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We report the double functionalization of multiwalled carbon designing electrodes for molecular electrocataiy8is In
nanotube electrodes by two functional pyrene molecules. In  addition, CNTs can be functionalized by a largeietgr of
combination, immobilized Ru(ll)-based NADH oxidation covalent or non-covalent techniques. We and othese
catalyst and glucose dehydrogenase achieves highly efficient especially developed the non-covalent functionéibra of
glucose oxidation with low overpotential of -0.10 V and high CNTs for immobilization of molecular electrocatakysased
current densities of 6 mA cm™. on modified transition-metal complex&s® Non-covalent
functionalization is based on the strong pi-pi liattions
NAD-dependent dehydrogenases are versatile enzymes)g petween pyrene and CNT sidewalls. By similar mearsand
the great advantage of oxidizing a wide range dévant other have also developed the immobilization obreenzymes
substrates such as glucose, lactate, or alcohbkseTenzymes by pyrene derivatives previously pi-stackedon CNT$ In
were thus intensively investigated in applicatioasging from addition, it was recently demonstrated that covalem non-
biosensing to biosynthesis or biofuel cells. In tigatar, covalent multiple functionalization of carbon nauiod
dehydrogenase-based biofuel cells are envisiornedaivesting sjgewalls could have promising applications in drug
energy from oxidation of glucosealcohol$ or L-lactaté. delivery!®!® and biosensirf§ applications. Here we report the
Furthermore, their wide biodiversity makes theseyames also first example of a double functionalization of Mulvalled
promising for enzyme cascade system in which aueicfan be cNTs (MWCNTSs) with a molecular catalyst and an eneyfor
fully oxidized by successive multi-enzymatic oxidat z combined electroenzymatic process. Namely, a ogkic
performed by immobilized dehydrogenases, using NAXD  dehydrogenase (GDH) was chemically grafted on MWSNT
as ubiquitous cofactdHowever, such process requires, afia a N-hydrosuccinimide-modified pyrene to assuthe
efficient electrochemical catalyst for the NADH dation in enzymatic oxidation of glucose in presence of NADn
order to maximize anodic catalytic currents andimire the addition, an original Ru(ll) complex, bearinc
NADH oxidation OVerpOtentia'. AlthOUgh the redoxtpr)tial of phenanthro“nequinone (phendione) and pyrene-n’eﬂjiﬁ
NADH is -0.56V vs SCE, its oxidation often require®h pijpyridine ligands was used for the electrocatalgttidation of
overpotentials. In this context, organic dyes andtah NADH cofactor. With the aim to design new glucosefimel
complexes have demonstrated low overpotential ¢iidefor cells, these bi-functionalized MWCNT electrodes ever
NADH*. In particular, we have recently demonstrated thatelectrochemically characterized and investigated the
Ru(ll) complex, previously developed by H. Abrurtaag’ for improved glucose oxidation .
low-potential oxidation of NADH, could be combinew an original [(1,10-phenathroline-5,6-dion&y,4’-bis(4-
carbon nanotubes for efficient oxidation of NADHawthe pyrenyl-1-ylbutyloxy)-2,2’-bipyridine)Ru(I1)] hexadioro-
electrogeneration of a metallopolymer at the sw@fatcarbon phosphate complex RUQ-pyrene) was synthesized by
nanotubes (CNTs) sidewaflSCNTs are widely investigated asrefluxing [Ru(l,10-phenanthroline-5,6-dion8),] with 4,4'-
an electrode material for both electrocatalytic arlﬂs(4-pyrenyl-1-y|buty|oxy)-2,2’-bipyridine) in ethiene glycol.
bioelectrocatalytic applications. Their ability fonmobilize RuQ-pyrene was fully characterized byH NMR, mass
high concentration of redox catalysts and to edfitly transfer spectroscopy and UV-visible spectrophotometry. néeslox
electrons have made this nanomaterial a key matémia pehaviour was characterized using cyclic voltamynatr0.1M
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TBAP/MeCN (figure 1). The complex exhibits one resible
peak system at ;= 0.98V corresponding to the MY
reversible redox system and an overlapping irréblers
oxidation peak around & = 1 V corresponding to the
oxidation of the two pyrene groups. Two quasi-reilde peak
systems at B(Q/Q) = -0.50V and E»(Q*/Q") = -1.30V were
attributed to the two successive one-electron réolucof the
phendione ligand. The one-electron reduction ofttipgridine

ligand (bpy/bpy) leads to a reversible couple at -2.34V.
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Figure 1. (A) Schematic representation of the preparation of MWCNT/RuQ-
pyreneelectrode. (B) Electrochemical characterisation of a RuQ-pyrene-
functionalized MWCNT electrode by cyclic voltammetry in MeCN + 0.1M TBAP
(v=100 mV s starred peaks corresponds to charge trapping)

