28 wt%) was confirmed by ICP-OES analysis after 

aqua regia digestion of Fe3O4@Au@Cu. Accordingly, the corresponding copper loading was 

found to be 43.28 mol g-1. 

 

The magnetic properties of the core-shell and functionalized nanoparticles were determined 

from VSM experiments and compared with those of the Fe3O4 parent sample. Fig. 1 shows the 

magnetization in function of the applied magnetic field and the dependence of the magnetic 

susceptibility on the temperature. 
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Fig. 1. Magnetic hysteresis loops at 300 K (A) and 5 K (B), y-axes are in emu per gram of 

sample. Zerofield cooled/field cooled (ZFC/FC) magnetization curves (C) at 0.01 Tesla from 5 

to 300K of (i) Fe3O4, (ii) Fe3O4@Au and (iii) Fe3O4@Au@Cu. Inset in panels (A) and (B): 

magnified view of the small field region from 0.1 to 0.1 Tesla. 

 

In comparison to Fe3O4 (52 emu g-1), the drastic reduction of the saturation magnetization (Ms) 

observed for Fe3O4@Au (8 emu g-1) and Fe3O4@Au@Cu (6 emu g-1) in the magnetic hysteresis 

curves at 300 K is assigned to the dilution effect due to the incorporation of the non-magnetic 

masses of the Au shell and copper complex. Near the zero-magnetization region (inset in Fig. 

1 A) it can be seen all samples present superparamagnetic state at room temperature. On the 

other hand, at 5K, all samples present a hysteretic behavior (inset in Fig. 1 B) indicating the 

nanoparticles are blocked at low temperatures. The increase observed for the MS values at 5K, 

in comparison to that at 300 K, is assigned to a more ordered spin structure due to the relative 

low thermal fluctuation and an enhancement of the magnetic anisotropy [31]. Table 1 

summarizes the magnetic properties obtained for the nanoparticles studied in this work. 
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Table 1. Magnetic properties determined for Fe3O4, Fe3O4@Au and Fe3O4@Au@Cu at 300 

and 5K. 

 

 

Sample 

                            Magnetic Propierties 

TB(K) Ms
300K(emu g-1) Ms

5K(emu g-1) HC
300K(T) HC

5K(T) 

Fe3O4@ 30 52 60.82 0.0039 0.0098 

Fe3O4@Au 140 8 8.95 0.0038 0.0212 

Fe3O4@Au@Cu 160 6 6.44 0.0039 0.0096 

 

 

Fig. 1 C shows the temperature dependence of magnetization measured at 0.01 Tesla in ZFC 

(zero-field cooled) and FC (field cooled) modes from 5 to 300 K. The average blocking 

temperatures (TB) values, which correspond to the temperature that separates the unblocked 

from the blocked state, were measured from the maximum of the ZFC magnetization curve. TB 

values were observed at 30, 140 and 160 K for Fe3O4, Fe3O4@Au and Fe3O4@Au@Cu, 

respectively. At high temperatures, above TB, the unblocked state can be seen while below TB, 

all samples are in the blocked state behaving like conventional ferromagnetic materials, in 

accordance with the hysteresis loops. 

 

The increase in TB observed for Fe3O4@Au and Fe3O4@Au@Cu is assigned to the increase of 

the coupling of the magnetic dipole moments of the magnetic cores of neighboring 

nanoparticles [32]. Such effect is likely due to the decrease of the inter-particle spacing. We 

hypothesize two factors may explain such effect in the inter-particle distance: (i) the 

replacement of the surfactant species (~30 Å) by the smaller molecules of the copper complex 

(~15 Å); (ii) the possible formation of polynuclear interconnection among the complexes of 

neighboring functionalized nanoparticles. The UV-Vis spectrum of Fe3O4@Au@Cu (Fig. S4 of 

the ESI) presents the characteristic bands of the copper complex assigned to the intraligand 

* transitions of 2CP-Bz-SMe [33], in the region from 250 to 450 nm. A broad band 

assigned to the surface plasmon (SP) absorption of gold is observed with maximum at 620 nm 

indicating the immobilization of the copper complex on Fe3O4@Au. The SP absorption presents 

a red shift in comparison to the spectrum of Fe3O4@Au ( = 525 nm) indicating spatial 

closeness after the immobilization of the copper complex. This result is in agreement with the 

decrease in the inter-particle spacing, since it enhances the coupling of the localized surface 

plasmons implying a red shift of the SP band [34]. The SERS spectra obtained for 
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Fe3O4@Au@Cu (Fig. S4 of the ESI) presents, as the most intense peak, the stretching mode 

assigned to the CS bond at 724 cm-1 [35-37], indicating the gold-coated Fe3O4 nanoparticles 

was successfully modified with the copper complex via the sulfur atom of the thioether moiety; 

a result that was indeed expected due to the known affinity between gold and sulfur atoms 

[17,38-41]. Despite the extremely restrained diffusion of HO radical in physiological medium 

(no longer than 50 Å) [42], nuclease assays have shown that the reduction of [Cu(2CP-Bz-

SMe)]2+ in the presence of dioxygen induces the degradation of DNA due to the generation of 

HO [17]. Such behavior has been assigned to the structural features of the complex, mainly the 

phenanthroline moiety, that allow a close approach to DNA making operative the nuclease 

action of HO radical [14,17,43]. It is not straightforward, however, to conclude that this 

property could be transferred to the nanoparticles. On the other hand, in functionalizing the NPs 

with the copper complex one should expect an increase of the local concentration of the 

complex which has the advantage of both increase the generation of OH radical and the positive 

charge as well. In order to evaluate these assumptions, DNA cleavage assays were performed 

to investigate the nuclease activity of Fe3O4@Au@Cu and to compare with that presented by 

[Cu(2CP-Bz-SMe)]2+ in solution. The nuclease activity was followed by relaxation of the 

supercoiled circular plasmid pBR322 DNA (Form I) into the relaxed (Form II) through DNA 

agarose gel electrophoresis and the results are shown in Fig. 2. Catalase, D-mannitol and SOD 

were used as scavengers of reactive oxygen species (ROS) in the cleavage assays aiming to 

protect DNA from the nuclease activity of H2O2, OH and O2
- species, respectively. 
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Fig. 2. Cleavage assays of pBR322 plasmid DNA (6.8 ng mL-1) by Fe3O4@Au@Cu (0.807 mg 

mL-1). A. 1. DNA (control); 2. DNA + Fe3O4@Au@Cu; 3. DNA + Fe3O4@Au@Cu + AA; 4. 

DNA + Fe3O4@Au@Cu + AA + 0.1 mg L-1 catalase; 5. DNA + Fe3O4@Au@Cu + AA + 50 

mM D-mannitol; 6. DNA + Fe3O4@Au@Cu + AA + 0.1 mg L-1 SOD. B. 1’. DNA + 

Fe3O4@Au@Cu + 3 mM H2O2; 2’. DNA + Fe3O4@Au@Cu + 3 mM H2O2 + 50 mM D-

mannitol. AA = ascorbic acid, [AA] = 15 M. 

 

As reported for the complex in solution [17], no nuclease activity is observed in the absence of 

the reducing agent AA (Fig. 2A, lane 2). After the addition of AA, however, the band assigned 

to the supercoiled circular plasmid is barely seen while an intense band corresponding to the 

relaxed form appears (Fig. 2A, lane 3) indicating the DNA degradation. The non-observation 

of linear plasmid suggests that the immobilization of the copper complex on the nanoparticle 

surface reduces its ability to interact at specific positions of the double stranded DNA, which is 

a necessary condition to produce the double-nicked linear form. In this way, the nuclease 

activity of Fe2O3@Au@Cu is lower in comparison to the free complex, where there are not 
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mobility restrictions and linear plasmid DNA was observed. The cleavage assays in the presence 

of the ROS scavengers (Fig. 2A, lanes 4 to 6) showed that only catalase is able to protect DNA 

(Fig. 2A, lane 4) meaning H2O2 is involved in the cleavage mechanism. By accounting that 

H2O2 itself does not induce the plasmid DNA degradation, such species is probably taking part 

in the cleavage process as an intermediate. Also, it cannot be ruled out the presence of H2O2 as 

consequence of the autoxidation reaction of AA catalyzed by the copper complex in presence 

of oxygen. Previous works have indeed shown the enhancement of H2O2 production within the 

tumor by the addition of exogenous metal catalyst [44,45]. For copper complexes containing 

phenanthroline derivatives, however, the non-protective effect of D-mannitol and SOD has been 

reported as “false negative” [46,47], due to the combination of the intercalation ability with the 

high reactivity of OH and O2
- . The results presented in Fig. 2B were obtained in the absence 

of the reducing agent AA and show the DNA is equally degraded in the presence of 

Fe3O4@Au@Cu and H2O2 indicating the oxidative nature of the process. Aiming to further 

investigate if the activity of Fe3O4@Au@Cu is similar to that proposed for [Cu(2CP-Bz-

SMe)]2+ in solution, EPR measurements were carried out. An aerated aqueous suspension 

containing Fe3O4@Au@Cu and H2O2 was kept under stirring for 2 min followed by the addition 

of DMPO, which is known [48] to form long-lived adduct with oxygen-centered radicals. After 

centrifugation, the reaction mixture was transferred to the quartz cell of the EPR equipment. 

The acquired spectra are shown in Fig. 3. The hyperfine splitting (aN = 15.07 G, aH = 14.99 G) 

observed in the EPR spectrum of Fe3O4@Au@Cu in solution containing H2O2 and DMPO 

indicates the presence of the DMPO-OH adduct as major component (90%) thus virtually 

discarding the other possible ROS species (O2
- or OOH ). The other components (spectra D 

and E) could be produced by HO radical reactions forming secondary species with abundances 

of 6% and 4%, respectively, and the following EPR parameters aN = 14.65 G, aH = 7.44 G and 

aN = 14.65 G. Such result hints that the DNA degradation showed in the electrophoresis 

experiments is essentially due to the OH species produced by Fe3O4@Au@Cu. Still more 

relevant is the finding that the radical production property of the [Cu(2CPBz-SMe)]2+ ion 

complex is transferred to the magnetic nanoparticle. 
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Fig. 3. EPR spectra of Fe3O4@Au@Cu in aerated aqueous solution containing H2O2 and DMPO. 

From (A) to (C): experimental, simulation and component 1 identified as DMPOHO adduct 
with 90% of abundance. (D) and (E) non-identified components with abundances of 6% and 

4%, respectively (these spectra were magnified 10 times). Spectral simulations were made with 

the EasySpin program [30]. Measurement conditions: center field 339 mT, sweep field 10 mT, 

sweep time 60 s, MW power 20 mW, gain 2.0x103 , modulation amplitude 0.05 mT, modulation 

frequency 100 kHz, time constant: 0.064 s, MW frequency: 9.50390 GHz. 

