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ABSTRACT: Catalytic CO, conversion to renewable fuel is of
utmost importance to establish a carbon-neutral society.
Bioelectrochemical CO, reduction, in which a solid cathode
interfaces with CO,-reducing bacteria, represents a promising
approach for renewable and sustainable fuel production. The
rational design of biocatalysts in the biohybrid system is imperative
to effectively reduce CO, into valuable chemicals. Here, we
introduce methanol adapted Sporomusa ovata (S. ovata) to
enhance the slow metabolic activity of wild-type microorganisms
to our semiconductive silicon nanowires (Si NWs) array for
efficient CO, reduction. The adapted whole-cell catalysts enable an
enhancement of CO, fixation with a superior faradaic efficiency on
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the poised Si NWs cathode. The synergy of the high-surface-area cathode and the adapted strain achieves a CO,-reducing current
density of 0.88 + 0.11 mA/cm?, which is 2.4-fold higher than the wild-type strain. This new generation of biohybrids using adapted
S. ovata also decreases the charge transfer resistance at the cathodic interface and facilitates the faster charge transfer from the solid

electrode to bacteria.

KEYWORDS: CO, reduction, Si nanowires, biocatalysis, bacteria, bioelectrochemical, bionano interface

lectrochemical CO, reduction represents a promising way
to convert CO, into chemical feedstocks and store
electricity in the form of chemical bonds.' > However, current
systems still suffer from low selectivity, activity, and stability.»®
Catalyst design is one of the keys to addressing these
challenges. Nature’s catalytic machinery provides a prime
example of such catalysts with its efficient and selective cascade
reactions.’ Acetogens can selectively convert CO, to acetate by
the Wood—Ljungdahl pathway (WLP), which is the most
energetically efficient CO,-fixation pathway.”® Some of the
microbes that encode the WLP can perform extracellular
electron uptake to transfer electrons from electrodes, which
makes them attractive electrocatalysts.””"* Particularly, Liu et
al. first introduced a biohybrid of silicon (Si) nanowire
photocathode and acetogen Sporomusa ovata (S. ovata) that
allowed for unassisted solar-to-chemical production at a low
overpotential of 200 mV and a high Faradaic efficiency up to
90%."° The high surface area of Si nanowires enables the high
interfacial area between bacteria and the electrodes. Su et al.
further optimized electrode potential, electrolyte pH, and
biocatalyst loading of the system to maximize the interfacial
area between living cells and cathodes. Because of the
increased direct attachment of catalysts to the electrodes,
these “close-packed” bacteria/nanowire hybrids reach 3.6%
solar-to-chemical conversion efficiency.'®
However, the CO,-reduction rates of biocatalysts systems
are still Jow compared to those of abiotic electrochemical
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systems such as with copper electrocatalysts being at least one
or two orders of magnitude higher in terms of producing C,
products (>100 mA/cm?).'”~"” A crucial rate-limiting step in
biohybrid systems for chemical production is the CO, fixation
rate of individual bacteria.”’~** Adaptative laboratory
evolution (ALE) offers a method to metabolically engineer
microorganisms, especially for those lacking genetic engineer-
ing tools.””~** Tremblay et al. demonstrated that ALE of .
ovata using methanol, a toxic C, compound, as the sole
electron donor accelerates the autotrophic metabolism of S.
ovata.”> Their adapted strain showed a 0.2 mA/cm? of CO,-
reduction rate on the graphite cathode, which was 6.8-fold
higher than the wild-type strain. Thus, ALE offers one route to
improve the rate of CO, fixation and the overall efficiency of
our close-packed biohybrid system.

In this study, we enhanced the CO,-reduction rate of our
model S. ovata/silicon nanowire hybrid platform by introduc-
ing a robust methanol adapted S. ovata strain as the biocatalyst.
First, we conducted methanol adaptation of S. ovata by the
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Figure 1. Methanol adaptation of WT S. ovata through the ALE process and the phenotypical enhancements of autotrophic growth of the methanol
adapted S. ovata. (a) Illustration of the adaptive laboratory evolution process with 2% methanol containing inorganic medium and 10% v/v bacteria
inoculation under strict anaerobic conditions (80% N,/20% CO,) (see methods in Supporting Information). Toxic methanol is used as a growth
substrate during the ALE process, and the genetic mutations are accumulated to enhance the autotrophic metabolism of S. ovata through the end of
ALE. (b) Growth curves using 2% methanol of WT S. ovata, 4th transfer, 18th transfers, and an isolated clone from the 18th transfer cultures. (c)
Growth curves of the methanol adapted and WT S. ovata under hydrogen. The faster growth rates of methanol adapted S. ovata compared to WT
strain demonstrates that the methanol adapted S. ovata exhibits enhanced autotrophic growth using methanol and hydrogen. (d) Acetate
production and (e) acetate production rate of the methanol adapted S. ovata and WT S. ovata using hydrogen during the exponential growth period
(day 3—day 6). All error bars represent the mean + s.d. (n = 3 biological independent samples).

