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Hydrogenases are attractive biocatalysts for utilization in electrochemical devices as potential replacement for Pt
in hydrogen evolving electrodes. In this work, we investigate the immobilization of ferredoxin tagged FeFe-
hydrogenase (Fd-HydA1) on black TiO; nanotubes (bTNTs), with uniform nanotube opening diameters of
140 nm. By utilizing an immunogold labelling method, we show that the enzymes attach on the top surface of the
bTNTs film rather than on the inner nanotube walls, reflecting the difficulty to insert enzymes into high aspect-
ratio nanomaterials for Oq-shielding. Nevertheless, cyclic voltammetry demonstrates direct electron transfer

between Fd-HydA1 and bTNTs for the hydrogen evolution reaction (HER) in neutral media. This work provides
new insight towards design of new nanostructured electrodes for enzyme immobilization.

1. Introduction

FeFe-hydrogenases are metallo-enzymes constituted by earth abun-
dant elements that under anaerobic conditions catalyse the Hy evolution
from protons and electrons with an activity superior to that of Pt [1].
However, these biocatalysts rely heavily upon redox mediators to
transfer electrons, such as viologens, which are expensive and toxic,
greatly limiting their usage in electrolysis systems at large scale [2].
Enzyme immobilization on appropriate substrate materials can
contribute to direct electron transfer (DET) between the enzyme and the
solid support, alleviating the need for electron mediators. Additionally,
the enzyme immobilization enables the reusability of the enzymes and
could provide a shielding environment to enhance their stability [3,4].

High enzyme loading increases the probability of molecular orien-
tation(s) suitable for efficient electron transfer to the solid support, as
required to drive the electrochemical processes at high catalytic currents
in practical implementations of bioelectrodes. Immobilization of hy-
drogenases has been studied over a wide range of carbon-based mate-
rials, such as pyrolytic graphite edge (PGE) and glassy carbon, enabling
catalytic studies with the use of rotating disc electrodes, but enzyme
loading has been typically low [5,6]. To increase loading, the support
materials should provide high surface-to-volume ratio. Numerous
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porous polymers [7], silica [8] and metal-oxide based materials [9] have
been implemented as support materials. Macroporous materials with
pore diameters over 50 nm have been deemed most suitable, as they
provide spatial unrestricted access for enzyme molecules entering the
pores [4]. However, correlations between nano-material architectures
and enzyme loadings have been far less explored and there is still no
direct evidence that the enhanced enzyme immobilization in macro-
porous materials stems from the insertion of enzymes into the pores.
TiO4 has been reported as the substrate material to immobilize hy-
drogenase in combination with a photoanode [10], and DET between
bio-inorganic interfaces has been confirmed [11,12]. TiO2 nanotubes
(TNTs) exhibit high diversity in tube morphologies [13,14], while their
high surface area and unique architecture provide the opportunity to
further enhance enzyme loading and stability. In this work, we synthe-
sized highly ordered nanostructured TiO3 nanotubes (TNTs) as substrate
material to investigate Fd-HydA1 immobilization. In order to implement
TNTs as the substrate material, we utilized CaHy as reductant. The
resulting TNTs have black appearance (bTNTs) and metallic-like
behaviour, therefore being suitable as substrate materials for HydA
immobilization and possible DET for the HER [15,16]. The bTNTs have a
uniform tube opening diameter of 140 nm and a tube length of around 1
pm. The attachment of enzyme molecules on the internal walls of bTNTs
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is further studied by immunogold labelling electron microscopy. Vac-
uum infiltration and magnetic fields were employed to assist the loading
process.

