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Abstract

Redox-enzyme-mediated electrochemical processes such as hydrogen produc-
tion, nitrogen fixation, and CO, reduction are at the forefront of the green
chemistry revolution. To scale up, the inefficient two-dimensional (2D)
immobilization of redox enzymes on working electrodes must be replaced by
an efficient dense 3D system. Fabrication of 3D electrodes was demonstrated
by embedding enzymes in polymer matrices. However, several requirements,
such as simple immobilization, prolonged stability, and resistance to enzyme
leakage, still need to be addressed. The study presented here aims to overcome
these gaps by immobilizing enzymes in a supramolecular hydrogel formed by
the self-assembly of the peptide hydrogelator fluorenylmethyloxycarbonyl-
diphenylalanine. Harnessing the self-assembly process avoids the need for
tedious and potentially harmful chemistry, allowing the rapid loading of
enzymes on a 3D electrode under mild conditions. Using the [FeFe]
hydrogenase enzyme, high enzyme loads, prolonged resistance against
electrophoresis, and highly efficient hydrogen production are demonstrated.
Further, this enzyme retention is shown to arise from its interaction with the
peptide nanofibrils. Finally, this method is successfully used to retain other
redox enzymes, paving the way for a variety of enzyme-mediated electro-
chemical applications.
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1 | INTRODUCTION

Molecular hydrogen (H,) is a valuable commodity for
both the chemical industry and the energy market.
However, H, is not naturally abundant and has to be
produced. Most commonly, fossil fuels are used to create
“gray” H,, which is considered unsustainable in the
carbon-neutral future. Alternatively, the carbon-neutral
“green” H, is currently produced by water electrolysis,
powered by renewable energy sources such as solar and
wind. While water electrolysis technologies have greatly
progressed in recent years, this process still faces
inherent limitations such as a thermodynamic minimum
potential difference of 1.23 V and overpotential issues.'
A different approach for H, production is the utilization
of a biocatalyst. Enzymes possess a variety of advantages
as biocatalysts, including negligible overpotential, high
specificity, and complete biodegradability.* Hence, en-
zymes can catalyze chemical reactions in a high-yield,
scalable cost-efficient manner and under mild condi-
tions. Hydrogenases, H,-producing enzymes, are a
diverse group of metalloenzymes that catalyze both the
reduction of protons into H, and the reverse reaction.’
The direction of catalysis is influenced by the metallic
cofactor at the enzyme -catalytic site, where [FeFe]
hydrogenases are typically more suitable for H, produc-
tion, while [NiFe] hydrogenases tend to favor H,
oxidation.® The reduction of protons to H, at the [FeFe]
hydrogenase active site requires redox potentials ranging
between —0.37 and —0.45V under physiological condi-
tions, depending on the specific hydrogenase species and
the pH.” Since these potentials are significantly lower
than the 1.23 V required for water splitting, hydrogenases
are considered promising biocatalysts. In addition, the
active site of hydrogenases is situated near the enzyme
surface, and is therefore suitable for direct electron
transfer,® 10 that is, a direct electronic communication
between the active site and the electrode surface. For this
communication to occur, enzymes must be tethered onto
a conductive surface in the correct orientation to permit
direct electron transfer between the surface and the
biomolecule. This can be achieved using several meth-
ods, ranging from simple absorption'"'* to electrode
functionalization'>'* and sophisticated cross-linking
strategies,">'® with significant progress made in this
field."” However, direct electron transfer is limited by the
two-dimensional (2D) planar nature of the electrodes,
namely, the total amount of enzyme, and therefore, the
overall activity is limited by the electrode surface area.
Alternatively, enzymes can be powered by mediated
electron transfer, in which the electrons are shuttled to
an unbound enzyme by a mediator. In the case of
hydrogenases, methyl viologen (MV), a common organic

