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Abstract

Using viologen-based redox polymers to wire a variety of different hydrogenases
to electrodes and gas diffusion electrodes is the basis to mitigate high potential
deactivation of the enzyme, deactivation by molecular O,, as well as for high-
current density H, oxidation bioanodes. To overcome electron transfer limita-
tions by electron hopping within the viologen-modified polymer film, a new
redox polymer was designed with the highest possible viologen content together
with monomers bearing crosslinking units. In combination with an immobi-
lization sequence consisting of oxidative grafting of amino functions, covalent
attachment of polymer units to these functionalities, and crosslinking of the poly-
mer layers, an unprecedently fast electron transfer became possible. This enabled
a very high current density normalized by the amount of the [NiFe] hydrogenase
embedded within a viologen polymer on gas diffusion electrodes.
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high electrochemical potentials.[> '] Enzyme engineer-

ing does not offer a satisfying solution to this challenge as

Nature evolved highly efficient biocatalysts for the oxida-
tion and formation of H, with active centers consisting
solely of earth abundant metals like Ni and Fel'l and a cat-
alytic performance similar to that of Pt..>~7] Hydrogenases
have been employed as hydrogen oxidation catalysts at the
anode of H,/0, biofuel cells!>*7! while multicopper oxi-
dases like bilirubin oxidase or laccase have been used as
0, reduction catalysts at the cathode.!®! The use of hydro-
genases in large-scale applications is limited by their gen-
erally high sensitivity towards O, and their deactivation at

frequently increased intrinsic stability of an enzyme leads
to a decreased catalytic performance.!’'?]

The incorporation of hydrogenases into low-potential
viologen-modified polymer matrices offers immobiliza-
tion, electrical connection, as well as protection against O,
and high-potential deactivation.!'>*~'° On the one hand,
redox polymers provide a Nernst buffer which lowers the
local potential at the enzyme, especially under turnover
conditions, and is thereby protecting the enzyme by pre-
venting its oxidation to an inactive state. On the other
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hand, the viologen radical cations are able to reduce
incoming O, with electrons generated during the catalytic
H, oxidation, protecting the enzyme from deactivation or
even destruction through exposure to 0,.[2°]

To avoid limitations in performance by slow mass trans-
port of the gaseous substrate, the use of gas diffusion
electrodes (GDEs) has been shown to be essential.[2!=27]
GDE:s typically consist of a porous carbon-based material
that guarantees gas permeability in combination with a
hydrophobic layer (e.g., polytetrafluoroethylene) to pre-
vent leakage of aqueous electrolytes.[?!] A triple-phase
boundary is established between the liquid electrolyte,
gaseous substrate, and solid electrode/catalyst material.
Diffusion of the substrate takes place by rapid dissolu-
tion from the gas phase into a thin electrolyte layer that
is formed around the catalyst due to a large concentration
gradient between the gaseous and liquid phases. The local
substrate flux towards the catalyst sites is substantially
increased, which is the basis for the observed enhanced
current densities at corresponding electrodes.[>>%°]

In our previous work, we combined the benefits of
redox polymers, namely protection of the enzyme and high
catalyst loading, with the concept of gas diffusion elec-
trodes to fabricate high performance H, oxidation bioan-
odes using various hydrogenases as biocatalysts.[7:1330]
Surprisingly, the catalytic current response of these elec-
trodes did not scale with the intrinsic activity of the
employed hydrogenase.[”] Since H, mass transport limita-
tion could be ruled out when using GDEs, the limited cur-
rent densities achieved, especially in the case of the most
active [FeFe| hydrogenase,!'8] may be attributed to insuf-
ficient electron transfer kinetics within the redox poly-
mer film.["”! To prevent direct electron transfer with the
immobilized hydrogenase, which would lead to undesired
enzyme inactivation, an initial coating of the GDE surface
with a layer of only the redox polymer without any enzyme
was used as an adhesion layer between the electrode sur-
face and the catalytically active layer comprising a mixture
of redox polymer and hydrogenase. To improve adhesion of
the first polymer layer on the hydrophobic GDE surface,
the redox polymer employed for the adhesion layer was
designed to possess on the one hand, a lower content of
the positively charged viologen moieties and on the other
hand a higher number of monomer units with hydropho-
bic side chains. We assume that by this the probability of
the collision between adjacent viologen units within the
redox polymer layer is insufficient to allow charge trans-
fer at the rate necessary for the most active hydrogenase at
high enzyme loading and unlimited H, supply within the
GDE.[17:18.30]