2. Experimental
2.1. Black TiOz nanotube synthesis

A two-step electrochemical anodization process was performed with
titanium (Ti) foil (Goodfellow) as the anode and a platinum (Pt) sheet as
the cathode with 2 cm distance. Before anodization, the Ti foil was
cleaned in an ultrasonic bath for 30 min in isopropanol followed by 30
min in acetone, rinsed with water and dried in air. The electrochemical
anodization was performed in an ethylene glycol electrolyte with 0.25
wt% NH4F and 2 wt% Hy0. A voltage of 60 V was supplied by a pro-
grammable DC power supply (Keithley Instruments model 2200-72-
1DC) for 2 h at room temperature. Then, the nanotube film was
removed to generate a template for the second step in order to grow
highly ordered nanotubes. The second anodization step was carried out
by using identical experimental conditions to the first step, but the
anodization time was 5 min. To improve the adhesion of the film, the
electrodes were left in the anodization solution for 1 h and then well-
adhered amorphous TNTs were obtained (Fig. 1) [17].

The as received amorphous TNTs were chemically reduced by CaHy
to generate highly conducting black TNTs (bTNTs) electrodes (refer to
our previous works in [15,16]). Specifically, the TNTs were embeded in
0.2 g of CaH, powder in a quartz ampule under vacuum (<10~2 Pa) and
then annealed at 500 °C for 2 h with heating and cooling rates of 2 °C/
min. After annealing, the electrodes were rinsed with deionized water
and finally dried in air.

2.2. Engzyme expression, purification and activity essay

The expression of recombinant Fd-HydAl in Escherichia coli was
based on the methods described in a previous study [18]. The encoded
sequence of hydrogenase was from Chlamydomonas reinhardtti HydAl,
while the N-terminal tag was from C. reinhardtii PetF [2Fe2S]-ferredoxin
(Fd). The enzyme expression and purification processes were monitored
through measurements of the enzyme concentration both in the lysate
and in the elution fractions by running sodium dodecyl sulpha-
te-polyacrylamide gel electrophoresis (SDS-PAGE) and staining with
Coomassie blue. The enzyme was enriched in elution fractions compared
to lysate. The purified product was verified by Western blot using anti-
Strep-tag antibody: a unique band correlated to Fd-HydA1 at 59 kD was
detected in cell lysate and enriched in the elution fractions, showing the
successive purification of Fd-HydAl, as shown in Fig. 2. Purified Fd-
HydAl had an activity for hydrogen production of 6 pmol/min-mg
that was measured by using reduced methyl viologen (MV — 100 mM) as

an electron donor.
J @7".
»00s
@

N
a

'.‘I
n B
avawrasvaeizanvrer=oSl

” ‘I“
'

Electrochemistry Communications 135 (2022) 107221

kDa 1 2 3 4 5 6 7 8 9 10
198 — ‘ ]
98 — .
\
—
62— m S
49 — ——
38 4
> — -

=

Fig. 2. SDS-PAGE analysis of Fd-HydAl expression and purification. (Lane 1)
SeeBlue Plus2 (ThermoFisher Scientific) pre-stained protein standard with
molecular size in kDa, (Lane 2) lysate fraction, (Lane 3) StrepTrap flow-through
fraction, (Lane 4) first StrepTrap wash fraction, (Lane 5) third StrepTrap wash
fraction, (Lane 6-10) StrepTrap elution fractions.

2.3. Enzyme attachment assays

Nanotube internal walls were exposed by scratching the bTNTs films
with a scalpel to crack open the tubes and simultaneously detach them
from the Ti foil. The material released was collected in H,O and ultra-
sonicated to further separate the nanotubes. The suspension was then
drop casted onto a lacey carbon copper grid and dried at room tem-
perature. A drop of freshly purified Fd-HydA1 (10 ng/ml) was deposited
on Parafilm® and the copper grids with attached bTNTs were allowed to
float for 30 min on the solution drop. The grid was then rinsed with
Phosphate-buffered saline (PBS) to remove unbound enzyme molecules
and transferred to a drop of blocking solution (2.5% milk, PBS, 0.1%
Tween® 20 Detergent) with 1 uL primary antibody (rabbit Anti-Strep-
tag II, 1:100, by Abcam, Cat. No: ab76949), incubated for 1 h and
subsequently rinsed with PBS. Protein A gold (PAG) solution (University
of Utrecht) with particle size of 10 nm was diluted in cold fish gelatin
(1:50) and drop casted on Parafilm® where the same grids floated for 1 h
before rinsing with HyO. The samples were then fixated in 2.5%
glutaraldehyde phosphate buffer (GPB - Electron Microscopy Science
Inc.), rinsed with HyO and air dried. Negative controls were prepared
following the same protocol but excluding the Fd-HydAl incubation
step.

