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A diethyleneglycol-pyrene-modified Ru(II) catalyst for the design 
of buckypaper bioelectrodes and the wiring of glucose 
dehydrogenases 

Luminita Fritea,[a,b]  Andrew  J. Gross,[a] Bertrand Reuillard,[a] Karine Gorgy,[a] Serge Cosnier*[a] and 

Alan Le Goff*[a] 

Abstract: A novel water-soluble Ru complex bearing 

phenanthrolinequinone ligands, diethyleneglycol linkers and pyrene 

anchoring groups was synthesized. Electrical wiring of NAD- and 

FAD-dehydrogenases is demonstrated via NADH oxidation and 

mediated electron transfer respectively. Bioelectrocatalysis is 

facilitated by the flexible and hydrophilic PEG groups, and strong 

binding of pyrene groups with the carbon nanotubes (CNTs) of the 

electrodes. Furthermore, owing to the surfactant properties of the 

PEG-modified complex, high quality CNT dispersions were obtained 

for homogeneous buckypaper preparation. 

Introduction 

Flavin adenine dinucleotide-dependent glucose dehydrogenase 

dehydrogenase (FAD-GDH) has been recently envisioned as a 

promising alternative for catalytic oxidation of glucose at the 

anode of enzymatic fuel cells (EFCs).[1–6] FAD-GDH offers 

important advantages as compared to the more extensively-

studied NAD-dependent GDH or glucose oxidases (GOx).[7–12] On 

the contrary to GOx, FAD-GDH does not use O2 as a co-substrate 

and therefore does not generate H2O2 which can inhibit cathodic 

enzymes and degrades  biofuel cell performance.[8] Unlike NAD-

GDH, NADH cofactor is not required for the oxidation of glucose 

with FAD-GDH because the FAD cofactor is tightly bound to the 

enzyme. However, the commercially-available fungal FAD-GDH 

is not easily wired at an electrode surface and therefore requires 

the use of an artificial redox mediator. Different types of redox 

partners have been investigated for the wiring of fungal FAD-GDH 

such as quinones,[11,13,14] polyoxometalates[15], osmium,[7,9,12,16] 

ruthenium[17] or iron complexes[8]. These redox partners have 

mainly been directly adsorbed on electrodes or covalently-

attached to a polymer backbone. 

Carbon nanotubes (CNTs) have been intensively studied in the 

design of EFC electrodes.[2,3,18–20] In particular, the emerging use 

of buckypaper (BP) electrodes has recently improved the 

processability and flexibility of CNT-based electrodes in the 

design of flexible and wearable EFCs.[21–26] BPs are commonly 

prepared from the filtration of a concentrated dispersion of 

surfactant-wrapped CNTs using a nonionic surfactant bearing 

PEG groups such as Triton X-100.[27] However, the presence of 

residual surfactant within the BP is highly undesirable for 

electrochemical applications as it will result in hindered 

conductivity and catalysis, as well as raising serious 

biocompatibility concerns.[26] Thus, surfactant-free methods have 

been developed, although dispersion quality can strongly vary 

depending on the type and concentration of CNTs used in the 

process.[13,28,29] 

Taking advantage of the large specific surface area and high 

conductivity of CNT films, BPs also provide easily-scalable and 

flexible film-like electrodes with quasi-ideal properties for EFC 

applications.[26] Another great advantage of using CNTs is the 

large library of chemical modification strategies that have been 

made available for the functionalization of CNT sidewalls.[30,31] In 

particular, pi-pi stacking of pyrene molecules represents a reliable, 

soft and stable method for the non-covalent attachment of redox 

mediators and enzymes. A broad range of redox mediators have 

recently been modified with pyrene groups for stable attachment 

to CNTs while acting as a redox partner for enzyme wiring.[32–36] 

Here we report the synthesis of an original Ru(II) complex bearing  

two phenanthrolinequinone (phendione) ligands and a bipyridine 

ligand substituted with a diethyleneglycol-type linker and a pyrene 

anchoring group (RuPEG). Multi-walled CNT (MWCNT) 

electrodes were first modified with this complex and then by either 

a FAD or NAD-dependent oxidoreductase enzyme. NAD-

dependent dehydrogenase was used in a combined 

electroenzymatic process leading to NADH and glucose oxidation. 

