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d functionalization of phenol-
modified carbon nanotubes: from grafting of
metallopolyphenols to enzyme self-
immobilization†

Umberto Contaldo,a Solène Gentil,ab Elise Courvoisier-Dezord,c Pierre Rousselot-
Pailley,c Fabrice Thomas, a Thierry Tron *c and Alan Le Goff *a

We report the unprecedented use of laccase to functionalize phenol-modified carbon nanotubes (CNTs).

Enzymatically-generated metallopolyphenols or the laccase itself can be mildly and efficiently

immobilized using the ability of laccase to generate phenoxyl radicals. Electrochemistry, XPS and EPR

spectroscopy were used to assess the enzyme-catalyzed CNT functionalization. The efficient

immobilization of laccase is confirmed by the high direct bioelectrocatalytic reduction of oxygen with

a maximum current density of 1.95 mA cm−2.
Introduction

Laccases are copper-containing oxidases which have been
extensively studied both for their ability to oxidize a wide variety
of substrates and for their concomitant ability to reduce O2 into
water at high redox potentials. A type 1 (T1) mononuclear
copper centre, located near the surface of the protein, is
responsible for outer-sphere oxidation of substrates, while
a trinuclear copper centre (TNC) is responsible for the
concomitant reduction of the laccase co-substrate, dioxygen.
Many laccase-based biotechnological applications rely on these
exceptional properties.1–6 Their ability to generate phenoxy
radicals from the oxidation of phenols has been especially
employed in polymerization and cross-linking processes.5–8

Tyrosine-containing macromolecules such as peptides9 and
proteins10 can be enzymatically cross-linked under mild condi-
tions thanks to laccase-catalyzed generation of phenoxy radi-
cals. Laccases have also been employed in electrochemical
applications, mostly biosensors and biofuel cells, relying on the
efficient immobilization and electrical wiring of laccases at the
electrode surface.3,4,11–15 LAC3 is a typical fungal laccase which
can be obtained with high yield as recombinant protein in
yeast.16,17 We have already exploited its excellent versatility and
performances in several applications.18–23 While many strategies
can be applied to immobilize these enzymes at electrodes,24–28
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electrograing of aryldiazonium salts29–31 has proven to provide
a reliable way of introducing functional groups at electrode
surfaces for post-functionalization with enzymes. We and
others have taken advantages of several types of aryldiazonium
salts to gra laccases using different types of selective covalent
binding reactions such as Huisgen cycloaddition,18 oxime liga-
tion32 or imino/amide binding.33 This has been particularly the
case in the construction of carbon nanotube (CNT)-based elec-
trodes. CNTs provide a unique combination of biocompati-
bility, high conductivity and high surface area. Furthermore,
the functionalization of CNTs by many covalent and non-
covalent techniques has extended their exceptional properties
to the immobilization of small molecules as well as macro-
molecules, providing hybrid nanomaterials for many applica-
tions. Functionalization of CNTs oen requires specic harsh
conditions to efficiently attack and modify the pi-conjugated
network of CNT sidewalls.34,35 This is particularly the case
whenmodifying CNTs withmacromolecules such as enzymes or
polymers to design nanocomposites. In this respect the design
of “graing from” techniques has provided a mild method to
modify CNTs by rst introducing an initiator at the surface of
CNTs, followed by the polymerisation of the monomer in
solution from this seed layer.36 These have been notably devel-
oped using diazonium chemistry and atom transfer radical
polymerisation (ATRP).37,38 The main advantage of this tech-
nique resides in providing high graing density while pre-
venting additional diffusion limitations when macromolecules
have to be graed by a “graing onto” method. On the other
hand, enzymes are potentially offering mild, aqueous and
green-chemistry-based conditions for the modication of CNT
sidewalls. A few examples already describe the use of peroxi-
dases and xanthine oxidases to degrade CNTs.39–45 In particular,
This journal is © The Royal Society of Chemistry 2023
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A. Bianco and colleagues have shown that catechol-modied
CNTs enhance peroxidase activity increasing CNT enzymatic
degradation.41