We hypothesize that by the design of a redox polymer
with higher viologen loading compared to 71% and 65%,!'°]
but still high stability on the hydrophobic GDE surface the

electron transfer rate within the polymer can be enhanced,
thus allowing even the most active hydrogenases to turn
over with their intrinsic rate. We demonstrate that the
design of such a polymer together with an immobilization
strategy relying solely on covalent crosslinking is the basis
for hydrogenase-modified GDEs with high H, oxidation
currents and stability.

2 | RESULTS AND DISCUSSION

We designed the redox copolymer (poly(3-azido-propyl
methacrylate-co-glycidyl methacrylate)-1-(hex-5-yn-1-yl)-
1’-methyl-[4,4'bipyridinium]  (coP(N;MA®-GMA)-vio)
with a particularly high viologen content of 85 mol%
(Figure 1). Only two monomers were used, namely one
bearing an azido-group for later binding of the viologen
unit by means of a Cu-catalysed click reaction and a
second with an epoxide unit for covalent attachment to
the modified electrode surface and reaction with bifunc-
tional crosslinkers. The surface of the carbon cloth GDE
is functionalized by means of oxidative electrografting of
half-protected diamines,**] which additionally improves
the compatibility between the hydrophobic electrode
material and the rather hydrophilic redox hydrogel (Fig-
ure 2a). The newly synthesized polymer exhibits a redox
potential of -296 mV versus standard hydrogen electrode
(SHE) (Figure S1), which is 128 mV more positive than
the potential of the H,/2H* couple at pH 7 and 298.15 K
(-414 mV vs. SHE). This potential difference is sufficiently
large to invoke a high driving force for H, oxidation, but it
is still low enough to guarantee a large open-circuit voltage
in a corresponding biofuel cell.** The optimization of the
polymer loading on the electrode in a two-layer approach
(Figure 2b), similar to the ones described in our previous
work, 18] yielded highly stable GDEs with immobilized
[NiFe] hydrogenase from Desulfovibrio vulgaris Miyazaki
F (DVMF).

The high hydrophilicity of the redox polymer
coP(N;MA®-GMAP)-vio is obviously incompatible
with the initially highly hydrophobic GDE surface.
Cyclic voltammograms of a redox polymer-modified GDE
recorded in Ar-saturated 0.1 M phosphate buffer (pH
7.4) showed diminishing redox signals after only a few
potential cycles, most likely due to dissolution of the
hydrophilic polymer into the electrolyte (Figure 3a). We
decided to use oxidative electrografting of ethylenedi-
amine on the GDE surface prior to modification with
coP(N;MA®-GMAP)-vio.

On one hand, the surface modification strongly
increased the hydrophilicity of the GDE which in turn
enhances the compatibility between the properties of
the electrode surface and the redox polymer. On the
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FIGURE 1 Scheme of the synthetic pathway towards the high viologen content redox polymer coP(N;MA®-GMA®)-vio (for the detailed

synthesis see experimental section)
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FIGURE 2
Desulfovibrio vulgaris Miyazaki F (DVMF) and coP(N;MA3-GMAB)-vio covalently bound to the electrografted electrode surface via an
ethylenediamine linker and crosslinked with 2,2’-(ethylenedioxy)bis(ethylamine) (not drawn to scale). (b) Schematic illustration of the
two-layer configuration used for electrode modification

other hand, the surface-tethered amino-functionalities
can be used as anchor sites for covalent attachment of
the polymer chains via an epoxide ring-opening reaction
as schematically shown in Figure 2a, and this leads to
improved stability of the hydrogel film (Figure 3b).
Additional reaction with the bifunctional crosslinker
2,2’-(ethylenedioxy)bis(ethylamine) creates a highly stable
three-dimensional polymer network on the GDE in which
the polymer chains are covalently interconnected as well as
linked to the electrode surface and reacted with the lysine
residues at the surface of the integrated enzymes (Fig-
ure 3c). The catalytic current response of redox polymer-