The enzymes were chemically immobilized on MWCNTs through 

the formation of an amide linkage with 1-pyrenebutyric acid N-

hydroxysuccinimide ester (pyreneNHS) (Figure 3A and 5A). 

Furthermore, a functional free-standing BP bioelectrode was 

designed by taking advantage of the surfactant properties of the 

RuPEG complex stemming from the hydrophilic diethyleneglycol 

chains and hydrophobic pyrene moieties present on the 

phendione ligand. The electrical wiring of FAD-GDH via RuPEG 

was studied and compared with a parent Ru complex lacking the 

PEG chains (Ru2). 

Results and Discussion 

The ligand and the complex RuPEG were synthesized following 

a multi-step procedure as described in Figure 1. All of the 

intermediates and the final complex were fully characterized by 
1H NMR and mass spectroscopy. The complex RuPEG was then 

immobilized on MWCNT electrodes via pi-pi stacking on CNT 

sidewalls by soaking the electrode in a solution of 2.5 mM RuPEG 

in DMF. 
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Figure 1. Synthesis of the complex RuPEG: (i) O-(2-Aminoethyl)-O′-[2-(Boc-

amino)ethyl]diethylene glycol, Et3N, DMF, 80°C, overnight, 69% (ii) 

trifluoroacetic acid (TFA), H2O, triisopropylsilane (TIPS), RT, 30min, 100% (iii) 

Pyrene-NHS, Et3N, DMF, 80°C, overnight, 88% (iv) [Ru(Phendion)2Cl2], 

ethylene glycol, reflux, 1h, 54% 

The immobilization of the RuPEG complex on MWCNT-coated 

glassy carbon (GC) electrodes was initially compared with the 

immobilization of the previously-described Ru(II) complex without 

the diethyleneglycol linker (complex Ru2, Figure 2).[37] The redox 

behavior of the modified electrode was characterized using cyclic 

voltammetry in 0.2 M potassium phosphate buffer, pH 7.0 (Figure 

2).  

 

Figure 2. Cyclic voltammetry of (a) RuPEG- and (b) Ru2-functionalized MWCNT 

electrodes performed in 0.2 M PB (pH 7, 25°C, v = 10 mV s-1) vs. Ag/AgCl. 

Experiments were performed on at least 3 three electrodes. 

 

A reversible bielectronic peak system could be observed at 

+0.040 and +0.015 V vs. Ag/AgCl for RuPEG- and Ru2-

functionalized MWCNT electrodes, respectively, corresponding to 

the two protons/two electrons (Q/QH2) phendione ligands 

electroactivity in aqueous solution.[37–39] Oxidation and reduction 

peak currents remained highly stable upon multiple cyclic 

voltammetry (CV) scans (95% of the initial response retained after 

100 cycles). The linear dependence of the peak currents towards 

the scan rate further confirmed the stable immobilization of both 

complexes on the MWCNT electrodes. Surface concentrations of 

1.0 nmol cm-2 and 0.84 nmol cm-2, for RuPEG and Ru2 complexes, 

respectively, were estimated by integration of the charge under 

the anodic or the cathodic peak current. The similar surface 

concentration for the two types of functionalized electrode likely 

signifies a similar association constant for both complexes via 

pyrene-CNT interactions.[37] 

Owing to the simple modification of MWCNTs using different 

types of pyrene derivatives,[37] a mixture of RuPEG and 

pyreneNHS (1:1 ratio) was explored to perform the double 

functionalization of CNTs and allow the covalent attachment of 

the enzyme via amide coupling. In the first approach, NAD-

dependent GDH was combined with the Ru(II) catalyst and 

compared with the previously-designed bioelectrodes based on 

Ru2 (Figure 3). [37] 