In this work, we investigated the graing of laccase and 4-fer-
rocenylphenol (FcPhOH) on CNTs using laccase as the
polymerization catalyst. CNTs were rst modied by electro-
graing of 4-hydroxybenzenediazonium salt. This poly-
phenylenephenol layer was then employed as a seed layer for
graing poly[ferrocenylphenol]. This strategy represents an
unprecedented attempt to use an enzyme to catalyse the mild
“graing to” functionalization of CNTs by a metallopolymer.
Furthermore, using the well-known ability of laccases to cross-link
proteins and peptides through the oxidation of tyrosine, the lac-
case itself was auto-catalytically immobilized at these
polyphenylenephenol-modied CNTs. Thus immobilized, the
enzyme exhibits a direct electron transfer (DET) with the CNTs
allowing an efficient bioelectrocatalytic oxygen reduction.
Results and discussion
Reactivity of laccase with 4-ferrocenylphenol

FcPhOH was synthesized using a procedure modied from
a previously-described procedure.46 FcPhOH was chosen as
a redox probe bearing a non-protected phenol, a classic
Fig. 1 (A) Absorption spectra of a 20 mM solution of FcPhOH in 0.1 M
acetate buffer pH 5.5 (2% DMSO) before (t = 0) and after addition of 3
mM laccase (t = 2, 5, 10, 20, 25, 35, 40, 50 and 90 min). A plot of the
evolution of absorbance at l = 350 nm vs. time is given in the inset; (B)
MALDI-TOF MS profile of the orange precipitate formed after 24 h
(inset: experimental and simulated isotopic profile for a m/z corre-
sponding to n = 5).

This journal is © The Royal Society of Chemistry 2023
substrate for laccase. Reactivity of laccase with FcPhOHwas rst
investigated by UV-visible spectroscopy (Fig. 1).

As laccase was added to a solution of FcPhOH in acetate
buffer pH 5.5 (in the presence of 2% DMSO used to dissolve
FcPhOH in the aqueous buffer), FcPhOH oxidation was moni-
tored over time. In the rst seconds of the addition, a bright
yellow color conrmed the formation of an oxidation product.
FcPhOc radical (i.e. the putative oxidation product) appeared as
an intense band at 350 nm in the absorption spectrum which
then progressively disappeared over one hour. This is in line
with the formation of phenoxyl radicals in solution and their
subsequent polymerization.47 Aer several hours, a bleaching of
the solution was observed, accompanied by the formation of an
orange precipitate. Aer ltration, this precipitate was analyzed
by MALDI-TOF MS (Fig. 1C). A series of peaks separated by
a mass of 276 g mol−1 was observed in the spectrum. This is
consistent with the presence of oligomers of the poly-
oxyphenylene derivative, poly-[FcPhO], of FcPhOH. Oligomers
of n = 3 to 7, the structure of which is supported by their
isotopic composition (see inset, Fig. 1B) are unambiguously
observed in the m/z prole.

The reactivity of laccase with FcPhOH was next investigated
by electrochemistry (Fig. 2).

First, the CV recorded for a 0.25 mM solution (0.1 M acetate
buffer, pH 5.5, 25%DMSO) displays one reversible system at Eox11/2 =

0.24 V vs. SCE corresponding to the typical monoelectronic Fc/Fc+

oxidation and one irreversible system at Eox2p = 0.67 V vs. SCE
corresponding to the oxidation of phenol. In the presence of lac-
case (4 mM), an irreversible system is observed at the redox
potential of the Fc/Fc+ couple in an oxygen-saturated solution. This
corresponds to the mediated reduction of O2 by laccase. It is
important to note that this irreversible catalytic wave decreases
upon further scanning. This is caused by the polymerization of
Fig. 2 (A) CV of a 0.25 mM solution of FcPhOH in 0.1 M acetate buffer
pH 5.5 under Ar (25% DMSO, v = 100 mV s−1); (B) CV of a 0.25 mM
solution of FcPhOH in the presence of 4 mM laccase under (a) Ar and
(b) underO2 after one CV cycle and (c) after twoCV cycles (25%DMSO,
v = 5 mV s−1, u = 400 rpm); (C) schematic representation of the
electrochemical behaviour of FcPhOH.