 

 

4. CONCLUSIONS  

 

By means of a modular capping strategy we have produced a magnetic gold-coated Fe3O4 

nanoparticle decorated with a copper complex that presented nuclease activity assigned to the 

release of hydroxyl radical. SEM-EDS, ICP, TEM and SERS demonstrated the Fe3O4 

nanoparticles were fully recovered by gold and subsequently decorated with [Cu(2CP-Bz-

SMe)]2+ through the sulfur atom of the thioether moiety. The magnetic measurements showed 

the final nanomaterial Fe3O4@Au@Cu is still magnetic although the gold shell and the 

functionalization with the copper complex have diminished the magnetization due to the mass 

dilution of the magnetic core. The nuclease assays performed with Fe3O4@Au@Cu indicated 

the nuclease activity of the nanomaterial toward the plasmid DNA involves an oxidative 

pathway in which H2O2 species is involved as intermediate. EPR spectrum of Fe3O4@Au@Cu 

presented hyperfine splitting ascribed to the OH radical, thus indicating this species is the 

responsible for the DNA degradation observed in the nuclease assays and that the radical 

production property of the [Cu(2CP-Bz-SMe)]2+ ion complex is transferred to the core-shell 
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gold-coated Fe3O4 magnetic nanoparticles. So far, at the best of our knowledge, this is the first 

study reporting the nuclease activity induced by ROS produced by a copper complex 

immobilized on a gold-coated magnetic nanoparticle. 
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Electronic Supplementary Information 

 

The magnetic core Fe3O4 (ca. 6 nm) was produced by thermal decomposition of 

[Fe(acac)3], where acac = acetylacetonate, in a mixture of oleic acid, oleylamine, 1,2-

dodecanediol and benzyl ether at 300°C for 1h under argon gas, as reported in the literature [1]. 

Sequentially, following a protocol adapted from Yano et al. [2], the gold shell was grown on 

the Fe3O4 surface by chemical reduction of gold(III) acetate induced by 1,2-dodecanediol in the 

presence of oleic acid, oleylamine, benzyl ether and argon gas at 190°C for 1.5h. The process 

is schematically summarized in the top of Fig. S1. 

 

 

 

Fig. S1. Top: illustrative representation of the production of Fe3O4@Au and Fe3O4@Au@Cu 

nanomaterials. Bottom: TEM images and particle size distribution histograms (solid lines are 

for the Gaussian distribution fit) for (A) Fe3O4, (B) Fe3O4@Au 1:3 and (C) Fe3O4@Au@Cu 

(immobilization on Fe3O4@Au 1:3). 
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In this procedure, three Fe3O4:[Au(O2CCH3)3] molar ratios (1:1, 1:2 and 1:3) were 

employed to examine the generation of Au coating and the prepared core-shell nanoparticles 

samples have been named, respectively, as Fe3O4@Au 1:1, Fe3O4@Au 1:2 and Fe3O4@Au 1:3. 

Fig. S2 presents the X-ray powder diffraction (XRD) patterns of the uncoated and coated-Au 

Fe3O4 NPs samples with the JCPDS patterns for Fe3O4 (N° 19-629) and Au (N° 4-784). 

 

Fig. S2. XRD patterns of (A) Fe3O4, (B) Fe3O4@Au (1:1), (C) Fe3O4@Au (1:2), and (D) Fe3O4@Au 

(1:3) samples with the JCPDS patterns for Fe3O4 and Au. 

The XRD pattern of the uncoated Fe3O4 NPs sample demonstrated the formation of a 

pure cubic spinel ferrite phase (JCPDS card Nº 19-629) with main diffraction peaks attributed, 

respectively, to reflections from (311), (222), (400), (422), (511), (440), (620) and (533) crystal 

planes. For the Au-coated Fe3O4 samples, all the XRD data exhibit diffraction peaks which can 

be indexed to (111), (200), (220), (311) and (222) planes of Au crystal structure in face-centered 

cubic (fcc) phase (JCPDS card Nº 4-784). In the case of Fe3O4@Au samples with lower gold 

content (Fe3O4@Au 1:1, Fe3O4@Au 1:2), the XRD data show clearly the coexistence of both 

Fe3O4 and Au phases. However, a decrease in the relative intensity of the diffraction peaks of 
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Fe3O4 phase as the Au(III) precursor content increase is clearly observed in such samples. The 

XRD pattern of Fe3O4@Au 1:3 sample shows only the characteristic diffraction peaks of Au 

phase (Fig. S2). None diffraction peak associated to Fe3O4 phase can be observed, thus being 

consistent with the overall coverage of the Fe3O4 core surface. The absence of diffraction peaks 

of iron oxide is due to the fact that the magnetic core has been coated by a heavy metal shell, 

which shields the core from X-rays impeding the observation of its diffraction peaks [3-5]. Such 

results indicate the sample is not composed by a physical mixture of Fe3O4 and Au particles 

and provide strong evidences for the formation of Fe3O4@Au core-shell nanoparticles. 

Each step of the production of the core-shell gold-coated Fe3O4 nanoparticles decorated 

with [Cu(2CP-Bz-SMe)]2+ was followed by TEM and the obtained images are shown in Fig. 

S1 along with the respective particle size distribution histograms. As can be ascertained from 

the histograms, the gold coating of Fe3O4 nanoparticles implies an average size increase from 

6.40.7 to 8.61.8 nm. In addition, the TEM images change from a nanoparticle isolated view 

due to the capping monolayer on the parent Fe3O4 sample (Fig. S1, A) to a darker contrast image 

(Fig. S1, B) where it can be seen nanoparticles with quasi-spherical aspect for the gold-coated 

Fe3O4 nanoparticles. By means of TEM micrographs, no further size increase is observed upon 

the immobilization of the copper complex (Fig. S1, C). Elemental composition of the 

Fe3O4@Au@Cu was evaluated by SEM-EDS analysis and it is shown in Fig. S3.  

 

Fig. S3. (A) EDS spectrum and (B) elemental mapping images representing the distribution of Fe, O, 

Au and Cu of the Fe3O4@Au@Cu. Inset: (i) SEM image of a Fe3O4@Au@Cu sample region analyzed 

by EDS and (ii) expanded view of the region from 6.5 to 9 keV. 
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The UV-Vis spectrum of Fe3O4@Au@Cu, curve (iii) in the left panel of Fig. S4, presents 

the characteristic bands of the copper complex assigned [6] to the intraligand *   transitions 

of 2CP-Bz-SMe, in the region from 250 to 450 nm. A broad band assigned to the surface 

plasmon (SP) absorption of gold is observed with maximum at 620 nm indicating the 

immobilization of the copper complex on Fe3O4@Au. The SP absorption presents a red shift in 

comparison to the spectrum of Fe3O4@Au ( = 525 nm, curve (i) in dark yellow) indicating 

spatial closeness after the immobilization of the copper complex. It is worth comment that 

Fe3O4 nanoparticles present a silent profile in the visible region of the electromagnetic spectrum. 

 
Fig. S4. UV-Vis and vibrational Raman and SERS (λ0 = 785 nm) spectra of (i) Fe3O4@Au in 

hexane, (ii) [Cu(2CP-Bz-SMe)]2+ in water and (iii) Fe3O4@Au@Cu in water. 

 

 The right panel of Fig. S4 presents the SERS spectra of Fe3O4@Au and Fe3O4@Au@Cu, 

curves (i) and (iii) respectively, together with the normal Raman spectrum of [Cu(2CP-Bz-

SMe)]2+ in water (curve (ii) in black) which, in turn, is consistent with that reported for the 

complex in the solid state [7]. While the spectrum of the complex in water is dominated by the 

vibrational stretching modes assigned [8,9] to the C=C and C=N bonds of the benzene and 

phenanthroline rings within the region from 1400 to 1600 cm1, the SERS spectrum of 

Fe3O4@Au@Cu presents, as the most intense peak, the stretching mode assigned [10-12] to the 

CS bond at 724 cm1. Such result indicates the immobilization of the copper complex is 

occurring via the sulfur atom of the thioether moiety; a result that was indeed expected due to 

the known affinity between gold and sulfur atoms [7, 13-16]. The SERS spectrum of Fe3O4@Au 
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(curve (i) in dark yellow) presents no peaks in the region from 600 to 1800 cm1 thus reinforcing 

the gold-coated Fe3O4 nanoparticles was successfully modified with the copper complex. 
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Chapter 3 
 

 

Ascorbyl and hydroxyl radical generation mediated by a copper 

complex adsorbed on gold 

 

 

 

 

Electrochemistry, nuclease assays, and EPR were used to detect ascorbyl and hydroxyl radical 

generation by a copper complex adsorbed on gold. 
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RESUMO  

 

Esse trabalho apresenta os resultados obtidos para um derivado tioéter de bipiridina, (E)-1-(4'-

metil-[2,2'-bipiridina]-4-il)-N-(4(metiltio)fenil)metanimina (4-mbpy-Bz-SMe), e para o 

complexo de cobre resultante da sua reação com Cu(NO3)2, [CuII(4-mbpy-Bz-SMe)2]
2+. 

Espectros eletrônicos obtidos a 183 K (90 oC) do complexo cuproso [CuI(4-mbpy-Bz-SMe)2]
+ 

gerado in situ indicaram a formação do composto peroxodicobre {[CuII(4-mbpy-Bz-SMe)2]2(-

O2
2)}2+. O eletrodo de ouro modificado com [CuII(4-mbpy-Bz-SMe)2]

2+ (Au/[Cu]) foi 

caracterizado por espectroscopia SERS, eletroquímica e espectroscopia de impedância 

mostrando, assim, que a adsorção ocorre através do átomo de enxofre dos fragmentos 4-mbpy-

Bz-SMe. Ensaios de atividade nuclease com DNA mostraram que o complexo de cobre, em 

solução e adsorvido sobre ouro, degrada o DNA se as condições redutoras forem mantidas, isto 

é, ácido ascórbico (H2AA) em solução ou aplicação de potenciais mais negativos que 0,12 V vs 

Ag/AgCl (estado CuI). Os espectros de ressonância paramagnética eletrônica (EPR) obtidos 

para a solução eletrolisada (Eapl = 0,2 V, sem H2O2) e para a solução contendo [CuII(4-mbpy-

Bz-SMe)2]
2+ e H2O2 mostraram desdobramentos de hiperfinas tipicamente atribuídos ao radical 

hidroxil, OH. Os voltamogramas cíclicos obtidos com H2AA em solução e Au/[Cu] como 

eletrodo de trabalho mostraram uma reação monoeletrônica sugerindo a presença do radical 

ascorbil (HA), que foi fortuitamente detectado por EPR. A corrente atribuída à reação de 

eletrodo HA a AA diminuiu com a adição de catalase, um sequestrador de H2O2, indicando que 

o peróxido encontra-se, de fato, envolvido no mecanismo. 

 

Palavras-chave: espécies reativas de oxigênio, radical ascorbil, radical hidroxil, complexo de 

cobre, eletrodo de ouro modificado. 
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ABSTRACT  

 

This work presents the results obtained for a thioether derivative of bipyridine, (E)-1-(4'-

methyl-[2,2'-bipyridine]-4-yl)-N-(4(methylthio)phenyl)methanimine (4-mbpy-Bz-SMe), and 

the copper complex resulting from its reaction with Cu(NO3)2, [CuII(4-mbpy-Bz-SMe)2]
2+. 