 

Figure 3. (A) Schematic representation of the RuPEG-functionalized MWCNT 

electrode with immobilized NAD-GDH. (B) Cyclic voltammograms of (a) 

RuPEG- and (b) Ru2-functionalized MWCNT electrodes with immobilized NAD-

GDH in the absence (dashed line) and presence (solid line) of glucose (160 

mmol L-1) in phosphate buffer (0.2 M, pH 7) containing 10 mM NAD+ at 37°C (v 

= 10 mV s-1). (C) Calibration curve for glucose between 0 and 160 mmol L-1 and 

Michaelis-Menten-type fitting model (dashed line) for (a) RuPEG and (b) Ru2 

MWCNT electrodes. Applied potential 0.15 V vs. Ag/AgCl. Experiments were 

performed on at least 3 three electrodes. The error bars correspond to the 

standard deviation. 
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CV experiments were recorded in the presence of 160 mM 

glucose and 10 mM of NAD+ for RuPEG- and Ru2-functionalized 

MWCNT electrodes with immobilized NAD-GDH (Figure 3B). In 

the presence of glucose, an electrocatalytic wave appears at an 

onset potential of -0.05 V vs. Ag/AgCl and corresponds to the 

oxidation of NADH, enzymatically generated via the oxidation of 

glucose by the grafted NAD-GDH. Chronoamperometric 

measurements were performed at 0.15 V vs. Ag/AgCl after 

successive addition of increasing glucose concentrations. A 

typical Michaelis-Menten dependence is observed, reaching 

maximum catalytic currents of 4.5 mA cm-2 (KM = 30 mM) and 3.1 

mA cm-2 (KM = 25 mM) at 160 mM glucose under hydrodynamic 

conditions for RuPEG- and Ru2-functionalized MWCNT 

electrodes, respectively. Considering that similar amounts of 

RuPEG and Ru2 are immobilized on the MWCNT electrodes, 

these experiments show that a ~50 % increase of electrocatalytic 

current density is observed with the RuPEG electrode. This can 

be explained by the higher solvation and flexibility of the 

diethyleneglycol derivative which facilitates the electrocatalytic 

activity of RuPEG towards NADH oxidation.  

 

Figure 4. (A) Photographs of supernatant aqueous solutions obtained from 

dispersions after centrifugation of (a) RuPEG, (b) MWCNT+RuPEG and (c) 

MWCNT; (B) LSM and SEM images of the RuPEG-functionalized BP 

The properties of RuPEG as a MWCNT surfactant were also 

investigated to facilitate the preparation of functionalized CNT 

dispersions and the fabrication of BPs. This configuration was 

also studied in order to address the ability of RuPEG to act as a 

redox mediator for FAD-GDH, co-immobilized via the pyreneNHS 

linker. As shown in Figure 4A, the addition of RuPEG to a 

suspension of MWCNTs improved the dispersion of MWCNTs 

after sonication for 10 min and centrifugation, underlining the 

surfactant properties of the Ru complex towards MWCNTs. 

Improved solubility of modified CNTs has already been 

demonstrated using polypyridyl-ruthenium complexes bearing pi-

extended ligands[40] and pyrene anchors[41] but never with a 

diethyleneglycol chain which can improve the hydrophilicity and 

biocompatibility of the formed CNT composite. Thus, highly stable 

and flexible BPs could be obtained following vacuum filtration of 

a 6 mg mL-1 RuPEG-modified MWCNTs dispersion onto a PTFE 

membrane. Laser scanning microscopy (LSM) and scanning 

electron microscopy (SEM) images, respectively, demonstrated 

homogeneity of the BP surface at the macroscale and a typical 

dense, intimately-intricate network of MWCNTs at the nanoscale 

(Figure 4B). The homemade BPs had thicknesses of 180 (±10) 

µm and were accompanied with reasonable conductivities of 6 

(±1) S cm-1. These characterization experiments indicate the 

formation of a well-defined free-standing MWCNT film due to the 

presence of RuPEG. 