(a) Schematic illustration of a carbon cloth-based gas diffusion electrode modified with [NiFe] hydrogenase from

based bioelectrodes is considered to be dependent on the
polymer film thickness, which determines the number of
electron-hopping steps for the charge transfer, the nec-
essary counter ion movement, and local pH changes as
a consequence of the enzyme-catalyzed reaction. Hence,
optimization of the polymer loading is essential to obtain
a maximal enzyme loading with the goal of maximum
H, oxidation currents while not compromising the charge
transfer as well as substrate and product diffusion. Opti-
mization was carried out sequentially by keeping initially
a constant hydrogenase loading of 110 pg. The polymer
amount used for the adhesion layer was varied, while
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Cyclic voltammograms of carbon cloth gas diffusion electrodes modified with (a) coP(N;MA3-GMAY)-vio (no crosslinker,

no electrografting, 3 cycles), (b) coP(N;MA®-GMA)-vio covalently bound to the electrografted electrode surface via an ethylenediamine
linker (no crosslinker, 13 cycles) and (c) coP(N;MA®-GMA®)-vio bound to the electrografted electrode surface via an ethylenediamine linker

and crosslinked with 2,2’-(ethylenedioxy)bis(ethylamine) (300 cycles). Measurements were conducted in Ar saturated 0.1 M phosphate buffer

pH 7.4 with a scan rate of 10 mV/s

the relative amount of redox polymer and hydrogenase
in the active layer remained constant. Chronoamperomet-
ric measurements were performed at a fixed potential of
+160 mV vs. SHE to minimize the influence of capacitive
currents which cannot be neglected in potentiodynamic
measurements at high surface area electrodes. Low cat-
alytic currents at a low polymer amount in the adhesion
layer are most likely attributed to direct electron transfer
of a part of the enzyme molecules with the electrode lead-
ing to high-potential deactivation of the enzyme. In con-
trast, thick adhesion layers decrease the electron transfer
rate within the film and increase substrate and product
diffusion pathways, which together limit the catalytic cur-
rent. The optimal polymer amount in the adhesion layer
was found to be 50 pg (Figure 4a, Table S1). Subsequently,
the polymer loading in the active layer was varied while
the polymer amount in the adhesion layer was kept at
50 pg. Following a bell-shaped function, a maximum cat-
alytic current of 496 + 135 pA was obtained with a polymer
loading of 100 pg (polymer/enzyme ratio ~ 1:1.1 (w/w)) in
the active layer (Figure 4B, Table S2).

We assume that small currents at low polymer load-
ings in the active layer are the result of inefficient enzyme
wiring and slow electron transfer kinetics, while low cur-
rents at high polymer loadings can be explained by limita-
tions in the substrate and product diffusion as well as the
charge transfer rate within the film.

Finally, we compared the performance of the optimized
GDE based on the specifically designed high-viologen
loading (85 mol%) polymer coP(N;MAS-GMA®)-vio with
the results that were obtained with a viologen-modified
polymer with a viologen content of only 71 mol% and the
same hydrogenase as evaluated under the same conditions
as previously.!°!

The cyclic voltammograms (CVs) show the productive
wiring of the polymer-integrated hydrogenase in presence

of H, in both cases (Figure 5a, solid red and dashed blue
curves). High potential deactivation or deactivation of the
enzyme by O, was not observed (Figure S5). Most impor-
tantly, the measured plateau current for H, oxidation for
the optimized GDE based on the newly designed poly-
mer with increased viologen content reached an unprece-
dented value of 794 pA which is approximately twice as
high as the ones obtained with the lower viologen-content
polymer (389 pA). The higher electrochemical response of
Pyio714 under non-turnover conditions compared to Py;g59
is attributed to a larger polymer loading and a favored
interaction within the more hydrophobic polymer back-
bone due to the smaller number of positively charged vio-
logen units and 20 % of the highly hydrophobic butyl acry-
late co-monomer. Under turnover conditions, close inter-
action between the enzyme and the redox relay, and fast
electron transport within the film are required, which is
achieved by the more hydrophilic Py;gs4 polymer which
should also facilitate film swelling and counter ion move-
ment. Moreover, the higher number of positive charges
in Pi.gs4 favor a strong interaction with the negatively
charged part of the hydrogenase around the terminal
FeS cluster ensuring efficient electron extraction from the
enzyme during turnover. The somewhat distorted shape of
the CVs of the electrode modified with Py;.g5¢, in the reduc-
tive region (Figure 5a, solid black line) is associated with
the catalytic formation of H, by the biocatalyst embedded
within the redox polymer matrix as can be rationalized
from the CVs performed in the absence of H, at an elec-
trode modified with P;.gs¢ and inactivated [NiFe] hydro-
genase compared to those obtained for an electrode modi-
fied with Py;yg54 and active [NiFe] (Figure S9).