Electronic spectra acquired at 183 K (90 oC) of the cuprous complex [CuI(4-mbpy-Bz-SMe)2]
+ 

generated in situ indicated the formation of the peroxodicopper compound {[CuII(4-mbpy-Bz-

SMe)2]2(-O2
2)}2+. The gold electrode modified with [CuII(4-mbpy-Bz-SMe)2]

2+ (Au/[Cu]) 

was fully characterized by SERS spectroscopy, electrochemistry and impedance spectroscopy 

thus showing the adsorption occurs through the sulfur atom of the 4-mbpy-Bz-SMe moieties. 

DNA cleavage assays showed the copper complex, in solution and adsorbed on gold, degrades 

DNA if reducing conditions are maintained, i.e. ascorbic acid (H2AA) in solution or applied 

potentials more negative than 0.12 V vs Ag/AgCl (CuI form). The electron paramagnetic 

resonance (EPR) spectra obtained for the electrolyzed solution (Eapl = 0.2 V, no H2O2) and for 

the solution containing [CuII(4-mbpy-Bz-SMe)2]
2+ and H2O2 showed the hyperfine splittings 

typically assigned to hydroxyl radical, OH. The cyclic voltammograms obtained with H2AA 

in solution at a Au/[CuII(4-mbpy-Bz-SMe)2]
2+ as working electrode showed a one-electron 

reaction leading to the ascorbyl radical (HA), which was fortunately detected by EPR. The 

current assigned to the electrode reaction of HA to AA decreased with the addition of catalase, 

a scavenger of H2O2, meaning peroxide is indeed involved in the mechanism. 

 

Keywords. reactive oxygen species, ascorbyl radical, hydroxyl radical, copper complex, 

modified Au electrode 
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INTRODUCTION  

 

As part of our daily life, exposure to noxious compounds (in pollutants, cigarette smoke, 

etc.) can lead to alterations in the homeostatic balance between the antioxidant defense systems 

and the endogenous production of reactive oxygen species (ROS) such as hydrogen peroxide 

(H2O2), singlet oxygen (1O2), hydroxyl (OH) and superoxide (O2
) radicals, thus creating 

oxidative stress that may induce diseases like cancer, arthrosclerosis, Alzheimer’s and 

Parkinson’s disease1-3. A relevant source of ROS in vivo is from oxidative phosphorylation in 

mitochondria where DNA is not protected by histones making the DNA-associated proteins 

easy targets for oxidative damage4]. In fact, oxidative stress-induced damage of mitochondrial 

DNA has been associated to genetic diseases like cancer, which is one of the world’s main 

causes of death. 

  

On the beneficial side of ROS, i.e. the destruction of cancer cells, several research 

groups have been working on the development of new drugs and strategies that can either 

generate ROS or specifically inhibit the antioxidant defense system in cancer cells, increasing 

oxygen cytotoxicity and leading to selective cell death5-9. Despite the absence of free transition 

metal ions in healthy biological systems, it is well-known that, under cellular acidosis or 

ischemic conditions, they are released. In these conditions, redox active metals such as Fe or 

Cu may catalyze the production of HO through Fenton10 or Heber-Weiss11 reactions in which 

H2O2 is converted into the highly reactive OH resulting in the damage of nearby 

biomolecules12,13. In an attempt to mimic this biological action, coordination compounds 

containing copper have been proposed14-17 as exogeneous catalysts for the formation of ROS.  

Ascorbic acid (H2AA) has been recognized as a protective agent against oxidative 

damage in biological systems, although the mechanism is yet not fully understood in vivo18,19. 

The action has been ascribed to the role H2AA plays as a reducing agent by donating one or two 

electrons thus avoiding or reversing the oxidation of other species. In vitro, the mechanism is 

well-known20 and involves two sequential steps: the loss of a first electron, yielding the ascorbyl 

radical (HA), followed by the loss of a second electron and the production of dehydroascorbic 

acid (AA). In this work, we have used H2AA as a redox probe to indirectly show the generation 

of a reactive oxygen species by a copper complex adsorbed on gold and its capability to 

cleavage DNA. Initially, the discussion will focus on the study of the physicochemical 

properties of the synthesized copper complex including low-temperature UV-Vis spectra for 
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detection of reactive copper transient species and the characterization of a gold electrode 

modified with the copper complex. After that, the results obtained from DNA cleavage assays 

by both the complex in solution and adsorbed on gold will be presented followed by the 

electrochemical and electron paramagnetic resonance (EPR) studies aiming to shed light on the 

mechanism of the ROS production. 

 

RESULTS AND DISCUSSION 

Synthesis and characterizations of [Cu(4-mbpy-Bz-SMe)2]2+ 

Reaction of the Schiff base (E)-1-(4'-methyl-[2,2'-bipyridine]-4-yl)-N-

(4(methylthio)phenyl)methanimine (4-mbpy-Bz-SMe; 2 times in excess) with Cu(NO3)2 

resulted in the complex [Cu(4-mbpy-Bz-SMe)2]
2+, whose structure is shown in Fig. 1. 
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 Figure 1.  (A) SERS (black) and normal Raman (dark gray) spectra of [Cu(4-mbpy-Bz-

SMe)2]
2+ adsorbed on gold and in the solid state, respectively. 0 = 785 nm. (B) UV-Vis spectra 

of the ligand (dashed gray) and [CuI(4-mbpy-Bz-SMe)2]
+ before (dotted black) and after (solid 

black) oxygen addition in tetrahydrofuran (THF) solution at 183 K. Right: Molecular structure 

of [CuII(4-mbpy-Bz-SMe)2(X)]n+, where the weakly bound axial ligand X may be solvent or 

counter ion.  
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Several attempts using different crystallization methods resulted in small green tablet -

shaped crystals which, unfortunately, were not suitable for diffraction. Nonetheless, we 

focus on elucidating the structure of the complex in solution by correlating the electron 

paramagnetic resonance (EPR) spectrum with electrochemical, vibrational, and 

electronic spectroscopic data. The EPR spectrum of [Cu(4-mbpy-Bz-SMe)2]
2+ was 

measured as a dilute frozen DMF solution (1 mmol L1, 125 K). The spin Hamiltonian 

parameters were obtained by computer simulation of the experimental spectrum, which 

is illustrated in Fig. S1 of the Electronic Supplementary Information. The g and A 

parameters are typical of a Cu(II) complex in a predominantly axially elongated five-

coordinate geometry with additional rhombic distortion (gz >> gy ~ gx, Az >> Ay ~ Ax) 

and consistent with a 𝑑𝑥2−𝑦2  electronic ground state. Hyperfine coupling with the Cu 

nucleus (I = 3/2) is resolved in the z-direction and the large Az value (165 G) rules out a 

trigonal bipyramidal or tetrahedral coordination geometry. The cis isomer of the 

complex is shown in Fig. 1 but, in this case, both cis and trans isomers appear equally 

likely and we have no definitive evidence favouring one over the other. The EPR 

spectroscopy of Cu(II) bipyridine complexes has been thoroughly studied under a variety 

of conditions and the present spectrum is very similar to that of [Cu(bipy)2(ONO2)](NO3) 

measured in methanol.21 Accordingly, the copper complex presents a five-coordinate 

geometry whose fifth position is very likely occupied by either a solvent molecule or a 

coordinated  anion as frequently observed in the coordination chemistry of copper.22-24  

The five-coordinate geometry is reinforced by the conductance data (M = 137.7 ohm1 

cm2 mol1 in CH3CN at 25 oC), which is consistent with a 1:1 electrolyte composition 

and the suggested formulation [Cu(4-mbpy-Bz-SMe)2(NO3)](NO3). In addition, the 

Raman vibrational spectrum of the copper complex in the solid state, Fig. 1 (dark gray 

line), shows a band at 1035 cm1 ascribed25 to the stretching vibrational mode of the 

NO3
 fragment. From 950 to 1800 cm1, this spectrum is dominated by the vibrational 

modes associated to the pyridine rings.26, 27 The axial coordination sites of square 

pyramidal Cu(II) complexes always show elongated coordinate bonds due to the Jahn 

Teller effect and these weakly bound ligands are readily exchanged. So, to avoid 

confusion throughout the text, in solution the ion complex will be hereafter called [Cu(4-

mbpy-Bz-SMe)2]
2+. 
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Variations in the coordination sphere of copper complexes have also been detected by 

electrochemistry by changing the electrolyte salt.22-24 For [Cu(4-mbpy-Bz-SMe)2]
2+, the 

electrochemistry was found to be sensitive not only to the medium but also to the 

potential window (Fig. S2 of the Electronic Supplementary Information). The half-wave 

potential (E1/2) assigned to the CuII/I redox couple is observed at 0.12 V (all potentials in 

the text are referenced against Ag/AgCl) with characteristically reversible behavior. 

When the potential is scanned up to 0.8V, a second process is observed centered at 0.51 

V with a current that is dependent on the copper reduction, i.e. it increases upon the 

reduction of the copper complex. It is worth mentioning that similar behavior is observed 

for the curves obtained in an anaerobic glovebox (see Fig. S2 of the Electronic 

Supplementary Information). Assuming that the reduction to CuI releases the NO3
 ion 

to achieve a preferred N4-tetracoordinated environment, the anodic wave seen at 0.51 V 

is tentatively assigned to the CuII/I redox pair of an aqua- or peroxo-copper(II) complex 

generated at the interface. To demonstrate the viability of peroxide formation within the 

coordination sphere, electronic spectra were acquired at 183K following the addition of 

oxygen to a solution containing [CuI(4-mbpy-Bz-SMe)2]
+. The cuprous complex was 

generated in situ in a glovebox under nitrogen atmosphere by adding [Cu(CH3CN)4]OTf, 

(OTf = trifluoromethanesulfonate) to a Schlenk tube containing two equivalents of 4-

mbpy-Bz-SMe dissolved in tetrahydrofuran (THF). Fig. 1 (B), dotted black curve, shows 

the UV-Vis spectrum after the formation of [CuI(4-mbpy-Bz-SMe)2]
+ where the metal-

to-ligand charge-transfer (MLCT) transition, CuI(d)  (4-mbpy-Bz-SMe)(*), is 

observed at 400 nm. Upon oxygen addition, solid black curve, the intensity of the 

absorption at 400 nm decreases while a new peak is observed at 460 nm with a shoulder 

at 411 nm. Successive spectra acquired while increasing the temperature (Fig. S3 of the 

Electronic Supplementary Information) show the hypsochromic shift of the band at 460 

nm to 411 nm. These absorptions are assigned to the ligand-to-metal charge-transfer 

(LMCT) transition, (O2
2)*  CuII(d) of a putative {[CuII(4-mbpy-Bz-SMe)2]2(-

O2
2)}2+ complex. Indeed, similar behavior has been reported for tripodal 

peroxodicopper complexes at low temperatures (< 195 K).28, 29 For the complex studied 

in this work, the N4 coordination environment provided by the two bipyridine donors 

must differ significantly from that enforced by tripodal ligands, resulting in the 

difference in energy for the LMCT band detected at 460 nm. Alternative formulations 
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such as cupric-superoxo or side-on peroxodicopper complexes are not viable, based on 

the energy of the LMCT band. 