dye with a redox potential of —0.44V, is often used for
this purpose.'®2°

In its simplest form, the mediated electron transfer
technique is applied in the bulk volume of the electro-
chemical cell, although very inefficiently.”* Another
method uses casting of the enzyme and mediator on an
electrode surface. The mediator can either be freely
diffused or covalently linked to a polymer (redox
polymer), in which the enzyme is embedded. Such redox
polymers were successfully demonstrated to activate
hydrogenases by using MV*? and cobaltocene media-
tors.”® Although this method presumably removes the
surface limitation, it is currently limited by the small
volume and the planar conductive surface. Increasing the
thickness of materials cast on the electrode adds distance
between the conductive surface and the catalyst, and is
therefore hindered by limited diffusion of the media-
tor.”*> The surface limitation of planar electrodes in
both direct and mediated electron transfer settings
prompts researchers to study ways to increase the
available surface area. This is usually achieved by the
fabrication of an electrode with a 3D architecture, which
allows loading of more active material, compared to
planar electrodes. Such electrodes can be made of an
inorganic compound as was demonstrated with a
hierarchically structured indium-tin oxide electrode,*®*’
or carbon-based materials that are considered ideal
scaffolds for this purpose.”® Indeed, hydrogenases were
successfully bound to pyrolytic graphite*® and carbon
nanotubes™® to fabricate 3D-hydrogenase electrodes for
direct electron transfer. A mediated electron transfer
approach that makes use of a 3D-enzymatic electrode
requires immobilization of the enzyme in proximity to
the electrode.”’ Such immobilization prevents diffusion
of enzyme molecules away from the electrode, and the
subsequent significant reduction in its efficiency.
Immobilization on an electrode may be achieved by
noncovalent methods such as physical entrapment,
physical adsorption, and encapsulation in polymer-
based matrices.’** Specifically, vinylpyrrolidone was
used to entrap [NiFe] hydrogenase in a carbon felt
electrode.*® However, embedding enzymes in polymer
matrices could be a tedious process, which might require
chemical modifications, voltage application, and washing
and drying steps, all of which may have a negative effect
on the enzyme activity. Additionally, these methods
often require harsh conditions, such as high tempera-
tures or extreme pH, which can further compromise the
protein integrity, thus requiring careful planning.**
These constraints can be avoided with the use of self-
assembled peptide-based hydrogels, which spontane-
ously form under mild conditions and offer an attractive
alternative approach for protein immobilization.*>*°
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Peptide-based hydrogels are environmentally friendly,
easily synthesized, soft, and biocompatible materials,
which mainly consist of aqueous content.*’ Supra-
molecular self-assembly serves as a key approach for
the formation of such bulk hydrogels; thus, low-
molecular-weight hydrogelators have been widely ex-
plored.*®*™** Self-assembly can be triggered by a change in
the conditions, that is, pH*® or solvent switch,®® or
assisted by enzymatic activity that can facilitate localized
self-assembly.***> However, there may be some limita-
tions to their use, such as potential difficulties in
controlling the structure of the hydrogel or its stability
over time.***’ In addition, the performance of the
hydrogel may depend on the specific peptides used and
the conditions under which they are assembled.”® A
notable example of a peptide-based hydrogelator is
fluorenylmethyloxycarbonyl-diphenylalanine (FmocFF),
an aromatic dipeptide building block that can self-
assemble in aqueous solutions into nanoscale ordered
fibrils, which form a 3D hydrogel network.*>*"* Self-
assembly of FmocFF is stabilized by m—m interactions
between the aromatic rings of the peptide molecules.”*>*
It was shown that the FmocFF hydrogel stably retains
proteins of over 5kDa, while smaller molecules are less
restricted.” In this regard, we have previously demon-
strated that [FeFe] hydrogenase can be chemically
activated by the small soluble MV while encapsulated
in the FmocFF hydrogel.>*

Herein, we describe an enzyme encapsulation
approach allowing facile and robust immobilization of
Chlamydomonas reinhardtii [FeFe]| hydrogenase (HydA)
on a carbon felt electrode, utilizing the self-assembly of
the peptide hydrogelator FmocFF. We demonstrate the
high capacity of the FmocFF assembly to stably retain
proteins on its nanofibrils, while also accumulating over
the carbon fibers. Our system relies on electron transfer
mediated by MV, which is reduced at the carbon fibers
and shuttles the electrons to the encapsulated enzyme, to
be used for the production of H,. This immobilization
approach allows us to simultaneously take advantage of
the carbon felt 3D architecture to maintain efficient
electron shuttling, overcoming the surface limitation to
encapsulate protein at high amounts, under mild
conditions, and with relative ease and stability.

2 | EXPERIMENTAL

2.1 | Materials

FmocFF was purchased from Bachem. Fmoc-leucine-
leucine (FmocLL) was purchased from GL Biochem.
Dimethyl sulfoxide (DMSO) ReagentPlus®=99.5%, MV
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dichloride hydrate 98%, and sodium dithionite, technical
grade 85%, were purchased from Sigma-Aldrich. Tris
(hydroxymethyl)aminomethane (Tris) was purchased
from Bio-Lab Ltd. SIGRACELL® GFD 4.65 EA carbon
felt was purchased from SGL Carbon, with a stated
thickness of 4.6 mm, density of 0.09 g/cm?®, porosity of
94%, brunauer-emmett-teller surface area of 0.4 mz/g,
longitudinal electrical resistivity of <5Qmm, and trans-
verse electrical resistivity of <3 Qmm. The diameter of
individual carbon fibers was measured by us in scanning
electron microscopy (SEM) images as ~9um. [FeFe]
Hydrogenase, Fe superoxide dismutase (SOD), and
ferredoxin-NADP™ reductase (FNR) enzymes were ex-
pressed and purified inhouse according to published
protocols.>>~>” Rabbit polyclonal C. reinhardtii HydA1/2,
SOD, and FNR primary antibodies were purchased from
Agrisera. Cyanine5 (Cy5) NHS ester was purchased from
Lumiprobe.

2.2 | Electrode preparation

Electrode fabrication was conducted in an anaerobic
chamber (3.5% H, balance N,, Coy Laboratories). Tris-
HCI pH 7.2 buffered solution was supplemented with
1 mM sodium dithionite, 2 mM MV, and HydA enzyme,
while peptide hydrogelator powder was dissolved in
DMSO to a concentration of 100 mgmL™". The two
solutions were then mixed and immediately soaked on a
2X1cm carbon felt, followed by a 2-h gelation period.
For FmocFF electrodes, a final concentration of 35%
DMSO and 80 mM Tris-HCI pH 7.2 was used to allow
sufficient soaking time due to rapid gelation in buffered
solution.** FmocLL electrodes were prepared at a final
concentration of 10% DMSO, 80 mM Tris-HCI pH 7.2.
For solution-soaked electrodes, only 80 mM Tris-HCI pH
7.2 buffer was used. Unless stated otherwise, all
electrodes contained 200ug of HydA enzyme, while
5 mg of peptide hydrogelator was used in either FmocFF
or FmocLL electrodes.