The stability of the optimized H, oxidation GDE was
evaluated under continuous operation under turnover
conditions (Figure 5b). The decrease in the catalytic cur-
rent response is associated with loss of the polymer film as
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FIGURE 4 Catalytic currents obtained from three
ethylenediamine electrografted gas diffusion electrode (GDESs)
modified with a coP(N;MA%-GMA®)-vio adhesion layer, a
coP(N;MA%-GMAY)-vio/ DVMF [NiFe] hydrogenase, and
2,2'-(ethylenedioxy)bis(ethylamine) as crosslinker (13 ug). Currents
from chronoamperometric measurements in 0.1 M phosphate buffer
PpH 7.4 at an applied potential of 0.16 V versus standard hydrogen
electrode (SHE) after ¢ = 900 s. (a) Different loadings of
coP(N;MA%-GMAY)-vio in the adhesion layer with constant
polymer and enzyme loading in the active layer: Polymer loading in
the active layer = 100 pg. Enzyme loading = 110 pg. (b) Different
loadings of coP(N;MA3-GMA)-vio in the active layer with
constant enzyme loading and constant polymer loading in the
adhesion layer. Enzyme loading = 110 ug. Polymer loading in the
adhesion layer = 50 ug. Error bars indicate the standard deviation

a decrease in the current response from the redox medi-
ator can be observed in cyclic voltammograms recorded
after the long-term measurement (Figure S10). A 50% loss
of the initial current was reached after 16 h which reflects a
50% increase in longevity compared to H, oxidation GDEzs,
in which the polymer film adhered solely by hydrophobic

FIGURE 5 (a)Cyclic voltammograms of an
ethylenediamine-electrografted gas diffusion electrode (GDE)
modified in a two-layer configuration with the high-viologen
loading redox polymer coP(N;MA3-GMAB)-vio,
2,2’-(ethylenedioxy)bis(ethylamine) as crosslinker and DvMF [NiFe]
hydrogenase in 0.1 M phosphate buffer (pH 7.4) under turnover (red
solid curve) and non-turnover (black solid curve) conditions.

v =10 mV/s. Measurements conducted with an electrode based on a
polymer with a lower viologen loading and the same biocatalyst
under the same conditions are shown as comparison!'®! (dashed
grey curve, non-turnover and dashed blue curve, turnover). Note
that the polymer loading for the electrode modified with Py;ygs¢ is
lower (150 pg) compared with the electrode modified with P47,
(230 pg). (b) Chronoamperometry of an ethylenediamine-
electrografted GDE modified in a two-layer configuration with the
high-viologen loading redox polymer coP(N;MAS5-GMAY)-vio,
2,2’-(ethylenedioxy)bis(ethylamine) as a crosslinker and DvVMF
[NiFe] hydrogenase under turnover conditions in 0.1 M phosphate
buffer (pH 7.4). E,p,, = 160 mV versus standard hydrogen electrode
(SHE)

interaction at the electrode surface, and the immobiliza-
tion was performed without further crosslinking.!'®]

To ultimately confirm that the newly designed redox
polymer with high-viologen content is able to mitigate
possible electron transfer limitations within the polymer
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Influence of the partial pressure of H, and addition of freely diffusing dimethylviologen: Chronoamperometric

measurement in 0.1 M phosphate buffer pH 7.4 with an applied potential of 0.16 V versus standard hydrogen electrode (SHE) of (a)
Carbon-cloth gas diffusion electrode (GDE) modified with P(GMA%-BA32-PEGMA®)-vio adhesion layer (loading 150 pg), a
P(N;MA”-BA?°-GMA®)-vio (loading 89 pg)/DvMF [NiFe] hydrogenase (loading 110 pg) (prepared according to a previously published
procedure'®!) and (b) Carbon-cloth GDE modified with a coP(N;MA®-GMA'®)-vio adhesion layer (loading 50 ug), a coP(N;MA®-GMA")-vio
(100 pg)/DvMF [NiFe] hydrogenase (loading 110 pg) and 2,2'-(ethylenedioxy)bis(ethylamine) as crosslinker (13 pg). Gas mixtures with varying