 

Gold surface modified with [Cu(4-mbpy-Bz-SMe)2]2+ 

 It is well-established that thiols and thioethers strongly adsorb on gold surfaces  

due to the high affinity between gold and sulfur.30-35 In this work, polycrystalline gold 

substrates were spontaneously modified by immersing in ethanolic solutions containing 

10.0 mol L1 of [Cu(4-mbipy-Bz-SMe)2]
2+ thus forming the covalently modified 

Au/[Cu(4-mbipy-Bz-SMe)2]
2+ (Au/[Cu]). The SERS spectrum presented in Fig. 1 (A, 

black line) shows a strong band at 733 cm1 assigned36-38 to the stretching vibrational 

mode of the CS bond of the 4-mbipy-Bz-SMe moieties; this band is barely perceptible 

in the normal Raman spectrum of the complex in the solid state (dark gray line). This 

result indicates adsorption occurs through the sulfur atoms, as commonly reported for 

the adsorption of sulfur containing molecules.22, 31, 34, 39-45 Moreover, the relative 

enhancement in the SERS spectrum of the CS mode at 733 cm1 in relation to the 

vibrational modes associated to the pyridine rings, suggests a non-flat conformation in 

which the molecules of the complexes are likely tilted in relation to the surface normal.46  

The reductive desorption of sulfur containing molecules from gold in alkaline medium 

usually results in an electrode reaction generically described as [Au-SR  +  e    Au  +  

[RS]] whose potential (Erd) reflects the strength of the AuS bond.47-49 In addition, 

integration of the current under the reductive wave (to give the total charge Q rd) allows 

the calculation of the amount of adsorbed molecules () according to  = (Qrd)/(nFA), 

where n is the number of electrons involved in the electrode reaction, F is the Faraday 

constant and A is the active electrode area. For the gold electrode modified with [Cu(4-

mbipy-Bz-SMe)2]
2+ after 1h of immersion (Au/[Cu]), the linear sweep voltammetry 

curve (Fig. S4 (A) of the Electronic Supplementary Information) presented one wave at 

1.0 V from which the  value was calculated as 5.3 × 1010 mol cm2. The packing 

density of the SAM formed with [Cu(4-mbipy-Bz-SMe)2]
2+ was evaluated by cyclic 

voltammetry and electrochemical impedance in KF solution containing [Fe(CN)6]
3−/4− 

as a redox probe species and the results are shown in Fig. S4 (B) and (C) and Table S1. 

The impedimetric results reflect the difficulty of the probe to access the underlying gold 

surface with increased immersion time of the electrode in an ethanolic solution of [Cu(4-

mbipy-Bz-SMe)2]
2+. Based on the values of the electron transfer rate constant and the 
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charge-transfer resistances for the bare and modified gold electrodes, however, 

saturation of the surface is achieved after 5 min of immersion presenting only about 78% 

of fractional coverage. The low saturation limit is assigned to lateral repulsion between 

adjacent complex molecules. Therefore, the redox probe species [Fe(CN)6]
3−/4− are able 

to diffuse through the pores of the SAM to the underlying gold surface where the electron 

transfer reaction takes place. 

DNA Cleavage Assays  

 Copper complexes are well-known inducing agents of DNA nuclease activity 

through oxidative pathways that include radical production via Fenton-like reactions.22, 

50-52 As observed for other copper complexes containing phenanthroline derivatives, the 

[Cu(4-mbpy-Bz-SMe)2]
2+ complex indeed was able to affect DNA as can be seen by the 

relaxing process of supercoiled pBR322 to its nicked form in Fig. 2 (A) in presence of 

ascorbic acid (H2AA) and hydrogen peroxide (H2O2). Catalase, D-mannitol and 

superoxide dismutase (SOD) were used as scavengers to protect DNA from H2O2, OH 

and O2
, respectively. As can be ascertained from Fig. 2, supercoiled DNA is fully 

degraded upon the addition of the reducing agent H2AA to the solution containing the 

copper complex (Panel A, lane 3). Lanes 5 and 6 present the same profile suggesting that 

both OH and O2
 are not involved in the DNA cleavage mechanism since D-mannitol 

and SOD scavengers were not able to protect DNA. In lane 4, where catalase is present, 

full degradation is not observed although the plasmid is largely relaxed to Form II 

evidencing the presence of H2O2 in the cleavage mechanism. As expected, lane 7 shows 

no change in the presence of H2O2 but without Cu complex. However, when the copper 

complex is added to the mixture containing DNA and H2O2 (lane 8), without H2AA, the 

plasmid is slightly converted to Form II. Similar behavior was observed for [Cu(2CP-

Bz-SMe)]2+, where 2CP-Bz-SMe = 1,3-bis(1’,10’-phenanthrolin-2’-yloxy)-N-(4-

(methylthio)benzylidene)propan-2-amine, under the same experimental conditions.22 As 

discussed in that work, and in other papers,53-55 the swift reaction of OH combined with 

the ability of phenanthroline like ligands to intercalate into the minor groove of double 

stranded DNA makes the lack of protection of D-mannitol and SOD inconclusive 

towards the production of OH and O2
 radicals. In other words, hydrogen abstraction 

from the sugar moieties or nucleobases in DNA occurs before the radical can be trapped 

by D-mannitol.56 
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Figure 2. DNA cleavage assays of [Cu(4-mbpy-Bz-SMe)2]
2+ (Cu*) in solution and adsorbed 

on gold (Au/[Cu]) towards supercoiling DNA (Form I, 8ng/μL).  Panel (A): 1. DNA (control); 

2. DNA + Cu*; 3. DNA + Cu* + H2AA; 4. DNA + Cu* + H2AA + catalase; 5. DNA + Cu* + 

H2AA + D-mannitol; 6. DNA + Cu* + H2AA + SOD; 7. DNA + H2O2; 8. DNA + H2O2 + Cu*. 

Panel (B): Au and Au/[Cu] at different applied potentials (Eapl).  1. DNA + Au (Eapl = 0.5V); 2. 

DNA + Au (Eapl = 0.2V); 3. DNA + Au/[Cu] (Eapl = 0.5V); 4. DNA + Au/[Cu] (Eapl = 0.2V).  

Form II – nicked form. [H2AA] = 30 μmol L1. Concentrations of SOD and catalase = 100 μg 

mL1. [D-mannitol] = 50 mmol L1; [H2O2] = 3 mmol L1. All potentials were applied for 10 
min. 

 

Panel (B) of Fig. 2 shows the electrophoresis images following the behavior of 

supercoiled pBR322 incubated with a gold electrode modified with [Cu(4-mbpy-Bz-

SMe)2]
2+ at applied potentials (Eapl) of +0.5 V and 0.2 V where the copper complex is 

fully oxidized (CuII) and reduced (CuI), respectively. As can be seen, no DNA cleavage 

activity is detected in lanes 1 and 2 where the potentials are applied at bare gold 

electrodes (no Cu complex). Turning to the modified gold electrodes (Au/[Cu] ) (lanes 3 

and 4), DNA cleavage activity is only observed at 0.2 V, which is when the complex 

is reduced to its CuI form. Indeed, in aerated aqueous solution, it is well documented22, 

50-52, 57 that reoxidation of the reduced copper complexes can generate HO and/or O2
 

radicals which are able to degrade DNA. Assuming the DNA cleavage activity of copper 

complexes, in a general sense, is associated with the Fenton reaction (redox half reaction 

H2O2 + e  OH + HO), the redox process of the adsorbed complex studied in this 

work must generate H2O2 in situ since no peroxide was added to the solution used to 

acquire the electrophoresis images shown in Fig. 2 (B). In fact, as previously 

commented, the electrochemistry of the copper complex in solution (non-modified 

glassy carbon as working electrode, Fig. S2) presents an oxidation wave at 0.51V 

ascribed to the oxidation of a copper complex containing peroxide within the 

coordination sphere. 
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EPR spectroscopy was also used to investigate the nature of ROS species produced by 

the [Cu(4-mbipy-Bz-SMe)2]
2+ complex in solution (Fig. 3, Panel A) and adsorbed on 

gold (Fig. 3, Panel C). DMPO (5,5-Dimethyl-1-pyrroline-N-oxide), which is known58 to 

form a long-lived radical adduct in reaction with oxygen-centered radicals, was used as 

spin trapping reagent. The gold electrode modified with [Cu(4-mbipy-Bz-SMe)2]
2+ was 

immersed in an electrochemical cell containing aerated KCl solution and DMPO and a 

potential of 0.2 V was applied to continuously reduce the complex to its Cu I form. 

Then, aliquots of 150 L were transferred to a quartz EPR cell after different times of 

electrolysis. The spectrum acquired for the solution after electrolysis using a non-

modified electrode is also shown for comparative purposes. The hyperfine splittings 

observed at AN = 15.0 and 15.2 G in the EPR spectra in solution containing [Cu(4-mbipy-

Bz-SMe)2]
2+ and H2O2 (Fig. 3, Panels A and B) exactly match the known spectrum of 

OH-DMPO. However, two other radical species were observed at AN = 16.0 and 16.35 

G with abundances of 24 and 20%, respectively. While the former hyperfine splitting is 

assigned to the analogous CH3-DMPO adduct, the one observed at 16.35 G was not 

identified. We hypothesize the CH3 radical is produced as a consequence of the reaction 

of the HO radical with the SCH3 fragments of the 4-mbpy-Bz-SMe moieties thus 

breaking the C-S bond. For the electrolyzed solution (Fig. 3, Panel C), the OH-DMPO 

radical is only observed when the modified gold electrode is used, spectrum II. It is 

worth mentioning that no signal was observed that could be assigned to the H3C-DMPO 

adduct in this case suggesting the -SCH3 group is protected by the gold surface from 

demethylation. Another possibility that cannot be ruled out is the configuration of the 

complex on the surface. That is, after adsorption, the -SCH3 fragments of the 4-mbpy-

Bz-SMe moieties occupy regions remote from the region where HO radical generation 

occurs. 

 



100 

 

336 340 336 340336 340

 

 
In

te
n

si
ty

 (
a

r
b

.u
n

it
)

Magnetic Field (mT)

I

II

(A)                                       (B)                                        (C)

III

II

I

 

20%

24%

Sim

Exp

 

 

HO 
56%

CH3 

?

 

Figure 3. Panel (A): EPR spectra in aerated aqueous solution containing DMPO and [Cu(4-

mbipy-Bz-SMe)2]
2+ before (I) and after 1 min (II) of H2O2 addition. Panel (B): spectral 

simulations of spectrum (II) of panel (A). Panel (C): EPR spectra of an aerated aqueous solution 

containing DMPO after electrolysis at 0.2 V by using bare gold (I), Au/[Cu] (II) and simulated 

(III). The EPR parameters used for the spectral simulations shown in Panels (B) and (C) were: 

g = 2.0060, AN = 15.0 G, AH = 15.2 G and Lw = 1.28 G, identified as OH-DMPO adduct; g = 

2.0060, AN = 16.0 G, AH = 23.4G and Lw = 1.24 G, identified as CH3-DMPO adduct; g = 2.0064, 

AN = 16.35, AH = 2.9 and Lw = 2.34 non-identified. 

