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Non-covalent functionalization of carbon nanotubes 

with boronic acids for the wiring of glycosylated 

redox enzymes in oxygen-reducing biocathodes 

Bertrand Reuillard, a Alan Le Goff, a Michael Holzingera and Serge Cosniera 

We report the non-covalent functionalization of multiwalled carbon nanotubes with pyrene 

monomers bearing a boronic acid function. These functionalized electrodes were used to 

wire horseradish peroxidase via formation of a covalent boronic ester bond under mild 

conditions with the glycosylated enzyme. By attaching at the same time glucose oxidase, a 

bi-enzymatic system was elaborated and showed efficient bioelectrocatalytic oxygen 

reduction in physiological conditions. 

 

 

 

 

 

 

 

Introduction 

Bioelectrocatalytic reduction of substrates such as dioxygen or 

hydrogen peroxide by redox enzymes is one key step toward 

the development of efficient biocathodes in enzymatic biofuel 

cells (BFCs).1–4 In particular, glucose BFCs are envisioned for 

power harvesting from living organisms and thus, require low-

overpotentials and high electrocatalytic oxygen reduction under 

physiological conditions, i.e 5 mM glucose and 0.14 M NaCl.5–

7 While multicopper enzymes are the most widely used 

enzymes for the reduction of O2 at the biocathode, their 

sensitivity toward inhibitors such as chloride ions or urates 

complicates their use in implantable devices. Significant 

advances have recently been made by focusing on reducing 

H2O2 by horseradish peroxidase (HRP) immobilized on carbon 

nanotubes (CNTs) or on carbon microfibers8,9. Thanks to an 

efficient direct electron transfer (DET) between HRP and the 

electrode, several examples demonstrate that HRP can electro-

enzymatically reduces H2O2 into H2O 9,10 at low overpotentials 

(about +0.5 V vs SCE at pH 7). A bienzymatic system, 

combining HRP and glucose oxidase (GOx) has been 

envisioned to design novel oxygen-reducing biocathodes in the 

presence of glucose 10,11. GOx catalyzes the reduction of O2 to 

H2O2 in presence of glucose while HRP reduces H2O2 into H2O 

via DET. We recently demonstrated that this biocathode can 

operate in a GBFC under physiological conditions 10. Here, we 

took advantage of the glycosylated domain of both, GOx and 

HRP to bind these enzymes on boronic acid functionalized 

multiwalled carbon nanotubes (MWCNTs).  

An elegant technique consists in the handy formation of 

boronic acid ester through the reaction of a boronic acid 

function on the electrode surface with the sugar residues of 

glycosylated proteins like GOx and HRP. Although this 

technique has widely been used for the immobilization of redox 

proteins on polymer backbones 12,13 or via self-assembled 

monolayers 14–17, it was scarcely studied in combination with 

carbon nanotubes 18. Most of the high-performance BFCs are 

using carbon nanotubes as conductive matrix. Indeed, their 

excellent electrochemical properties for electron transfers and 

their high specific surface are particularly attractive to 

immobilize and directly wire high amounts of enzymes.19 With 

the aim to develop a new MWCNT-based electrode with 

enhanced electrocatalytic properties towards the reduction of 

H2O2 and O2 under mild conditions, this work describes the 

non-covalent functionalization of MWCNTs by pyrene 

derivatives bearing boronic acid. Two types of pyrene groups, 

with or without spacer, were used: pyrene-1-boronic acid 

(pyrene 1) and 1-(4-boronobenzyl)-3-(4-(pyren-1-

yl)butanamido)pyridin-1-ium bromide (pyrene 2). The 

functionalization of MWCNT electrodes by HRP alone or by 
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GOX and HRP association was investigated for the catalytic 

reduction of H2O2 and O2, respectively. 