 

Figure 5. (A) RuPEG-functionalized MWCNT electrode with immobilized FAD-

GDH. (B) CVs of RuPEG-functionalized BP in the absence (black line) and 

presence (blue line) of glucose (150 mmol L-1) in PB (0.2 M, pH 7, 25°C, v = 1 

mV s-1) vs. Ag/AgCl; inset: photograph of the RuPEG-functionalized BP. 

Experiments were performed on three electrodes. 

Following the immobilization of the FAD-GDH on the RuPEG-

functionalized homemade BP, CV experiments performed in the 

presence of glucose revealed a clear electrocatalytic wave 

starting at -0.1 V vs. Ag/AgCl (Figure 5B). The latter was ascribed 

to a mediated electron transfer (MET)-based bioelectrocatalytic 

oxidation of glucose by the FAD-GDH that is able to directly 

transfer electrons to the quinone moieties of RuPEG. A maximum 

current density of 0.06 mA cm-2 could be reached at 0.2 V vs. 

Ag/AgCl. These results demonstrate that diethyleneglycol -based 

Ru complexes can not only be used as redox mediators for FAD-

GDH, but also as CNT surfactants for the fabrication of robust BP 

electrodes.  

In order to benchmark this homemade BP electrode, we also 

investigated the modification of a commercially available MWCNT 

BP (from NanoTechLabs Inc) with the RuPEG catalyst and the 
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FAD-GDH enzyme. The non-covalent modification was 

performed by first drop coating 40 µL of a 1:1 mixture of RuPEG 

and pyreneNHS at 2.5 mM in DMF onto a 6 mm diameter BP disk 

followed by drop coating of a 2.5 mg mL-1 of FAD-GDH in 

phosphate buffer at pH7. LSM and SEM images presented in 

Figure 6A show homogeneity of the commercial BP surface at the 

macroscale and a significantly more porous MWCNTs network 

with pores of larger diameters than the RuPEG modified 

homemade BP (Figure 4). Figure 6B shows CV scans for the 

commercial BP electrodes modified with Ru2 and RuPEG, after 

the immobilization of FAD-GDH, in the absence and presence of 

glucose. In the presence of the enzyme’s substrate, a 

bioelectrocatalytic wave is observed for both BP bioelectrodes 

with an onset potential of about -0.15 V vs. Ag/AgCl. Maximum 

current densities of 0.095 and 1.36 mA cm-2 were obtained at 0.2 

V with 150 mmol L-1 glucose for Ru2 and RuPEG-modified BP, 

respectively. These results confirm that RuPEG can act as an 

efficient redox mediator for glucose oxidation by FAD-GDH. 

Furthermore, the large difference of catalytic current density 

observed between RuPEG and Ru2 modified BP highlights the 

crucial finding that the PEG chain readily improves the electrical 

wiring of the FAD-GDH enzyme to the electrode surface. This 

enhanced wiring effect observed with RuPEG can be attributed in 

part to the improved flexibility of the PEG chain that helps to 

promote electronic communication with the buried FAD site. The 

strong influence of the chain length over the MET efficiency, and 

the importance of having a flexible linker, have already been 

demonstrated by different groups in the engineering of osmium 

hydrogels for the wiring of glucose oxidases and multicopper 

enzymes[42] or ferrocene-PEG derivatives for the mediated 

oxidation of NADH,[43,44] but not for the emerging FAD-GDH 

enzyme. The higher performances observed at the RuPEG-

functionalized commercial BP (1.36 mA cm-2 ) compared to the 

RuPEG-modified homemade BP (0.06 mA cm-2) may be 

attributed to the limited interaction between the Ru complex and 

the enzyme in the more compact homemade BP structure. The 

difference in the type of CNTs used, a mixture of ca 5 nm and ca 

80 nm diameter MWCNTs, may also contribute to the improved 

catalytic performance observed with the commercial BP 

electrodes, for example, via hierarchical porosity effects. 