2.3 | Electrochemical measurements

Cyclic voltammetry and chronoamperometry were per-
formed using a MultiPalmSens4 (Palm Sense) potentio-
stat with three-electrode configuration cells. All experi-
ments were carried out in a custom-made 100mL
electrochemical cell fitted with a sample valve for
headspace purging and measurements. The electroche-
mical cell was filled with 50 mL of electrolyte (100 mM
Tris-HCI pH 7.2, 100 mM KCI) at room temperature. A
carbon felt working electrode was threaded onto a
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platinum wire in an anaerobic environment and trans-
ferred to the electrolytic cell. An RE-1S Ag/AgCl
electrode (ALS Co.) and a platinum mesh were used as
the reference and counter electrodes, respectively. All
electrodes were wired to the top stopper of the
electrochemical cell while submerged in electrolyte
solution. Prior to experiment onset, the cell headspace
was purged with argon gas for 10 min. The scan rate for
cyclic voltammetry was 50 mV/s in a range of —0.8 to
0.4V versus standard hydrogen electrode (SHE). The
potential for chronoamperometry was set at —0.6V
versus SHE for a duration of 18 h. H, gas was measured
by sampling the cell headspace using a Hewlett-Packard
5890 Series II gas chromatograph (Agilent Technologies).

2.4 | HydA enzymatic activity
measurement

Carbon felt electrodes were prepared as described above
(Figure 1). In addition, samples were subjected to 1h
washing in 50 mL of electrolyte per electrode to remove
DMSO traces. Following washing, fresh samples were
assayed immediately, while other tested samples were
incubated for 18h under different conditions: aged
samples were removed into dry 7mL septum-sealed
serum glass vials (Wheaton), immersed samples were left
in the electrolyte without further procedures, and
electrochemically activated samples were subjected to a
constant potential of —0.6V versus SHE in an electro-
chemical cell. HydA activity determination was then
conducted by placing the carbon felt electrodes in 7 mL
of septum-sealed serum glass vials under anaerobic
conditions, while purging with argon gas for 10 min,
and supplementing the vials with 1 mL of activity buffer
(100 mM Tris-HCI pH 7.2, 1M NaCl, 20 mM sodium
dithionite, and 10mM MYV). The vials were then
incubated at 50°C in a water bath, while 500 uL of
headspace gas samples were drawn at 6-min intervals.
The concentration of H, in the vial headspace was
measured using a Hewlett-Packard 5890 Series II gas
chromatograph (Agilent Technologies). The residual
activity of HydA was determined by comparing the
samples to the corresponding fresh control.

2.5 | Immunoblot

The electrolyte from the electrolytic cell was collected
following 18-h chronoamperometry and concentrated
100-fold using an Amicon® Ultra 15mL centrifugal
device, with a cutoff of 10,000 Da (Merc). Equal volumes
of electrolyte were incubated for 10 min at 72°C with Bolt

LDS sample buffer (Invitrogen). Samples were then
loaded on 4-12 Bis-Tris Plus PAGE gels® (Invitrogen)
and analyzed by immunoblotting using the iBind blotter
and its specific blocking reagents® (Invitrogen). Rabbit
polyclonal HydA1/2, SOD, and FNR antibodies were
used as the primary antibodies. Membrane images were
taken using an Amersham ImageQuant 800 station
(Cytiva).

2.6 | Rheology

Rheology measurements were carried out using an AR-G2
controlled-stress rheometer (TA Instruments). To deter-
mine the linear viscoelastic region, oscillatory strain
(0.01%-100%) and frequency sweep (0.01-100 Hz) tests
were performed in parallel plate geometry. The hydrogels
were prepared by pipetting Tris buffer (100 mM, pH 7.2)
onto FmocFF solution in DMSO, reaching final FmocFF
concentrations of 1-5mgmL ™" and a final DMSO concen-
tration of 35%, and immediately dropping 250 uL of the
mixture onto the rheometer plate. The geometry was
immediately set at a gap size of 600 um, and a 2-h soak time
was allowed before measurement onset. Time sweep
oscillatory tests were performed for 5h at a constant
frequency of 1 Hz and strain of 0.1% to determine G’ and
G, the storage and loss moduli, respectively. All measure-
ments were conducted at room temperature.

2.7 | Scanning electron microscopy
Carbon felt electrodes were prepared as described above,
followed by 1h washing with 50 mL of Tris-HCI buffer
(100 mM, pH 7.2) per electrode to remove DMSO traces.
To obtain cross section views of the electrode interior,
samples were flash-frozen in liquid nitrogen before being
fragmented. Samples were freeze-dried, and Au sputter
coating of dried samples was performed before imaging
in a JEOL JSM-IT 100 SEM (JEOL) operating at 20 kV.

2.8 | Confocal microscopy

Proteins were diluted in phosphate buffer (100 mM, pH 8)
to 1mgmL~". Cy5 NHS ester was dissolved in dimethyl-
formamide (DMF) and added to the protein solution at a
3:1 molar ratio, while maintaining the final concentration
of DMF at 10%. The solution was shaken overnight at 4°C,
and then DMF, buffer, and excess dye were washed with
Tris-HCI buffer (100 mM, pH 7.2) using a 10,000 Da cutoff
Amicon® Ultra 15 mL centrifugal device. Samples of carbon
felt electrode containing stained protein were prepared as

85UB017 SUOWILIOD BAIFeR1D 8 |dedtdde 8y Ag pausenoh a1e sajolie VO 88N JO S3|NnJ 10y Ar1q1 8UIIUO /8|1 UO (SO PUOD-PUR-SUBY/LIOY"AB | IMAfelq 1 [oulUO//SARY) SUORIPUOD PUe SWR L 83 885 *[£202/.0/TT] Uo AriqIT8ulluo A8|IM ‘AISIBAIIN AIAY B L AQ TT'2480/200T 0T/I0P/W00 A8 | M AReiq 1 Bul|uo//Sdny o4 papeojumoq ‘0 ‘89E6L692



GRINBERG ET AL.

described above. Hydrogel samples containing stained
proteins were prepared in a similar manner but without
carbon felt. Imaging was performed using a ZEISS LSM 900
confocal microscope (ZEISS).