2.4. Vacuum assisted enzyme loading
Dried substrates were immersed into a solution containing Fd-HydA1

(10 ng/ml) diluted in PBS (1:20) under vacuum (CITOVAC, STRUERS)
for 15 min to allow infiltration of the nanotubes. Since the enzyme

¥

Fig. 1. SEM images of bTNTs. (a) and (b) top view of bTNTs with tube opening size around 140 nm. (c) Side view of bTNTSs with nanotube length of around 1 pm.
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molecules in the nanotubes could be inaccessible to the subsequently
infiltrated immunogold labels, two sample preparation methods were
employed:

2.4.1. Immunogold labelling of whole substrates

The enzyme-loaded pieces were incubated in 2 mL 5% blocking so-
lution with 1 uL primary antibody for 1 h at room temperature. After
incubation, the enzyme-loaded pieces were washed in PBS and further
incubated for 1 h in PAG diluted in cold fish gelatin. The materials were
then rinsed in HyO, fixated with 2.5% GPB, rinsed again and air dried.

2.4.2. Nanotube opening and detachment followed by immunogold labelling

The enzyme-loaded bTNTs films were scratched to crack open the
nanotubes and release them from the Ti foil, after which they were
collected in PBS. This suspension was drop casted onto lacey carbon
copper grids that were transferred to drops of 2.5% blocking solution
with antibody, incubated for 1 h and subsequently rinsed with PBS. PAG
diluted in cold fish gelatin was drop casted on Parafilm® where the grids
were made to float for 1 h before rinsing with PBS. The samples on the
grids were fixated in 2.5% GPB rinsed with H>O and air dried. Negative
controls were prepared following the same protocol but excluding the
Fd-HydA1 incubation step.

2.5. Magnetically assisted loading

Ferromagnetic nanoparticles (NPs) were used to evaluate the effect
of magnetic field application for particles loading. In these assays,
bTNTs substrates (attached to Ti foil) were glued onto the flat base of a
glass vial with 1 mm of thickness and placed onto a NdFeB magnet
cylinder with a diameter of 5 cm, 2 cm of thickness and lifting capacity
of 160 kg (SuperMagnet, Norway). Deionized water was infiltrated into
the nanotubes with vacuum assistance. The HyO was then replaced by a
suspension of Fe;03 NPs with 25 nm (5 mg/ml, Sigma Aldrich) diluted in
PBS (1:2). To mitigate clogging of the nanotubes at the top surface, the
magnet with the attached vial were anchored to a shaking tray and the
set was gently rocked on and off (30 min/30 min) during an incubation
period of 12 h.

2.6. Electron microscopy

The characterization of the bTNTs, as well as the detection of Fd-
HydA1l in/on bTNTs, was performed by field-emission scanning elec-
tron microscopy (FEG-SEM) using an FEI NOVA NANOSEM 650 in high
vacuum settings (107 Pa) with acceleration voltages in the 5-15 kV
range. Scanning transmission electron microscopy (STEM) was per-
formed with a DCOR Cs probe-corrected FEI Titan G2 60-300 instrument
with 0.08 nm of nominal spatial resolution. Bright field (BF) and high-
angle annular dark field (HAADF) images were acquired simulta-
neously. Chemical information was obtained by X-ray energy dispersive
spectroscopy (EDS) with a Bruker SuperX EDS system, comprising four
silicon drift detectors. Several methods were employed for sample
preparation:

2.6.1. Detached bTNTs (attachment assays and enzyme loading with
vacuum assistance)

The nanotubes dispersed on lacey carbon copper grids were directly
characterized by STEM/EDS.