ALE method introduced by Tremblay et al. We observed an
enhanced autotrophic metabolic activity under methanol and
hydrogen (H,)/CO,, respectively. We sequenced the genomes
of the wild-type (WT) and our adapted strain and found
multiple mutations in key enzymes of WLP. The methanol
adaptation of S. ovata successfully boosted the CO,-reducing
current density on the nanowire cathode. In our model, close-
packed biohybrid system with the methanol adapted S. ovata
achieved the highest CO,-reducing current density (J,cetae) Of
0.88 + 0.11 mA cm™? at —1.1 V versus standard hydrogen
electrode (SHE), with a superior faradaic efficiency of acetate
(FE,cetare) Of close to 100%. Compared to the previous study of
Tremblay et al., our close-packed system with the adapted S.
ovata achieved a 4.4-fold higher CO,-reduction rate on the
high surface area of Si NWs at the optimal electrolyte pH,
biocatalyst loading, and applied overpotential. Furthermore,
electrochemical impedance spectroscopy (EIS) was utilized to
elucidate the charge transfer kinetics of the bacteria/cathode
interface. The adapted S. ovata/Si nanowire interface exhibits
lower charge transfer resistance in comparison to the WT S.
ovata/Si nanowire interface.

Methanol Adaptation of Sporomusa ovata. Methanol
adaptation of S. ovata was carried out by the ALE method
reported by Tremblay et al.”> WT S. ovata was inoculated in
the autotrophic medium with 2% v/v methanol as the sole
electron donor, and the methanol-grown S. ovata was
propagated in the same medium for 18 transfers (Figure 1a).
After the 18th transfer, equivalent to ~66 generations
calculated from its doubling time of 13.1 h, we observed that
the growth rate under methanol doubled from 0.09 + 0.02
ODyys day™! in WT to 0.18 + 0.01 ODg,s day™" (Figure 1b).

The enhancement of autotrophic metabolism of methanol
adapted strain was further evaluated by using H, as a reducing
equivalent. Figure lc—e display the autotrophic growth of
methanol adapted and WT S. ovata under pressurized H,:CO,
(80%:20%) headspace and acetic acid concentrations meas-
ured by quantitative proton nuclear magnetic resonance ('H-
gNMR). The two strains exhibited similar growth during the
initial incubation phase up to day 4 and became distinctive
during the exponential phase (Figure 1c). The adapted strain
had a shorter exponential doubling rate of 0.98 days than 1.40
days for the WT strain. The methanol adapted strain showed a
2.3-times faster exponential growth rate and a 1.3-times higher
acetate production rate during the exponential phase, where
nearly unlimited availability of substrates (H,) to bacteria
could be assumed. These results confirm that methanol
adaptation leads to an enhanced rate of autotrophy in S. ovata.

S. ovata reduces two molecules of CO, via two separate
branches of the WLP for biomass generation and energy
conversion (Figure 2).7%° The carbonyl branch reduces CO,
to CO, while the methyl branch reduces CO, to methyl group
by several consecutive enzymatic steps.’” Subsequently, the
methyl group coupled with the CO from the carbonyl branch
form Acetyl-CoA, which is converted to acetate by phospho-
transacetylase and acetate kinase. In the methanol oxidation
pathway (Figure 2a), the methyl group is first transferred to
THF via methanol:THF methyltransferase to yield methyl-
THFE.”” Then methyl-THF is fully oxidized to CO, in the
methyl branch with the generation of reducing equivalents.
Entering the carbonyl branch, CO, is condensed with the rest
of methyl-THF and CoA to form acetyl-CoA. While oxidizing
methanol or hydrogen, the two substrates offer a different set
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Figure 2. Biochemistry of acetogenesis in S. ovata and mutations in the central metabolism. (a) Simplified methanol oxidation pathway of S. ovata.
Mutated genes analyzed by the whole genome sequencing of adapted S. ovata are indicated in blue. (b) Simplified hydrogen oxidation pathway of S.
ovata. The blue asterisks and arrows indicate the reactions catalyzed by the mutated gene products. The dashed boxes and arrows represent the
oxidation or reduction reactions of biological electron carriers (e.g, NADH, NADPH). (c) Representative region of the genes containing the
mutations in the central metabolism of S. ovata, the corresponding gene products, amino acid positions, and changes (see Table S1 for details).
StnABC was recently proposed from ref 26. Fd, ferredoxin; bif. Hjase, bifurcating hydrogenase.

