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Enzymatic biofuel cells offer the exciting prospect of clean energy production for implantable devices,
but such devices are still exotic and require improvements in electrode design and performance. Here a
global strategy to prepare robust and versatile buckypaper bioelectrodes for advancing biofuel cell
applications is presented. The fabrication method is based on a combination of original bifunctional
polynorbornene copolymers with carbon nanotubes. Use of copolymers containing both pyrene and
activated ester groups for cross-linking and tethering, respectively, increases the mechanical and
electrochemical performance compared to buckypaper prepared without polymer or with the pyrene
homopolymer. The amount of polymer used is an important parameter and was optimized to improve
mechanical performance. High surface concentrations of reactive ester functionalities were obtained
using long-chain polymers and exhibited high selectivity for attachment of aminoanthraquinone and the
enzyme laccase. High performance biocathodes for direct oxygen reduction were constructed by
immobilization of laccase on unmodified and anthraquinone-modified buckypapers. Anthraquinone-
modified electrodes gave increased current densities due to improved electrical wiring of laccase via the
hydrophobic pocket near the laccase T1 site. Biocathode stability over one month was excellent (53%
current density after 24 days) and thus a new class of practical carbon-based enzymatic biofuels is

envisioned.

2. Introduction

Enzymatic biofuel cells (EBFCs) offer great promise as low-power electricity sources for wearable and
implantable bioelectronic devices from medical devices to environmental biosensors.[1-3] Tremendous
advances have been made towards implantable fuel cells since the late 2000°s and in particular for
glucose EBFCs[2] where operation in vivo has been demonstrated, for example, in the retroperitoneal
space of a rat[4] and in the body of a snail.[5] However, major technical challenges remain for

implantable biofuel cells, including limited operational stability and modest power output at



physiological pH.[6, 7] Key challenges in EBFC design are the development of electrodes which offer
(i) stable immobilization of enzymes and mediators, (ii) electrical wiring with the active site of enzymes,
(iii) efficient diffusional transport in the cell, and (iv) are lightweight and easily integrated into devices.
Carbon nanotubes (CNTSs) have great advantages as an electrode material for bioelectrodes due to their
large surface area and exceptional electronic and mechanical properties which allow enhanced direct and
mediated electron transfer.[8, 9] Carbon nanotube bioelectrodes can be prepared by drop casting,[10]
spinning,[11] 3D printing[12] and direct growth[13] onto a conductive support, by mechanical
compression into free-standing disks,[8] or by filtration to give free-standing or supported thin films
(buckypaper, BP).[14-16] BP bioelectrodes are commonly prepared on supporting substrates, such as
Toray paper, to improve stability and prevent nanotube release into the local environment.[17-19] Free-
standing buckypaper tends to be brittle and difficult to manipulate but is desired for device integration
and to minimize contact resistance and mass transport limitations.[5, 17, 20] Free-standing BP has several
advantages over other CNT materials: it is extremely thin, lightweight and flexible, no electrode support
IS required, and it is easily processed into different shapes and sizes.

Surface functionalization techniques are essential for the immobilization and stabilization of enzymes on
electrodes for biofuel cell applications.[7] Among the few reports available, the best enzyme
immobilization methods are adsorption,[8] encapsulation via Nafion[21] and hydrogel,[22] and via
surface modification with pyrene derivatives.[5, 14, 20] For example, the recent work by Bourourou et
al. demonstrated functionalization of freestanding BP via bis-pyrene-2,2’-azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid) as a simple and stable platform for enzyme wiring.[20] The
presence of two pyrene groups on the molecule offered reinforcement of the buckypaper via nanotube
cross-linking. However, the close proximity of the two pyrene groups leads to a low probability of
connecting two CNTs. A more effective approach to improve cross-linking of CNTSs is to incorporate

long linear polymer chains presenting at least ten pyrene groups, although use of polymers requires



careful attention to avoid poorly conducting materials that provide inefficient electron transfer and
diffusional barriers.[15]

Here we report the optimization and preparation of a new class of reinforced free-standing buckypapers
using multifunctional polynorbornenes. Use of the BP materials for coupling anthraquinone via amide
bond formation is investigated and a biocathode for direct oxygen reduction via immobilised laccase

from Trametes versicolor is demonstrated.