2.6.2. Cross-sections of enzyme-loaded substrates with vacuum assistance

The substrates loaded with enzyme and immunogold labelled were
prepared in two ways: (i) surface scratched to expose regions below the
surface followed by carbon coating to avoid charging effects during
observation; and (ii) embedded in epoxy (Epoxy Embedding Medium
kit, Sigma Aldrich) followed by curing at 65° C for 24 h and then cross-
sectioned. The cross sections were prepared by standard materialo-
graphic techniques involving grinding with SiC paper of decreasing
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grain size and lapping with a sequence diamond suspension of 6, 3, 1 and
Y% pm each for 5 min at 300 rpm. Both types of cross-sections were
characterized by SEM/EDS.

2.6.3. Fey03-loaded substrates with magnetic assistance

Following nanotube loading with iron oxide, the substrates were air
dried. The nanotube film was gently removed from the Ti foil using
adhesive tape (TESA 4204). The adhesive tape with attached bTNTs was
embedded in epoxy, and the block was sectioned with a cryo-
ultramicrotome (Reichert FCS). The sections were deposited on lacey
carbon copper grids, dried, carbon coated and finally observed by
STEM/EDS.

2.7. Electrochemistry

Electrochemical experiments were carried out in hydrogen-saturated
0.1 M PBS solution with pH 7.2. Cyclic voltammetry (CV) was used to
characterize the immobilized Fd-HydA1 on bTNTs as working electrode,
with a carbon rod as a counter electrode and saturated calomel electrode
(SCE) as the reference. The scan rate was 5 mV/s. The reported poten-
tials were corrected against the reversible hydrogen electrode (RHE) by
the equation:

Extie = Epeas +PH % 0.059 +0.242 )

where Ej,¢qs is the measured potential vs SCE and 0.242 is the standard
SCE potential vs. the standard hydrogen electrode.

3. Results and discussion

Fig. 3 shows STEM images of Fd-HydA1l attached to bTNTs previ-
ously cracked open and released from the Ti foil (enzyme attachment
assays). The bright regions in the HAADF image (Fig. 3a) and dark re-
gions in the BF image (Fig. 3b) correspond to gold nanoparticles (Au
NPs) and indicate immobilized Fd-HydA1l on the bTNTs walls. Whereas
in the control samples, Au NPs could not be detected (Fig. 3c). These
results show that Fd-HydAl can attach to and be immobilized on the
surface of bTNTs, further attesting that immunogold labelling can be
utilized to visualize immobilized enzyme on support materials.

As mentioned previously, it was important to clarify whether the
enzymes entered the high aspect-ratio nanostructures. Immunogold
labelling of whole substrates loaded with enzyme showed that most Fd-
HydAl attached on the top surface of the bTNTs film, but very few Au
NPs can be found on the interior walls, despite of the vacuum assistance
(Fig. 4). Similar results were obtained with immunogold labelling of
nanotubes opened and detached after loading. These results suggest
impaired diffusion of the enzyme into the nanotubes and clogging effects
due to enzyme accumulation on the top region of the tube openings.

In order to explore this hypothesis , we utilized a strong magnetic
field to create a direct driving force for suspended Fe;O3 NPs (25 nm) to
infiltrate the nanotubular structure with 140 nm of average tube open-
ing size. Fig. 5 shows again the absence of any significant amount of
Feo03 NPs inside the nanotubes, reflecting the difficulty to infiltreate the
NPs into the nanotubes. In addition to clogging, the present results
indicate that the nanofluidic configuration may result from large hy-
drodynamic radius and steric hindrance from viscous drag near the
nanotube walls [19,20]. Occasionally, NPs could be found as deep as 1
pm into the nanotubes, suggesting that a fundamental understanding of
the loading process requires theoretical modelling and that the method
may be experimentally optimized through geometric modification of the
nanotubes and chemical functionalization of their internal walls.