of electron carriers (NADH, NADPH and ferredoxin)
generated by the methyl-group oxidizing enzymes or
bifurcating hydrogenase, respectively (Figure 2ab). The
recently proposed Sporomusa-type ferredoxin-dependent trans-
hydrogenase (StnABC) allocates the specific electron carriers
in the right amounts for the WLP.*

Whole genome sequencing (WGS) of adapted S. ovata was
further used to correlate the mutant phenotypes to genomic
changes relative to the WT genome sequence. Five single
colonies of methanol adapted S. ovata were isolated and
individually cultured in 2% methanol autotrophic media to
evaluate the metabolic activity of single colonies. The whole
genomes of the fastest-growing mutant, single colony 10
(Figure 1b), and WT strain were extracted and sequenced. As
expected, based on the underlying physiology of S. ovata and
the work of Tremblay et al., we observed mutations throughout
the WLP (Figure 2a). While not identical single-nucleotide
polymorphisms (SNPs), we observed five of SNPs in genes in
which Tremblay et al. observed SNPs. These were the genes
ackA, mtaBC, nifB1, and dosC (Table S1). For example, both
our study and that of Tremblay et al. found SNPs in the gene
ackA coding for the acetate kinase. Tremblay et al. confirmed
that their observed SNP (R176Q) had an impact on the higher
enzymatic activity of acetate kinase in the adapted strain, which

aided in improving the overall efficiency of the WLP. In
addition to the above SNPs, we observed some SNPs that were
unique to this study. For example, an SNP in subunit A of the
Sporomusa-type transhydrogenase, StnABC, was detected
(Figure 2a). Overall, these SNP data support the adaptation
of S. ovata to methanol and help elucidate the genetic basis of
the observed phenotype.

Enhanced Bioelectrochemical CO, Fixation of Meth-
anol Adapted S. ovata in Bacteria/Nanowire Hybrids.
After the successful methanol adaptation of S. ovata, we
examined the CO,-reducing capability of methanol adapted
and WT S. ovata in our close-packed nanowire/bacteria hybrid
system. To compare the CO, reducing capabilities of the two
different bacterial strains, we used a highly doped conductive
p* Si NWs array as the cathode and platinum (Pt) wire as the
anode. The SiINWs arrays were passivated by a S nm of TiO, as
a protection layer and subsequently coated with Ni to facilitate
the charge transfer from the cathode to the bacteria.
Established inorganic phosphate-buffered media (pH 6.4)
with trace vitamins as the only organic component was used as
the electrolyte. S. ovata was inoculated into a catholyte (20%
v/v at ODgs of 0.38) and cultured on the Si NWs array. The
biohybrids were incubated on the cathodes for 3 days, close to
the exponential doubling time of autotrophic growth of S.
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Figure 3. Electrochemical performance of nanowire/bacteria hybrids with methanol adapted S. ovata (red) and WT S. ovata (green). (a) Schematic
illustration of the close-packed nanowire/bacteria hybrid system with SiNWs and the methanol adapted S. ovata. The electrons are transferred from
the Si nanowire cathode to S. ovata and finally passed to the Wood—Ljungdahl pathway to produce acetate and ATP. (b) Turnover rates of acetate
molecules under hydrogen (TORyy,) and electron (TOR,-) by the methanol adapted S. ovata and WT S. ovata. Bias-dependent (c) J,cerate and (d)
FE, catate Of the close-packed nanowire/bacteria hybrids with the methanol adapted S. ovata and WT S. ovata using established inorganic phosphate-
buffered media (pH 6.4). J,cetaee is defined as ], multiplied by FE, ., (see methods in Supporting Information). All error bars represent the

mean + s.d. (n = 3 biological independent samples).