amounts of H, (amount of H, shown in the graphs) and Ar provided in the gas feed of the GDE. Freely diffusing
1,1’-dimethyl-4,4’-bipyridinium diiodide was added in excess at t = 68 min (a) and ¢ = 70 min (b)

film, we performed comparative experiments using the
two-layer hydrophobic polymer system as used in our
previous work,'°! namely a carbon-cloth GDE modi-
fied with P(GMA®-BA32-PEGMA°)-vio as adhesion layer
(loading 150 pg) (Figures 6a), and an active layer con-
taining P(N;MA7!-BA%°-GMA®)-vio (loading 89 ug)/DvMF
[NiFe] hydrogenase (loading 110 ug), and the optimized
GDE as described above (Figures 6b). First, the H, con-
centration in the gas feed behind the GDEs was stepwise
reduced by dilution with Ar to evaluate the turning point at
which the availability of H, becomes limiting for the mea-
sured H, oxidation. The non-optimized electrode design
shows a comparatively low H, oxidation current at 100%
H, in the gas feed, which remained nearly unchanged until
about 30% H,. After changing back to 100% H,, addition
of freely diffusing viologen leads to a significant increase
of 159 pA (154%) in the catalytic current which is indica-
tive of the inability of this electrode configuration to assure
sufficiently fast charge transfer between the immobilized
hydrogenase and the electrode via the polymer-attached
viologen units (Figure 6a). In contrast, in the case of the
newly developed and optimized electrode architecture a
much higher H, oxidation current is obtained at 100% H,
in the gas feed behind the GDE. Moreover, this current
immediately decreases if the H, concentration in the gas
feed is lowered suggesting substrate limitation.

However, most importantly, upon the addition of free-
diffusing viologen, only a moderate increase of 85 pA (14%)
in the catalytic current can be observed (Figure 6b). These

results clearly indicate that slow electron transfer kinetics
limit the performance of the system with low viologen
content in the polymer. By designing a new high-viologen
loaded polymer and establishing a secure immobilization
strategy exclusively based on covalent bonds, we have
shown a significantly enhanced performance of the H,
oxidation GDE mitigating the limiting electron transfer
rate within the redox polymer (Table S3).

3 | CONCLUSION

The design of a high-viologen loading redox polymer
coP(N;MA®-GMAP)-vio together with an all-covalent
immobilization strategy leads to improved electron trans-
fer rates which in return allow for larger currents when
DvMF [NiFe] hydrogenase is employed as H, oxida-
tion biocatalyst. Comparing with results obtained with a
redox polymer containing fewer viologen moieties the H,
oxidation current was doubled by only increasing the vio-
logen content by 14%. The addition of a freely diffusing
mediator led to only a minor increase in the catalytic
current confirming that the electron transfer through the
polymer film was no longer limiting the electrode perfor-
mance. Further improvements in the bioelectrode stabil-
ity could be achieved by the implementation of more effi-
cient redox polymers that enhance substrate and electron
transfer or offer more effective cross-linking strategies.
Potential strategies could involve the formation of highly
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stable amide bonds in the crosslinking process, the use of
less hydrophobic electrode materials to improve the inter-
action between electrode and polymer, and the design of
advanced electrode architectures using stabilizing capping
layers.

4 | EXPERIMENTAL SECTION

4.1 | Chemicals

All chemicals were purchased from Sigma-Aldrich, Alfa
Aesar, Acros Organics, VWR, Supelco, TCI, and Roth
and used as received unless otherwise noted. Dry sol-
vents were purchased from Acros Organics (extra dry,
stored over molecular sieves, AcroSeal bottles). Deuter-
ated solvents were from Deutero or Eurisotop and were
stored at 4°C, dimethyl sulfoxide (DMSO)-ds was stored
at room temperature. Commercially available monomers
were passed through a column containing the correspond-
ing inhibitor remover (Sigma-Aldrich) and stored at -20°C.
[Cu(MeCN),|PF, was stored in a desiccator at room tem-
perature. All reactions and manipulations were conducted
using the standard Schlenk technique under Ar atmo-
sphere. All aqueous solutions were prepared using water
purified and deionized with a Milli-Q system. Gases were
purchased from Air Liquide and were of 4.0 quality or
higher.