3 | RESULTS AND DISCUSSION

3.1 | Encapsulating HydA in an FmocFF
peptide hydrogel soaked on carbon felt
maintains stable and reproducible
electron transfer

Electrode preparation was conducted in an anaerobic
chamber. Tris-HCI pH 7.2 buffered solution was supple-
mented with MV and HydA enzyme and mixed with a
DMSO solution of the peptide hydrogelator. Notably,
rapid initiation of gelation necessitated immediate
soaking of the mixture onto the carbon felt. Self-
assembly was allowed to occur for 2h. The electrodes
were then tethered on a platinum wire and placed in an

Buffered %
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DMSO H
solution |

FIGURE 1 Schematic diagram of electrode preparation.
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electrochemical cell (Figure 1). The FmocFF hydrogels
were compared to another self-assembling peptide
gelator, FmocLL (Figure 2). To study the electrochemical
properties of the electrode-containing carbon felt
soaked with MV, FmocFF, and active HydA enzyme,
we performed cyclic voltammetry measurements
(Figure 3A,B). The combination of the FmocFF hydrogel
with both MV and HydA produced a strong reduction
peak, reaching a current of 3.5 mA at —0.54 V, attributed
to the reduction of MV*™? (MV®) to MV*t (MV™%)
(Figure 3A[I]). An oxidation peak was detected at
—0.33V as the MV™® pool was oxidized back to MV
(Figure 3A[II]), followed by a sustained current of 1 mA
between —0.2 and 0.4 V. This observation may be due to
H, gas, produced by HydA during the reduction phase,
being oxidized by the reverse reaction of the enzyme,
which reduces MV to MV™, Subsequently, MV™? was
oxidized at the electrode, resulting in the measured
current between —0.2 and 0.4V (Figure 3A[III]). To
further understand the contribution of each component
of the electrode, we studied the electrochemical

‘ Methyl Sodium
viologen hydrosulfite
Peptide
@ Enzyme ® hydrogelator

@ Molecular hydrogen

/7

r;\jj_/fe/f\ - -// -

Soarl{iﬁgr]ﬂlinto Inéal;é{fon
carbon felt /

OH

L)
e

FIGURE 2 Molecular structure of the peptide hydrogelators. (A) FmocFF and (B) FmocLL.
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FIGURE 3 Electrochemical properties of HydA encapsulated in an FmocFF-soaked electrode. (A) Proposed scheme of the

electrochemical activity at different potentials. Yellow triangles represent MV, blue triangles represent MV™¢, HydA is represented by its
protein crystallographic structure, light blue circles represent H,, and the dark-gray and light-yellow areas, respectively, represent the
carbon felt electrode soaked with the FmocFF hydrogel. I. Reduction of MV by the electrode and shuttling of electrons to HydA, which
catalyzes H, production. II. Oxidation of the MV pool at the electrode. III. H, oxidation by HydA reduces MV, which shuttles the electrons
back to the electrode. (B) Cyclic voltammogram of the FmocFF hydrogel soaked on a carbon felt electrode supplemented with HydA and
MV. (C) Accumulated H, produced overnight (O.N.) by the electrochemical assay versus the amount of enzyme loaded on the working
electrode in the FmocFF hydrogel (red circles), the FmocLL hydrogel (blue tringles), and the solution (black diamonds). Error bars represent
mean + SD of at least six independent experiments. (D-G) Corresponding chronoamperometries of O.N. electrochemical assays of FmocFF-,
FmocLL-, and solution-soaked electrodes (red, blue, and black, respectively).

properties for the following combinations: (i) carbon felt
soaked with MV and FmocFF in the absence of an active
HydA enzyme (Figure S1), (ii) carbon felt soaked with
FmocFF and active HydA without MV (Figure S2), and
(iii) carbon felt soaked with only the FmocFF hydrogel
(Figure S3). Indeed, the FmocFF hydrogel with MV alone
(i) yielded a similarly cyclic voltammogram, but without
any detectable current following MV oxidation at —0.33 V
(Figure S1).

These observations demonstrate the mobility of MV
in the FmocFF hydrogel as it readily carried electrons to
and from the biocatalyst. We also found that carbon felt
soaked with FmocFF and the active HydA enzyme,
without the presence of MV (ii), did not produce a
notable current, showing only a minor reduction peak at
—0.45V. This is in line with the known redox potential of
the HydA active site® (Figure S2). Hence, while some
direct electron transfer does occur, most of the
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encapsulated enzyme is too distant from the electrode
surface. Hence, the utilization of the electrode's full
potential requires an electron mediator. Finally, as
expected, carbon felt soaked with the FmocFF hydrogel
alone (iii) produced no peaks throughout the range of
—0.8 to 0.4V vs. SHE (Figure S3).