ovata. Both S. ovata strains were densely packed in the
nanowire array forming a close-packed hybrid structure
supported by scanning electron microscopy (SEM) character-
ization (Figure S1). The calculated cell loading of adapted S.
ovata within the nanowire array (per 4 um?* of projected area)
from SEM images is slightly higher than that of WT S. ovata,
~13 and ~12, respectively, related to the faster cell growth of
adapted S. ovata in autotrophic conditions. With this hybrid
structure formed, we analyzed faradaic efliciencies of acetate
(PE,cetate) and CO,-reducing current density (J,cerate), Which is
a product of FE, ... and total current density (Ji,1), of each
strain from chronoamperometry experiments at cathodic
potentials from —0.7 to —1.1 V versus SHE (Figure 3).
Compared to the pressurized hydrogen, the in situ resource of
electrons, which serves as a reducing equivalent, is generated
from the biased electrode with varying fluxes by controlling the
potentials of the cathode. These gradually increasing fluxes of
reducing equivalent can reveal the maximum flux of reducing
equivalent that can be absorbed and integrated into the
biohybrid systems as a final product of acetate. The flux of
reducing equivalents and the rate of metabolism need to be
well matched at the charge transfer interface. In Figure 3c, the
adapted S. ovata/SINW hybrid exhibited distinctively higher
CO,-reducing current densities at all potential regimes than

did the WT strain. It achieved a 2.4-times higher maximum
CO,-reducing current density of 0.88 + 0.1 mA/cm”* at 1.1 V
versus SHE compared to 0.38 + 0.08 mA/cm” of the WT
strain. The baseline data of the WT strain were consistent with
our previous study of the close-packed hybrid system,'® having
overlapped error bars at all analyzed potentials (Figure S2).
The previous study showed a 0.47 + 0.07 mA/cm? of CO,-
reducing current density at —1.1 V versus SHE. Merely
increasing the overpotentials could not stimulate the higher
current densities, but the excessive electrons at the high
overpotentials are consumed by the electrolyte near the
electrode surface, turning the local environment inhospitable
to the microorganisms to metabolize, as we observed
previously."

The maximum acetate turnover rate (TOR) of each system
was calculated from the CO,-reducing current density and the
calculated cell loading density from SEM characterization
(Figure 3b). The adapted S. ovata cell exhibits ~2.2 X 10°
acetate molecules per second per cell (s cell™"), and the WT
S. ovata cell shows ~1.0 X 10° acetate molecules s™' cell™".
Thus, the adapted strain has a higher capability to accept the
faster flux of electron and convert it into acetate and it enables
to achieve higher acetate current at the higher overpotential.
On the other hand, the WT strain has a slower metabolism,
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Figure 4. EIS characterization of Si nanowire/S. ovata hybrids system after chronoamperometry current uptake. (a) Representative Nyquist plots of
the methanol adapted strain (red) and the WT strain (green) in established inorganic phosphate-buffered media at —0.9 V versus SHE. (b)
Extracted charge transfer resistance (R) values of the two systems using the methanol adapted S. ovata and WT S. ovata. An equivalent circuit
model (inset in panel b) is built to mimic the electrochemical CO,-reducing reaction of nanowire/bacteria hybrids.

and thus, below a certain potential, the flux of electrons is too
high for them to uptake and the acetate current is just
saturated depending on their inherent TOR capability.
Moreover, considering that the inherent TOR of acetogenesis
using hydrogen or methanol lies between (0.3—6.9) X 10°
acetate molecules s™! cell™! (see Table S2 for details),”® the
TOR of the adapted S. ovata, 2.2 X 10° molecules s7* cell™,
suggests that the bacteria can continue to metabolize in our
electrochemical reducing environment.

The enhanced CO,-reduction rate, [, ... could be first
confirmed by the higher mean faradaic efficiencies of adapted
S. ovata, which were all over 90% with very small variances
(Figure 3c). A faradaic efficiency at a certain potential
formulates the ratio of electrons that are uptaken by S. ovata
and then flow into the WLP, and thus, it reflects the
susceptibility of collective CO,-reducing capability of microbes
at the corresponding flux of reducing equivalent. Noticeably at
more negative potentials (at faster fluxes of reducing
equivalents) from —1.0 to —1.1 V versus SHE, FE, .. of
adapted strain was reproducibly maintained around 95%,
unlike that of WT strain, which decreased from 90 to 40% and
correspondingly lowered the mean CO,-reducing rates. Excess
unused electrons with high overpotentials not only decreases
the faradic efficiency but also causes a toxic microenvironment
caused by high pH near the cathode surface. The large variance
is consistent with that of the previously reported FE, .. of
WT strain.'® The smaller variance of adapted strain reflects the
basic principle of ALE of selecting fitter mutants among a
microbial population of the wild-type strain and affirms a
highly efficient CO,-reducing metabolism of adapted S. ovata
at a wide range of reducing equivalents fluxes. To further
explore charge transfer kinetics, we performed in-depth
electrochemical impedance spectroscopy (EIS) analysis of
both systems.

