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Making the connections: physical and electric

".) Check for updates‘
interactions in biohybrid photosynthetic systems
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Biohybrid photosynthesis systems, which combine biological and non-biological materials, have
attracted recent interest in solar-to-chemical energy conversion. However, the solar efficiencies of such
systems remain low, despite advances in both artificial photosynthesis and synthetic biology. Here we
discuss the potential of conjugated organic materials as photosensitisers for biological hybrid systems
compared to traditional inorganic semiconductors. Organic materials offer the ability to tune both
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photophysical properties and the specific physicochemical interactions between the photosensitiser and
biological cells, thus improving stability and charge transfer. We highlight the state-of-the-art and
opportunities for new approaches in designing new biohybrid systems. This perspective also summarises
the current understanding of the underlying electron transport process and highlights the research areas
that need to be pursued to underpin the development of hybrid photosynthesis systems.
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Broader context

The basic aim of biohybrid photosynthesis is to combine the efficient light-absorbing properties of synthetic materials with the efficient metabolic pathways in
biological systems to convert sunlight into solar fuels or high-value chemicals. This area has attracted significant interest, but our knowledge of how to couple
synthetic materials with microorganisms, and the underlying energy transfer processes, is still rudimentary. This perspective discusses the possible assembly
principles of biohybrid systems, with a special focus on photocatalyst material-based biohybrid systems, and the associated energy transfer mechanisms. We
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also highlight new research opportunities that have arisen in recent years.

1. Introduction

Increasing global energy demands force us to seek environmen-
tally sustainable alternatives to fossil fuels." Solar energy is a
renewable energy source that could address this need over the
next century.” The use of solar energy requires solar capture/
conversion and storage; chemical fuels are one sustainable
solution to energy storage.®> A wide range of potential fuels
can potentially be generated including hydrocarbons, nitrogen-
based fuels, and hydrogen. Beyond the direct use as fuels, new
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solar-derived chemical building blocks can also play an impor-
tant role in the chemical industry, which is still heavily depen-
dent on non-renewable feedstocks.’

Over billions of years of evolution, photosynthetic organ-
isms have developed the photosynthetic machinery to capture
sunlight and convert it into organic molecules (i.e., biomass) to
store solar energy in the form of chemical bonds.®® Natural
photosynthesis is relatively inefficient compared to the
potential thermodynamic limit; a maximum photosynthetic
efficiency of about 4.5% has been calculated by Thorndike.’

It has been a long-standing challenge to develop practical
artificial photosynthetic systems and many different approaches
have been used such as photoelectrochemical systems,'® photo-
voltaic cells,"* and photocatalyst materials."*"*

Artificial photosynthesis mimics these biological systems by
using solar energy to drive a thermodynamically uphill reaction
to generate fuels.'® Photogenerated charge carriers are used for
hydrogen production from water or to produce other organic
molecules, such as methanol via CO, reduction.?

Typically, the solar-to-hydrogen efficiency is much lower
than those of photosynthetic organisms,® even though solar
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light absorption process can be more efficient in artificial
semiconductors. Biological systems also have numerous advan-
tages of over artificial photosynthesis, including the ability to
continually and selectively generate active multi-complex
macromolecules and to facilitate electron transfer, as well as
sustainable repair and physiological regulation.”® Hence, to
enhance solar-fuel conversion efficiencies, different strategies
have been employed to interface synthetic and biological
components. This has prompted researchers to explore artifi-
cial photosynthetic systems that are inspired by natural photo-
synthetic machinery, with the aim of combining the advantages
of biological systems with carefully designed semiconductors.
This relatively new approach is often termed semi-artificial
photosynthesis or biological-chemical hybrid photosyn-
thesis.>®