J. Mater. Chem. A, 2023, 11, 10850–10856 | 10851
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FcPhOH in solution (as observed previously in the absorption
spectra) which decreases the availability of FcPhOH in solution as
the redox partner of laccase. This experiment not only illustrates
the well-known ability of laccase to catalytically oxidize ferrocene
while reducing O2 but also conrms the ability of laccase to doubly
oxidize FcPhOH into the corresponding 4-ferrocenylphenoxy
radical Fc+PhOc.
Fig. 4 (A) Schematic representation of the laccase-catalyzed func-
tionalization of MWCNT electrodes with poly-[Fc+PhO]n; (B) CV of
a phenol-functionalized MWCNT electrode after (a–d) consecutive
soaking steps in a 0.25 mM solution of FcPhOH in 0.1 M acetate buffer
pH 5.5 (25% DMSO) in the presence of 4 mM laccase and (e) in the
absence of laccase (v = 10 mV s−1, MeCN–0.1 M TBAP); (C) plot of the
final ferrocene surface concentration against the number of soaking
steps; (D) plot of the oxidation and reduction peak currents against the
square root of the scan rate for a phenol-functionalized MWCNT
electrode after 4 soaking steps in a 0.25 mM solution of FcPhOH in
0.1 M acetate buffer pH 5.5 (25% DMSO) in the presence of 4 mM
laccase (MeCN–0.1 M TBAP).
Enzymatic graing of poly[ferrocenylphenol] at the MWCNT
electrode modied with 4-hydroxybenzenediazonium
tetrauoroborate

MWCNT electrodes were rst modied with 4-hydrox-
ybenzenediazonium tetrauoroborate by electrograing.48

Fig. 3A shows the typical CV observed in a 1 mM solution in
MeCN–0.1 M TBAP.11,49–51 An irreversible reduction is observed
at Eredp = −0.095 V vs. Fc/Fc+ corresponding to the reduction of
the diazonium and the generation of aryl radicals.

Subsequent CV scans are progressively shied towards negative
potentials, indicating the formation of a polyphenylenephenol
layer at the surface of MWCNT sidewalls.11,51,52 The EPR spectrum
of a dispersion of phenol-modied MWCNTs in frozen water/
DMSO (90/10) shows a sharp and isotropic resonance at g =

2.002 (G = 0.5 mT). This signal is attributed to magnetically iso-
lated radical sites in the MWCNT structure, conrming the cova-
lent modication of CNTs.53 Then, these phenol-modied
MWCNT electrodes were soaked for 30 min in 0.25 mM solution
of FcPhOH in 0.1 M acetate buffer pH 5.5 (25% DMSO) in the
presence of 4 mM laccase. Aer a thorough rinsing, the electro-
chemistry was performed in MeCN–0.1 M TBAP.

The system observed at 0.16 V vs. Fc/Fc+ corresponds to the
reversible oxidation of ferrocene. Note that when the electrode
is soaked in a solution of FcPhOH without laccase, a negligible
redox signal is observed (curve e, Fig. 4B). The DE = 20 mV at
slow scan rates is consistent with a surface-controlled redox
process. Subsequent soakings of the electrode performed in
fresh laccase/FcPhOH solutions lead to an increase of the
intensity of the reversible system conrming the increase of the
FcPhOH surface concentration. On the other hand, prolonging
Fig. 3 (A) CV of a 1 mM solution of 4-hydroxybenzenediazonium
tetrafluoroborate at a MWCNT electrode (3 scans, v = 10 mV s−1,
MeCN, 0.1 M TBAP). (B) EPR on (a) nonmodified MWCNT, (b) phenol-
modified MWCNT and (c) phenol-modified MWCNT electrodes in the
presence of laccase and DMPO in acetate buffer pH 5.5 (90/10 water/
DMSO), microwave freq. 9.43 GHz, power 7 mW (a and b) or 2.2 mW
(c), mod. amp. 0.3 mT, freq. 100 kHz (T = 100 K).