Results and discussion 

Direct electrochemistry of HRP immobilized on boronic acid-

functionalized MWCNTs 

MWCNT electrodes were obtained by the method from Wu et 

al20 that allows highly stable and reproducible MWCNT coating 

on GC electrodes. Using this transfer process, a homogenous 

and reproducible 4 µm-thick MWCNT film was obtained on the 

electrodes. The MWCNT electrodes are simply incubated for 

one hour in DMF containing pyrene 1 or pyrene 2 (10 mmol L-

1) and then incubated with the glycosylated enzymes in 

phosphate buffer solution (0.1 mol L-1 PBS, pH 7.4). In order to 

probe the DET between HRP and MWCNTs, we compared 

pyrene 1 with no intermediary chain and pyrene 2 with a semi-

rigid spacer of about 10 Å lengths. To address the efficiency of 

this covalent binding, we also performed the same experiments 

using 1-pyrenebutyric acid N-hydroxysuccinimide ester 

(pyrene 3). The latter forms a well-characterized amide 

coupling with amine residues at the surface of enzymes. 

Scanning Electron Microscopy (SEM) images of the 

bioelectrodes confirm the high electroactive area of the 

electrodes and the excellent homogeneity of the MWCNT 

deposit (figure S1).  

 
Figure 1. (A) Schematic representation of MWCNTs functionalized with (a) 

pyrene 1, (b) pyrene 2 and (c) pyrene 3; (B) cyclic voltammograms of (a) pyrene 

1-, (b) pyrene 2- and (c) pyrene 3-functionalized bioelectrodes after incubation 

in a HRP containing PBS (0.1 mol L
-1

 pH 7.4) solution. The measurements were 

performed at a scan rate of 20 mV s
-1 

in 0.1 mol L
-1

 PBS, pH 7.4 at 25°C 

The cyclic voltammograms of the bioelectrodes in PBS, exhibit 

a reversible redox system at E1/2 = -0.10 V (∆E = 40 mV) vs 

SCE for the HRP electrode functionalized with pyrene 1 

(figure 1). This redox system is characteristic of the reversible 

Fe3+/Fe2+ redox process of the heme iron embedded in the 

protein and immobilized on the electrode. This reversible peak 

is not observed for the pyrene 2 functionalized electrodes 

(Figure 1B). For pyrene 3, a poorly reversible system around -

0.1V indicates the presence of directly-wired HRP. The 

MWCNT electrodes were then studied in presence and absence 

of 0.5 mmol L-1 H2O2  (Figure 2).  

 
Figure 2. Cyclic voltammograms for MWCNT electrodes functionalized with HRP 

and (A) pyrene 1 , (B) pyrene 2 and (C) pyrene 3 in the presence and absence of 

1 mmol L
-1

 H2O2; (C) chronoamperometric experiments at Eapp = 0.2V for 

successive additions of H2O2 for MWCNT electrodes functionalized by (�) pyrene 

1/HRP, (�) pyrene 2/HRP, (�)pyrene 3/HRP, (�)pyrene butyric acid/HRP and 

(�) only HRP (0.1 mol L
-1

 PBS, pH 7.4, 25°C,  20 mV s
-1

)  

As expected from the previous experiment, a high catalytic 

current at low overpotential is especially observed for the 

pyrene 1-functionalized electrode. While pyrene 2-

functionalized electrodes exhibits negligible H2O2 reduction, 

the pyrene 3-functionalized electrodes exhibits lower 

electrocatalytic properties towards H2O2 reduction compared to 

pyrene 1.  The cyclic voltammogram exhibits an onset 

potential of +0.43V for the electrocatalytic H2O2 reduction. 

This potential corresponds to the HRP Fe(IV)=O redox state of 

+ 0.7V 21. This lower value arises from the competition 

between the electrocatalytic H2O2 reduction and H2O2 oxidation 

at the electrode 9,10. The electrocatalytic H2O2 oxidation process 

clearly appears in the anodic part of the CV from figure 2A at 
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around 0.2V. Chronoamperometric measurements have been 

