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Abstract: Two new inorganic-organic hybrid materials based on heteropolyoxometalates (POMs) :
(C4H10N)s[P2M018062] . 4H20 (P2Mo1g) and (CsHsNO)a[H2P2W1s0s2] . 6H20 (P2W1sg) are reported as
mediators for electron transfer between FAD-dependent glucose dehydrogenase (FAD-GDH) and a mul-
tiwalled carbon nanotube (MWCNT) matrix for glucose biofuel cell and biosensor applications. These
polyoxometalates were chosen due to their promising redox behavior in a potential range for mediated
electron transfer with the glucose oxidizing enzyme, FAD-GDH. P.Moss and P,W1g were immobilized
on 1-pyrenemethylamine (PMA) functionalized MWCNT deposits. After immobilization of FAD-GDH,
the P2W1g-modified MWCNT electrode demonstrated mediated electron transfer and provided a catalytic
current density of 0.34 mAcm2 at 0.2 V vs SCE with an open circuit potential (OCP) of -0.08 V vs SCE.
A 10-fold increase in catalytic current to 4.7 mAcm™ at 0.2 V vs SCE and a slightly lower OCP of -0.10
V vs SCE was observed for an equivalent electrode modified with P.Mo1s.The apparent superiority of
PoMosgis related, at least in part, to its improved incorporation in the MWCNT matrix compared to P2Wis.
Both POM-modified bioanodes showed exceptional stabilities with 45% of their initial performances re-
maining after 15 days. The mediated electron transfer capacities of the POMs were also evaluated in a
glucose sensor setup and showed very satisfying performances for glucose detection, including a sensi-
tivity of 0.198 mAmolL*cm, a satisfying linear range between 1 mmolL™* and 20 mmolL™, and good
reproducibility for the P.Mo1g electrode.

Keywords: Electron transfer mediator, Dawson type polyoxometalates, glucose biofuel cells, glucose

dehydrogenase, multi walled carbon nanotubes
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1. Introduction.

The possibility of exchanging electrons between immobilized redox enzymes and electrodes clearly im-
proves the efficiency of biosensors and is essential for biofuel cell applications (Saboe et al. 2017).
Achieving efficient electron transfer with glucose oxidizing enzymes with flavin adenine dinucleotide
(FAD) cofactors is a particular challenge since this redox unit is covered by a thick protein shell that
makes direct electron transfer difficult, if not impossible. One of the key issues is that electron transfer is
exponentially dependent on the distance between the redox active center and the electrode material
(Marcus and Sutin 1985). One of the most common enzymes for glucose oxidation is glucose oxidase
(GOx). Its FAD unit is protected by a glycosylated protein shell (total mass ~160 kDa) which is respon-
sible for its outstanding stabilities and activity over several pH values (Wilson and Turner 1992). How-
ever, the fact that GOx produces hydrogen peroxide via oxygen reduction, after glucose oxidation, is on
the one hand a positive aspect for electrochemical biosensing (Ferri et al. 2011), but on the other hand, a
drawback for biofuel cell anodes. Therefore, FAD-dependent glucose dehydrogenases (FAD-GDHSs) are
becoming prominent alternatives for the bioelectrocatalytic oxidation of glucose since they exhibit similar
activity to GOx, whilst also benefiting from being insensitive to oxygen which avoids detrimental hydro-

gen peroxide production (Zafar et al. 2012).

For the wiring of FAD-(SPendent cnzymes, the mediated electron transfer (MET) strategy, which uses a
redox active compound of appropriate potential, is essential for many types of glucose biosensors and
biofuel cells (Zhao et al. 2015). MET-based glucose biosensors can operate at convenient redox potentials
without affecting the enzyme’s activity (Saleem et al. 2015). Ferrocene and ferricyanide derivatives are
commonly used mediators in glucose biosensor setups (Wang 2002) but they are inappropriate as anodic
mediators in glucose biofuel cells since the glucose oxidation overpotential is much too high to achieve
reasonable fuel cell potentials. For the bioconversion of energy, the development of redox mediators with

potentials close to the enzyme’s cofactor (here, FAD), and which exhibit fast electron transfer kinetics,



still remains of high interest. Historically, the Heller group first described MET with GOx using an os-
mium-based redox polymer (Gregg and Heller 1991). Since the redox potential of osmium complexes can
be adjusted by altering the ligand structure, more appropriate osmium-based redox hydrogels have been
synthesized for glucose biofuel cell applications (Heller 1992; Mano et al. 2002; Pinyou et al. 2016). More
recently, quinones have emerged as prominent alternatives to metal organic complexes due to efficient
electron transfer kinetics and the possibility to improve operational lifetimes (Gross et al. 2017; Milton et

al. 2015; Reuillard et al. 2015).