10852 | J. Mater. Chem. A, 2023, 11, 10850–10856
the soaking time do not signicantly increases the ferrocene
redox system. This is consistent with the fact that the graing of
the Fc+PhOc radicals at the phenol-modied surface of CNTs is
likely more efficient at maximum concentration of radicals in
solution (as observed in the absorbance spectra in Fig. 1A aer
30 min) while the heterogeneous graing further competes with
the homogeneous polymerisation aer prolonged soaking
times. Integration of the charge reveals that maximum surface
concentrations can reach values as high as 83 ± 8 nmol cm−2.
The linear dependence of the current against the square root of
the scan rate (Fig. 4D) is consistent with a charge-diffusion
limiting process in line with the immobilization of
a metallopolymer.54–56 The mechanism of this poly-[Fc+PhO]n
graing on phenol-modied MWCNTs likely involves the reac-
tion of Fc+PhOc radicals in the ortho position of the immobi-
lized phenol. We investigated the generation of reactive
phenoxy radicals during turnovers by EPR spectroscopy.
However, our attempts to detect phenoxy radicals at the surface
of MWCNT sidewalls directly by EPR were unsuccessful. Indeed,
spectra are dominated by the signature of magnetically isolated
radical sites in the MWCNT structure. This feature is identical
in the presence or in the absence of the enzyme (Fig. 3B, spectra
b and c). DMPO was also used in order to trap short-lived
phenoxy radicals, without success. We interpret the absence
of any detectable phenoxyl or DMPO adduct EPR signal as
a potential consequence of a low density of enzymatically-
generated phenoxy radicals at the CNT surface.

The surface of themodiedMWCNT electrode was investigated
by X-ray photoelectron spectroscopy (XPS, Fig. 5 and S1†). The
This journal is © The Royal Society of Chemistry 2023
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Fig. 5 XPS spectra at the Fe 2p core energy level for the MWCNT
electrodes modified with poly-[Fc+PhO]n.

Fig. 6 (A) Schematic representation of the grafting of LAC3 on
phenol-functionalized CNTs; (B) CV of phenol-modified MWCNT
electrodes after immobilization of LAC3 under (a) Ar, under O2 (b)
before and (c) after the addition of 10 mM ABTS (0.05 M acetate buffer
solution pH 5, n = 10 mV s−1). (C) CV of phenol-modified MWCNT
electrodes after immobilization of LAC3 under O2. Electrodes differ in
the number of electrografting cycles: (a) 30 min initial soaking (zero
scan), (b) one scan between 0.3 and 0 V, (c) one scan between 0.3 and
−0.3 V, (d) three scans between 0.3 and −0.3 V, (e) 5 scans between
0.3 and −0.3 V and (f) non grafted MWCNTs. (D) CV of phenol-
modified MWCNT electrodes after immobilization of LAC3 under (a)
Ar, under O2 (b) before and (c) after the addition of 10 mM ABTS for
a MWCNT electrode modified with 5 scans between 0.3 and −0.3 V
(0.05 M acetate buffer solution pH 5, n = 10 mV s−1).
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sharp peaks observed at 707.7 and 720.5 eV and corresponding to
4.8% of the total iron content correspond to the presence of
Fe(II),49,57,58 likely trapped in the metallopolymer or adsorbed at the
surface of MWCNTs. The broad peaks observed at 711.6 and 725.2
eV, accounting for 96.2% of the iron content are typical of the
presence of Fe(III).57,58 Without the addition of laccase, negligible
amounts of ferrocene were detected on the MWCNT surface (Fig.
S1†). These results corroborate the enzymatic oxidation and poly-
merization of poly-[Fc+PhO]n and its graing at the surface of
MWCNTs.
Self-graing of laccase for direct bioelectrocatalytic oxygen
reduction