In these hybrid systems an irradiated material captures solar
energy, generates individual charges and transfers photoexcited
electrons to biocatalysts, including enzymes and microbes, to
produce hydrogen or other products. Progress has been made
in this field since the early 1980s when scientists began to
combine inorganic semiconductors with microorganisms to
increase hydrogen production,” but semi-artificial photosynth-
esis has only been studied more extensively since the beginning
of this century. A range of systems that capture sunlight can be
coupled with biological systems such as photovoltaics,*
photoelectrodes,®' and photocatalysts,** thus allowing the con-
struction of diverse hybrid photosynthetic systems. Most stu-
dies report either hydrogen or acetate as their product (Table 1).
The crucial goal of biohybrid photosynthetic systems is to
transform essentially inexhaustible atmospheric CO,, N,, or
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even wastewater into high-value chemicals with high yield and
selectivities,®’** and in the longer term, with high catalyst
stability.

Although research programmes in artificial photosynthesis
and synthetic biology are moving the field of semi-artificial
photosynthesis forward, many of the fundamentals are still
under investigation. In particular, the design principles under-
pinning the construction of functional hybrid systems, and
an in-depth understanding of the extracellular/intracellular
electron transfer pathways has not been achieved, even though
both are crucial steps in these hybrid systems. A central
problem here is that the interfaces between the biological
and synthetic materials are often not well understood.

2. Assembly principles of
material-microorganism complexes
for hybrid photosynthesis

Much effort has been devoted to interfacing biological compo-
nents, such as enzymes and cells, with inorganic and organic
materials for photochemical conversion. Two classes of semi-
artificial systems are common: enzyme hybrids (Fig. 1(a)) and
cell hybrids (Fig. 1(b)); each has limitations and strengths.>®
Examples of enzyme hybrids include direct immobilization of
enzymes onto electrodes, e.g., [FeFe]-hydrogenase adsorbed
onto a carbon electrode in a dye-sensitized photoelectrochem-
ical cell,>® and nanoparticulate semiconductors ([NiFeSe]-
hydrogenase adsorbed to particulates such as dye-sensitized
TiO,,*® [FeFe]-hydrogenase adsorbed polymer nanoparticles).*®

Table 1 Summary of selected cell/photosensitizer-based biohybrid systems for semi-artificial photosynthesis

Material Size and morphology = Microorganism  Product and activity Ref.

Cds <10 nm; NPs M. thermoacetica Acetate, 0.48 mM day’], QE: 2.14 £ 0.16% 15

Cds, TiO,-MnPc <10 nm; NPs M. thermoacetica  Acetate, 1.2 mM day ' 16

TiO, Anatase powder Engineered Hydrogen, 0.72 pmol min~* (mg wet cell) " 17
E. coli

Water-soluble dyes, inorganic n.d. S. oneidensis Activity for several processes: H, production, fumarate and 18

complexes pyruvate reduction, CO, reduction

Cds 15-20 nm; NPs E. coli Hydrogen, > 1.8 mmol over 3 hours 19

Cds <50 nm; NPs Engineered Hydrogen, 13.4 pmol after 6 hours, 81.8 pmol after 24 hours 20
E. coli (10 cells)

AuNCs Nanocluster M. thermoacetica Hydrogen, after 24 hours overall QE: 2.86 + 0.38% 21

PFP/PDI n.d. M. thermoacetica  Acetic acid, 0.63 mM accumulated over a 3 day experiment, QE: 22

1.6%

Cds 4.1 + 1.4 nm; NPs S. oneidensis MR- Hydrogen, 362.44 + 119.69 pmol mg ™' produced over a total of 23
1 72 hours

CdS/CsgAxs Nanofibers Engineered Formic acid, 0.84 mM within 8 hours, QE: 0.13% 24
E. coli

PFTP-PSMA D-A 93.2 £ 8.2 nm; NPs Engineered 2-Oxobutyrate, 6.0 = 0.15 mM cumulative over 72 hours 25