Another class of compounds with tunable redox potentials are polyoxometalates (POMs). POMs belong
to a large family of inorganic nanoclusters which comprise of a metal-oxygen framework and have at-
tracted interest in many fields such as catalysis (Wang et al. 2015) and electrocatalysis (Freire et al. 2016;
Hamidi et al. 2008). POMs are attractive as they can be rationally designed to give a wide range of com-
plex materials with tailored catalytic, electronic, and structural properties (Long et al. 2007; Miras et al.
2012; Zhou et al. 2007). POMs can also provide rich electrochemical processes with reversible multi-step
and multi-electron transfers (Ueda 2015). The various electrocatalytic properties of POMs may be envi-
sioned for energy conversion (Ji et al. 2015) or molecular sensing (Freire et al. 2016). For biomedical
applications, POM composites and alloys have shown promising performances for the electrochemical
detection of biomolecules such as ascorbic acid (vitamin c¢), dopamine (Zhou et al. 2013) (Zhang et al.
2014) and NADH, the reduced form of the coenzyme nicotinamide adenine dinucleotide (Ammam and
Easton 2013). The first use of POMs with enzymes for glucose sensing was described by Turdean et al.
(Turdean et al. 2002). A composite graphite electrode was prepared via electropolymerization of 1,8-
diaminonaphthalene in  the  presence of a  trilacunary  Keggin  type POM,
NasH2O(Fes[ HsFe4(PMo090O34)2(H20)2] - H2O. The electrode was modified with a biocatalytic layer com-
prising glutaraldehyde crosslinked GOx / BSA (bovine serum albumin). The POM electrode demonstrated
efficient electrocatalytic reduction of enzymatically produced hydrogen peroxide at -0.04 V (vs. Ag/AgCl.

KClsat) and showed very satisfying long term stability. More recently, Sahraoui et al. (Sahraoui et al.



2016) described the use of a alpha-metatungstate POM cluster, HoW 12040, as an electrocatalyst for the
reduction of hydrogen peroxide, produced by GOx. A good correlation between the glucose concentration
and cathodic current density at -0.8 V vs SCE was observed. Very importantly, in in these examples, the
redox activity of the POM clusters was used simply as an electrocatalysis and not exploited for electron

transfer between the electrode and the enzyme (i.e. for bioelectrocatalysis).

We want to introduce here, for the first time, two organic-inorganic POM materials
((C4H10N)s[P2Mo01580s2] - 4H2O (P2Moig) and (CsHsNO)4[H2P2W13Oe2]  6H20) (P2 W ig) for efficient elec-
tron transfer between FAD-GDH and a pyrenemethylamine (PMA) functionalized multiwalled carbon
nanotube (PMA/MWCNT) electrode. The POM cluster polyanions, with charge compensating organic
cations, were investigated as an efficient assembly with MWCNT electrodes for improved stability at

neutral pH and as potential electron relays for MET-based glucose biosensors and biofuel cell anodes.
2. Experimental

2.1. Reagents and apparatus

1-Pyrenemethylamine hydrochloride (PMA,95%), D-glucose (=99.5%), citric acid, monosodium phos-
phate monohydrate (NaH2POs, >98%), disodium hydrogen phosphate heptahydrate (Na;HPOs, 98—
102%), N,N-dimethylformamide (DMF, 99.9%), N-Methyl-2-pyrrolidone (NMP), NaMoO4, Na;WOj4
2H;0, and 2-hydroxy-6-methylpyridine were purchased from Sigma-Aldrich. Flavin adenine dinucleo-
tide-dependent glucose dehydrogenase (FAD-GDH, 1150 U mg ! solid) was obtained from Sekisui Diag-
nostics (UK). Multi-walled carbon nanotubes (MWCNTs, 9.5 nm diameter, 1.5 um length, purity >95%),
obtained from Nanocyl, were used as received without any purification step. Distilled water was obtained
by water purification to a resistivity of 15 MQ cm using a Millipore Ultrapure system. Glucose solutions

were left to mutarotate overnight to f-D-glucose prior to use.