Moreover, the diethyleneglycol groups provide regions of 

hydrophilicity at the electrode which, when combined with the 

“open” porous structure of commercial BP, facilitate enzyme 

immobilization. Overall, these experiments demonstrate that the 

RuPEG-modified commercial BP electrode combines the 

advantages of an efficient redox mediator within a porous 

environment thus optimizing the electrical wiring of the FAD-GDH 

and the diffusion of glucose.  

 

Figure 6. (A) LSM and SEM images  of the RuPEG-functionalized commercial 

BP (B) Cyclic voltammograms of commercial BP bioelectrodes functionalized 

with pyreneNHS/FAD-GDH and Ru2 (gray lines) or RuPEG (black lines) 

complexes in the absence (dashed line) and presence (solid line) of 150 mmol 

L-1 glucose in PB (0.2 M, pH 7, 25°C, v = 1 mV s-1) vs. Ag/AgCl. Experiments 

were performed on at least 3 three electrodes. 

Conclusions 

This work underlines the benefit of molecularly engineering redox 

centers for the wiring of redox enzymes confined at porous 

electrode surfaces. The multifunctional ruthenium complex 

bearing pyrene-terminated diethyleneglycol chains, RuPEG, 

allowed for the simple functionalization of CNT-coated and BP-

based electrodes while generating an efficient redox wiring of 

NAD- and FAD-dependent dehydrogenases for glucose oxidation. 

In the general context of the development of enzyme based 

bioelectrodes, this strategy of rationally designing single-molecule 

redox centers stands as a viable alternative to the use of redox 

hydrogels for efficient redox enzyme wiring. This type of versatile 

transition-metal complex bearing pyrene-terminated 

polyethyleneglycol-type chains could be extended to other types 

of enzymes and redox partners for the building of robust and 

catalytically powerful bioelectrodes. Future work will focus on the 

optimization of the loading of the enzyme and the redox mediators 

in buckypapers to further increase current densities.  

 

Experimental Section 

Materials and methods 

All chemical products were purchased from Sigma Aldrich. Fungal 

flavin adenine dinucleotide-dependent glucose dehydrogenase 

(FAD-GDH, 1150 U mg−1 solid) was purchased from Sekisui 

Diagnostics (UK). NAD-dependent GDH from Pseudomonas sp. 

(235 U mg-1) was purchased from Aldrich. Commercial grade thin 

multi-walled carbon nanotubes (MWCNTs, 9.5 nm diameter, 

purity > 95%, 1.5 µm length) were obtained from Nanocyl. 

Commercial MWCNT proprietary blend buckypaper with 

reference (NTL-12218, 60 gsm) was obtained from 

NanoTechLabs, Inc (Buckeye Composites). Carbon 

nanomaterials were used as received without any purification. 

When not used, the enzyme was stored at -20°C. All the reagents 
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were used without further purification. All solvents were of 

analytical grade. Distilled water was passed through a Milli-Q 

water purification system to obtain ultrapure water at 18.2 MΩ cm-

1. Glucose solutions were left to mutarotate overnight to β-D-

glucose prior to use. 3D and profile images were taken using a 

Keyence VK-X200 laser microscope. 0.1 M, pH 7 phosphate 

buffer solution was prepared from Milli-Q water.  

NMR spectra were recorded on a Bruker AVANCE 400 operating 

at 400.0 MHz for 1H. ESI mass spectra were recorded with a 

Bruker APEX-Qe ESI FT-ICR mass spectrometer. 

Conductivity measurements were performed using a Keithley 

2450 sourcemeter with an S-302-4 mounting stand and SP4 four-

point probe head, taking into account the thickness of each 

sample. 6 measurements were recorded per sample from a 

minimum of 2 independent samples.  

