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ABSTRACT Carbon nanotube electrodes were modified with ferrocene and laccase using two 

different click reactions strategies and taking advantage of bifunctional dendrimers and 

cyclopeptides. Using diazonium functionalization and the efficiency of oxime ligation, the 

combination of both MWCNT surfaces and modified dendrimers or cyclopeptides allow the access 

to high surface coverage of ferrocene in the order of 50 nmol cm-2. Furthermore, these electrodes 

allow the immobilization of mono- and bi-functionalized active multicopper enzymes, laccases, 

via copper(II)-catalyzed azide-Alkyne cycloaddition. Electrochemical studies underline the high 

efficiency of the oxime-ligated dendrimers or cyclopeptides for the immobilization of redox 

entities on surfaces while being detrimental to electron tunneling with enzyme active sites despite 

controlled orientation. 

Introduction 

The efficiency of enzyme-based electrochemical devices such as sensors or fuel cells relies on 

the optimization of enzyme surface coverage at the surface of the electrode.1–4 High catalyst 

loadings are required in order to maximize current density. This will increase either power output 

of fuel cells or sensitivity of biosensors. Many strategies have been developed in order to 

immobilize enzymes via protein entrapment, affinity interactions or covalent chemistry.1,5 In 

particular, electrografting of aryldiazonium salts have proven to be an efficient means of electrode 

modification by redox enzymes1 or bioinspired redox catalysts.6,7 Covalent attachment of aryl 

radicals can be performed on many type of surfaces such as metals, carbon, polymers or even 

insulating materials.8–10 Furthermore, the introduction of a functional group in the para position 

of the aryldiazonium ring can be done via organic synthesis. These groups can be chosen to interact 
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with enzymes, such as laccases, via non-covalent interactions or covalent linkages. Laccases are 

multicopper enzymes, extensively studied for their ability to oxidize phenolic substrates while 

concomitantly being able to reduce oxygen into water. A type 1 (T1) mononuclear copper centre 

is responsible for the binding and oxidation of substrates, while a trinuclear copper centre (TNC) 

concomitantly reduces oxygen into water. A wide spectrum of oxidizable phenolic substrates, 

associated with high potential oxygen reduction, for certain types of laccases, make these enzymes 

at the forefront of the development of numerous types of enzyme-based biotechnological 

applications.11–14 Planar electrodes have been modified by electrografting of aryldiazonium 

derivatives with pi-extended hydrophobic groups such as anthraquinone, anthracene, or 

chrysene,15,16 This technique has been particularly efficient in the controlled immobilization of 

laccases. Hence, the strong hydrophobic nature of the aryldiazonium film interacts with the 

hydrophobic substrate pocket of laccase without affecting the catalytic activity, a strategy further 

extended to nanostructured electrodes. For instance, amide coupling with amino acid residues has 

also been employed at planar and nanostructured electrodes for the covalent immobilization of 

metalloenzymes17–20. In this context, bio-orthogonal click chemistry has proved to be highly 

efficient to achieve the immobilization of biomolecules, which are generally available in low 

concentration samples. We have recently reported the modification of Multiwalled Carbon 

Nanotube (MWCNT) electrodes using the copper(II)-catalyzed Azide-Alkyne Cycloaddition 

“click” chemistry (CuAAC) to efficiently attach alkyne-modified laccases.21 Carbon-nanotube-

based electrodes show ideal combination of properties such as high electronic conductivity, 

biocompatibility with enzymes, as well as ease of modification by aryldiazonium chemistry.1,22,23  

Given their flexible, nano-sized structure, dendrimers have also been employed for electrode 

modification, allowing for an increased enzyme immobilization.24–27 Furthermore, dendrimers and 
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other multivalent peptide scaffolds can easily harbor different types of orthogonal functional 

groups28 suitable for enzyme surface grafting as well as carbon nanotube (CNT) 

functionalization.29,30 In this work we exploited multivalent scaffolds 1 and 2 (Figure 1A), each of 

them harboring both aminooxy and azide functional groups for chemo-selective oxime ligation 

and CuAAC, respectively, upon reaction with their chemical counterparts (i.e. aldehyde and 

alkyne, respectively).  