Electrochemical measurements were performed in an electrochemical cell with a conventional three-elec-

trode configuration using an Autolab pgstat100 potentiostat with Nova 2.0 software. A GCE working
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electrode was used together with a platinum wire counter electrode, and a saturated calomel reference
electrode (SCE). Before each experiment, the surface of the glassy carbon electrode (GCE, 3 mm diame-
ter) was polished with 2um diameter diamond paste (MECAPREX Press PM) then rinsed with distilled
water to remove any residual paste. Finally, the electrodes were sonicated for 5 min in ethanol and 5 min
in acetone, followed by a thorough washing step with distilled water and ethanol. IR spectra were recorded
using a Nicolet 470FT-IR spectrophotometer with pressed KBr pellets. SEM images were recorded using
a FEI QUANTA-FEG 250 microscope with an Everhardt Thornley SED (secondary electron detector),

an accelerating voltage of 3 kV, and a working distance of 8.0 mm.

2.2. Synthesis of (C4sH10N)s (P2M018062)4H20

The POM (C4H10N)s (P2Mo130¢2) - 4H>0O, was synthesized as described in our recent work (Hmida et al.
2015). Briefly Nax MoO4" 2H>O (1 g, 4 mmol) was dissolved in water (25 mL) with stirring. H3PO4 (0.5
mL, 0.2 mmol) and pyrrolidine (0.2 mmol) were then added to the mixture (a light turbidity occurred
which was allowed to clear with time before the next drop was added) and the pH was adjusted to about
2.5-2.6 by adding 6 mmolL"! HCI. The mixture was refluxed at 353K for 3 h and then cooled to room
temperature. Slow evaporation of the solvent at room temperature led to green prismatic crystals.
(C4H10N)s (P2Mo130s2) - 4H2O was characterized by single crystal X-ray analysis and IR spectroscopy

(see supplementary material).

2.3. Synthesis of (CeHsNO)4 (P2W18062) 6H20

(CsHgNO)4 [H2P2W18062] 6H2O, was synthesized by dissolving Na;WO4: 2H>0O (0.33 g, 1 mmol) in 10
mL of water. The solution was heated at 80 °C for 45 min and the pH was adjusted to 4.5 with aqueous
HCI (5 mmolL™) after 0.3 ml of H;PO4 was added. Then, a solution of 2-hydroxy-6-methylpyridine (0.5
g, 6 mmol) in water (10 mL) was added dropwise (correspondingly, when the solution cleared, the next

drop was added). The final pH was adjusted to 4.5 by addition of diluted HCI (5 mmolL!). The mixture



was transformed to a Teflon-lined stainless steel autoclave (18 mL) and kept at 140 °C for five days. After
the autoclave had cooled down to room temperature, yellow block crystals were filtered off and washed
with distilled water. This compound was characterized by single crystal X-ray analysis, UV-Vis, and IR

spectroscopy (see supplementary material).

2.4. Preparation of the bioelectrodes

The MWCNT-based electrodes were prepared in several steps. First, MWCNTs were dispersed in NMP
by 30 min sonication of 5 mg of nanotubes in 1 mL of NMP until a homogenous black suspension was
obtained. Then, the solution was drop-casted on glassy carbon electrodes to obtain a MWCNT film on the
electrode. The MWCNT electrodes were functionalized with PMA via incubation in a 1-pyrenemethyla-
mine hydrochloride (1 mg mL™' in DMF) solution for 60 minl The solvents were removed under vacuum
and the electrodes were then washed with Mcllvaine buffer. The functionalized electrodes were then in-
cubated in a 10 molL"! solution of P,Ws or P2Mojs in H2SO4 (1 molL™"). After intensive rinsing to re-
move the acid, the electrodes were finally incubated in a 5 mg mL! solution of FAD-GDH in Mcllvaine
buffer overnight. The electrodes were dried under vacuum, washed with Mcllvaine buffer, and stored at

4°C until further use.
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Scheme 1: Compounds and conditions for the synthesis of the Dawson type POMs ((CsHioN)s
[P2Mo130¢2] - 4H20 and (CsHsNO)4 [HoP2W180¢2] - 6H20) and their integration on a CNT bioelectrode

for mediated electron transfer with FAD-GDH and bioelectrocatalytic glucose oxidation.