The present immunogold labelling results show that Fd-HydA1 can
be successfully attached to immediately available surfaces of the bTNTs
support. In addition, the characterization methods described are suit-
able to attest molecular attachment to internal walls of nanotubes and
nanoparticle infiltration of nanostructures. In the case of TNTs, the films
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:

Fig. 3. STEM micrographs obtained from an enzyme attachment assay (see sections 2.3 and 2.6.1). (a) HAADF and (b) BF images of nanotube walls where the high

mass Au NPs show the position of attached Fd-HydA1l. (c) Negative control.

Fig. 4. SEM images in backscattered electron mode after Fd-HydA1 loading with vacuum assistance (described in section 2.4.1) where the bright particles corre-
spond to Au labels. (a) Scratched sample (see section 2.6.2 (i), (b) and (c) cross-sections (see section 2.6.2 (ii)).

Fig. 5. STEM/EDS results of Fe,O3 NPs loaded into bTNTs with magnetic assistance (section 2.5). (a) BF and (b) HAADF images of nanotubes after Fe,O3 loading. (c)

Corresponding EDS map.

typically present defects at the microscale, such as cracks resulting from
stress released during growth, where molecules and nanoparticles tend
to flow and accumulate, mimicking nanoscale infiltration. Therefore,
only the observation of carefully prepared cross-sections revealing the
interior of the nanotubes can prove infiltration and determine its depth.

To explore the electronic interaction between Fd-HydA1l and bTNTs,
CV was employed, showing a reductive catalytic current at low poten-
tials (Fig. 6). This current is due to hydrogen production on the hybrid
electrode and has an onset at potentials slightly above 0 V vs RHE, in
good agreement with the expected HER potential and previously re-
ported data [12,21]. Oxidative catalytic currents are also observed

during the anodic potential scan, further confirming the successful Fd-
HydAl immobilization and DET. The current density reaches 17 pA/
em? at (—100 mV vs RHE), which is comparable to the report on a
CrHydA1-gold electrode (with MV as mediator, 40 pA/cm?) [22], but
lower than that of CpHydA/TiOy (~150 pA/cm?) mainly due to the
activity difference of hydrogenases [11]. In the control experiments,
where no Fd-HydA1 was immobilized on the bTNTs, no catalytic current
was observed, indicating the poor catalytic activity of TiO; itself to-
wards the HER. Although we cannot discuss presently any possible
“shielding” effects by assuming that the nanotubes may provide a rela-
tive anaerobic condition in operation under normal atmospheric
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Fig. 6. CV of Fd-HydAl immobilized on a bTNTs electrode. Controls were
performed on bare bTNTs electrodes in PBS solution.

conditions, the interfacial electrochemistry on the Fd-HydA1l/bTNTs
bioelectrode confirms the DET in the bio-inorganic interface. Even if
the Fd-HydA1 molecules would have been successfully inserted in the
nanotubes, we may foresee that a clogging of the nanotubes due to gas
formation would ultimately decrease the activity of the enzymes.
Therefore, further developments and studies on the trade-offs between
depth, possible “shielding” and performance are of great importance.

4. Conclusions

By combining STEM and electrochemical measurements, we found
that Fd-HydAl attaches to the outer surface of TNTs, yielding direct
electron transfer between black TiO, and Fd-HydAl. However, infil-
trating the Fd-HydAl and nanoparticles (gold and Fe;O3) into the
nanotubes has been proven difficult, suggesting that a stronger driving
force and maybe additional activation is required. This may also stem
from the strong NPs- or enzyme-TiO, interactions, which favor the
immobilization/deposition on immediately exposed surfaces and
restrict further access into the nanotubes. However, by utilizing the di-
versity and flexibility of the nanostructured materials, the geometric
parameters, such as nanotube opening diameter and length of the
nanotubes can be tailored. The systematic optimization of the immobi-
lization and insertion methods, both theoretically and experimentally,
are of high demand to enhance the NPs and enzyme immobilization and,
furthermore, explore any possible “shielding” effects that high aspect
ratio nanostructures can offer to Og-intolerant enzymes.
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