3.2 | The FmocFF hydrogel permits high
enzyme load and utilization at high
faradaic efficiency

To test the ability of the FmocFF hydrogel to entrap the
HydA enzyme in a carbon felt electrode, different
concentrations of the enzyme were loaded while the size
of the carbon felt electrode and the hydrogel volume
were kept constant. The samples were prepared in an
anaerobic environment and placed as a working elec-
trode in a three-electrode electrochemical cell. Chron-
oamperometry was recorded overnight at —0.6V SHE,
and the cell headspace was sampled to quantify the total
H, production following 18 h of potential application. We
observed that increasing the concentrations of HydA in
carbon felt electrodes, in the absence of a hydrogel
matrix, failed to result in increased H, production due to
enzyme diffusion out of the electrode (Figure 3C).
Encapsulation of HydA in the FmocLL-soaked electrode
produced a mild improvement in the total H, production,
but not in a concentration-dependent manner. In
contrast, H, production was in direct correlation to the
concentrations of HydA encapsulated in the FmocFF-
soaked carbon felt electrode. The accumulated H,
increased from 90 to 430 umol as the quantity of the
HydA enzyme was increased from 50 to 400ug
(Figure 3C). Furthermore, the recorded chronoampero-
metry of FmocFF-soaked electrodes showed a relatively
stable current profile with a mild current decay and
higher currents for higher enzyme concentrations.
Notably, the observed current following 18h was
sufficient to produce visible bubbling of H, from the
electrode. In contrast, the solution-soaked electrodes
showed a low current immediately upon voltage applica-
tion, which continued to decline until voltage termina-
tion. As for the FmocLL-soaked carbon felt, the currents
recorded were similar to those of FmocFF in the first
10 min; however, as the measurements continued, a
strong decay of the current was observed, which resulted
in complete reaction cessation after ~10 h at all enzyme
concentrations (Figure 3D-G). The relatively stable
enzymatic activity in the FmocFF hydrogel, as observed
by chronoamperometry, suggests a strong enzyme-
encaging ability. Hence, soaking the carbon felt with
the FmocFF hydrogel allowed us to retain a higher

CARBON ENERGY-WI LEY—L7°1¢

concentration of the enzyme in proximity to the
electrode. Indeed, H, production yields in the FmocFF
hydrogel increased with the enzyme concentration due to
the higher overall enzymatic activity. In contrast, the
complete decay of the current in the FmocLL hydrogel
suggests a weak retention ability, which is further
supported by its inability to achieve higher H, production
with a high enzyme concentration (Figure 3C), likely
since excess enzyme diffuses out of the electrode. The
difference between the two peptide hydrogels is intrigu-
ing, as both have similar chemical and assembly
properties and form hydrogels with a nanofibrillar
structure, with FmocLL shown to increase the stability
of an [FeFe] hydrogenase model compound.”® Finally, by
integrating the area under the current curve for the total
charge (Figure 3D-G) and considering the moles of H,
that were produced (Figure 3C), the Faradaic efficiency
was calculated and found to be ~80%-90% for all the
tested conditions. This high efficiency can be attributed
to the high specificity of the enzymatic reaction. Still, the
relatively low Faradaic loss indicates some unwanted side
reactions, for example, O, reduction into O,~ by MV™¢,
O, may be introduced into the system via minor air leaks.

3.3 | Encapsulation in FmocFF
modulates the enzyme distribution in
carbon-felt electrodes

To investigate the mode of enzyme encaging by the
peptide hydrogels within the carbon felt electrode, we
performed confocal microscopy analysis. Carbon felt
electrodes were prepared using HydA covalently linked
to the fluorescent dye Cy5. Figure 4A-C shows the
carbon felt fibers as visualized via bright field as well as
the localization of the enzyme within the electrode as
detected via fluorescence microscopy for samples of dyed
HydA in buffer solution, FmocFF-encapsulated and
FmocLL-encapsulated. Notably, neither pristine FmocFF
nor FmocLL fibrils showed fluorescence in the tested
wavelengths; therefore, the detected fluorescence was
attributed to the dyed enzyme. Interestingly, while the
enzyme encapsulated in the FmocLL hydrogel appeared
to be arranged into clumps in between the carbon fibers
(Figure 4B), the enzyme encapsulated in FmocFF was
concentrated directly on the carbon felt fibers
(Figure 4C). This arrangement holds potential in over-
coming limitations of mediator diffusion due to the short
distance between the enzyme and the electrode surface.
Inspecting the solution-soaked carbon felt revealed no
fluorescence signal, most likely due to the enzyme not
being concentrated in a certain location, but rather
evenly distributed throughout the sample (Figure 4A).
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FIGURE 4 Enzyme distribution and retention on the electrode. (A-C) Overlaid confocal images of fluorescent Cy5-stained HydA

enzyme, soaked on carbon felt (viewed in bright field); the scale bar is 20 um. (A) HydA in solution. (B) HydA encapsulated in the FmocLL
hydrogel. (C) HydA encapsulated in the FmocFF hydrogel. (D) Residual activity of HydA soaked on carbon felt in either the FmocFF

hydrogel, the FmocLL hydrogel, or solution, subjected to either overnight (O.N.) aging, immersion in electrolyte solution, or electrochemical
activation. Error bars represent mean + SD of at least six independent experiments. (E) Immunoblot of HydA in the electrolyte collected

after O.N. electrochemical activation in the FmocFF hydrogel, the FmocLL hydrogel, or solution.

This difference in morphology may indicate a difference
in the ability to retain the enzyme within the carbon felt
electrode. However, this does not rule out a different
mechanism, not related to the retention ability.