Owing to the orthogonality of clickable groups in 1 and 2, we chose to functionalize Glassy 

Carbon (GC) and MWCNT electrodes via oxime chemistry (vide infra).31,32 This was performed 

by first investigating the electrografting of 4-(1,3-dithian-2-yl)benzenediazonium (DTBD) on GC 

and MWCNT electrodes. This technique has been previously employed by K. Kim and colleagues 

for the immobilization of labelled antibody on GC electrodes. 33,34 The obtained grafted molecule 

is a precursor of benzaldehyde, easily deprotected by electrochemical oxidation (Figure 1B). 

 

CuAAC

Oxime 

ligation
1 2

A)

B)
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Figure 1. (A) Orthogonally functionalized peptide scaffolds 1 and 2, grafted with azide and 

aminooxy groups for CuAAC and oxime ligation, respectively. (B) Electrografting of DTBD 

followed by electrochemical oxidative deprotection for the installation of aldehyde chemical 

handles. 

Following the immobilization of scaffold 1 and 2, an alkyne-ferrocene redox probe, as well as 

an alkyne-modified laccase and one variant, were covalently attached on the immobilized scaffolds 

via CuAAC. The properties of these functionalized nanostructured electrodes in terms of electron 

transfer rates, surface coverages and electrocatalytic reduction of O2 on GC and MWCNT 

electrodes were finally investigated by electrochemical analysis. 

 

Results and discussion 

 

1. Aryldiazonium electrografting on GC and MWCNT electrodes 

In the previous work on the electrografting of DTBD, the chloride salt was generated in-situ 

before electrochemical deposition.33,34 Herein, we describe the synthesis of 4-(1,3-dithian-2-

yl)benzenediazonium tetrafluoroborate obtained by diazotisation of 2-(4-Aminophenyl)-1,3-

dithiane with NOBF4 in MeCN. After purification, the 4-(1,3-dithian-2-yl)benzenediazoniumon 

tetrafluoroborate was characterized by 1H-NMR and infra-red spectroscopy (See the ESI). Its 

electrochemical characterization was performed in MeCN. Figure 2A displays cyclic 

voltammograms (CVs) performed in a 2 mmol L-1 solution of DTBD tetrafluoroborate on a GC 

electrode.  
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Figure 2. Cyclic voltammetry (CV) of a 2 mmol L−1 solution of 4-(1,3-dithian-2-

yl)benzenediazonium tetrafluoroborate in MeCN–TBAP (0.1 mol L−1) at a (A) GC and (B) 

MWCNT electrode (2 scans,  = 20 mV s−1, ref Ag/AgNO3); CV in the oxidative part of the 

modified (C) GC and (D) MWCNT electrode (2 scans,  = 20 mV s−1 , ref Ag/AgNO3). 

 

On the first scan of figure 2A, two irreversible overlapping cathodic peaks are observable at Ep
red 

= - 0.38 V and at -0.14 V. These peaks correspond to the catalyzed and uncatalyzed reduction of 

the diazonium group accompanied with aryl radical formation.8,9,35 As expected, higher current 

densities, corresponding to a 30-fold increase, are observed on MWCNT electrodes, arising from 

high electroactive area of the MWCNT film (Figure 2B). Furthermore, a high-potential Ep
red = 
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+0.02 V also confirms the thermodynamically favorable reduction of aryldiazonium on CNT 

sidewalls, as already observed with different types of diazonium salts.23,36,37 On subsequent cycles, 

the fast reaction of aryl radicals and the formation of an  

insulating polyphenylene layer at the surface of the GC electrode induce the passivation of the 

electrode, as confirmed by the complete disappearance of the reduction peaks. As previously 

observed, this passivation process decreases at MWCNT electrodes due to the high specific surface 

area. 23,36,37 Figure 2C and 2D display CV performed in the anodic part of the modified GC and 