CPNs@threonine deaminase E. coli

La/Rh co-doped SrTiO3,
Mo-doped BiVO,
PFODTBT polymer dots

Monolithic photo-
catalyst sheets
Average size 70 nm;
polymer dots

Ralstonia
eutropha H16

Sporomusa ovata

Acetate, solar-to-fuel conversion efficiency of 0.7% at ambient 26
conditions (298 K, 1 atm)
Poly-3-hydroxybutyrate, a yield of 21.3 4+ 3.78 mg L ™" 27

NPs: nanoparticles, M. thermoacetica: Moorella thermoacetica, MnPc: Mn(u1) phthalocyanine, water-soluble dyes: proflavine, Eosin Y, fluorescein,
inorganic complexes: Ru(bpy),>* (bpy = 2,2'-bipyridine) and [Ru(bpy),(4,4"-(POsH,),bpy)]"* (RuP), S. oneidensis MR-1: Shewanella oneidensis MR-1, E. coli:
Escherichia coli, AuNCs: gold nanoclusters, QE: quantum yield efficiency. PFP: poly(fluorene-co-phenylene), PDI: perylene diimide derivative, D-A
CPNs@enzyme: enzyme-modified donor-acceptor conjugated polymer nanoparticles, PFTP: poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylenevinylene]
(MEH-PPV) as electron donor and poly(fluorene-alt-thienopyrazine), PSMA: poly(styrene-co-maleic anhydride); n.d. = not determined.
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Fig.1 Two typically studied semi-artificial systems. (a) H, production
with enzyme hybrids consisting of semiconductor NPs and [NiFeSe]-
hydrogenase (PDB ID: 1CC1).28 (b) Cell hybrid semi-artificial photosyn-
thesis system. Irradiation of NPs results in the generation of excitons,
separation of the excitons, and electron transfer to hydrogenase or cell
with H, formation and hole quenching in the nanoparticle. There are
multiple potential charge-transfer mechanisms from semiconductors to
microorganisms.

While their poor scalability and inherent instability render
enzyme hybrids impractical for commercial applications,®”
these studies have advanced the fundamental understanding
of these systems and aid in understanding the potential of
future applications in cell hybrids.

Bacterial cells have been used as biocatalysts to overcome
the limitations of enzymes in the field of semi-artificial photo-
synthesis. The interactions between microorganisms and elec-
trodes have been reviewed, such as microbial electrosynthesis
(MES) reactors®® in conjunction with or without solid-state
photovoltaic (PV), microbial fuel cells (MFC),** and photobio-
electrochemical cells (PBEC).*>*" As outlined in Fig. 2, com-
pared with the material-based biohybrids, these electrode-
based systems have been more widely studied and understood
in terms of their configuration and application.

Here, we will focus on the interactions between the biotic
and abiotic elements in material-based cell hybrids, especially
abiotic elements such as inorganic nanoparticles (NPs) through
both chemical synthesis and biosynthesis, and conjugated
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Fig. 2 Configuration of (a) MES,* (b) MFC,*® and (c) PBEC.*"® (a) MES
applies current to the microorganisms (green ellipse) on the cathode to
stimulate microbial metabolism. (b) MFC extracts current from the micro-
bial (blue ellipse) metabolism from the anode, analogous to chemical
batteries. (c) PBEC derived from photoelectrochemical cells can include a
photoanode, a photocathode, or both. Solar energy captured by light
absorbers and used by microbial catalysts (green ellipse) to reduce COs,.
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polymers (nanoparticles) discussed in the following section.
By reviewing the development of the materials as photo-
catalysts, we aim to not only provide the reason for choosing
individual materials but also to suggest that conjugated poly-
mers/NPs are promising candidates as light absorbers in semi-
artificial photosynthesis.