3. Results and discussion

3.1. Electrochemical behavior of P2W1s- and P2Mo1s-modified electrodes

The electrochemical behavior of the polyoxometalates, P,Wis and P-Moig, was first characterized in
acidic solution (10 molL!, 0.1 molL™! H2S0a) using cyclic voltammetry (CV) with bare GCE as the
working electrode. In Figure 1A, P2Wis shows four reversible redox systems with a half-wave potential,
E,=0.04V,-0.12V, -0.39 V, and -0.64 V vs SCE, assigned to two one-electron and two two-electron

reductions (Keita and Nadjo 1987; Wang et al. 2011) according to the equations:

PyWi5V'06:" + e 5 PaW 17 "WYOg,” (D (1)
PaW17""WY0g" + e 5 PaWis V! WY506" (ID ()
Py W16V W,V 06r*+2e+2H" 5 HaPa W13 'W,V0er™ (11D) 3)
HaPa WiV 'W4 0 + 26 +2H 5 HiPa W1 'We 0™ (VD) @)

P>Mois shows three reversible redox systems at Ev,=0.31V,0.18 V, and 0.01 V vs SCE, which correspond
to three two-electron reductions, as previously described (Hmida et al. 2015; Zhou et al. 2007) (Figure

1B):

PoMoisV106:5 + 2+ 2H" 5 HoPaMois"™M02V 062 O ENE)
HoPaMoi6Y'M02Y 068 +2e +2H S H4PoMo Y 14Mo4 02> (1) (6)

HsP2Mo14V"Mo4VOe® +2e +2H 'sHsPaMo12"Mo6V0s®™  (I11)  (7)



With the aim to study the polyoxometalates for mediated electron transfer with FAD-GDH, we studied
their electrochemical behavior in Mcllvaine buffer at pH 7.0 after confinement in a MWCNT matrix. In
the potential range of 0.2 V and -0.8 V vs SCE, P,W g shows four reversible redox systems at E,, = -0.04
V, -0.20 V, -0.57 V, and -0.67 V (Figure 1C) according to equations (1) to (4). The first two electron
reductions are almost independent of pH (Sadakane and Steckhan 1998) and are slightly shifted to nega-
tive values compared to the voltammograms recorded in acidic solution. Both redox systems are situated
in the potential range of interest for mediated electron transfer with FAD-GDH. The redox system HI/IIT’,
related to equation (3), is the most affected by the pH change and exhibited a 180 mV shift to lower
potentials. In spite of the pH dependent redox process shown in equation (4), the Ev, value corresponding

to the IV/IV’ peaks is less affected by the pH change (Ammam 2013).

Since the electrochemical reductions of P2Mois are two-electron two-proton processes, the increased pH
from pH 1.0 to pH 7.0 led to a clear negative shift of the reversible redox waves, as shown in Figure 1D
compared to Figure 1C (Ammam and Easton 2011). The two systems corresponding to equations (5) and
(6), situated at Ev, = -0.04 V and -0.22 V, shifted perfectly into the potential range of interest. The third
two-electron redox couple (equation (7)) could not be resolved for the P.Mois-modified electrode even
after extending the potential window, consistent with instability and irreversibility for this process (not
shown). It should be noted that the PMA-functionalized MWCNT deposits provide an efficient platform
for the immobilization of the two polyoxometalate compounds. By potential cycling at different scan
rates, a linear dependency of the peak current versus the scan rate was observed for both types of POM-
modified electrodes, confirming that the electroactive POMs are surface bound (supplementary material:
Figure S6 and S7). Without PMA modification of the MWCNTSs, no signals related to the POMs were

resolved (not shown).