MWCNT electrodes after transfer in a diazonium-free MeCN electrolyte. Irreversible oxidations 

observed at Ep
ox = +0.88 V and +0.76V for GC and MWCNT electrodes, respectively, are 

associated with the oxidation of the 1,3 dithiane protecting group to generate benzaldehyde-

modified electrodes.33,34 

 

2. Preparation of the bifunctional clickable scaffolds  

Cyclopeptide scaffold 3 38 was obtained via a standard SPPS (solid phase peptide synthesis) 

protocol, where four 6-azido-L-norleucine residues were introduced in the linear peptide 

sequence.39 Following cyclization in DMF, in the presence of DIPEA (N,N-diisopropylamine) and 

PyBOP (Benzotriazole-1-yl-oxy-tris-pyrrolidino-phosphonium hexafluorophosphate) as 

activating agents, the Boc protecting group was removed, affording key intermediate 3 with a free 

lysine. Cyclic scaffold 1 was obtained upon amidation of 3 with (Boc-aminooxy)acetic acid N-

hydroxysuccinimide ester 40 followed by Boc removal in 91% yield over two steps (Figure 3). 

Scaffold 1 was then employed for electrode functionalization through the divergent Route A 

(Figure 3). To investigate the benefit of using a convergent strategy in which a pre-functionalized 

scaffold was immobilized via oxime ligation to the electrode (Route B, figure 3), we undertook 
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the synthesis of tetra-ferrocene scaffold 5 (Figure 3). Intermediate 3 was reacted with 

ethynylferrocene in the presence of CuSO4, sodium ascorbate and THPTA [tris(3-

hydroxypropyltriazolylmethyl)amine] at room temperature. Compound 4, displaying four copies 

of triazole-linked ferrocenes on the upper side of the scaffold was then further functionalized on 

its lower side through the above described two-step protocol amidation of the free amino group to 

afford aminooxy-containing ferrocene scaffold 5 in a 66% overall yield (Figure 3A). The same 

synthetic strategy was applied to the dendrimer scaffold 6 38 (Figure 3B). Tetra-azido and tetra-

ferrocene, aminooxy-functionalized dendrimer scaffolds 2 and 8 were obtained from the common 

intermediate 6 in 81% and 72% overall yields, respectively (see supplementary material and 

figures S1-S14 for further details). 

 

 

A)

B)
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Figure 3. (A) Synthesis of tetra-azido, aminooxy-functionalized cyclic scaffold 1, and tetra-

ferrocene, aminooxy-functionalized cyclic scaffold 5. (B) Synthesis of tetra-azido, aminooxy-

functionalized dendrimer scaffold 2, and tetra-ferrocene, aminooxy-functionalized dendrimer 

scaffold 8. Reagents and conditions: [a] Ethynylferrocene (6.0 eq.), CuSO4•5H2O (≈ 2% mol), 

THPTA (10 eq.), sodium ascorbate (27-29 eq.), DMF, PBS, 2 h, r.t.; [b] Boc-aminooxyacetic acid 

N-hydroxysuccinimide ester (1.5 eq.), DIPEA (1.5 eq.), DMF, 30 min., r.t.; [c] 

TFA/NH2OH/CH2Cl2 (50:2:48), 30 min. r.t.   

 

3. Immobilization of bifunctional clickable dendrimers and cyclopeptide on GC electrodes 

GC electrodes previously-modified with the aldehyde-functionalized polyphenylene layer were 

employed for the immobilization of aminooxy-containing scaffolds 1, 2, 5 and 8 (Figure 4). 
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Figure 4. Functionalization of electrodes with ferrocene dendrimers (A) and cyclopeptides (B) via 

oxime ligation and CuAAC.  