3. Chemical-synthetic inorganic
nanoparticles: adsorption initiating the
interactions

As an experimentally relatively simple approach presynthesised
semiconductor particles have been combined with bacteria to
give biohybrid systems. Several studies have reported hydrogen
production for systems consisting of TiO, and cells of a Gram-
positive bacillus Clostridium acetobutylicum,” cobalt phos-
phate, and genetically engineered Saccharomyces cerevisiae,**
or by using bismuth oxide or dye-sensitized TiO, and the purple
photosynthetic bacterium Rhodopseudomonas capsulatus.*®
Upon irradiation, photoinduced electrons generated in the
inorganic semiconductor NPs were transferred to microbes to
produce hydrogen via redox couples. Recently, recombinant
Escherichia coli cells expressing both hydrogenase and matur-
ase genes have been reported to enable photocatalytic hydrogen
production with TiO, NPs acting as the semiconductors."”
Compared with purely artificial photocatalysts and enzyme-
material-based systems, there has been a significant break-
through in using whole-bacterial cells as biocatalysts. One of
the greatest advantages is that the cells that serve as biocata-
lysts can be easily harvested from a liquid culture without the
need for manipulations such as cell disruption and protein
purification.'” Beyond this, the self-replicating nature of micro-
organisms grants cell hybrids potentially high scalability.**
Despite these benefits, a range of challenges must be over-
come before the application in commercial solar energy con-
version. Compared with MES or PBEC, cell-material-based
hybrids are still in their infancy, and the nature of the inter-
actions between the synthetic inorganic semiconductors and
microbes in biohybrid photosynthesis systems is often not
understood or even studied. Generally, the surface interactions
of NPs with cells begin with adsorption.*> Three main factors
affecting this process: (1) the NP’s physio-chemical proper-
ties,*® such as size, shape, surface charge, and surface hydro-
phobicity/hydrophilicity; (2) cell type and physiological state;*”
(3) experimental factors,*® such as adsorption temperature,
ionic strength, pH, and osmolarity. This process is quite
challenging because multiple factors can affect the interaction
simultaneously. Among these factors, the hydrophobicity/
hydrophilicity of the NPs play an important role.** Several
theoretical studies using a computational approach have
demonstrated the effects of hydrophobicity/hydrophilicity on
the interactions with cell membranes. Almost all biological
membranes have a common structure: an amphiphilic phos-
pholipid bilayer consisting of a hydrophilic head and hydro-
phobic tail (Fig. 3(a)).>® Molecular dynamic simulations revealed
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Fig. 3 General structure of a membrane and the effect of NPs' hydro-
phobicity/hydrophilicity on the interactions with the cell membrane.*” (a)
An amphiphilic phospholipid bilayer consists of a hydrophilic head and
hydrophobic tail. (b) Hydrophobic NPs prefer to embed themselves within
the inner hydrophobic core of the bilayers. Semi-hydrophilic NPs tend to
be adsorbed on the membrane surface.*® Large hydrophilic NPs (>20 A)
become wrapped and smaller ones (10 A) embedded in the surface.*®

that the hydrophobic NPs are thermodynamically stable in the
middle of the hydrophobic core of the membrane. In contrast,
semi-hydrophilic NPs energetically prefer to be embedded in the
bilayer surface (Fig. 3(b)).”* For the hydrophilic NPs with a
diameter larger than 20 A can be wrapped whereas those with a
value of 10 A will be embedded in the lipid bilayer.”* Therefore,
for biohybrids of chemical synthetic NPs coupled with cells, it is
difficult to determine the actual interactions between NPs and
cells, and the absorbed NPs and suspended ones might co-exist in
the colloidal biohybrid system. Another challenge is that many
inorganic semiconductors studied so far contain heavy metals
that can be cytotoxic to the organisms; it is important for this to
be studied in vivo to ensure longerterm stability.” Further
modification of inorganic NPs, such as a multifunctional coordi-
nating polymer coating,”® might provide one option that helps to
alleviate the NPs’ toxicity to cells and to improve their cell-wall
adsorption at the same time.