Elucidation of Enhanced Charge Transfer Kinetics of
Methanol Adapted S. ovata by Electrochemical Ana-
lytical Methods. To verify the charge transfer kinetics as well
as to elucidate the enhancement of CO,-reducing currents, we
conducted the EIS characterization with frequencies ranging
from 0.1 Hz to 1 MHz at cathodic potentials from —0.7 to
—1.1 V versus SHE. The Nyquist plots from the two systems
using the adapted S. ovata and WT S. ovata were obtained, and
the resulting Nyquist plot (Figures 4a and S3) displays that the
impedance (including Zimaginary and Z.ca) changed with the
strains used, as identified by the different radius of each
Nyquist plot. To extract the quantitative impedance values and
explain the correlation between the impedance and the applied

potentials, an equivalent circuit model has been established
(Figure 4b). In this model, two-electron pathways are
connected in parallel, and the double-layer capacitance
represents the nonfaradic process. The faradic process is
governed by the electron transfer pathway from the top-coated
Ni thin film to bacteria within the biofilm. The charge transfer
resistance, catalyst resistance, and catalyst capacitance are
annotated with Ry, Ry,cteria and Cpaceriy TeSpectively. On the
basis of this equivalent circuit model, the charge transfer
resistance is extracted as a function of the applied electro-
chemical potential (Figure 4b and Table S3). Distinctively, the
R, of adapted bacteria is smaller than that of WT bacteria at all
overpotential regimes, consistent with the higher CO,-
reducing current densities and total current densities of the
adapted S. ovata system. Provided that the charge transfer
resistance is crucial for the kinetics at the electrode/electrolyte
interface, this quantitative difference between two strains
obtained from the impedance spectroscopy further supports
that enhancing the CO,-fixing metabolic activity of the whole-
cell catalysts can promote the faster charge transfer from the
electrode to bacteria.

The lower charge transfer resistance could merely arise from
the increase of interfacial area between bacteria and the
electrode.”” ' SEM characterization revealed that both
bacteria strains maintained a close-packed hybrid structure
for electrolytes and slightly higher cell density of adapted strain
around nanowires as previously discussed (Figure S1). To
quantitatively obtain the interfacial area of cell binding on our
electrode, we conducted the impedance-based bacterial
detection method proposed by Ariel et al.’> Here, a high
concentration of methyl viologen is added into the media to
decrease the charge transfer resistance of the electrode at its
open circuit potential, and electrons are mainly transferred to
methyl viologen as shown in the redox peak from the cyclic
voltammetry plots (Figure S4a,b). The similar charge transfer
resistance from the two systems (Figure S4c) suggests a similar
degree of cell binding in each system, which is consistent with
the previous results of SEM characterization. This implies that
the lower charge transfer resistance should arise from another
factor in addition to the increased cell loading, such as the fast
consumption of intermediate species, as supported by the
higher turnover rate of the adapted strain. Future studies
would be required to directly prove such enhanced charge
transfer kinetics of adapted S. ovata.

Altogether, our results demonstrate a distinctive way to
improve the efficiency of biohybrid CO, fixation by
introducing methanol adaptation of S. ovata and enhancing
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autotrophic metabolism by ALE. The key to success was that
the inherent TOR of the strain should match the high flux of
reducing equivalents generated from the high-surface-area
nanowire. We namely show that the enhancement of
autotrophic metabolism under methanol was reproducibly
observed under hydrogen and electron as a growth substrate.
The synergetic combination of the adapted strain and Si NWs
ultimately enhances the CO, reducing rate in our model
system 2.4-fold higher as compared to the system using wild-
type strain. Besides high catalytic efficiency, the methanol
adapted strain also can offer the hallmarks of the biology: self-
replication and self-repair. This strategy could further improve
the CO, conversion rate and solar-to-chemical efficiency in
photoelectrochemical systems.”* ™
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