Electrochemical measurements 

The electrochemical experiments were carried out in a three 

electrode electrochemical cell using an Autolab PGSTAT100 

potentiostat and a Biologic VMP3 Multi Potentiostat. A Pt wire was 

used as the counter electrode and the Ag/AgCl (KCl sat.) served 

as the reference electrode. All experiments were conducted at 

room temperature in air. All current densities are normalized 

towards the geometrical surface of the electrode. All simulated 

curves were obtained via Origin Pro 9.0. 

Synthesis 

[Ru(Phendion)2Cl2] and (1,10-phenathroline-5,6-dione)2((4,4’-

bis(4-pyrenyl-1-ylbutyloxy)-2,2’-bipyridine) Ru(II)] (PF6)2) Ru2 

were synthesized according to previously described 

procedures[37,38,45,46].  

BpyPEG-NHBOC: A solution of 100 mg of 1,1'-[2,2'-Bipyridine-

4,4'-diylbis(carbonyloxy)]di(2,5-pyrrolidinedione) in 4 mL DMF 

was slowly added to a solution of 0.11 mL of O-(2-Aminoethyl)-

O′-[2-(Boc-amino)ethyl]diethylene glycol (2 eq) and 0.08 mL Et3N 

(3 eq) in 8 mL DMF . The mixture was stirred overnight at 80°C. 

The solvent was evaporated and the crude product was washed 

twice with H2O and Et2O, affording a white powder (111 mg, 69 % 

yield). 
1H NMR: δH/ppm (400 MHz, DMSO): 1.35 (s, 18H, 6 x CH3), 3.06 

(m, 4H, 2 CH2), 3.40 (m, 4H, 2 CH2), 3.46-3.58 (m, 16 H, 8 x CH2), 

6.71 (m, 2H, NH), 7.85 (m, 2H, NH), 8.82 (m, 2H, bpy), 8.87 (m, 

2H, bpy), 9.00 (m, 2H, bpy) 

BpyPGE-NH2: A solution of 50 mg of BpyPEG-NHBOC and 9.5 

mL of TFA (95 %) was prepared in 0.25 mL of H2O and 0.25 mL 

of TIPS. The mixture is stirred at room temperature for 30 min. 

The solvent is evaporated and the crude oil is washed twice with 

Et2O, affording 35 mg of BpyPGE-NH2 (100 % yield). 1H NMR: 

δH/ppm (400 MHz, DMSO): 2.97 (m, 4H, 2 CH2), 3.49 (m, 4H, 2 

CH2), 3.60 (m, 16 H, 8 x CH2), 7.73 (m, 4H, NH2), 7.86 (m, 2H, 

NH), 8.79 (m, 2H, bpy), 8.87 (m, 2H, bpy), 9.00 (m, 2H, bpy) ; MS 

(ESI+): 253.2 (BpyPEG-(NH3
+)2) 

BpyPEG-pyrene: A solution of 55 mg of pyrene-NHS in 3 ml DMF 

was slowly added to a mixture of 36 mg of BpyPGE-NH2 and 0.03 

mL Et3N (3 eq). The mixture is stirred overnight at 80°C. The DMF 

is evaporated and the crude product is washed with H2O and Et2O, 

yielding 66 mg of a light-brown powder (88% yield). 1H NMR: 