The surface of different proteins is known to be susceptible to
covalent modication in the presence of radicals.59,60 In principle
this property could be used for immobilization purpose. Moreover,
for a radical-generating enzyme like laccase, immobilization could
proceed through a self-catalyzed reaction. The immobilization of
the laccase and the direct electrocatalytic reduction of O2 were
investigated at phenol-modied MWCNT electrodes. CVs were
recorded under saturated O2 purging for phenol-modied
MWCNTs ([O2] = 0.72 mmol L−1). An irreversible electrocatalytic
reduction wave was observed under O2 at phenol-modied
MWCNT electrodes, corresponding to the electroenzymatic
reduction of O2 into H2O by immobilized LAC3 (Fig. 6B, curve a). It
is noteworthy that LAC3 exhibits poor direct electron transfer
(DET) at pristine MWCNT electrodes, which is assessed by negli-
gible electrocatalytic O2 reduction when the enzyme is only
adsorbed on MWCNTs (Fig. 6C, curve f).

The inuence of the graing conditions on the nal electro-
enzymatic reduction of O2 was investigated by modulating the
initial graing of the electrode using cyclic voltammetry (electro-
graing). Actually, best performances – a maximum current
density of 1.95 mA cm−2 for the electroenzymatic reduction of O2 –

were obtained with electrodes for which graing resulted from
a simple soaking of the MWCNT electrodes in a solution of the
phenol–diazonium salt for 30 min (Fig. 6C, curve a). Spontaneous
graing of aryl radicals has been shown to be highly efficient at
This journal is © The Royal Society of Chemistry 2023
CNT sidewalls.11,48,51,61,62 We previously demonstrated that sponta-
neous graing generates thin layers of polyphenylene, which is
favorable for both immobilization of the enzyme and efficient
electron tunneling.11,51,62,63 When higher number of CV scans are
performed during electrograing (Fig. 6C, curves b–e) a thicker
polyphenylene layer forms and the direct electrocatalytic current
density (i.e. that promoted by the enzyme) diminishes down to 0.92
mA cm−2. This is imputable to the insulating character of the
polyphenylene layer that increases the tunneling distance between
the electrode and the enzyme electron entry point. In laccases this
entry point has been assessed in most cases to be the T1 mono-
nuclear centre but there are reports indicating that the TNC is
probably directly accessible from the surface of laccases such as in
LAC3.18,64 Furthermore, electrocatalytic current densities were also
assessed in the presence of ABTS, a typical redox partner and
mediator of laccases. For thin layers of graed phenols, the
difference in electrocatalytic current densities observed in the
presence of ABTS is negligible, underlining that nearly 100% of the
enzymes are directly wired (Fig. 6B, curves c vs. b).65 For thick layers
of polyphenylenephenol, DET is less efficient and a substantial
increase of O2 electrocatalytic current density up to 3.2 mA cm−2 is
observed in the presence of the mediator (Fig. 6D, curves c vs. b).
Thus, although a higher number of laccases are immobilized at
the thicker phenol layer, not all of immobilized laccases contribute
to the DET. This relation between the electrograed layer and the
enzyme-mediated current densities was previously observed with
LAC3 variants immobilized via electrograing and click chemistry
J. Mater. Chem. A, 2023, 11, 10850–10856 | 10853
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Table 1 Electrochemical characteristics of LAC3 immobilized on MWCNT electrodes via noncovalent and covalent strategies via direct (DET) or
mediated electron transfer (MET)

LAC3-modied MWCNT electrodes Imax by DET (mA cm−2) Imax by MET (ABTS in solution) (mA cm−2)