3.4 | FmocFF hydrogel encapsulation
prevents enzyme electrophoresis

To elucidate the decline in H, production over time, we
tested whether the enzyme was slowly inactivated or rather
diffused out of the carbon felt. We performed a chemical
assay measuring the residual activity of HydA soaked in the
carbon felt, with and without hydrogel encapsulation.
Samples of 75ug HydA were used in (i) solution-soaked
carbon felt, (ii) FmocLL hydrogel-soaked carbon felt, and (iii)

FmocFF hydrogel-soaked carbon felt. Fresh samples were
assayed immediately to establish the activity baseline for
each group. To investigate a possible aging effect, samples
were placed in sealed vials overnight and then the innate loss
of activity, if any, was measured. Overnight aging resulted in
a 30% loss of activity regardless of the encapsulation method,
suggesting that the enzyme is stable in the peptide hydrogels
as no specific loss of activity was observed (Figure 4D).
Hence, enzyme stability cannot account for the difference
observed in the electrochemical assay. To test for passive
diffusion of the enzyme out of the electrode and into the
electrolyte, the samples were immersed in an electrolyte
solution overnight. We found that when immersed in
electrolyte solution, both hydrogels showed the same activity
as the aged samples, while the solution-soaked electrodes
lost an additional 30% of activity (60% in total) (Figure 4D).
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To investigate the possible role of electrophoresis, another
group of samples was subjected to steady electrical
voltage during an overnight electrochemical H, production
experiment. We observed that while the residual enzymatic
activities of both FmocLL and solution samples were
extremely low, the samples encapsulated in FmocFF
retained 55% of the HydA activity, compared to fresh
samples (Figure 4D). These observations imply that both
hydrogels successfully prevented the enzyme from passively
diffusing out. However, a significant difference between the
two hydrogels was observed when the samples were
subjected to overnight electrochemical activation. These
results are in accordance with the chronoamperometry
analysis shown in Figure 3C and the corresponding H,
produced.

The loss of HydA activity in the FmocLL hydrogel can
be attributed to either inactivation of the encapsulated
enzyme or electrophoresis of active protein out of the
hydrogel. To distinguish between these options, we
collected the electrolyte solution from the electrochemical
cells, concentrated it, and analyzed it using an immunoblot
assay using specific anti-HydA antibodies to detect leaked
enzyme. Figure 4E shows a notable protein band detected
using the electrolyte sample from the cell comprising
either solution-soaked electrode or the FmocLL hydrogel
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electrode, indicating high levels of leaked protein. Remark-
ably, no protein was detected in the electrolyte surrounding
the FmocFF-soaked electrode (Figure 4E). This implies that
protein electrophoresis is the prominent factor limiting H,
production in both the solution and FmocLL hydrogel
samples. Thus, the retention of HydA in the FmocFF
hydrogel, even under an electric field, presumably supports
the prolonged function of the hydrogel-soaked electrode.

3.5 | Enzyme retention by FmocFF
assemblies is independent of gel state

To understand whether the formation of a gel is a
prerequisite for the encapsulation and activity of HydA in
our electrochemical system, we soaked carbon felt electro-
des with FmocFF at a concentration range of 1-5mg mL™".
It is noteworthy that increasing FmocFF concentration
resulted in shorter gelation times (Figure S4). This gelation
kinetics presented a technical difficulty for the fabrication
of FmocFF-soaked electrodes with concentrations exceed-
ing 5mgmL~", as a liquid state of at least 5-10 s is required
for complete absorption into the carbon felt electrode.

As shown in the tilted tubes in Figure 5A, a liquid
suspension of self-assembled fibrils, rather than a

©) 400
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=
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FIGURE 5 Effect of the FmocFF concentration on hydrogel properties and electrode activity. (A) Tilted vials of FmocFF at
concentrations of 1-5 mg mL™". (B) Rheology of FmocFF at concentrations of 1-5mg mL™". (C) Accumulated H, after overnight
electrochemical activation of the HydA enzyme, encapsulated in 1-5 mg mL™" FmocFF and soaked on a carbon felt electrode. Error bars

represent mean + SD of at least six independent experiments.
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self-supporting hydrogel, was formed at 1-2mgmL™".
Concentrations of 3-5mgmL~" produced a stable gel,
with visibly increasing turbidity, correlating to the
increase in the peptide concentration. These observations
were supported by rheology measurements where
1-2 mg mL~" samples showed very low storage and loss
moduli, indicating their liquid state, while a gel state was
indicated for the 3-5mgmL~" samples by the higher
storage moduli compared to the respective loss moduli
(Figure 5B). Protein immobilization within a polymer
matrix can be attributed to its physical entrapment
between dense fibers.”® As the hydrogel's peptide
concentration is decreased, a less dense matrix is
anticipated to result in an increase in protein leakage
and a subsequent decrease in H, production. However,
the electrochemical H, production was not significantly
impacted by matrix density differences among the
3-5mgmL~" hydrogel samples, despite variations in
turbidity and mechanical properties (Figure 5C). This
lack of correlation between matrix density and protein
retention suggests that the mechanism of FmocFF
retention is not governed by protein entanglement within
the fibril mesh. Furthermore, even a decrease in the
peptide concentration to 2 mg mL™", which was insuffi-
cient to produce a self-supporting 3D gel state, did not

| . |
| . |

affect H, production (Figure 5C). It was only when the
peptide concentration was lowered to 1 mgmL™" that a
substantial decrease in H, production was observed.
These results imply that the FmocFF retention mecha-
nism is not directly tied to the presence of a self-
supporting 3D gel state or its properties, but rather on
reaching a critical concentration of self-assembled fibrils,
above which adequate retention is achieved.