4.2 | Enzymes

[NiFe] hydrogenase from Desulfovibrio vulgaris Miyazaki F
was isolated and purified!*!! and stored in MES buffer (pH
6.8) at —80 °C with a concentration of 882 uM.

4.3 | Spectroscopy

'H-NMR spectra were recorded with a DPX200 spectrom-
eter from Bruker. The residual solvent peak was used as an
internal standard for the determination of chemical shifts.
Ultraviolet-visible measurements were performed with a
Cary 60 spectrophotometer from Agilent Technologies in
quartz cuvettes with an optical path length of 1 cm.

4.4 | Redox polymer synthesis

Synthesis of the high viologen loading redox poly-
mer coP(N;MA35-GMA'5)-vio: Recrystallisation of the
radical initiator 2,2-azobis(2-methylpropionitrile) (AIBN)
and synthesis of 3-azido-propyl methacrylate (N;MA)

and (1-(5-hexyn-1-yl)-1"-methyl-4,4’-bipyridinium dihex-
afluorophosphate) was performed according to previously
published procedures.!*!

Synthesis of the polymer backbone coP(N;MAS3>-
GMADY): 3-azido-propyl methacrylate (N;MA, 1.0 g,
5.9 mmol, 95 mol%) and glycidyl methacrylate (GMA,
inhibitor-free, 40 pl, 0.3 mmol, 5 mol%) were added to a
Schlenk tube (dried by 3 Ar-vacuum cycles), dissolved in
tetrahydrofuran (10 ml), and the solution was deaerated by
flushing with Ar. Then, azobisisobutyronitrile (7 mg) was
added, and the mixture was heated at 70°C overnight. After
cooling to room temperature, the polymer was precipitated
with n-pentane (60 ml), forming a yellow translucent gel
which was separated by centrifugation (4000 rpm, 20 min),
re-dissolved in tetrahydrofuran (~8 ml), then precipitated
with diethyl ether (~35 ml) and separated by centrifuga-
tion (4000 rpm, 30 min). The product was dried in vac-
uum at room temperature overnight. The white solid was
dissolved in acetone (concentration 70 mg/ml) and stored
in the dark at 4°C. The final composition of the polymer
was determined by the 'H-NMR integral ratio: 85% N;MA,
15% GMA. The epoxide signal at 3.2 ppm was used for the
determination of the ratio due to the smallest overlap with
other signals. 'H-NMR (200 MHz, acetone-dg) §/ppm: 4.3
(multiplet, -CH,0- of GMA), 4.1 (broad, -CH,O- of N;MA),
3.8 (multiplet, epoxide), 3.6 (triplet, -CH,-N3, J = 6.4 Hz),
3.2 (broad, epoxide), 2.8 & 2.6 (2 multiplets partially over-
lapping with water, epoxide), 2.0 (multiplet overlapping
with acetone, -CH,-), 2.0-1.0 (multiple overlapping signals,
-CH; groups of backbone and side-chain) (Figure S2).