 

In the EPR spectra shown in Panel C of Fig. 3, no H2O2 was added to the medium 

meaning it is produced when the putative dimeric copper compound formed on the 

surface (Au/[CuI-O-O-CuI]) breaks down to H2O2 and Au/[2CuII]. Under reductive 

electrolysis, the copper(II) complex is again reduced to Cu I and reacts with H2O2 

previously produced at the interface thus recovering the starting Cu(II) complex in a 

catalytic mechanism, as proposed in Equations (1) to (4). 

 

Au/[2CuII] + e →Au/[2CuI]                                              (1)  

Au/[2CuI]  +  O2  →  Au/[CuI-O-O-CuI]                                      (2)  

Au/[CuI-O-O-CuI]  +  2H+   →  H2O2  +  Au/[2CuII]                             (3)                                                                                          

Au/[2CuI]  +  H2O2  → Au/[2CuII] +  HO●  +  OH                             (4) 
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The complex [Cu(4-mbipy-Bz-SMe)2]
2+ is able to produce hydroxyl radicals both in 

solution and adsorbed on a gold electrode, but a quantitative comparison between the 

two is difficult due to the huge differences in concentration, i.e. 5.3 x 1010 mol cm2 on 

the electrode surface versus 10 μmol L-1 in solution. Moreover, in solution the complex 

has a distinct advantage in its capability to interact and bind DNA. This property is 

relevant since the diffusion of the hydroxyl radical is extremely reduced due to its high 

reactivity (range of action c.a. 50 Å), and its oxidant ability is effective when it is 

generated in proximity to DNA.59 Taking into account the restrictions of the complex 

confined to the electrode surface, it is notable that we could detect nicked-DNA by 

electrophoresis when a reductive potential was applied to the modified electrode, as 

shown in Fig. 2b. 

 

For the complex in solution, emission and absorption spectroscopic measurements were 

performed in an attempt to quantify the production of HO● by using rhodamine60  and 

terephthalic acid61, 62 probes. Both probes, however, seem to interact with the reduced 

copper complex (generated in situ upon reacting with ascorbic acid) as can be seen in 

Fig. S5, making the methodology not applicable to this system. In spite of this and 

considering that identification of damaged plasmidial DNA (nicked, linear or degraded 

DNA) is a well-accepted method to evaluate the reactivity of a compound to produce 

such ROS, DNA cleavage data reported for a few copper complexes were summarized 

in Table S2 of the Electronic Supplementary Information. While the copper complexes 

we have been working with lead to complete DNA (pBR322) degradation after 30 min 

of incubation (10 mol L1 of [Cu(2CP-Bz-SMe)]2+ or [Cu(4-mbipy-Bz-SMe)2]
2+ in 

presence of H2AA), [Cu(py‐phen)2(NO3)]
+ (0.5 to 10 mol L1) takes 240 min to give 

form II (pUC219) in presence of H2O2.
63 Although several factors influence the cleavage 

activity, the higher efficiency observed for [Cu(2CP-Bz-SMe)]2+ and [Cu(4-mbipy-Bz-

SMe)2]
2+ seems to be related to how close these complexes approach DNA. Indeed, 

[Cu(4-mbipy-Bz-SMe)2]
2+ and [Cu(2CP-Bz-SMe)]2+ adsorbed on gold electrode22 or 

magnetic nanoparticles64 lead to form II whereas these complexes in solution are able to 

completely degrade DNA. Considering the previous comments on the restrictions of the 

complexes confined on a solid surface (being electrode or nanoparticles), it is reasonable 

to associate the relative cleavage efficiencies of [Cu(4-mbipy-Bz-SMe)2]
2+  and 

[Cu(2CP-Bz-SMe)]2+ with their ability to approach DNA. 
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Electrochemical studies were performed in solution containing ascorbic acid as a redox probe 

aiming to indirectly detect ROS produced in Equation (4). Fig. 4 shows the cyclic 

voltammograms obtained for the modified gold electrode in solution containing H2AA under 

different conditions. The EPR spectrum obtained for the solution after electrolysis is shown as 

well. 
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Figure 4. (A) Cyclic voltammograms of bare gold electrode (VIII) at 25 mV s1 and Au/[Cu] 

in 0.1 mol L1 PBS containing 1.0 mmol L1 H2AA at (I) 2, (II) 5, (III) 10, (IV) 25, (V) 50, (VI) 

100 and (VII) 150 mV s1. Insets: plots of (i) anodic peak potential (Epa) as function of 

logarithmic sweep rate (log v) and (ii) current density (j) as function of square root of scan rate 

(v1/2). (B) Cyclic voltammograms of Au/[Cu] at 25 mV s1 in 0.1 mol L1 PBS containing 1.0 

mmol L1 H2AA after addition of catalase (aliquots from a stock solution of 6mg mL1). (C) 

EPR spectra of an aerated aqueous solution containing 1.0 mmol L1 H2AA after electrolysis at 

0.2 V by using Au/[Cu] (I) and simulated (II). The EPR parameters used for the simulated 

spectrum were: g = 2.0052, AH = 1.803 G, LW = 0.807 G characteristic of the ascorbyl radical. 

 

 

From Fig. 4 (A), the potential assigned to the oxidation reaction of H2AA is observed 

from 0.1 to 0.2 V (depending on the sweep rate) at the Au/[Cu] electrode (curves I to 

VII) which gives peak-shaped voltammograms while the bare Au electrode gives a broad 

anodic peak at 0.44 V (curve VIII). The Tafel-like relation (dEp/dlogv), inset (i) in Fig. 

4 (A), as well as the linear current response for H2AA addition (Fig. S6 of the Electronic 

Supplementary Information) clearly indicate that this is a mediated electrochemical 

oxidation of H2AA. In addition, the plot of current density versus the square root of the 

scan rate (j vs v1/2, inset (ii) in Fig. 4A) indicates a one-electron reaction leading to the 

ascorbyl radical (HA). The cyclic voltammograms obtained in H2AA solution 
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containing catalase (Fig. 4B), which is a scavenger for H2O2, presents a current decrease 

with the increase of catalase concentration meaning hydrogen peroxide is involved in 

the ascorbic acid oxidation reaction. Further addition of catalase (Fig. S7 of the 

Electronic Supplementary Information) leads to a voltammogram similar to that 

obtained for the bare gold electrode thus reinforcing the implication of H2O2 in the 

mechanism. Such behavior is observed both in the presence and absence of oxygen. 

Interestingly the EPR spectrum (Fig. 4C) of an electrolyzed solution poised at 0.2 V 

(CuI form) containing H2AA shows hyperfine splitting at AH = 1.803 G ascribed65 to the 

ascorbyl radical. In this case CuII cannot be responsible for H2AA oxidation and based 

on the earlier results that showed hydroxyl radicals may be formed under reducing 

conditions (Equations (1)-(4)) an alternative pathway emerges for HA formation that, 

in turn, is electrochemically oxidized, as suggested in Equations 5 and 6. 

 

HO●  +  H2AA  → HA●  +  H2O                                               (5) 

HA●  →  AA  +  e  +  H+                                                    (6)                    

                                                                             

It is known that HA● has a half-life of milliseconds in water66 so its observation as a 

transient prior to decomposition is fortunate. 

CONCLUSIONS 

The thioether derivative of bipyridine, 4-mbpy-Bz-SMe, and the copper complex 

resulting from its reaction with Cu(NO3)2, [CuII(4-mbpy-Bz-SMe)2]
2+, were successfully 

synthesized and characterized by electrochemistry, NMR, vibrational, electronic and 

EPR spectroscopies. Electronic spectra of the cuprous complex [Cu I(4-mbpy-Bz-

SMe)2]
+ at 183 K indicated the formation of the peroxodicopper compound {[CuII(4-

mbpy-Bz-SMe)2]2(-O2
2)}2+ upon addition of dioxygen. The gold electrode modified 

with [CuII(4-mbpy-Bz-SMe)2]
2+ was fully characterized by SERS spectroscopy, 

electrochemistry and impedance spectroscopy thus showing the adsorption occurs 

through the sulfur atom of the 4-mbpy-Bz-SMe moieties and that pores are present 

within the monolayer. 

 DNA cleavage assays were performed using the copper complex in solution and 

adsorbed on gold and showed DNA degradation occurs if reducing conditions are 

maintained, i.e. ascorbic acid (H2AA) in solution and an applied potential (Eapl) 
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sufficiently negative to maintain the adsorbed complex in its CuI form. EPR spectra were 

obtained in presence of DMPO (5,5-dimethyl-1-pyrroline-N-oxide) for the electrolyzed 

solution (Eapl = 0.2 V, CuI form) free of H2O2 and for the solution containing [CuII(4-

mbpy-Bz-SMe)2]
2+ and H2O2. The obtained spectra showed hyperfine splittings 

typically assigned to the OH-DMPO adduct indicating H2O2 is converted to HO in a 

Fenton-like reaction. This conclusion is reinforced by electrochemical studies of the 

oxidation reaction of H2AA using a gold electrode modified with [CuII(4-mbpy-Bz-

SMe)2]
2+. Besides the electrocatalytic effect in comparison to the bare gold electrode, 

the cyclic voltammograms showed a one-electron reaction leading to the ascorbyl radical 

(HA), which was fortunately detected by EPR. The current assigned to the electrode 

reaction of HA to dehydroascorbic acid (AA) decreased with the addition of catalase, a 

scavenger of H2O2, meaning peroxide is indeed involved in the mechanism. 

 

EXPERIMENTAL SECTION 

Apparatus. Hewlett Packard, UV-Vis photo-diode-array, model 8453, and Analytik 

Jena Specord S-100 spectrophotometers were used to acquire the UV-Vis electronic 

spectra of the synthesized compounds. Low temperature UV–Vis experiments were 

carried out on an Agilent spectrophotometer model 8453 equipped with a liquid nitrogen 

chilled Unisoku USP-203-A cryostat using a 1 cm optical path modified Schlenk cuvette. 

Conductivity measurements were performed at controlled temperature with Hanna 

Instruments EC-215 and a DDS-12DW (ICT, SL – Instrumentación Científica Técnica) 

devices. Melting points were determined using a Coasin Instrument Control SMP 2 

(ICT, SL). NMR spectra were performed on a Bruker Avance-400 instrument operating 

at 400.13 MHz for 1H nuclei equipped with a 5 mm multinuclear broad-band dual 

probehead (109Ag–31P), incorporating a Z-gradient coil. NMR spectra were calibrated 

with respect to CDCl3 or C2D2Cl4 and corrected relative to TMS. 

  

Most of the electrochemical experiments were performed with an AUTOLAB 

potentiostat model 308N coupled with FRA2 impedance module using the Nova 1.11.2 

software (Ecochemie, Netherlands). The electrochemical cell used was a standard three 

electrode configuration, composed of a glassy carbon or gold substrate (geometric area 

of 0.07 cm2 – Bioanalytical Systems, BASi), lab-made silver/silver chloride (3.5 mol L1 
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KCl), and a platinum mesh as working, reference and auxiliary electrodes, respectively. 