3. Experimental Section

3.1 Materials and apparatus

Mono-sodium phosphate monohydrate (98-102%), di-sodium hydrogen phosphate heptahydrate (98-
102%), sulfuric acid (95-98%), 2-aminoanthraquinone (technical grade), ethanol (EtOH, > 99.8%), N,N-
dimethylformamide (DMF, 99.9%) and laccase (13.6 U mg™) from Trametes versicolor were purchased
from Sigma Aldrich and used as received. Dry solvents were used directly from a drying and degassing
solvent tower delivery system. Aqueous solutions were prepared from ultrapure water at 25°C (resistivity
> 18.2 MQcm). Laccase was stored at 4°C. Commercial grade multi-walled carbon nanotubes
(MWCNTSs, 9.5 nm diameter, > 95% purity) were obtained from Nanocyl and used as received without
purification. High purity oxygen and argon were obtained from Messer. *H and *C NMR spectra were
recorded on a Bruker DPX-400 or DRX-500 spectrometer in CDCl3 unless otherwise stated. Chemical
shifts are given in ppm downfield from the internal standard tetramethylsilane. Size exclusion
chromatography (SEC) measurements were conducted using a Varian 390-LC-Multi detector suite fitted
with differential refractive index (DRI), and UV/Vis detectors. A guard column (Varian Polymer
Laboratories PLGel 5 um, 50 x 7.5 mm) and two mixed D columns (Varian Polymer Laboratories PLGel

5 um, 300 x 7.5 mm) were used. The mobile phase was chloroform with 2 % trimethylamine eluent at a



flow rate of 1.0 ml-min™. SEC data was analysed using Cirrus v3.3 with calibration curves produced
using Varian Polymer laboratories Easi-Vials linear poly(styrene) standards (162 Da — 240 kDa).

3.2 Synthesis of polynorbornene homopolymer, random copolymers and block copolymers

The polynorbornene homopolymer P(Pyso) (1) was synthesized via ring opening metathesis
polymerization (ROMP) of (1-pyrenyl)methyl exo-5-norbornene-2-carboxylate (PyNb) as previously
reported.[15] The polynorbornene random copolymers P(Py13-co-NHS13) (2) and P(Pyss-CO-NHSss) (3)
and block copolymers P(Pye.s-b-NHS13-b-Pyes) (4) and P(Pys3-b-NHSee-b-Pys3) (5) were synthesized
via ROMP from pyNb and N-(2,5-dioxopyrrolidin-1-yl octanoate)-cis-5-norbornene-exo-dicarboximide
(NHSND) as described in the Supporting Information.

3.3  Preparation of polynorbornene buckypapers

First, 150 mg of MWCNTSs were added into 50 mL DMF and dispersed by sonication for 30 min. Next,
6 mg of polymer was added into 3 mL DMF and dissolved by sonication for 5 mins. 10% polymer: 90%
CNT solutions were prepared by mixing 1.81 mL of polymer solution and 10.9 mL of CNT solution.
20% polymer: 80% CNT solutions were prepared by mixing 4.09 mL of polymer solution and 10.9 mL
of MWCNT solution. 50% polymer: 50% CNT solutions were prepared by mixing 16.35 mL of polymer
solution and 10.9 mL of MWCNT solution. All solutions were mixed by sonication for 15 min. The
mixed solutions were subsequently passed through a Millipore PTFE filter (JHWP, 0.45 uM, 46 mm
diameter) under high vacuum and left for 2 hrs. The buckypaper coated filters were left to dry flat at
room temperature in the presence of desiccant, and then cut to size using a scalpel. Buckypapers were
prepared using 80% CNT: 20% polymer in wt% solution unless otherwise stated.

3.4 Electrochemistry

Electrochemical measurements were performed at room temperature using an Eco Chemie Autloab
PGSTAT 100 potentiostat running GPES 4.9 software. A conventional three-electrode cell set-up was

used for all electrochemical experiments comprising a buckypaper working electrode, a AgAgCI (sat.



KCI) reference electrode and a Pt wire counter electrode. A small copper tape contact was added to the
back of the buckypaper for electrical connection via a crocodile clip. Inter-electrode spacing was < 0.5
cm. The surface area of the buckypaper electrodes was 0.46 cm?. Surface concentrations of electroactive
groups were determined from equation S1 according to Faraday’s law (equation S1) and electron transfer

rate constants were estimated from equation S2 (see Supporting Information).

3.5  Surface coupling reactions

For anthraquinone coupling experiments, buckypapers were fully immersed in 2 mM 2-
aminoanthraquinone in EtOH with stirring. Buckypapers were subsequently rinsed with EtOH and
acetone then sonicated in EtOH for 1 min. For laccase coupling experiments, 5 mg/mL laccase was
prepared in 0.1 M PB pH 5 and incubated on the buckypaper substrate (25 uL) for 1 hr at 4°C, then then
thoroughly rinsed with PB before use. Laccase-modified electrodes were stored in 0.1 M PB pH 5 before
and after use.