carried out at E = 0.2V with successive increments of H2O2 

concentration (figure 2C). For pyrene 1, the electrocatalytic 

current reaches a maximum current density of 196 µA cm-2 at 

0.8 mmol L-1 leading to a KM
app value of 0.18 mmol L-1. This 

value is about half the value of the KM of the enzyme free in 

solution, i.e. 0.44 mmol L-1 22. This comparison reflects the 

efficiency of the electron transfer from MWCNT to the 

prosthetic site of the immobilized HRP compared to the 

enzyme in solution. In contrast, the pyrene 2 functionalized 

electrodes involving a long spacer, show markedly lower 

maximum currents, namely 12 µA cm-2. Pyrene 3-

functionalized electrodes exhibits maximum current of 28 µA 

cm-2, showing the lower electrocatalytic properties of these 

functionalized electrodes. We also performed control 

experiments by incubating HRP with both pristine MWCNT 

electrodes and MWCNT electrodes functionalized with 1- 

pyrene butyric acid in order to quantify unspecific binding of 

HRP. Both electrodes exhibits negligible catalytic currents for 

H2O2 reduction, namely 5 and 8 µA cm-2 respectively (figure 

2D). Wiring of HRP via covalent binding to pyrene 1 is 

particularly efficient compared to pyrene 2 and pyrene 3. This 

efficiency likely arises from the high reactivity of boronic acids 

towards diol groups at the surface of the enzyme associated 

with the short length of the boronic acid linker. 

These experiments demonstrates the formation of a hypervalent 

iron(IV)-oxo porphyrine oxidation state according to the 

presented mechanism shown in figure S2. To determine the 

amount of enzyme immobilized on the electrode and evaluate 

the influence of DET on the H2O2 reduction process, the 

enzymatic activity of the two different electrodes, was 

evaluated by a spectrophotometric assay. The HRP activity of 

an enzyme sample and bioelectrodes was measured by 

following the time-dependent appearance of the absorbance of 

the 2,2′-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) di-

ammonium radical cation (ABTS.+) at 415 nm  under aerobic 

conditions. Assuming a straight that the enzyme has the same 

activity in its free or immobilized form, the comparison of the 

resulting activity indicates that 46 and 22 µg cm-2 of HRP were 

immobilized on pyrene 1 and pyrene 2-functionalized 

MWCNTs, respectively (figure 3A, inset). 

Compared to pyrene 2, it clearly appears that pyrene 1 leads to 

the immobilization of a double amount of HRP with a markedly 

better electrical wiring. It should be noted that the theoretical 

maximum surface coverage with a close-packed HRP 

monolayer, calculated from its cross-sectional area, corresponds 

to 3.3 pmol cm-2 while voltammetric measurements provide a 

value of 3.8 pmol cm-2.23 As a consequence, the HRP coverage 

(46 µg cm-2) obtained with pyrene 1-functionalized MWCNTs 

is equivalent to the immobilization of 275-317 compact enzyme 

monolayers. This unambiguously illustrates the great advantage 

brought by the three-dimensional structure of the MWCNT 

matrix as well as the efficient anchoring of HRP within the 

whole structure. Taking into account that ABTS is also a well-

known redox mediator for electrically connecting HRP to the 

electrode, we investigated, in parallel, the electrocatalytic 

activity of the different electrodes in the presence of ABTS (6 

mmol L-1) by chronoamperometric measurements. The latter 

were performed at 0.2V and the measured maximum current 

densities are presented in figure 3A. The comparison of the 

catalytic current values (504 and 252 µA cm-2  for pyrene 1 and 

pyrene 2 MWCNT electrodes, respectively) corroborates the 

anchoring of a two time higher amount of enzyme via pyrene 

1. In addition, for the pyrene 1-functionalized MWCNTs, a 2.5 

fold increase of the catalytic current confirms that all of the 

immobilized HRP enzymes are not directly wired to the CNT 

matrix.  