For the acquisition of the Surface-Enhanced Raman Scattering (SERS) spectra, a gold 

electrode of geometric area of 0.5 cm2 was used. This substrate was also used to 

electrolyze the copper complex solution for electron paramagnetic resonance (EPR) 

spectra. For the experiments acquired in the glovebox, a model 910 PSTAT potentiostat 

(Metrohm Autolab) was used.  Electrochemical measurements were acquired at 25 ± 0.2 

°C. All potentials, unless otherwise specified, are referenced against a Ag/AgCl 

electrode. The impedimetric measurements were performed in 0.1 mol L1 KF 

containing 5.0 mmol L1 [Fe(CN)6]
3/4 and with a sinusoidal AC potential of 10 mV 

superimposed on the applied potential (half-wave potential of the redox probe, E1/2 = 

0.23V vs Ag/AgCl). The impedance responses were measured over the frequency range 

0.1 Hz to 30 kHz. All impedimetric responses were analyzed using circuit equivalent 

fitting with the EIS Spectrum Analyzer software.67 

 

Fourier Transform Raman (FT-Raman) spectra of solid samples were acquired at room 

temperature on a RFS 100/S FT-Raman Bruker spectrometer using a Nd:YAG laser 

(1064 nm), applying 500 scans accumulation at 300 mW. The Surface-Enhanced Raman 

Scattering (SERS) measurements were performed using a Renishaw Raman InVia 

equipped with a CCD detector and coupled to a Leica microscope (DM2500M) with 

excitation radiation at 785 nm (diode laser, 500 mW). The laser beam was focused on 

the sample by a ×63 water immersion objective.  

 

An X-band (9.44947 GHz) electron paramagnetic resonance (EPR) spectrum of [Cu(4-

mbpy-Bz-SMe)2]
2+ was measured as a dilute (1 mmol L1) frozen dimethylformamide 

(DMF) solution on a Bruker Elexsys E580 CW/pulsed EPR spectrometer fitted with a 

super high Q resonator. A microwave power of 5.0 mW was used, the modulation 

amplitude was 2 G and the modulation frequency was 100 kHz. A flow-through cryostat 

in conjunction with a Eurotherm (B-VT-2000) variable temperature controller held the 

temperature at 125 K within the cavity. The spectrum was simulated with EPR50F.68 

The spectra in solution were acquired at 298 K on a Varian E-109 X-band instrument 

with a standard rectangular cavity and a Wilmad Glass quartz flat cell.  5,5-Dimethyl-1-

pyrroline-N-oxide (DMPO) was used as spin trapping reagent for detection of HO and 

CH3
 radicals. Measurement conditions: center field 339 mT, sweep field 10 mT, sweep 
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time 60 s, MW power 20 mW, gain 2.0x103, modulation amplitude 0.05 mT, modulation 

frequency 100 kHz, time constant: 0.064 s, MW frequency: 9.50390 GHz. Spectral 

simulations were made using EasySpin program.69  

 

Chemicals. Ultrahigh purity water from a Millipore system was used in all experiments. 

H2SO4 (99,99%) KOH (98%), KBr (99%), KCl (99%), KF (99%), K3[Fe(CN)6].3H2O 

(99%) and K4[Fe(CN)6] (98%), SeO2, active neutral alumina (70-290 mesh), 1,4-

dioxane, deuterated tetrachloroethane (C2D2Cl4) and chloroform (CDCl3), all from 

Sigma-Aldrich, and Cu(NO3)2•3H2O, from Merck, were used without further 

purification. KH2PO4 (≥99%) and K2HPO4 (≥98%), from Sigma-Aldrich, were used to 

prepare the phosphate buffer solution (PBS) in a pH range adjusted with NaOH (98%, 

Fisher Scientific) and HCl (99%, Tedia). Ascorbic Acid (H2AA), from Sigma-Aldrich, 

was used as reducing agent in DNA cleavage assays and electrocatalysis experiments. 

4,4’-dimethylbipyridine and 4-methylthioaniline, from Sigma-Aldrich, were used as 

received in the syntheses of the organic compounds. Methanol and dimethylformamide 

were dried over 4 Å molecular sieves for 72 h prior to use. Acetonitrile (chromatographic 

grade, from Mallinckrodt) was dried by refluxing over P2O5. Plasmid pBR322 was 

purchased from New England BioLabs and used as received. Catalase, D-mannitol and 

superoxide dismutase, from Sigma-Aldrich, were used as received in the DNA cleavage 

assays which were acquired in 10 mmol L1 PBS, pH 7.2. For the electrochemical 

measurements in presence of catalase, the aliquots added to the electrochemical cell 

(initial volume of 3 mL of PBS) were withdrawn from a stock solution prepared by 

dissolving 30 mg of catalase in 5 mL of 0.1 mol L1 PBS solution. All other chemicals 

were of chromatographic grade and used as received. 

 

4'-methyl-[2,2'-bipyridine]-4-carbaldehyde (4-mbpy-COH). The synthesis of the 

starting compound 4-mbpy-COH followed the procedure described in the literature.70 

Yield: 80%.  

 

(E)-1-(4'-methyl-[2,2'-bipyridine]-4-yl)-N-(4(methylthio)phenyl)methanimine (4-

mbpy-Bz-SMe). 0.66g (4.7 mmol) of 4-methylthioaniline were added to an anhydrous 

methanolic solution (with molecular sieve) containing 1.0g (4.7 mmol) of 4-mbpy-COH 

and kept under reflux for 4h resulting in a yellow solid that was filtered to remove 

molecular sieves, centrifuged and concentrated by rotary evaporation (30 oC). After that, 
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the crude product was chromatographically purified on silica (MeOH/CH2Cl2; 1:99 v/v). 

Yield: 80%; m.p.: 121.5 oC. 1H NMR and 1H-COSY spectra are shown in Figs S8 and 

S9 of the Electronic Supplementary Information along with the structure numbering.   
1H-

NMR (CDCl3, 400.13 MHz) δ (ppm) = 8.79 (d, J = 5.0 Hz, 1H, H2), 8.76 (s, 1H, H5), 

8.58 (s, 1H, H6), 8.57 (d, J = 5,1 Hz, 1H, H9), 8.27 (s, 1H, Hi), 7.86 (d, J = 5.1 Hz, 1H, 

H3), 7.32 (d, J = 8.3 Hz, 2H, Hc), 7.24 (d, J = 8.3 Hz, 2H, Hb), 7.18 (d, J = 5.3 Hz, 1H, 

H8), 2.52 (s, 3H, Hd), 2.46 (s, 3H, Ha). 13C-NMR (C2D2Cl4, 100.63 MHz):  (ppm) = 

150.1 (C2), 149.5 (C9), 148.6 (C6), 127.7 (Cc), 125.6 (C8), 122.6 (Cb), 122.0 (Ci), 121.6 

(C5), 121.3 (C3), 20.8 (Ca), 17.0 (Cd). 

 

[CuII(4-mbpy-Bz-SMe)2(NO3)](NO3). 0.328g (1.57 mmol) of Cu(NO3)23H2O 

dissolved in MeCN was added dropwise to a deaerated MeCN solution of 1.0g (3.13 

mmol) 4-mbpy-Bz-SMe and stirring was continued at 25 oC for 2h. The mixture was 

evaporated to dryness, washed with water and with diethyl ether (3 times). Yield: 80%.  

M (mean value of three measurements in MeCN at 25 oC): 137.7 ohm1 cm2 mol1, 

which is consistent with a 1:1 electrolyte composition and the suggested formulation 

[Cu(4-mbpy-Bz-SMe)2(NO3)](NO3). Anal. Calc. for C38H34CuN8O6S2(CH3CN)(H2O)2 

(MW: 902.53): C, 53.18; H, 4.54; N, 13.96. Found: C, 53.40; H, 4.27; N, 13.69. 

 

[CuI(4-mbpy-Bz-SMe)2]+. 2.25 mg (0.6 mmol) of [Cu(CH3CN)4]OTf, (OTf = 

trifluoromethanesulfonate) was added to a Schlenk containing 3.82 mg (1.2 mmol) of  

4-mbpy-Bz-SMe dissolved in 10 mL of tetrahydrofuran (THF). The procedure was 

performed in a glovebox under nitrogen atmosphere and the compound was not isolated.  

 

{[CuII(4-mbpy-Bz-SMe)2]2(-O2
2)}2+. The dimeric peroxo complex was generated in 

situ by transferring 3 mL of [CuI(4-mbpy-Bz-SMe)2]
+ in THF into a 1 cm Schlenk 

cuvette, which was sealed with a rubber septum. The cuvette was transferred to the pre -

cooled cryostat and chilled at 183 K with 10 minutes allowed for equilibration prior to 

oxygenation. Dioxygen was gently bubbled through the solution using a long needle for 

50 seconds. 

 

DNA cleavage assays. The assays with supercoiled plasmid pBR322 followed the 

protocol previously described by our group.22 In brief: The reactions were performed in 
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20 μL of 10 mmol L1 PBS (pH 7.2), the concentrations of DNA and [Cu(4-mbpy-Bz-

SMe)2]
2+ being kept constant at 5 ng/mL (5 ng L1 in base pair) and 10 μmol L1, 

respectively. Catalase (100 μg mL1), D-mannitol (50 mmol L1) and superoxide 

dismutase (SOD, 100 μg mL1) were used as scavengers for the identification of the 

reactive oxygen species (ROS). After the incubation time (30 min), 4L of 6X DNA 

loading dye (Biolabs) were added to the mixtures and the samples were immediately 

loaded on a 0.8% agarose gel in TEA buffer pH 8.0 (40 mmol L1 2-amino-2-

hydroxymethyl-propane-1,3-diol, 20 mmol L1 acetic acid, 1 mmol L1 EDTA) and 

electrophoresed in a horizontal electrophoresis system (Bio-Rad) at 70V. After 

electrophoresis, the gels were stained using GelRedTM (Biotium, Inc.) for 30 minutes 

and images acquired in a Gel Doc XR+ system (Bio-Rad) using the Quantity One 1-D 

analysis software. For the acquisition of the electrophoresis images of the electrolyzed 

solutions, supercoiled plasmid (8ng/μL) prepared in an aerated 100 mM PBS (7.4) was 

added to an electrochemical cell in which the gold working electrode (bare and modified 

with the copper complex) was inserted from below a drilled Teflon cell. After potential 

applications (10 min of electrolysis), aliquots of 20 μL were incubated and 

electrophoresed following the same procedure as described above.  

 

Gold modification. Prior to each modification, the gold surfaces were mechanically 

polished with alumina pastes of different grades to a mirror-like finish. Then, the 

electrodes were submitted to successive oxidation-reduction-cycles (ORC) in 0.5 mol 

L1 H2SO4 to achieve both the cleanness and the determination of the active surface area 

(A). The cyclic voltammograms of the surfaces thus obtained were compared with the 

well-established curve for a clean gold surface in 0.5 mol L1 H2SO4.
71 For the 

acquisition of SERS spectra, the gold substrates were electrochemically roughened by 

applying ORCs in 0.1 mol L−1 KCl in the range −0.3 to +1.3 V vs Ag/AgCl at a scan rate 

of 0.1 V s−1. The gold surfaces were modified by immersion in a 10.0 mol L1 ethanolic 

solution of [Cu(4-mbpy-Bz-SMe)2]
2+ for 1h. 
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Electronic Supplementary Information 

 

Electron paramagnetic resonance (EPR) spectrum of [Cu(4-mbpy-Bz-SMe)2]2+ 

 Figure S1 presents the EPR spectrum of [Cu(4-mbpy-Bz-SMe)2]
2+ measured as a dilute 

(1 mmol L1) frozen dimethylformamide (DMF) solution at 125 K. 