3.6 Mechanical properties and surface characterization

Tensile modulus and strength were measured using a Shimadzu AGS-X with a cross-head speed of 5
um/sec and a 20 N load cell. Sample dimensions were width = 20 mm, length = 30 mm and a specified
thickness in the range = 0.08-0.2 mm. Calibration length was 10 mm between grips. Tensile modulus
was obtained from the linear part of the stress/strain plot. Tensile strength was measured as the maximum
stress point before failure.

Static water contact angles were obtained at room temperature by delivering a 5 uL droplet of ultrapure
water onto the surface of a sample on a horizontal stage using a DataPhysics OCA 35 contact angle

system. 5 measurements were recorded per sample from a minimum of 2 independent samples.



Buckypaper conductivities were measured using a Keithley 2450 sourcemeter with an S-302-4 mounting
stand and SP4 four-point probe head. 4 measurements were recorded per sample from a minimum of 2

independent samples.

4. Results and Discussion

A series of five polynorbornenes (Figure 1A) was synthesized by ROMP (see Supporting Information):
a pyrene homopolymer 1, bifunctional random copolymers with different lengths 2, 3 and A-B-A triblock
copolymers with different lengths 4, 5. The CNT-based polynorbornene BP electrodes with thicknesses

in the range 85-200 um (n = 23) were prepared in several steps (see Figure 1B and Experimental Section).
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Figure 1. (A) Chemical and sequence structure of polynorbornene random and triblock (A-B-A)

bifunctional copolymers used. (B) Scheme illustrating buckypaper fabrication method.

Initial experiments were investigated using polymer 1 as a model polymer to optimize the conductivity
and mechanical performance of polynorbornene BP as a function of the CNT: polymer solution ratio

(Figure 2). The highest conductivity of 18 S cm™ was obtained for BP prepared with only CNTs (BP-
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CNT). This value lies between those of chemically functionalized CNT BPs reported previously.[20,23]
The conductivity of BP-1 decreased linearly as the amount of polymer solution used was increased from
0% to 50%, consistent with the increasing presence of an insulating or weakly conducting polymer
(Figure 2A). In contrast, the tensile modulus increased by 280% to 1.9 GPa as the amount of polymer
solution used increased from 0% to 20%. Increasing the polymer solution amount further from 20% to
40% resulted in a two-fold decrease in modulus to 0.9 GPa. The decrease in modulus beyond 20%
highlights the importance of CNTSs as the principal material for structural stability and resistance to
deformation. Similar trends were observed for tensile strength (Table S1). Based on these measurements,
we chose a ratio of 80% CNT: 20% polymer as the optimal method for preparation of free-standing BPs
with good conductivity and improved mechanical stability. Further stress-strain curves were recorded
(Figure S1) to compare the difference in mechanical properties between buckypaper prepared without
and with polymer, where the optimal 80% CNT: 20% polymer ratio was used for buckypaper-polymer
samples. BP-CNT without polymer exhibited a tensile modulus and strength of 0.5 GPa and 0.9 MPa,
respectively. In contrast, BP-1 exhibited a tensile modulus of 1.9 GP and tensile strength of 3.4 MPa,
and BP-3 exhibited a tensile modulus of 2.3 GPa and tensile strength of 4.1 MPa. These values are
comparable to literature values and clearly show a significant increase by up to a factor of 4.5 in tensile
modulus and strength with incorporation of the polymer in buckypaper.[23] The increase in tensile
properties is consistent with an improvement in stiffness and strength and thus mechanical stability of
the buckypaper which is desirable for electrode durability. Figure 2B shows conductivity data for BPs
prepared using polynorbornenes 1-5 via the optimized CNT: polymer solution ratio. As expected, BP-
CNT is more conductive than the polynorbornene BPs. The polynorbornene BPs have similar

conductivities considering the experimental error.
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Figure 2. (A) Plot of conductivity (squares) and Young’s (tensile) modulus (circles) as a function of the
percentage of polymer 1 solution used during buckypaper fabrication. (B) Chart showing conductivity

for polynorbornene buckypapers (BP-1 to BP-5) and CNT only buckypaper (BP-CNT).