The surface coverage (I') of electroactive P Wigs or PMois clusters at the surface of GCE was determined
by integration of the charge under the polyoxometalate reduction peaks after subtracting the capacitive

current of the MWCNTs, according to Laviron’s equation:



Ipr= n*F?ATv/4RT

(8)

where n is the number of electrons involved in the redox process, F is the Faraday’s constant, A is the

geometric surface area of the electrode (0.071 cm?), R is the gas constant, T is the temperature, and v 1s

the scan rate. The average surface coverage of PaWis was 1.6 x 10 mol cm™ while that of P,Mos was

1.2 x 108 mol cm™ based on voltammograms recorded at 5 mV s\,
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Figure 1. CV scans of (A) P,Ws and (B) P.Moys in acidic aqueous solution (10 mol.L!, 0.1 molL™
H>SO4) at bare GCE. Scan rate: 100 mV s '. CV scans of (C) P,Wis/PMA/MWCNTs and (D)
P,Mo1s/PMA/MWCNTs in Mcllvaine buffer at pH 7.0. Scan rate: 10 mV s ..



3.2. Morphological studies of P2M01s/PMA/MWCNTSs and P2W1s/PMA/MWCNTS deposits

To gain more insight into the observed electrochemical behavior of the PoMoi1s/PMA/MWCNTs and
PoW1s/PMA/MWCNTs electrodes, and, in particular, the difference of surface coverage by almost a factor
of 10, we performed morphological studies using scanning electron microscopy (SEM). Figure 2 shows

representative SEM images of PMA/MWCNTs deposits before and after modification with the POMs.

The SEM image of PMA-modified MWCNTs (Figure 2A) shows a typical porous morphology of entan-
gled CNTs without traces of PM A residues. After deposition of PxMois, the deposit appears very undulated
with small aggregates homogeneously incorporated in the MWCNT matrix, as seen in Figure 2B. It seems
that the protonation of PMA in acidic media provokes a swelling of the MWCNT deposit which enables
good penetration of PMois in the structure. After drying, small POM particles are formed with a homog-
enous distribution which indicates a good initial surface coverage of P_Moig on the PMA/MWCNTs sub-
strate. For the P W1s/PMA/MWCNTs samples, a similar undulation is observed (Figure 2C) but fewer
particles are observed and they are larger. Here, P,Wis seems to interact much less with the
PMA/MWCNTs matrix, even when the same swelling effect of the MWCNT structure is observed. It can
be assumed that, under these preparation conditions, the formed 2-hydroxy-6-methylpyridinium ligand
provokes electrostatic repulsion with the protonated PMA-MWCNT layer, thus leading to the formation
of larger aggregates and less effective inclusion of P,Ws. This argument also explains the ten-fold lower

surface coverage of electroactive PoWis revealed by the electrochemical studies.

Figure 2: Representative SEM images of A) PMA/MWCNTs, B) P,Mois/PMA/MWCNTs and C)
P2W18/PMA/MWCNTS.



3.3. Mediated electron transfer between FAD-GDH and MWCNTSs with P2W1s and P2Mo1s

The anodic onset potentials of redox system (I) for both types of POM/PMA/MWCNTSs composites are
in the suitable range for electron mediation with FAD-dependent oxidizing enzymes. FAD-GDH was used
to evaluate the wiring capacities of POMs after its immobilization on the electrodes by simple incubation
in enzyme-containing Mcllvaine buffer solution overnight. To evaluate the bioelectrocatalytic glucose
oxidation activity of the hybrid nanocluster-enzyme modified electrodes, the catalytic responses of the
FAD-GDH/PW13/PMA/MWCNTs and FAD-GDH/P>Moi1s/PMA/MWCNTs electrodes were compared.
The cyclic voltammograms of different modified electrodes were studied in Mcllvaine buffer at pH 7 in

the presence and absence of 100 mmol.L"! glucose at a scan rate of SmV s\,

Figure 3A and 3B show an illustration of the bioelectrocatalytic oxidation of glucose to gluconolactone
mediated by P2Wig (A) and PMoig (B) modified electrodes. In Figure 3C and 3D, the cyclic voltammo-
grams of FAD-GDH/P,W1s/PMA/MWCNTs (B) and FAD-GDH/P>Mo1s/PMA/MWCNTs (D) electrodes
clearly reveal catalytic current signals consistent with mediated electron transfer in the presence of 100
mmol.L! glucose. No catalytic current was measured in the absence of glucose. It is also noted that no