 

 

Figure S1. Top: X-band EPR spectrum of [Cu(4-mbpy-Bz-SMe)2]
2+ (1mmol L1 in DMF, 125 

K). Bottom: simulated spectrum; spin Hamiltonian parameters gx 2.065 (Ax 10 G); gy 2.125 (Ay 

40 G); gz 2.242 (Az 165 G) and AN 15 G (super hyperfine coupling). The spectrum was 

simulated with EPR50F. [1]  
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Electrochemistry of [Cu(4-mbpy-Bz-SMe)2]2+ in solution with and without oxygen  

 Fig. S2 shows the cyclic voltammograms obtained for a glassy carbon electrode in PBS 

solution containing [Cu(4-mbpy-Bz-SMe)2]
2+. 

 

Fig. S2. Cyclic voltammograms of glassy carbon electrode at 10 mV s1 in 0.1 mol L1 PBS 

(pH 7.2) containing [Cu(4-mbpy-Bz-SMe)2]
2+ starting at +0.3V (red) and +0.4 (blue and black) 

and scanning in different directions as indicated by the switching potential (E). For the O2 free 

condition, the experiments were performed in a glovebox. 

 

Fig. S3 presents successive spectra of [CuI(4-mbpy-Bz-SMe)2]
+ in tetrahydrofuran (THF) at 

different temperatures. 
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Fig. S3. UV-Vis spectra of [CuI(4-mbpy-Bz-SMe)2]
+ in tetrahydrofuran (THF) before at 183 K 

(red) and after oxygen addition at different temperatures as indicated in the inserted graph 

legend. 

 



115 

 

 

Gold surface modified with [Cu(4-mbpy-Bz-SMe)2]2+ 

Gold polycrystalline substrates were spontaneously modified by immersing in ethanolic 

solution containing 10.0 mol L1 of [Cu(4-mbipy-Bz-SMe)2]
2+ thus forming the Au/[Cu] 

electrode. The reductive desorption of [Cu(4-mbpy-Bz-SMe)2]
2+ from the gold surface was 

performed by linear sweep voltammogram (LSV) in alkaline medium and is shown in Fig. S4.  
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Fig. S4.  (A) Linear sweep voltammogram of the modified gold electrode (1 h of immersion) 

at 0.1 V s1 in 0.5 mol L1 KOH. (B) Cyclic voltammograms at 0.1 V s1 and (C) Nyquist 

diagrams in 0.1 mol L1 KF containing 5.0 mmol L1 [Fe(CN)6]
 3/4 in function of the 

immersion time of the gold electrode in 10.0 mol L1 solution of [Cu(4-mbipy-Bz-SMe)2]
2+. 

Inset in (C): Nyquist diagrams in the region from 0 to 100 Ω cm2. 

 

The cyclic voltammograms and Nyquist diagrams illustrated in Fig. S3 (B) and (C), 

respectively, were acquired in KF solution containing [Fe(CN)6]
3−/4− as a redox probe species 

aiming to evaluate the packing density of the SAM formed with [Cu(4-mbipy-Bz-SMe)2]
2+ on 

gold. The surface coverage (θ) and the electron transfer rate constant (kapp) of the redox probes 

were calculated from the Nyquist diagrams according to Equations 1 and 2: 
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𝜃 = 1 − (
𝑅𝐶𝑇

𝑅𝐶𝑇
∗ )      (1)                                           𝑘𝑎𝑝𝑝 =

𝑅𝑇
𝐹2𝑅𝐶𝑇

∗ 𝐶∗⁄        (2) 

 

where Rct and 𝑅𝐶𝑇
∗  are the charge-transfer resistances for the bare and modified gold electrodes, 

respectively, and C* is the concentration of the redox probe in the bulk solution. The 

impedimetric parameters obtained in function of the immersion time are displayed in Table S1. 

 

Table S1. Values of charge transfer resistance (𝑅𝐶𝑇
∗  ), fractional coverage (θ), and apparent 

charge-transfer rate constant (kapp) of [Fe(CN)6]
3−/4− as a function of the immersion time of the 

gold electrode in 10.0 mol L1 ethanolic solution of [Cu(4-mbipy-Bz-SMe)2]
2+. 

Immersion time (min) RCT* (Ωcm2) θ kapp x 103 (cm s1) 

0 17 0.0 3.13 

1 60 0.72 0.888 

3 70 0.76 0.761 

5 78 0.78 0.683 

15 75 0.77 0.710 

30 73 0.77 0.730 

60 71 0.76 0.750 

120 76 0.78 0.701 

 

Fig. S5 shows a series of emission spectra obtained in solution containing terephthalic acid 

(TA). 
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Fig. S5. Emission spectra of (A) terephthalic acid (TA) and (B) 2-hydroxyterephthalic acid 

(OHTA) in different concentrations in PBS 0.10 mol L-1. (C) Emission spectra in PBS 0.10 mol 

L-1 (i) containing [Cu(2CP-Bz-SMe)2]
2+ 38 mol L-1 (ii), [Cu(2CP-Bz-SMe)2]

2+ 38 mol L-1  
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and TA 91 mol L-1, and Cu(2CP-Bz-SMe)2]
2+ 38 mol L-1, TA 91 mol L-1, and ascorbic acid 

163 mol L-1. Excitation at 312 nm. 

 

As can be seen in in Panel (C), the spectrum obtained for the mixture of Cu(2CP-Bz-

SMe)2]
2+ with TA and ascorbic acid (curve iv) presents almost no emission probably due to an 

interaction between the reduced copper complex with the terephthalic acid. 

Table S2 shows electrophoresis data of the DNA cleavage by a few copper complexes, 

including the one studied in this work.  

 

Table S2. DNA cleavage data as obtained by agarose gel electrophoresis for some copper 

complexes. 

Compound 

[Cu] 

mol 

L1 

Reducing 

species/device 

Incubation 

Time 

(min.) 

Plasmid 

DNA 

Degradation 

form 
Reference 

[Cu(2CP-Bz-SMe)]2+ 10 H2AA 
30 pBR322 

Total   
2 

[Cu(2CP-Bz-SMe)]2+ 10 H2O2 Form II 

CuSO4 40 

AA2 60 pUC18 

Form II 

3 
[Cu4(atc)2(dien)4(ClO4)2]- 

(ClO4)2·2H2O 

5, 10, 

and 20 
Form II 

40 
Forms II and 

III    

[Cu(L-Arg)2](NO3)2 50 

Irradiation 

365 nm 
60 pUC19 

Forms II and 

III 

4 [Cu(L-Arg)(phen)Cl]Cl 10 Form II 

[Cu(L-Arg)(dpq)Cl]Cl 10 
Forms II and 

III 

[Cu(py‐phen)2(NO3)]NO3 

0.5, 1, 

2 and 

4 

H2O2 240 pUC19 
Forms II and 

III 
5 

[Cu2(py‐

phen)2(gly)2(NO3)2 

(H2O)2]⋅3H2O 

[Cu2(py‐

phen)2(tyr)2(H2O)2] 

(NO3)2⋅3H2O 

[Cu(4-mbipy-Bz-SMe)2]
2+ 

10 

H2AA 

30 pBR322 

Total 

This work 

[Cu(4-mbipy-Bz-SMe)2]
2+ H2O2 II 
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Results on surface 

Au/[Cu(4-mbipy-Bz-SMe)2]
2+ 

(5.3 x 1010 mol cm2) 

Applied 

potential (0.2 

V vs 

Ag/AgCl) 

10 pBR322 Form II This work 

Fe3O4@Au@Cu* 

(0.807 mg mL−1) 
H2AA 30 pBR322 Form II 6 

H2AA = ascorbic acid; AA2 = ascorbate; 2CP-Bz-SMe  = 1,3-Bis(1’,10’-phenanthrolin-2’-
yloxy)-N-(4-(methylthio)benzylidene)propan-2-amine; atc = 5-amino-1,2,4-triazole-3- 

carboxylic acid; dien = diethylenetriamine; Arg = arginine; phen = 1,10-phenanthroline; dpq = 

dipyrido[3,2-2′,3′]-quinoxaline; py = pyridine; gly = glycine. 

*Cu = [Cu(2CP-Bz-SMe)]2+ 

 

 

 

Electrochemical study of ascorbic acid (H2AA) 

The current response of the modified surface towards the H2AA concentration (from 0.5 

to 5.0 mmol L1) was evaluated by cyclic voltammogram and is shown in Fig. S6.   
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Fig. S6. Cyclic voltammograms of Au/[Cu] at 25 mV s1 in 0.1 mol L1 PBS (pH 7.2) containing 

H2AA at different concentrations. Inset: plot of current density vs H2AA concentration. 
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 Fig. S7 presents the cyclic voltammograms obtained for the gold electrode modified 

with [Cu(4-mbpy-Bz-SMe)2]
2+ in PBS solution containing H2AA and different concentrations 

of catalase. The curves presented in Fig. S7 were obtained in presence (I) and absence (II) of 

oxygen. 
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Fig. S7. Cyclic voltammograms of Au/[Cu] at 25 mV s1 in 0.1 mol L1 PBS containing 1.0 

mmol L1 H2AA and different concentrations of catalase. The curves presented in Panels (I) and 

(II) were obtained in the absence (glovebox, under nitrogen atmosphere) and presence, 

respectively, of oxygen. 
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Nuclear Magnetic Resonance (NMR) spectra of (E)-1-(4'-methyl-[2,2'-bipyridine]-4-yl)-

N-(4(methylthio)phenyl)methanimine (4-mbpy-Bz-SMe) 

 

 Figs S8 and S9 show the 1H-NMR and 1H-COSY spectra of 4-mbpy-Bz-SMe in CDCl3 

(400.13 MHz). Fig. S8 presents, as inset, the molecular structure with the numbering scheme 

for the chemical shifts assignments. 

 

 

 

 

Fig. S8. 1H NMR spectrum of (E)-1-(4'-methyl-[2,2'-bipyridine]-4-yl)-N-

(4(methylthio)phenyl)methanimine (4-mbpy-Bz-SMe) in CDCl3. Chemical shifts assignments 

in accordance with the numbering scheme shown in the molecular structure.  
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Fig. S9. 1H-COSY spectrum of (E)-1-(4'-methyl-[2,2'-bipyridine]-4-yl)-N-(4(methylthio) 

phenyl)methanimine(4-mbpy-Bz-SMe) in CDCl3. 
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5 CONCLUSIONS 

 

The discussions presented in this work deals with the results obtained for the following 

novel compounds: 1,3-bis(1,10-phenantrolyn-2-yloxy)-N-(4-(methylhtio)benzylidene)propan-

2-amine (2CP-Bz-SMe), (E)-1-(4'-methil-[2,2'-bipyridine]-4-yl)-N-(4(methylthio)phenyl) 

metanimine (4-mbipy-Bz-SMe), [Cu(2CP-Bz-SMe)]2+, [Cu(2CP-Bz-SMe)]+, [Cu(4-mbpy-Bz-

SMe)2]
2+, besides the intermediates [Cu(4-mbpy-Bz-SMe)2]

+ and {[CuII(4-mbpy-Bz-

SMe)2]2(-O2
2)}2+.  