δH/ppm (400 MHz, DMSO): 1.97 (m, 4H, 2x CH2), 2.22 (m, 4H, 2 

x CH2), 3.24 (m, 8H, 4 x CH2), 3.43 (m, 8 H, 4 x CH2), 3.53 (m, 12 

H, 6 x CH2), 7.82 (m, 4H), 7.90 (m, 2H), 8.01 (m, 2H), 8.05 (m, 

4H), 8.18 (m, 4H), 8.34 (m, 2H),  8.76 (m, 2H), 8.82 (m, 2H), 8.95 

(m, 2H) ; MS (ESI+): 1045.7 

Complex RuPEG: A solution of BpyPEG-pyrene (53mg) and 

[Ru(Phendion)2Cl2] (30 mg) in ethylene glycol (3 mL) was refluxed 

for 1 h under argon. After cooling down to room temperature, a 

10mL aqueous solution of saturated NH4PF6 was added, allowing 

the as-formed product to precipitate. The orange brown 

precipitate was filtrated, then washed with water and Et2O, 

yielding 53 mg of product (54% yield).1H NMR: δH/ppm (400 MHz, 

DMSO): 1.88 (m, 8H, 4 x CH2), 2.22 (m, 4H, 2 x CH2), 3.20 (m, 

8H, 4 x CH2), 3.40 (m, 20 H, 10 x CH2), 7.50 (m, 4H), 7.70 (m, 

6H), 8.01 (m, 14H), 8.36 (m, 6H), 8.37 (m, 2H), 8.47 (m, 2H),  8.97 

(m, 2H); MS (ESI+): 783.1 (M-2PF6
2+) 

Fabrication of the MWCNT-coated GC electrodes 

The MWCNT-coated electrodes were obtained by drop casting 20 

µL of a MWCNT dispersion in 1-methyl-2-pyrrolidinone (NMP) (5 

mg mL-1) onto polished glassy carbon (GC) rod electrodes (3 mm 

diameter), affording a 5-µm–thick homogeneous MWCNT film on 

the GC electrode.  

The RuPEG/GDH and Ru2/GDH MWCNT enzyme-modified 

electrodes were prepared by a first incubation step in a 1:1 ratio 

of 2.5 mM RuPEG/Pyrene-NHS in DMF. After solvent removal 

under vacuum, the bi-functionalized electrodes were then 

incubated for at least 6 h in 20 µL of a 2.5 mg mL-1 solution of 

GDH in phosphate buffer pH 7 at 4°C. 

After each incubation, the electrodes were rinsed several 

times with deionized water. 

Preparation of commercial BP modified with pyreneNHS, 

RuPEG and FAD-GDH (drop-casting only) 

For preparation of the RuPEG-based commercial BP, high 

conductivity MWCNT buckypaper from NanoTechLabs Inc was 

first cut into 6 mm diameter circular disk electrodes. Next, 40 µL 

of 2.5 mmol L-1 RuPEG/pyrene-NHS (1:1) in DMF was drop-

coated onto the electrode and left to dry overnight at room 

temperature. For enzyme immobilization, 40 µL of 2.5 mg mL-1 

FAD-GDH in 0.1 mol L-1 PB pH 7 was drop-casted onto the 

electrode then dried overnight in the fridge. Electrical contact to 

the BP was obtained via a metal wire with carbon paste. The back 

and sides of the electrode were sealed with silicone paste. The 

electrodes were rinsed several times with deionized water before 

use. 

Preparation of homemade BP from a MWCNT dispersion 

modified with pyreneNHS, RuPEG and FAD-GDH (bulk 

functionalization and drop-casting) 

For preparation of the RuPEG-based homemade BP, 6 mg of 

MWCNTs was added into 3 mL of DMF and dispersed by 60 min 

sonication using a Bandelin sonorex RK100 ultrasonication bath. 

Next, RuPEG/pyrene-NHS (1:1, 250 µmol L-1) were added into 

the dispersion and the resulting mixture was agitated by hand and 

vortex for 10 min. The dispersion was subsequently passed 

through a Millipore PTFE filter (JHWP, 0.45 μM pore size) under 

high vacuum using a MZ 2C NT Vacuubrand GMBH membrane 

pump, rinsed with ultrapure water, then left under vacuum for a 

further 30-60 min. The BP coated filter papers were left overnight, 

peeled off the filter to obtain the free-standing BP, then cut into 6 

mm diameter circular disk electrodes. For enzyme immobilization, 
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40 µL of 2.5 mg mL-1 FAD-GDH in 0.1 mol L-1 PB pH 7 was drop-

casted onto the electrode then dried overnight in the fridge. The 

electrodes were rinsed several times with deionized water before 

use. 
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