catalytic current was observed at the FAD-GDH-modified electrode in the absence of POMs.
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Figure 3: (A, B) Schematic presentation of the bioelectrocatalytic oxidation of glucose by FAD-GDH via
mediated electron transfer with (A) PWis- and (B) P.Moig-modified MWCNT electrodes. (C, D) CV
scans at FAD-GDH/P,W1s/PMA/MWCNTs and FAD-GDH/P,Mo1s/PMA/MWCNTs electrodes recorded
(a) without and (b) in the presence of 100 mmol.L"! glucose. Voltammograms were recorded in Mcllvaine

buffer at pH 7.0 at a scan rate of 5 mV.s™\.

The mediated bioelectrocatalysis of P2 Wis-modified electrodes shows an open circuit potential (OCP) at
-0.08 V vs SCE and a catalytic current density of 0.34 mA cm™ at 0.2 V. In contrast, the voltammograms
recorded at P,Mojs-modified electrodes showed much higher current densities of 4.7 mA cm? at 0.2V,
and an attractively lower OCP at -0.1 V vs SCE. The higher performance for P,Moisg in terms of both the
onset potential and catalytic glucose oxidation current are most likely due to the improved stability and

incorporation of P2Moig in the MWCNT matrix which resulted in higher amounts of immobilized POM.
Figure 4A displays the bioelectrocatalytic behavior of FAD-GDH/P2W1s/PMA/MWCNTs and FAD-

GDH/P>Mo1s/PMA /MWCNTs electrodes at increasing glucose concentrations. Increasing current densi-

ties were observed for both electrodes with increasing concentrations. At low glucose concentrations the



P,Wis-modified electrode is clearly less performing than the electrode modified with P2Moig. No further
current increase was measured at glucose concentrations higher than 10 mmolL™! for the P,W ;s electrodes,
which reached a maximum current density of 0.4 mAcm™. The comparatively low catalytic current at
glucose saturation can again be attributed to the reduced amount of this POM on the MWCNT electrode.
The maximum current density observed was reached at 4.5 mAcm™ with P,Mos-modified electrodes at
glucose concentrations higher than 50 mmolL!. Figure 4B shows the calibration curves, obtained from
chronoamperometric measurements, which enabled the determination of the sensitivity, linear range and
detection limit of the electrodes for glucose detection. The FAD-GDH/P,Moi1s/PMA /MWCNT electrodes
exhibited the best glucose biosensor performance with the highest sensitivity of 0.198 = 0.015 mAcm™
Lmmol™! and a larger linear range between 1 mmolL"! and 20 mmolL™"). The biosensor based on FAD-

GDH/P>Wis/PMA /MWCNT electrodes exhibited significantly lower sensitivity of 0.034 + 0.008 mAcm’
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Figure 4: (A) Current density—time responses at increasing glucose concentrations for (a) FAD-
GDH/P,Wis/PMA/MWCNTs and (b) FAD-GDH/P-Moi1s/PMA/MWCNTs electrodes (B) Catalytic
current density evolution as a function of glucose concentration for (a) FAD-GDH/P,Wis/PMA
/MWCNTs and (b) FAD-GDH/P>Mo1s/PMA/MWCNTs electrodes. Chronoamperometric experiments
were performed at a fixed potential of 0.2 V vs. SCE in Mcllvaine buffer at pH 7.0. Catalytic currents in

(B) were measured after 30 seconds discharge.



The difference in catalytic glucose oxidation performance between the two POM composites corresponds
approximately to the difference of the surface coverage. It can therefore be assumed that P,Wig might
have similar enzyme wiring capacities as P.Mois. However, several attempts were made to adjust the

surface coverage of P W3, but unfortunately, this was without conclusive results.