3.6 | FmocFeF fibrils directly glue
protein to carbon fibers

To better understand the interaction between HydA and
FmocFF supramolecular fibrils, Cy5-labeled HydA was
encapsulated in FmocFF hydrogels at concentrations of
0-5mgmL~", without the presence of carbon felt. The
localization of the enzyme was subsequently determined by
fluorescent confocal microscopy. As expected, no fluores-
cent signal could be obtained from solution samples, as the
enzyme was not concentrated anywhere in the sample
(Figure 6A). In the presence of 1mgmL ™" of FmocFF,
some enzyme clusters could be viewed (Figure 6B).
Interestingly, 2mgmL™" of FmocFF produced a distinct
fluorescent fibril matrix (Figure 6C). Further increase in

(©)

FIGURE 6 HydA distribution within the hydrogel matrix. Confocal microscopy of Cy5-stained HydA with FmocFF at various
concentrations. (A) 0 mgmL™" control. (B) 1 mgmL™. (C) 2mgmL™". (D) 3mgmL™". (E) 4mgmL™". (F) 5mgmL™". Scale bar = 10 um.
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FmocFF concentrations to 3-5mgmL™" resulted in a
visible matrix of large fluorescent clusters with intercon-
necting fibrils (Figure 6D-F).

The visualization of the fluorescent enzyme as a
distinct fibril matrix implies direct interaction with the
peptide supramolecular structure. These observations
are also in line with the H, production measured at
different FmocFF concentrations (Figure 5C), further
supporting the hypothesis of direct protein-FmocFF
interaction. In light of this, the clusters viewed at
1mgmL~" FmocFF can be interpreted as interaction
between the protein and small supramolecular struc-
tures, insufficient to retain the enzyme on the carbon felt
electrode. This interaction may be attributed to physical
adsorption, a common immobilization mechanism in
which the enzyme adsorbs to the polymer by van der
Waals forces, hydrogen bonds, and ionic and hydropho-
bic interactions. However, such immobilization is prone
to enzyme leakage due to the relatively weak nature of
the forces in play. Nonetheless, the interaction between
HydA and FmocFF appeared to be strong enough, not
only to prevent passive diffusion out of the electrode but
also to retain the enzyme in place when potential is
applied. When considering physical interactions, m-m
and cation-7 are among the strongest known, compara-
ble to hydrogen bonds and ion pairing.”” The demon-
strated strong retention of HydA in FmocFF compared
to FmocLL may simply stem from the fewer aromatic
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Carbon
" Fibers

(B)

- FmocFF
fibrils

- HydA
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rings of FmocLL and the consequent lower probability
for aromatic interactions (Figure 2). A difference in the
peptides’ supramolecular arrangements could also con-
tribute to this phenomenon, as the assembled FmocLL
may expose fewer of the peptide's aromatic, amine, and
hydroxyl groups, rendering the assembled fibril less
prone to interact with the protein's available residues.
Notably, binding of protein to peptide fibrils cannot fully
account for retention in carbon felt electrodes. To
achieve such retention, the enzyme-fibril complex must
also attach to the carbon felt and remain inside it
throughout the electrochemical activation. We initially
hypothesized the hydrogel fibril matrix to be distributed
homogeneously and fill the spaces between the carbon
fibers as well as encapsulate HydA in their fibril mesh.
While the results obtained with Cy5-labeled HydA
encapsulated in FmocLL support this hypothesis, when
encapsulated in FmocFF, the labeled HydA was
accumulated directly on the carbon fibers, suggesting
that the FmocFF fibrils directly interact with the carbon
felt (Figure 4C). This difference can arise from FmocLL
lacking the available hydrophobic motifs to achieve a
strong adherence to the carbon. In addition, a physical
mechanism could play a role in FmocFF retention ability
as its fibrils appear to be physically entangled around the
carbon fibers. Indeed, high-resolution SEM images
showed that hydrogel masses directly adhered onto the
carbon fibers in FmocFF-soaked carbon felt (Figure 7A).
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FIGURE 7 FmocFF suggested mode of encapsulation. (A) Scanning electron microscopy images of carbon felt soaked with the FmocFF
hydrogel. From left to right—magnifications of x40, X450, and x5500. Respective scale bars are 500, 50, and 2 um. (B) Illustration of the
proposed model. Left—image of a H,-producing working electrode, composed of a carbon felt soaked with the FmocFF hydrogel

encapsulating HydA. Middle—carbon felt fibers are coated with the self-assembled FmocFF fibrils. Right—enzyme molecules are attached

to the FmocFF fibrils and thus immobilized over the carbon fibers.

25U901] SUOLUWIOD) AR 3[edl dde 8 Aq pouenab a6 ORI YO 8N 0 Sa NI 0 ATId| BUIIUO AB]1A UO (SUOIPLOO-PUE-SULBYLI0D 5| I ARG [pu|Uo//Sdu) SUO1IPUOD PUE SWB | 84} 39S *[£202/20/TT] U0 AXeiqr1auiiuo A1im ‘AISBAIIN ARY P Ad TT'2A89/200T 0T/I0p/wo0 /5| 1w ARidipulluo//:sdiy woJy papeolumod ‘0 ‘8986.£92



GRINBERG ET AL.

zotte |y LEY-CARBON ENERGY

Taking together the interaction of FmocFF with HydA
and with the carbon felt, we propose a mode of
encapsulation in which FmocFF fibrils act as a glue,
binding the protein to the electrode to achieve signifi-
cantly improved retention, strong enough to resist the
electrophoresis forces taking place under the tested
experimental conditions (Figure 7B). This model can
also explain why the 2mgmL™" suspensions show
strong retention ability even as a liquid.