Contact angle measurements were also obtained to shed light on the wettability of the polynorbornene
materials (Figure S2). BP-1 and BP-3 have contact angles of 136 + 6° and 122 + 1° whereas BP-CNT
exhibits a contact angle of 95 + 2°. The presence of polynorbornene therefore increases the
hydrophobicity substantially to the extent that water is unlikely to be absorbed into the polynorbornene
buckypapers. The aqueous impermeability is desirable for containment of electrolyte solutions in biofuel
design. The increasing hydrophobicity with addition of polymer is consistent with a change in physical
rather than chemical structure as the incorporation of hydrophilic ester groups (BP-3) did not increase
the hydrophilicity compared to BP-1.

Next the chemical reactivity of N-hydroxysuccinmide (NHS) ester groups of BP were investigated by

coupling electroactive species and estimating surface concentrations based on the cyclic voltammograms



(CVs) of modified surfaces. BP-1 to BP-5 were reacted with 2 mM of 2-aminoanthraquinone (AQ) in
EtOH to attach these groups to the surface via amide bond formation. Surface concentration data for BP-
1to BP-5is listed in Table 1. Figure 3 shows typical CVs obtained in 0.1 M phosphate buffer (PB) pH 7
at BP-3 (Figure 3A) and BP-1 (Figure 3B) before and after modification with AQ groups. Similar CVs

were obtained for the other BP electrodes (Figure S3).
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Figure 3. CVs obtained in 0.1 M PB pH 7 at scan rate = 20 mV/s for buckypapers (A) BP-3 and (B) BP-

1 before (--) and after () reaction with aminoanthraquinone.

The CVs obtained for BP-2 to BP-5 show well-defined redox peaks at around Ep = -0.58 V vs AgAgCl,
corresponding to the two-electron reduction of AQ groups,[24] consistent with successful coupling of
electroactive AQ groups via substitution of the NHS ester. As expected for surface-immobilised redox
couples, the peak currents are linearly dependent on the scan rate (Figure S4). In contrast, CVs obtained
for BP-1 (no NHS ester groups) reveal ill-defined electrochemistry and no evidence for coupled
electroactive AQ groups, as expected. The stability of BP-3 modified with AQ groups was subsequently
investigated by repeat potential cycling over the range 0.0 Vto -1.1 V in PB pH 7. A 20% loss in signal
over 10 cycles is consistent with a stable attachment (Figure S4), especially considering that the current

decrease may also be due to a preceding chemical reaction such as protonation of AQ? to AQH..[24] It
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is noted that all BP electrodes were sonicated for 1 min in EtOH prior to analysis, supporting the stable
nature of the AQ attachment.

Examination of the data in Table 1 shows that larger surface concentrations of electroactive AQ groups
were obtained on BP-3 and BP-5 after surface coupling. These electrodes were prepared using the long-
chain random and triblock polymer chains, respectively. The obtained surface concentrations of between
0.38 and 3.78 x 10 mol cm™ at the different electrodes are significantly greater than theoretical values
for a monolayer of AQ oriented flat (3.3 x 10™° mol cm™) or vertical (1.6 x 10" mol cm™) to an electrode
surface[25], owing to the large surface area and porosity of the buckypaper. The larger surface
concentrations obtained using long-chain polymers are attributed to improved wrapping via inter-chain
interactions and accessibility of NHS ester groups within the entangled carbon nanotube network. Use
of the more structurally precise triblock copolymer did not result in higher concentrations of AQ groups
than the random sequence polymer of equivalent length. Precision positioning of functional groups on
the polymer backbone appears, at least under the conditions employed here, less important than the length
of the chain.

The length of polymer chain has a significant effect on the kinetics of the AQ electrochemistry, as shown
by the differences in peak-to-peak separation (AEp) and estimated electron transfer rate constant (ks),
where larger AEp values and smaller ks indicate slower kinetics of the immobilised AQ groups (Table 1).
The BPs containing short-chain polymers showed the smallest values of AE, and ks, whereas the long-
chain polymer BPs showed larger values of AE, and ks. The apparent electron transfer kinetics are
therefore consistently slower for BP structures comprising longer polymers. This likely reflects the
increasing distance between the electrode and the terminal AQ groups and therefore increasing electron
tunneling and electronic coupling distances. The effect of decreasing electron transfer rate with
increasing chain length has previously been reported for electroactive groups tethered to insulating

monolayers on electrodes.[26]
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Table 1. Electrochemical Data for AQ Groups Coupled to Multifunctional Buckypaper

Electrodes.

Buckypaper  Polymer Polymer Surface Concentration  AFE; Ks
Sequence Structure (Tag) (108 molem?)  (mV) (s

BP-2 Random P(Py13NHS:13) 0.38+0.19(n=2)B 161  3.38x107?