 

Alkyne-modified ferrocene moieties were introduced on the dendrimers either before (route B) 

or after (route A) the immobilization of the scaffolds on aldehyde-modified GC electrodes (Figure 

4). Figure 5 displays CV of the modified electrode. All electrodes exhibit the typical reversible 

system corresponding to the Fc/Fc+ reversible oxidation at a standard redox potential E1/2 = + 0.37 

V vs. Ag/AgCl (KCl sat). A linear dependence of both anodic and cathodic peak current intensities 
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towards scan rates is in good agreement with a surface-confined redox system, characteristic of 

immobilized redox species. 

 

Figure 5. CV of ferrocene-modified GC electrodes according to route A and route B from figure 

2 (0.1M sodium phosphate buffer pH 7,  = 0.1, 0.5, 0.75, 1, 2 V s-1) 

 

Table 1 displays the electrochemical characteristics of the Fc/Fc+ redox system for each 

electrode configuration. Surface coverages (max), indicator of the efficiency of the immobilization 

process, were measured by integration of the charge under the anodic or cathodic peaks at low 

scan rates giving values in the range of of 80 to 100 pmol cm-2 for all electrodes. This low 

difference in between the various Fc groups indicates the high efficiency of both the grafting of 

macromolecules on surfaces via oxime ligation and alkyne-ferrocene by CuAAC. Higher values 
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were obtained by immobilization of the cyclopeptide 1 followed by ferrocene functionalization 

(Route A). This might arise from the excellent surface accessibility of the cyclopeptide scaffold 

compared to the dendrimer towards ferrocene immobilization. The fact that similar amounts of 

ferrocene groups were grafted is indicative of the high efficiency of both the grafting of 

macromolecules on surfaces via oxime ligation and the grafting of alkyne-ferrocene by CuAAC. 

For comparison, thiol-modified cyclopeptide-ferrocene moieties were immobilized on gold 

electrodes, showing surfaces coverages of 60 pmol cm-2. 2 5 Furthermore, a surface coverage of 

440 pmol cm-2 was reported by Hapiot and colleagues using protecting silyl groups to form a quasi-

monolayer and before immobilization of ferrocene in a postfunctionalization step.35 Taking into 

account that a closely-packed ferrocene monolayer on a planar surface accounts for a surface of 

450 pmol cm-2,23,42,43 this corresponds to a 20% surface occupancy in ferrocene on the planar GC 

electrode. 

Table 1. Electrochemical characteristics of immobilized ferrocene on GC electrodes 

 
E1/2

 (Fc/Fc+) (V) 
max (pmol cm-

2) 
k0 (s

-1) 

Dendrimer 

(route A) 
0.37 ± 0.01  80 ±10 25 

Dendrimer 

(route B) 
0.37 ± 0.01  95 ±10 10 

Cyclopeptide 

(route A) 
0.37 ± 0.01 100 ± 15 30 

Cyclopeptide 

(route B) 
0.37 ±0.01  95 ± 10 20 

 

Heterogenous electron transfer rate constants k0 between 11 and 31 s-1 were measured using the  

Laviron model (figure S15)44, showing no striking difference between cyclopeptides and 
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dendrimers modified-electrodes. For comparison, cyclopeptide-ferrocene or oligopeptide-

ferrocene self-assembled monolayers exhibits k0 values between 4000 and 7000 s-1.41,45 The two-

order of magnitude lower values obtained in this work is explained by the formation of the 

polyphenylene layer after electrografting of the DTBD which increase the distance between 

ferrocene and the electrode surface. 

 

Immobilization of dendrimers and cyclopeptides on MWCNTs 

Aldehyde-modified MWCNT electrodes were also functionalized via click-oxime by 5 and 8 

according to route B from figure 3. 