 

The Schiff bases 2CP-Bz-SMe and 4-mbipy-Bz-SMe were fully characterized by means 

of 1H- and 13C-NMR. The EPR spectra of the copper(II) complexes indicated the metal center 

is pentacoordinated with an intermediate geometry between trigonal and square pyramidal with 

the fifth position being very likely occupied by either a solvent molecule or a coordinated anion 

as frequently observed in the coordination chemistry of copper. The changes in the coordination 

sphere were also detected by electrochemistry by changing the electrolyte salt. The cyclic 

voltammogram of the [Cu(2CP-Bz-SMe)]2+ complex in aqueous KCl solution exhibited a 

quasi-reversible process with a half-wave potential (E1/2) at 0.13 V vs Ag/AgCl. Similar 

experiments were run in KNO3 and KClO4 electrolytes yielding E1/2 values of 0.15 and 0.09 V 

vs Ag/AgCl. For [Cu(4-mbpy-Bz-SMe)2]
2+, the electrochemistry was found to be sensitive not 

only to the medium but also to the potential window. The E1/2 value was observed at 0.12 V vs 

Ag/AgCl with a characteristically reversible behavior. When the potential is scanned up to 0.8V, 

a second process is observed centered at 0.51 V whose current is dependent on the copper 

reduction, i.e. it increases upon the reduction of the copper complex. Assuming that the 

reduction to CuI releases the NO3
 ion to achieve the N4-tetracoordinated environment, the 

anodic wave seen at 0.51 V was tentatively assigned to the CuII/I redox pair of an aqua- or 

peroxo-copper(II) complex generated at the interface. The electronic spectra of the copper(II) 

complexes gave absorptions of low intensity typically assigned to ligand-field transitions. Upon 

reduction, however, metal-to-ligand charge-transfer (MLCT) transitions were observed. For the 

[Cu(4-mbpy-Bz-SMe)2]
2+ complex, the in situ reduction to [CuI(4-mbpy-Bz-SMe)2]

+ at 183K 

( 90 oC) resulted in a MLCT band at around 400 nm. Upon oxygen addition, the intensity of 

this absorption decreased while a new one was observed at 460 nm with a shoulder at 411 nm. 

Successive spectra acquired while increasing the temperature showed a blue shift to 411 nm. 

These absorptions were assigned to the ligand-to-metal charge-transfer (LMCT) transition, 
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(O2
2)*  CuII(d) of the {[CuII(4-mbpy-Bz-SMe)2]2(-O2

2)}2+ complex. 

 

 The thioether moiety of the synthesized Schiff bases allowed the immobilization of the 

copper compounds on gold electrodes and on gold-coated Fe3O4 (Fe3O4@Au) nanoparticles 

(core@shell structures, Fe3O4@Au@Cu). The characterizations of the modified gold electrodes 

were firstly performed by SERS. The obtained spectra showed a relative enhancement of the 

CS vibrational modes (from 715 to 737 cm1) in relation to the vibrational modes associated to 

the phenanthroline and pyridine rings, suggesting a non-flat conformation in which the 

molecules of the complexes are likely tilted in relation to the surface normal. For [Cu(2CP-Bz-

SMe)]2+, the cyclic voltammogram obtained in electrolyte solution (free of complex) presented 

a pair of redox waves assigned to the CuII/I process whose charge gave the surface coverage ( 

= 5.1 x 1010 mol cm2). For the electrode modified with [Cu(4-mbipy-Bz-SMe)2]
2+, the value 

of  was determined by reductive desorption in alkaline medium as 5.3 × 1010 mol cm2. SPR 

sensorgrams were obtained as a function of time for the adsorption of the [Cu(2CP-Bz-SMe)]2+ 

complex on gold in electrolysis (0.2V vs Ag/AgCl) and open circuit potential (OCP) 

conditions. While the changes in the SPR angles at OCP were consistent with the value of  

determined by electrochemistry, those found at 0.2V gave an almost double value of mass 

increment suggesting the formation of a dimeric species. Assuming dioxygen acts as a bridging 

ligand, the difference between the mass values was consistent with the formation of the 

{[Cu(2CP-Bz-SMe)]2(-O2)}
2+ dimer. 

 

The incorporation of [Cu(2CP-Bz-SMe)]2+ onto Fe3O4@Au was achieved by place-

exchange method in which the magnetic core Fe3O4 was firstly recovered with a gold shell 

which, in turn, was functionalized with the molecules of the copper complexes. As a 

consequence of the functionalization with the hydrophilic charged Cu(II) complex, it was 

observed a decrease in the hydrophobicity of Fe3O4@Au that made possible the dispersion of 

the nanomaterial in water. SEM-EDS analysis showed emission peaks assigned to O, Fe, Au 

and Cu elements indicating the incorporation of the copper complex on Fe3O4@Au, based on 

the assumption that [Cu(2CP-Bz-SMe)]2+ is the only source of Cu atoms. The magnetic 

properties of the core-shell and functionalized nanoparticles were determined from VSM 

experiments and compared with those of the Fe3O4 parent sample. In comparison to Fe3O4 (52 

emu g-1), the drastic reduction of the saturation magnetization (Ms) observed for Fe3O4@Au (8 

emu g-1) and Fe3O4@Au@Cu (6 emu g-1) in the magnetic hysteresis curves at 300 K was 
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assigned to the dilution effect due to the incorporation of the non-magnetic masses of the Au 

shell and copper complex. The UV-Vis spectrum of Fe3O4@Au@Cu presented the 

characteristic bands of the copper complex assigned to the intraligand * transitions of 2CP-

Bz-SMe. A broad band assigned to the surface plasmon (SP) absorption of gold was observed 

with maximum at 620 nm indicating the immobilization of the copper complex on Fe3O4@Au. 

The SP absorption presented a red shift in comparison to the spectrum of Fe3O4@Au ( = 525 

nm) indicating spatial closeness after the immobilization of the copper complex. This result is 

in agreement with the decrease in the inter-particle spacing, since it enhances the coupling of 

the localized surface plasmons implying a red shift of the SP band. The SERS spectra obtained 

for Fe3O4@Au@Cu presented, as the most intense peak, the stretching mode assigned to the 

CS bond at 724 cm-1, indicating the gold-coated Fe3O4 nanoparticles was successfully modified 

with the copper complex via the sulfur atom of the thioether moiety. 

 

The nuclease activity of [Cu(2CP-Bz-SMe)]2+ and [Cu(4-mbpy-Bz-SMe)2]
2+ in solution 

was monitored by the relaxation of the supercoiled circular plasmid pBR322 DNA through 

DNA agarose gel electrophoresis. The copper complexes, in the absence of a reducing agent, 

did not promote DNA cleavage suggesting no hydrolytic activity. Addition of ascorbic acid 

(H2AA) to the reaction mixture resulted on the disappearance of the plasmidic DNA bands 

indicating DNA is completely degraded and therefore that the nuclease activity of the 

complexes is related to the redox state. Scavengers catalase, mannitol and superoxide dismutase 

(SOD) were used intending to protect DNA from the nuclease activity of H2O2 (or other radicals 

generated by this molecule), OH and O2
 species, respectively. The only protective effect was 

noticed upon the addition of catalase, a well-known hydrogen peroxide degrading enzyme, 

indicating H2O2 is one of the ROS formed during the cleavage mechanism in solution 

containing the complexes and ascorbic acid, thus supporting an oxidative mechanism. The lack 

of DNA protection by D-mannitol and SOD supports neither O2
 radical as an intermediate nor 

the generation of OH. However, the lack of protection provided by D-mannitol may also be 

explained by the swift reaction of hydroxyl radicals with the DNA bases due to their high 

reactivity, combined with properties of Clip-Phen complexes that induce a close proximity 

between the complex and DNA, preventing the scavenger action of D-mannitol, even at high 

concentrations. Similar behavior was observed for the [Cu(2CP-Bz-SMe)]2+ complex 

immobilized on Fe3O4@Au nanoparticles and for [Cu(4-mbpy-Bz-SMe)2]
2+ adsorbed on gold 

electrodes meaning the ability the copper complexes presented to degrade DNA was transferred 
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to the solid phase.  

 

EPR spectra were obtained not only for the characterization of the copper complexes 

but also to help determining the nature of the ROS species produced by these compounds, both 

in solution and on surface. The spectra, which were obtained in different experimental 

conditions and containing the spin trappings N-tert-butyl--phenylnitrone (PBN) or 5,5-

dimethyl-pyrroline-N-oxide (DMPO) for detection of OH and CH3
, showed the nuclease 

activity of the copper complexes is mainly due to the production of OH radicals. SECM was 

employed to corroborate this assignment in the surface interrogation (SI) and surface generation 

tip collection (SG/TC) modes using [IrCl6]
2 as titrant. The SECM images showed that the 

positive feedback current is only observed when the copper complex, adsorbed on gold, is 

previously reduced and then taken to OCP indicating that the reactive species is generated 

during the reoxidation of the copper metal. The positive feedback current is, in fact, the response 

of the reduction reaction of the titrant which is oxidized by the ROS species produced by the 

copper complex. The reduction potential of this species, in turn, should be such so as to permit 

the oxidation of IrIII to IrIV. Therefore, any of the ROS species OH, O2
, HO2

 or H2O2 could 

be reduced by [IrCl6]
3. Assuming that the generation of O2

, HO2
 or H2O2 species can be 

precluded based on the data obtained from DNA cleavage assays and EPR spectra, the hydroxyl 

radical is the most likely oxidizing agent. Therefore, in aerated solution, the one-electron 

reduction of the copper(II) complex is followed by the reaction with O2 resulting in the 

formation of a copper(I) intermediate containing O2. In acid medium and under OCP, this 

species is oxidized to copper(II) generating OH which, in turn, reacts with the reduced form of 

the titrant (IrIII) oxidizing it back to IrIV. The oxidized titrant is then reduced at the SECM tip 

giving rise to the observed positive feedback current. Finally, electrochemistry data obtained in 

solution containing ascorbic acid (H2AA) and using a gold electrode modified with [Cu4-mbpy-

Bz-SMe)2]
2+ showed a one-electron reaction leading to the ascorbyl radical (HA), which was 

fortunately detected by EPR. This result indicates hydroxyl radical, which was previously 

produced by the complex at the interface, chemically oxidizes H2AA to HA. This latter species, 

in turn, is electrochemically oxidized to dehydroascorbic acid (AA). The current assigned to 

the electrode reaction of HA to AA decreased with the addition of catalase meaning peroxide 

is indeed involved in the mechanism. 
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