BP-3 Random P(PyssNHSss) 3.78+0.76 (n=2) 333  1.18x10%

BP-4 Triblock  P(PyosNHS1Pyss) 0.65+021(n=4) 264  453x10°

BP-5 Triblock P(PyssNHSesPyss)  2.25+1.28 (n = 2) 308  1.92x 103

[l Number of independent buckypaper samples analysed shown in brackets

Next the practical application of the BPs was investigated for preparation of a biocathode. Three BP
electrodes: unmodified BP-1, unmodified BP-3 and BP-3 modified with AQ groups, were incubated with
laccase, washed and then tested for enzyme presence and activity. Figure 4 (A-C) shows CVs recorded
under argon (--) and oxygen () after immersion of the electrodes in laccase in 0.1 M PB pH 5 for 1 hr
at 5 °C. For all electrodes, no electrocatalytic activity was observed under argon. Under oxygen, the
unmodified and AQ-modified BP-3 electrodes exhibited an onset potential of 0.63 V, closely matching
the redox potential of the T1 center of Trametes versicolor. In both cases, the electrocatalytic reduction
waves confirm direct electron transfer (DET) between the BP and laccase. In contrast, little evidence of
catalytic current was observed for BP-1. The results clearly show that immobilization of laccase on BP
is possible via non-covalent interaction of the enzyme with surface-bound AQ groups or via covalent
reaction of the amine groups of lysine residues with surface-bound NHS ester groups. The lack of
catalytic current observed at BP-1 is consistent with negligible non-specific adsorption of laccase onto
the surface of polynorbornene BPs under our conditions. For quantitative assessment of catalytic

performance, chronoamperometric measurements were performed (Figure 4 (D-F)).
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Figure 4. (A-C) CVs and (D-F) chronoamperograms obtained in 0.1 M PB pH 5 under argon (--) and
under oxygen (-) for (A,D) AQ-modified BP-3, (B, E) unmodified BP-3 and (C, F) unmodified BP-1,
after incubation of laccase for 1 hr. CVs recorded at scan rate = 20 mV/s. Chronoamperograms recorded

at E, = 0.25 V vs AgAgCI (sat. KCI).

The AQ-modified BP-3 electrode exhibited the highest average current density of 170 + 8 uA/cm? (n =
2) in oxygen-saturated solution. The unmodified BP-3 and BP-1 electrodes exhibited average current
densities of 116 + 30 uA/cm? and 7 + 3 pA/cm?, respectively. The 32% increase in catalytic reduction of
oxygen for AQ-modified BP-3 compared to unmodified BP-3 suggests the major role of anthraquinone
in orienting and wiring the enzyme on the electrode surface by interaction with the hydrophobic pocket
near the T1 copper site of laccase.[27] The maximum current observed here is higher than the 140
nA/cm? previously shown for direct oxygen reduction on anthracene-modified CNT electrodes[28] and

lower than the 240-300 pA/cm? obtained for AQ-modified CNT electrodes.[29, 30]
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The long term stability of enzyme modified electrodes was also investigated using AQ-modified BP-3
electrodes. The BP-3 biocathode showed excellent stability with current density decreasing by 22% over
the first 7 days and 47% over 24 days (Figure S5). The decrease is likely due to continual desorption of

the enzyme and loss of enzyme activity over time.

5. Conclusion

In summary, these investigations show all the prerequisites of a global strategy to prepare versatile and
robust free-standing buckypaper electrode platforms with tailored chemical functionalities. We have
highlighted the possibility to obtain a high density of reactive activated ester tethers using
polynorbornene copolymer-carbon nanotube buckypaper for controlled immobilization of enzymes and
orienting moieties via amide bond formation for bioelectrocatalysis. Mechanical experiments confirmed
an increase by a factor of up to 4.5 in both tensile modulus and tensile strength of buckypaper with the
incorporation of 20 wt% of the random long-chain copolymer, consistent with effective incorporation
and cross linking of the polymer with nanotubes via pyrene groups. Furthermore, our results demonstrate
that the use of covalent coupling strategies to attach laccase to buckypaper electrodes, either directly, or
indirectly via an orienting moiety, enables significantly larger catalytic currents for oxygen reduction
than can be obtained when only simple physisorption is used to attach the enzyme. The general character
of the NHS ester functionality present in the polynorbornene copolymer buckypapers offers great
versatility in terms of the range of enzymes, orienting groups and mediators which can be attached to the
surface in future work. New functional polymers are also envisaged for preparation of bioelectrodes with

different functionalities using polynorbornene chemistry as a versatile means of polymer assembly.
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