 

Figure 6. CV of ferrocene-modified MWCNT electrodes performed in 0.1 M sodium phosphate 

buffer pH 7 ( = 10 mV s-1) 
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Figure 6 displays CV of these electrodes accompanied with the CV of an Fc-modified MWCNT 

electrodes, obtained via CuAAC in between an azido-modified-MWCNT electrode and alkyne 

ferrocene, according to a previous study.21 Table 2 summarizes the electrochemical characteristics 

of the ferrocene-modified MWCNT electrodes for each configurations. k0 values were not 

calculated at MWCNT electrodes since Laviron model is not suitable to describe such 

nanostructured and porous electrodes. 

Table 2. Electrochemical characteristics of immobilized ferrocene on MWCNT electrodes 

 E1/2
 (Fc/Fc+) (V) max (nmol cm-2) 

Alkyne-Fc + 0.37 ± 0.01  1.0 ± 0.5 

Dendrimer-Fc + 0.43 ±0.01 44 ± 10 

Cyclopeptide-Fc + 0.43 ± 0.01 46 ± 10 

 

Comparing clicked dendrimers and cyclopeptide on MWCNT and GC electrodes, it is 

noteworthy that a 500 fold increase in the surface coverage of ferrocene moieties was obtained. 

This confirms both the facile modification of MWCNTs by dendrimer and cyclopeptide structures 

and the powerful combination of ferrocene-modified scaffolds and MWCNTs. As compared to a 

classic modification of azido-modified MWCNT electrodes with alkyne-ferrocene by CuAAC, we 

observed almost a 50-fold increase of surface coverage. This is equivalent to 100 monolayers of 

closely-packet ferrocene moieties, underling the synergistic effect between the mesoporous nature 

of the MWCNT film and the efficiency of the oxime ligation, thus allowing for an efficient 

approach for redox molecules immobilization at CNTs surface.  

 

Functionalization of electrodes with alkyne-modified laccases from Trametes sp c30 
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The recombinant form of LAC3, a typical fungal laccase, is produced with high yield46,47 and 

exhibits excellent robustness in different types of applications 48–52 The fact that the LAC3 

sequence is naturally poor in lysine residues (K40 and K71) and that these residues are located at 

the surface of the amino-terminus domain (GENEBANK AAR00925.1) facilitated a strategy of 

introduction of specific functions at the enzyme surface allowing for LAC3 functionalization.52 In 

line, in the variant UNIK161 (K40->M, K71->H, R161->K) a single functionalized amino group is 

located near the T1 copper center.53 Thereby, LAC3 and UNK161 are offering immobilization 

possibilities in two opposite orientations relative to the T1 center for the same enzyme.21,52 Here, 

alkyne-modified LAC3 enzymes were covalently attached to dendrimer and cyclopeptide-

modified MWCNTs. 

Figure 7 displays CV performed under Ar and O2 in the presence of ABTS, a commonly-

employed redox partner of LAC3.  
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Figure 7. (A) CV of MWCNT electrodes after immobilization of alkyne-modified LAC3 on (gray-

line) cyclopeptide-modified and (black line) dendrimers-modified MWCNTs and (B) CV of 

MWCNT electrodes after immobilization of  alkyne-modified UNIK161 on (gray-line) 

cyclopeptide-modified and (black line) dendrimers-modified MWCNTs (a, b) under Ar, and (c, d) 

under O2 after the addition of 10 mM ABTS (0.05 mol L-1 acetate buffer solution pH 5,  = 10 mV 

s-1). 