The establishment of pi-pi stacking interactionsusen pyrene
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pyrene surface coverage between one and 60 minutes, sjowi
that the equilibrium of the pi-pi interactions &pidly reached.
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Figure 2. (A) Variation of the RuQ-pyrene surface coverage with incubating RuQ-
pyrene concentrations in DMF accompanied with the fitting binding isotherm
(red dashed line); (inset) : Cyclic voltammetry of RuQ-pyrene-functionalized
MWCNT electrodes performed in 0.2 M PBS, after incubation in different
concentrations of Ru complex in DMF (v= 10 mV s ;(B) Cyclic voltammograms
of MWCNT/ RuQ-pyrene electrode (Igyqpyrene = 15 nmol cm'z) in absence
(dashed line) and presence (full line) of NADH (10mM) in PBS (0.2 M, pH 7) at RT
(v=10mV s-1).

The maximum surface coverage is equivalent to 23@rk of
closely-packedRuQ-pyrene, underlining the high specific
surface of MWCNT films. This is confirmed by scamgi
electron microscopy (SEM) image of the surfaceh&fRuQ-
pyrene-functionalized MWCNT electrode (figure S1).
Electrocatalytic properties of these functionalizel@ctrodes

moieties of the Ru complex and graphene planeshef {yere studied in water. We investigated the reddxabmur of

MWCNT film affords its physisorption on MWCNT eleotles.
A MWCNT electrode was simply incubated for 60 nmirQito 8

phendione ligand in the presence of NADH (figure).2B the
presence of 10 mM NADH, an irreversible anodic peakent

mM RuQ-pyrene solution. After several washings, thgg observed, starting at -0.10 V, at the foot oé @H/Q
modified MWCNT electrode was characterized by aycligyigation peak, confirming the electrocatalytic pecties of

voltammetry in pure electrolyte. In MeCN, tfRuQ-pyrene-
functionalized MWCNT electrode displays the chaesstic
redox activity of immobilizedRuQ-pyrene, accompanied with
irreversible charge trapping peaks (starred peak4.4 and -
2.2V), often observed for immobilized redox specféigure
1B)?Y. In water, a reversible bielectronic peak systesn
observed at -0.02 V, corresponding to the electiagtc of the
phendione redox couple QKD in water. Oxidation and
reduction peak currents are highly stable uponrsognand are
directly proportional to the scan rate. As expectéais
electrochemical behaviour reflects the characiesisf firmly
immobilized redox specie.
estimated by integration of the charge under thed@npeak
current. Figure 2A displays the variation of therface
coverage measured in water over the initial incdaigaRuQ-
pyrene solution in DMF at 25°C.

Surface concentrationsrewe

RuQ-pyrene-functionalized MWCNTs. Maximum catalytic
current of 2.5 mA cm was achieved at 10 mM NADH.
Thanks to the easy self-assembly of pyrene molecol#o
MWCNT sidewalls, we studied the double functionatian of
MWCNT electrodes with botiRuQ-pyrene andNHS-pyrene
tfigure 3A).
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Figure 3. (A) Schematic representation of the double functionalization of

The RuQ-pyrene surface coverage increases with the startiMjVCNTs with RuQ-pyrene and NHS-pyrene; (B) Variation of the RuQ-pyrene

concentration in solution, following a simple Langim
isotherm, according to equation 1.

maxXKruX -
Lequ = e meome] ()

where e ry is the equilibrium surface coverage BuQ-
pyrene, Ihax is the saturating surface coverage and i€ the
association constant 8uQ-pyrene with MWCNTSs in DMF at
25°C. The best fit was achieved with @., of 17.8 nmol crif
and Kz, of 1900 L mof. It is noteworthy that we did not
observe any influence of the incubation time on Bw&Q-