3.7 | Peptide self-assembly in the
presence of HydA improves the enzyme
retention efficiency

To further establish the proposed model, we tested
whether it is necessary to initiate the self-assembly of
FmocFF fibrils in the presence of HydA and carbon felt
to achieve the observed efficient retention. We there-
fore utilized the liquid state of self-assembled FmocFF
at 2mgmL™" to prepare a fibril suspension before
HydA introduction and carbon felt soaking. FmocFF
was allowed to self-assemble overnight, and HydA was
subsequently added to the suspension. The mixture
was then incubated for 2h to allow the enzyme to
interact with the assembled FmocFF fibrils before
carbon felt soaking. The results show that electro-
chemical H, production measurements were approxi-
mately 60% higher in samples where the fibrils
were coassembled in the presence of HydA and carbon
felt (FmocFF™), in comparison to samples where
FmocFF was preassembled separately (FmocFF*P).
Nevertheless, FmocFF**? samples showed 80% higher
H, production than FmocLL hydrogel samples
(Figure 8A). These findings were further supported

by chronoamperometry, which revealed that while the
current of FmocFF*°P samples decayed faster than that
of FmocFF™* samples, the decay was still milder
compared to that of FmocLL (Figure 8B). To assess
whether these observations correspond to differences
in retention ability, an immunoblot assay was con-
ducted as described above. While no detectable band
was found in the electrolyte sample of FmocFF™*, a
strong detectable HydA band was observed in both
FmocLL and FmocFF*? electrolyte samples, implying
enzyme loss. Notably, the FmocFF** band appears to
be stronger than that of FmocLL, which contrasts with
the higher current and H, production obtained from
FmocFF**P. However, in this case, the immunoblot
assay was not designed to be quantitative; therefore,
numerous factors can affect the visualized protein
abundance.”® Hence, the presence or absence of
protein should be considered, rather than the strength
of the band, which should be done with care. None-
theless, based on the higher current and H, production
compared to FmocLL, it is safe to assume at least
partial protein retention by the assembled fibrils of
FmocFF**P (Figure 8C). These results suggest that
while the presence of all the components upon
assembly initiation is not an absolute requisite, it
significantly augments enzyme retention. It is possible
that initiating the assembly of FmocFF fibrils within
the carbon felt results in better adherence of the fibrils
to the carbon fibers, which increases the retention
strength. Alternatively, the interaction between the
FmocFF fibrils and the protein may be more efficient
when the enzyme is present during fibril assembly.
Nonetheless, the ability to introduce the components
separately, while still preserving some retention ability,
provides greater flexibility for future applications.
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FIGURE 8 Effect of hydrogel self-assembly on HydA retention. (A) H, accumulated from overnight (O.N.) electrochemical activation of
the HydA enzyme, encapsulated in FmocFF in the presence of HydA and carbon felt (FmocFF™X), in comparison to samples where HydA
was added to FmocFF that was preassembled separately (FmocFF**P), and FmocLL. Error bars represent mean + SD of at least six
independent experiments. (B) Chronoamperometries of O.N. electrochemical assays of FmocFF™*, FmocFF*®, and FmocLL. (C)
Immunoblot of HydA in the electrolyte collected after O.N. electrochemical assays of FmocFF™Y, FmocFF*®, and FmocLL.
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FIGURE 9 FmocFF as an encapsulation platform for other enzymes. (A) Confocal microscopy images of the FmocFF hydrogel with
Cy5-labeled FNR (left) and SOD (right); the scale bar is 10 um. (B) Immunoblot of FNR (left) and SOD (right) collected from the electrolyte
after overnight electrochemical assays in the FmocFF hydrogel or solution-soaked electrodes. Specific FNR or SOD antibodies were used for

the respective immunoblots.

3.8 | FmocFF could serve as a platform
for efficient encapsulation of other
proteins for electrochemistry

Finally, we evaluated the generality of protein—fibril
interaction by encapsulating two other Cy5-labeled redox
enzymes, FNR and SOD, in 3 mgmL ™" FmocFF hydrogel.
Similar to HydA-containing hydrogels, the encapsulation of
stained FNR and SOD resulted in a fluorescent fibril matrix
(Figure 9A). In addition, we assessed the retention ability of
FNR and SOD in the FmocFF hydrogel, when subjected to
an electrochemical assay. For this purpose, we encapsu-
lated 200 pg of either FNR or SOD together with 75 ug of
HydA in FmocFF hydrogels, which were soaked on carbon
felt electrodes. Notably, the electrochemical profile obtained
by cyclic voltammetry of electrodes supplemented with MV
and either FNR or SOD was similar to that obtained with
MV-only loaded electrodes (Figure S5). Following overnight
electrochemical activation, an immunoblot assay was
conducted to detect protein presence in the electrolyte. As

expected, a specific protein band was observed for solution-
soaked electrodes, demonstrating the inability of the carbon
felt alone to retain the proteins. However, FmocFF-soaked
electrodes successfully retained both HydA and FNR or
SOD, with no detectable protein bands (Figure 9B). The
similar structure and function observed for the three
proteins examined suggest a general phenomenon of
FmocFF fibril-protein interaction. Hence, this phenome-
non may be exploited for encapsulation of other proteins in
a variety of electrochemical applications for energy, sensors,
bionics, and electrochemical synthesis.

4 | CONCLUSION

We demonstrated that an enzyme encapsulation
approach using self-assembled supramolecular structures
is effective in 3D electrode settings. The supramolecular
structures interact with the enzymes while adhering to
the carbon fibers, and hence couple them together to
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achieve excellent retention. The ability to retain the
enzyme in place while applying electric potential enabled
us to utilize a 3D carbon felt electrode to load high
amounts of biocatalysts, resulting in high product yield.
This arrangement also mitigates diffusion limitations of
the electron mediator by localizing the catalysts adjacent
to the conductive surface. The ease of immobilization
and mild conditions make this method attractive for a
variety of biocatalysts, and it can also be applied in
processes not related to electrochemistry.
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