The irreversible reduction wave, observed at onset potentials of + 0.75 V vs. SHE, corresponds 

to the electrocatalytic reduction of O2 by immobilized LAC3, mediated by ABTS. Similar 

electrocatalytic current densities between -2 and -3 mA cm-2 (Figure 7A) confirm that both 
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cyclopeptide and dendrimer scaffolds have the same ability to graft alkyne-modified enzymes, as 

already observed for ferrocene moieties. On the other hand, lower current densities around -1.5 

mA cm-2 were observed for UNIK161 (figure 7B), as UNIK161 possesses one single alkyne-

modified residue while the native modified-LAC3 possesses two. Furthermore, taking into account 

that orientation of UNIK161 implies that the T1 site points towards the electrode surface, access 

of ABTS to the T1 substrate binding site might be hindered. The result fits well with current 

densities observed in the case of alkyne-modified LAC3 enzymes immobilized on azide-modified 

MWCNTs.21 Unlike ferrocene immobilization, this demonstrates that the addition of a 

cyclopeptide or dendrimer scaffold do not increase the enzymatic surface coverage, as expected 

from the large size of LAC3 enzymes (by almost ten folds compared to cyclopeptides) as compared 

to both scaffolds and ferrocene moieties. Direct electron transfer (DET) properties of these 

modified MWCNTs were also investigated in the case of immobilized LAC3. Figure 8 displays 

CV performed under O2 without ABTS.  
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Figure 8. CV of MWCNT electrodes after immobilization of alkyne-modified LAC3 on 

dendrimer-modified, cyclopeptide-modified and 4-azidobenzene diazonium-modified MWCNT 

electrodes under Ar,and under O2 (0.05 mol L-1 acetate buffer solution pH 5,  = 10 mV s-1). 

 

Cyclopeptide- and dendrimer-modified MWCNT electrodes were compared to the previously-

modified azidophenyl-modified MWCNT electrodes. Low current densities were observed 

towards direct O2 reduction at 10 and 50 µA cm-2 for the LAC3-dendrimer and cyclopeptide 

respective systems, respectively. On the contrary, when LAC3 is directly clicked-on on azido-

modified-MWCNT electrodes, an efficient DET is observed with maximum current densities of -
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2.1 mA cm-2 and half-wave potentials of +0.65 V vs. SHE, closed to the redox potential of the 

enzyme, 0.68 V vs. SHE.21,54 These results demonstrate that the designed scaffolds are highly 

efficient at immobilizing enzymes. However, distances between the electrode surface and the 

enzyme active redox centers are increased by 20 to 25 A, which corresponds to the approximative 

length of the scaffolds41 but also the upper limit for detection of electron tunneling in proteins by 

bioelectrochemistry.55Accordingly, when enzymes are directly immobilized on a thin 

electrografted layer, DET is observed as well as electrocatalytic wave towards O2 reduction at the 

redox potential of the enzyme multicopper active site. 

 

 

Conclusion 

This work describes a novel way of immobilization of redox molecules on surface by using 

cyclopeptide and dendrimer scaffolds immobilized by oxime ligation. Using its high flexibility in 

accommodating different clickable functions, the combination of both MWCNT surfaces and 

modified dendrimers or cyclopeptides allow the access to high surface coverages of ferrocene in 

the order of 50 nmol cm-2, almost one order of magnitude higher compared to a simple click 

reactions and several order of magnitude for immobilization on  planar surfaces. Furthermore, 

these electrodes allow the immobilization of functionalized active metalloenzymes such as 

laccases. Comparing the immobilization of ferrocene and redox enzymes, we can conclude that 

dendrimers and cyclopeptide are highly efficient in the immobilization of small redox molecules 

on surfaces, owing to these highly-branched scaffolds at nanostructured electrodes. In addition, 

these scaffolds do not provide any significant advantage in terms of surface coverage in the 

immobilization of macromolecules such as laccases, andare detrimental to the direct wiring of 
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these enzymes by increasing tunneling distances between the electrode surface and the enzyme’s 

redox centers and that despite of a proper control of the orientation of enzymes relative to the 

surfaces. However, these surfaces can still be envisioned for building laccase-based sensors where 

DET hampers the sensing of phenolic substrates. Thanks to the high surface coverage brought by 

these novel scaffolds, we will further investigate their use for surface functionalization strategies 

with molecular catalysts and smaller enzymes involved in sensing or energy applications.  
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