Pyrene-modied LAC3 (ref. 23) 1.15 2.8
Alkyne-modied LAC3 (ref. 18) 1.76 5.9
This work 1.95 3.2
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at similar MWCNT electrodes.18 Actually, oxygen reduction elec-
trocatalysis performances of these newly constructed laccase–
phenol-electrodes compare well to our previous work on oriented
immobilization of LAC3 and its single lysine variants using non-
covalent or covalent strategies (Table 1).18,23,32 More globally,
these biocathodes are as efficient as most biocathodes based on
laccases or bilirubin oxidases integrated in enzymatic
hydrogen51,62,66–68 and glucose4,69,70 fuel cells.

With electrodes constructed with MWCNTs and pyrene-
modied LAC3 mutants, we have reached a current density of
1.15 mA cm−2 at the same potential. The high performance
towards oxygen reduction of the laccase–phenol electrodes is in
line with that of our previous electrodes constructed with the same
laccase immobilized by the click reaction (such as copper and
oxime ligation).18,32 So, independent of the chemical reactions
involved (i.e. copper and oxime ligation or phenoxy radical
coupling), the bioelectrodes we constructed with the aim of
binding the enzyme covalently are comparably both highly effi-
cient. In the case of the laccase–phenol electrode we hypothesize
that a DET occurs because of LAC3's ability to oxidize graed
phenol groups and bind to MWCNTs via a radical coupling
(Fig. 6A). The fact that no phenoxyl radicals originating from
graed phenols are detected at the surface of MWCNTs by EPR
(Fig. 3B, curve c) could account for a rapid recombination of the
radicals with amino acids located at the laccase's surface. Laccases
are able to promote a cross-link probably via the oxidation of
surface exposed tyrosine residues of different proteins.71,72 On the
other hand, oxidizable tyrosine or tryptophan residues could
possibly form a redox chain connecting the TNC to the surface of
laccase likely participating in the protection of the TNC from
oxidative damage.73,74 Therefore, surface exposed tyrosine and/or
tryptophan could be the residues involved in the coupling of
enzymes at phenol-modied MWCNT electrodes. Electroactive
layers of the poly-[FcPhO] metallopolymer as well as the highly-
efficient direct bioelectrocatalytic reduction of O2 by laccase
strongly support the possibility to gra such macromolecules
owing to the generation of phenoxy radicals at the nanostructured
(i.e. phenol-modied) electrode surface. With the previously re-
ported oxidative degradation of catechol-functionalized carbon
nanotubes by a peroxidase,41 the graing of phenol-functionalized
MWCNTs mediated by a laccase is another example of efficient
modulation of CNTs' surface properties by enzymes.
Conclusions

We reported an unprecedented use of laccase for the “graing
to” strategy of aqueous functionalization of CNTs with poly-
phenols. We demonstrated the ability of laccase to generate
10854 | J. Mater. Chem. A, 2023, 11, 10850–10856
phenol radicals at the vicinity of MWCNT electrode surfaces for
the subsequent functionalization of MWCNTs with phenol-
modied redox molecules. UV-visible spectroscopy, electro-
chemistry and XPS underline the dual role of laccase in poly-
merizing phenol-based redox molecules such as FcPhOH and in
inducing the functionalization of phenol-modied nano-
structured electrodes. High surface concentration of almost 0.1
mmol cm−2 was obtained by performing multilayer deposition
of a polyphenoxyl metallopolymer. Furthermore, laccase can
also be self-immobilized leading to an efficient direct wiring of
the enzyme at phenol-modied MWCNT electrodes. Although
they have not been directly detected yet, it is tempting to attri-
bute this efficient graing to enzymatically-generated radicals,
possibly both at the surface of the enzyme and CNT sidewalls.
This study shows that laccase is a powerful catalyst in the mild
surface immobilization of molecules and macromolecules
bearing phenol moieties. Our future work will be devoted to the
understanding and optimization of this enzyme-catalyzed
surface functionalization strategy and its further extension to
other molecules of interest.
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