2| J. Name., 2012, 00, 1-3

surface coverage with incubating RuQ-pyrene/NHS-pyrene concentration
ratiosin DMF accompanied with the fitting binding isotherm (red dashed line);
(inset) : Cyclic voltammetry of RuQ-pyrene-functionalized MWCNT electrodes
performed in 0.2 M PBS (v 10 mV s-1), using different incubating
concentrations of RuQ-pyrene and NHS-pyrene in DMF

MWCNT electrodes were simply incubated in solution
containing different ratios dRuQ-pyrene and 1-pyrenebutyric

acid N-hydroxysuccinimide ester NHS-pyrene). As
investigated for RuQ-pyrene incubating solutions, we
measured the RuQ-pyrene surface coverage by

electrochemistry in water.
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In this case, th&®uQ-pyrene surface coverage increases witmicrofluidic-based bioelectrod®sor 4.1 mA cn? for NADH
increasingRuQ-pyrene/NH S-pyrene concentration ratios. Theand poly-L-lysine-entrapped GDH on carbon fibers
evolution of theRuQ-pyrene surface coverage follows a binary

competitive Langmuir isotherm, according to equafo B B
6
TmaxXKruX[RuQ—-pyrene] ) /‘,glucose E
Feq,Ru = 1+KgpyX[RuQ—pyrenel+Kyysx[NHS—pyrene] (2) j%’?da E 4
A ! ) s glucono- = 2
= lactone
where Kys is the association constant BNHS-pyrene with PR 0 e
MWCNTs in DMF at 25°C. This equation can be applie 0.2 0.1 ‘Eni‘e‘nn'nz
becausiHS-pyrene and RuQ-pyrene do not interact in
solution in the range of 0 to 10 mM and interacthwsame c B B 4
adsorption sites on CNT sidewalls. This model isaorated - A
by the fact that neither d (1900 L mot) norl .y (17.8 nmol g4 F 2
cm? are influenced by the presence ofHS-pyrene. 32 § E 1
Furthermore, a kys of 180 L mol* was determined, which is - i‘ T .][Gm;e“mm;h
more than ten times lower thargK This implies thatRuQ- o3 5 150 ohd

50
pyrene interactsstronger th&iHS-pyrene with MWCNT [Glucose] (mM)

sidewalls. This phenomenon Iikely arises from th&pnce of Figure 4. (A) Schematic representation of the preparation of the bi-functionalized
. . . ) WCNT electrode with RuQ-pyrene catalystand GDH. (B) Cyclic voltammograms
two pyrene groups |RUQ'pyrene that facilitate its adsorptlon of RuQ-pyrene/GDH-functionalized MWCNT electrode in absence (dashed line)

and reinforce the mechanical stability of the imifipbd form.  and presence (full line) of glucose (160 mM) in phosphate buffer (0.2M, pH 7)
Finally, these electrodes were incubated in a ngl solution containing 10 mM NAD+ at 37°C (v= 10 mV s-1). (C) Calibration curve for glucose

. . . between 0 and 160 mM and in the linear range (inset). Applied potential 0.1V vs
of GDH (flgure 4)' Flgure 4B shows a typlcal CV the SCE in 0.2 M stirred phosphate buffer (pH7) containing 10mM NAD" at 37°C.
presence of 160mM glucose and 10mM of NADhe addition

of glucose triggers the appearance of an irreviersibtalytic The soft and efficient supramolecular functionaiza with an
wave, starting at -0.10V and corresponding to thielation of griginal pyrene-modified Rucomplex and GDH affords the
NADH, enzymatically generated by oxidation of glaeoby easy double functionalization of MWCNT electrodeghile
GDH active site. Kinetic measurements of immobdiz8DH ensuring maximum surface coverage of both molecule:
activity was performed by UV-Vis measurement, giveiccess catalysts and biocatalysts. Furthermore, fine @bntver

to the real amount of grafted enzymes for ea®uQ- fynctionalization was assessed by a competitive gharir
pyrenel/[NHS-pyrene] concentration ratio. As expected fromsotherm model, underlining the different interaog of
the larger association constankKcompared to Kys and modified pyrene molecules. Thanks to low overpatésitand
fromthe bigger size of the enzyme compared to thgyh current densities, these functionalized MWCHKITns

polypyridine RU complex, a similar amount of enzymes wergnow great promise for the design of novel bioetetts,
immobilized on MWCNT whatever the ratio of the twgrene especially for biofuel cell applications.

derivatives,. The latter, 7.1 x 1®mol cm? of immobilized

GDH, is approximatively equivalent to 8 compact yang Acknowledgements
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