Synthesis of the viologen-modified redox poly-
mer coP(N;MA3-GMAY)-vio: coP(N;MA®-GMAD)
(68.5 mg, con. 70 mg/ml in acetone; 87 wt% accounts
for N3MA corresponding to 59.7 mg, 0.35 mmol) was
diluted with acetone (8 ml) in a Schlenk tube (dried by
three Ar-vacuum cycles). (1-(5-Hexyn-1-yl)-1’-methyl-4,4'-
bipyridinium dihexafluorophosphate (1.1 equiv., 210 mg,
0.39 mmol) were dissolved in dry DMSO (2 ml) and added
to the polymer solution. The solution was deaerated by
purging with Ar and Cu(MeCN,)PF¢ (1.1 equiv., 145 mg,
0.39 mmol) was added. The orange reaction mixture was
heated at 50°C overnight. After cooling down to room
temperature, the orange suspension was quenched with
diethyl ether (~25 ml) and the polymer was separated
by centrifugation (4000 rpm, 10 min). The polymer was
washed with diethyl ether (2 X 25 ml), water (3 x 10 ml),
and diethyl ether again (2 x 25 ml), and the light brown
powder was dried in a vacuum at room temperature
overnight. For purification, a portion of the powder was
dissolved in DMSO and diluted by dropwise addition of
0.1 M KCI in water. The solution was dialyzed against a
0.1 M KClI solution using ultracentrifugation and mem-
brane filters with a molecular weight cut-off of 5 kDa
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(Vivaspin Turbo, Sartorius). After each run (6000 rpm,
30 min), the filters were refilled with 0.1 M KCI solution
(10-15 times) to ensure a complete exchange of the native
counter ions against C1~. The washing solution was tested
with Na,S,0, for blue color indicating viologen. Finally,
the polymer was washed with pure water (3 x 8000 rpm,
45 min) to remove excess KCl. The final light-yellow
solution was diluted to 10 mg/ml. 'H-NMR (200 MHz,
D,0) &/ppm: 9.1 and 8.5 (multiplets, bipyridine), 7.8
(broad, triazole), 4.8 and 4.5 (broad, overlapping, -CH,-
and CHj;), 4.0, 3.5 and 3.0 (broad, overlapping, -CH,-
and epoxide), 2.72 (broad, -CH,-), 2.3-0.5 (overlapping,
multiple signals, Figure S3). Ultraviolet-visible (in DMSO)
A/nm: 266 (A,y), corresponds to the viologen unit!™®!
(Figure S4). EV2 = 292 mV versus SHE, estimated from
CVs performed in 0.1 M phosphate buffer (pH 7.4) of a 1,7-
diaminoheptane electrografted GC electrode (9 = 3 mm)
that was modified by drop-casting the polymer solution
and drying overnight (Figure SI).

4.5 | Electrode modification

Bioanodes were prepared by modifying carbon cloth (MTI,
Carbon Foam Sheet, Porous C, 0.454 mm thick, poros-
ity ~ 31 um, coated on one side with a Nafion/Teflon-
based microporous film (50 um), carbon content 5 mg
cm~2, EQ-bcgdl-1400S-LD) with a diameter of 1.8 cm.
First, the electrode surface was electrografted in 15 mM
N-Boc-ethylenediamine in 0.15 M TBABF,/MeCN by run-
ning 5 CV cycles from 0 to 1.4 V at 50 mV/s. Directly
after electrografting, the electrodes were submerged in
4 M HCI in dioxane for at least 1 h, then washed with
absolute ethanol and water. For the adhesion layer, a
defined volume of the high-viologen loading polymer
(10 mg/ml) was drop-casted on the electrode surface coat-
ing an area with a diameter of approximately 4 mm and
dried overnight at 4°C. For the catalytically active layer,
a defined volume of the high-viologen loading polymer
was mixed with DVMF [NiFe] hydrogenase (0.882 mM) and
2,2’-(ethylenedioxy)bis(ethylamine) (1:37 EDEA : water,
26 mg/ml) and was drop-casted onto the adhesion layer fol-
lowed by drying overnight at 4°C.

4.6 | Electrochemical measurements

The electrochemical measurements of all enzyme/
polymer electrodes were performed in a gas diffusion
celll’®] at room temperature. A thermal mass flow con-
troller (GFC17; Aalborg Instruments and Controls) was
used to adjust the gas feed (Ar or H,), which was pro-
vided from the back of the working electrode. Cyclic

voltammetry and chronoamperometry measurements
were performed with a Reference 600 (Gamry Instru-
ments) potentiostat. A three-electrode electrochemical
cell with an Ag/AgCl/3 M KClI reference electrode and
a Pt wire counter electrode was employed. All poten-
tials are rescaled with respect to the SHE according to
E(SHE) = E(Ag/AgCl1/3 M KCl) +210 mV. All experiments
were conducted in 0.1 M phosphate buffer (pH 7.3).
Prior to measuring, the electrolyte was saturated with
Ar. The phosphate buffer was continuously purged with
Ar throughout the measurements to prevent O, from
entering the bulk solution. Prior to the performance
tests, the enzyme was reactivated at a potential of -0.59
V versus SHE for 5 min. Afterward, the electrodes were
characterized with cyclic voltammetry at a scan rate of
10 mV/s. The characterization was performed both under
Ar and H,. Chronoamperometry measurements were
performed at E = +0.16 V vs. SHE for 20 min. After 10 min
the gas feed was switched from Ar to H,.
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