 
Figure 3. (A) Maximum current densities obtained by chronoamperometric 

experiments at Eapp = 0.2V in the presence of 1 mmol L
-1

 H2O2 before and after 

addition of 6 mmol L
-1

 ABTS for pyrene 1/HRP and pyrene 2/HRP MWCNT 

electrodes (0.1 mol L
-1

 PBS pH 7.4, 25°C) ; (inset) Amount of immobilized 

enzymes obtained by enzymatic activity measurements performed by UV-visible 

spectroscopy in the presence of ABTS ; (B) Schematic representation of the 

electrocatalytic mechanism for pyrene 1/HRP and pyrene 2/HRP MWCNT 

electrodes 

By assuming similar kinetics for DET and Mediated Electron 

Transfer (MET), we determined that about 40% of immobilized 

HRP are directly wired to the MWCNT electrode. For the 

pyrene 2-functionalized MWCNT electrodes, an 

electrocatalytic current of 252 µA cm-2 was measured in the 

presence of ABTS, indicating that only 5% HRP is directly 

wired. These experiments confirm firstly that boronic-acid 

groups are efficient anchors for covalent binding of 

glycosylated HRP on MWCNTs, and, secondly that the spacer 

length is of crucial importance. A short linkage is a prerequisite 

to provide an optimal distance between the heme domain of 
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HRP and the MWCNT sidewalls. Longer spacer groups prevent 

such close contacts to the electrode material that reduces 

drastically DET as depicted in figure 3B.  

Co-immobilization of GOx and HRP for catalytic oxygen 

reduction 

Taking advantage of the efficient DET observed between HRP 

and the MWCNT electrode functionalized with pyrene 1, a 

bienzymatic GOx-HRP system was elaborated for the 

enzymatic/electroenzymatic reduction of O2 into H2O via the 

H2O2 intermediate produced by GOx. Pyrene 1-functionalized 

MWCNTs were incubated in an aqueous solution containing 

equimolar amount of HRP and GOx (Figure 4).  

 
Figure 4. (A) Schematic representation of the functionalization of MWCNT 

electrodes with GOx and HRP for the reduction of O2 into H2O; (B) cyclic 

voltammogram for MWCNT electrodes functionalized with pyrene 1 after 

incubation in a 2mg.mL
-1

 solution of equimolar GOx and HRP (0.1M PBS pH 7.4, 

25°C, 20 mV s
-1

) 

The cyclic voltammogram of the bienzymatic biocathode 

exhibits two reversible redox systems at -0.08V (∆E = 50mV) 

and -0.48 (∆E = 46mV), respectively (Figure 4B). These 

features correspond to the redox potentials of the HRP 

Fe3+/Fe2+ system and the FAD/FADH2 cofactor of immobilized 

GOx. This redox behaviour demonstrates that both enzymes are 

linked to the MWCNTs surface via formation of boronic esters 

with pyrene 1. 

In the presence of glucose (5 mmol L-1), GOx oxidizes glucose 

to gluconolactone by reducing oxygen into H2O2. The as 

produced H2O2 is then further reduced by HRP to water leading 

to a catalytic reduction current with an onset potential of 

+0.43V (figure 5A). 

To optimize the bi-enzymatic biocathodes, the pyrene 1 

functionalized MWCNT electrodes were incubated in PBS 

containing different ratios of HRP/GOx (Figure 5B). 

Chronoamperometric measurements were carried out in PBS, 

pH7 at 37°C under successive additions of glucose at defined 

concentrations. Depending on the HRP/GOx ratio, different 

catalytic activities were observed. At low HRP/GOx ratio, the 

catalytic activity decreases for higher glucose concentrations. 

This effect is due to local overproduction of H2O2 by GOx that 

rapidly saturates and inhibits the enzymatic activity of HRP23. 