3.4. Stability tests

The operational stability is one of the key parameters of bioanodes. The FAD-
GDH/P2Mo1s/PMA/MWCNTs and the FAD-GDH/P,W1s/PMA/MWCNTs electrodes were investigated
in a 5 mmolL"' glucose solution for the duration of each test. Figure 5 shows the results of each stability
test performed during one month. The bioelectrocatalytic currents were recorded almost every day at 0.2
V vs SCE after a 30 second discharge. Measurements were performed after 30 seconds to allow the current
to stabilize and to eliminate the capacitive current of the MWCNT electrodes. Following a 45% loss of
the initial current density after the first two weeks, the FAD-GDH/P2Mo1s/PMA/MWCNTs electrode per-
formance decreased more gradually. A catalytic current density of 0.68 mA cm™ was still observed after
a total of 32 days (ca. 30% of the initial current). For comparison, we recently reported a quinone-based
FAD-GDH-modified MWCNT bioanode which showed high catalytic current densities for glucose oxi-
dation but poor stability with only 48% of the initial current remaining after 5 days or ca. 20% after 9
days (Gross et al. 2017). Similar storage stability for an FADGDH electrode has been observed using an
Os polymer mediator with 56% of the initial current observed after 6 days (Zafar et al. 2012). The dramatic
improvement in stability for the POM electrodes, compared to the quinone and osmium-based examples
from the literature, may be attributed to better physical entrapment of the mediator and enzyme in the
electrode matrix. The positively-charged pyrrolidinium and pyridine cations of the POMs may also con-
tribute to improved stabilization of the enzyme via electrostatic interactions. The steady loss of catalytic

performance for the P,Mosg electrode can be related to various reasons. For example, the pyrene-contain-



ing PMA molecule, the POM, or the FAD-GDH enzyme can desorb, and/or the enzyme can lose its cata-
lytic activity due to denaturation and inhibition. Also, the steadily decreasing pH, resulting from the en-
zymatic production and accumulation of gluconic acid, may shift the redox system (I) of P.Mois to po-
tentials where efficient electron mediation. Increased acidity may also be responsible for deactivation of
FAD-GDH. For the FAD-GDH/P,W1s/PMA/MWCNTs electrode, due to the initial low catalytic current,
the performance decrease appears more gradual up until no bioelectrocatalytic current could be measured
after 25 days. The same arguments as those given for the P.Mois electrode can be taken to explain this

performance loss.
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Figure 5. Stability of (a, red) FAD-GDH/P-Mois/PMA/MWCNTs and (b, black) FAD-
GDH/P,Wis/PMA/MWCNTs electrodes. Catalytic current densities were measured by
chronoamperometry at 0.2 V vs SCE after 30 s discharge in Mcllvaine buffer at pH 7.0 in the presence of

5 mmolL! glucose.

4. Conclusions

(C4Hi10N)s[P2Mo0180¢2] - 4H2O was evaluated as an electron shuttle for the electrical wiring and regenera-

tion of FAD-dependent GDH, and revealed excellent bioelectrocatalytic performance in terms of catalytic



current density, low onset potential and 1 month stability. This POM was compared under identical con-
ditions with a second type of POM, (CsHsNO)4[H2P2W130¢2] - 6 H2O, for construction of bioanodes, for
biofuel cell applications, or bioelectrodes for glucose biosensors. At this stage of investigation, the tung-
sten-based POM seems to have similar wiring capacities for FAD-GDH wiring but appeared less perform-
ing compared to the molybdenum-based POM due to immobilization issues, leading to reduced quantities
by a factor 10. To our knowledge, this is the first example of using a polyoxometalate as a redox mediator
for electron transfer between an oxidoreductase enzyme and an electrode material. The excellent bioelec-
trocatalytic current densities on the order of several mA’s and the long term stability of these glucose-
mediating electrodes make these organic-inorganic hybrid materials very promising candidates for glu-
cose biofuel cell and biosensor applications. The possibility of fine tuning the redox potentials, and the
enhanced long term stabilities, combine the beneficial properties of commonly used inorganic (e.g. Os
complexes (refs)) and organic (e.g. quinones) (Gross et al. 2017; Milton et al. 2015) mediators. The struc-
tural and electronic versatility of POMs, including their redox properties, size and charges, promise to

enable improved electrical wiring of a wide range of enzyme-electrode interfaces.

Supplementary material: All methods, chemicals, materials, and the synthesis and characterization of

the POM compounds, can be found in the supplementary material document.
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