At high HRP/GOx ratio, the higher number of wired HRP 

counterbalances this inhibition. Here, the catalytic activity 

steadily increases with the successive addition of glucose until 

a maximum current is obtained. This study underlines the 

excellent control over enzyme immobilization via the boronic 

ester linkage and, more importantly, the complicated 

mechanism for oxygen reduction induced by this bienzymatic 

system. Nevertheless, the optimal configuration of the 

bienzymatic system in physiological conditions, i.e. at 5 mmol 

L-1 glucose and 0.14 mol L-1 NaCl could be estimated. The 

optimal HRP/GOx ratio for these conditions is 10 that gave a 

catalytic current density of 10µA cm-2. A high ratio is needed to 

wire a maximum amount of HRP while a lower amount of GOx 

is necessary to limit the overproduction of H2O2 which inhibits 

HRP. 
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Figure 5. (A) Cyclic voltammograms for MWCNT electrodes functionalized with 

GOx and HRP in (a) absence and in (b) presence of 5mM glucose; (B) Evolution of 

the oxygen reduction catalytic current as a function of glucose concentration and 

HRP/GOx ratio (Eapp = 0.2V, 0.1 mol L
-1

 PBS pH 7.4, 25°C, 20 mV s
-1

) 

Conclusions 

To conclude, this work shows the flexible and facile use of 

boronic acid-modified pyrene molecules to functionalize 

MWCNTs with glycosylated enzymes. Excellent HRP wiring 

could be achieved accompanied with efficient electrocatalytic 

reduction of H2O2. In combination with co-immobilized GOx 

under the same boronic ester linker, a biocathode for low-

overpotential reduction of O2 was designed which is operational 

under physiological conditions, i.e. at 5 mmol L-1 glucose and 

0.14 mmol L-1 NaCl. Such bioelectrodes have therefore clear 

advantages compared to biocathodes using multicopper 

enzymes for the electrocatalytic reduction of oxygen. This 

setup could be more appropriate in glucose/O2 biofuel cells, 

designated for implantation in order to supply electronic 

medical devices with energy out of body liquids.  

Experimental 

General procedures 

Glucose oxidase (from Aspergillus niger, 139 units mg-1), 

Horseradish peroxidase (730 units mg-1), 1-pyrene boronic acid, 

N-hydroxyl succinimid (NHS), 1-Hydroxybenzotriazole 

hydrate (HOBt), 4-(Bromomethyl)phenylboronic acid, 1-

pyrenebutyric acid, 1-pyrenebutyric acid N-

hydroxysuccinimide ester and dimethylformamide (DMF) were 

purchased from Sigma Aldrich. 1-pyrene butyric acid and 3-

aminopyridine were purchased from Alfa Aesar. The synthesis 

of pyrene 2 was done as previously described 24. When not 

used, the enzymes were stored at 4°C. All reagents were used 

as received without any further purification. Electrochemical 

measurements were carried out using a Biologic VMP3 Multi 

Potentiostat. A Pt grid was used as counter electrode and a 

saturated calomel electrode was used as reference electrode. 

PBS pH 7.4 was used as electrolyte. 

UV/Vis experiments were run on a Perkin Elmer UV/Vis 

spectrometer Lambda 650. 

Preparation of bioelectrodes 

For the preparation of the bioelectrodes, commercial grade 

Multi-Walled Carbon Nanotubes (9.5 nm diameter, purity > 

95%) were obtained from Nanocyl. MWCNTs films were 

prepared using a modified procedure from Wu et al 20. 

MWCNTs (10 mg) were dispersed in 500 mL of pure water and 

sonicated for 30 min. After the solution was let to decant 

overnight, the remaining transparent supernatant (400 mL) was 

filtered over cellulose nitrate filter (Sartorius, 0.45 µm, ∅ 3.5 

cm). The resulting deposit of MWCNTs was then deposited on 

a GC electrode (surface area 0.07 cm2) and the filter membrane 

was then carefully dissolved with acetone. 

Non-covalent immobilization of the pyrene residues was 

carried out by incubation of the MWCNTs electrodes in a 10 

mmol L-1 solution of pyrene 1 or pyrene 2 in DMF. Pi-

stacking process was let to react for 1h and the electrodes were 

then rinsed several times in DMF and then in pure water. The 

functionalized electrodes were then incubated overnight in a 2 

mg mL-1 PBS containing HRP or a HRP/GOx mixture 

(according to the functionalization process) at pH 8 at 4°C. 

Then, the electrodes were rinsed and kept in PBS when not 

used. The MWCNT bioelectrodes were used as working 

electrodes (3mm diameter).  
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