4. Biosynthetic inorganic NPs:
bio-precipitation facilitating the
connection

Biohybrid systems can also be obtained by using the biological
organisms to facilitate the production of an artificial semi-
conductor within or on the organism. This approach has been
used in particular for the synthesis of CdS nanoparticles.”*
In particular, prokaryotic bacteria have been most extensively
studied for the synthesis of inorganic materials. To produce
nanocrystals, E. coli was incubated with CdCl, and Na,S, to
form CdS nanocrystals spontaneously.>® Furthermore, it is
essential to prepare CdS directly in water for biological applica-
tions. Recently, the bio-precipitation of CdS NPs on the surface
of the acetogenic, thermophilic bacterium Moorella thermoace-
tica (M. thermoacetica) successfully constructed an inorganic-
cell hybrid system to produce acetic acid from carbon dioxide.>®
E. coli has also been used to drive the production of hydrogen
with precipitated CdS on the cell surface.” E. coli produces
cysteine from sulfides as part of its detoxification strategy
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Fig. 4 (a) CdS biosynthesis pathways in E. coli> (b) Representative
genetic engineering method through overexpression of serine acetyltrans-
ferase and cysteine desulfhydrase. (c) Genetically engineered E. coli cell
surfaces displaying the lead-specific binding protein PbrR.X>>°

through the expression of cysteine desulfhydrase, an amino-
transferase that converts cysteine into pyruvate, ammonia, and
hydrogen sulfide.?” This has been used by engineered E. coli to
overexpress cysteine desulthydrase to facilitate sulfide produc-
tion and cadmium precipitation.’” Also, the gene encoding
serine acetyltransferase was overexpressed for the production
of cysteine (Fig. 4).°® In addition, E. coli mutants were con-
structed to express a lead-specific binding protein PbrR on the
cell surface, permitting selective adsorption of both lead and
cadmium ions and formation of PbS and CdS NPs on the cell
membrane (Fig. 4(c)).”®*° These genetically engineered E. coli
strains showed the impressive capability of facilitating the bio-
precipitation of CdS and thus improving the hydrogen produc-
tion of CdS-E. coli hybrids.

Other bacterial cells have also been used to synthesise gold
nanoparticles. For example, intracellular synthesis of gold
nanoparticles was achieved by using the mesophilic bacterium
Shewanella algae with hydrogen as the electron donor.®°
Recently, introducing gold nanoclusters into M. thermoacetica
as light absorbers enabled the biosynthesis of acetic acid from
CO,. 2t

The biosynthesis of metallic nanomaterials is another area
of active research. There are several advantages to its applica-
tion in semi-artificial photosynthesis. Potentially, the process
provides a biocompatible light-harvesting inorganic semi-
conductor. Exogenous metal oxides, such as TiO,, are difficult
to couple well with biocatalysts, which might reduce charge
transfer efficiency and thus reduce solar-to-chemical conver-
sion efficiencies. The close connection and structure of the
biosynthetic nanoparticle-cell hybrid system enhance the elec-
tron transduction process.'® Several studies have shown that
precipitation of CdS is typically associated with the bacterial
cell wall, and occurs predominantly in the periplasmic space
with the surface partially exposed to the extracellular environ-
ment.'?*>%17%3 Thus, the extracellular photoelectron excitation
and the cytoplasmic electron transduction process are improved."®
Combined with synthetic biology, cells can serve as a biofactory
for various single- and multi-element nanomaterials,** provid-
ing a platform for manufacturing inorganic semiconductors for

This journal is © The Royal Society of Chemistry 2023
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semi-artificial photosynthesis. There have been numerous stu-
dies on the biosynthesis of nanomaterials, mostly including
noble metals (Pd, Ag, Au, and Pt) and transition metals (Mn, Fe,
Cu, Zn, Se, and Cd) in plant extracts, bacteria, fungi, and
yeasts.®>®® The strategies developed will be useful for produ-
cing various inorganic semiconductors under mild conditions,
serving as light absorbers.

5. Organic photocatalysts: moving
from non-specific to specific
interactions

The interface between the semiconductor and the cell appears
to be crucial as it has a significant impact on the efficiencies of
charge transfer events. As such, it is important to control
physicochemical, molecular and cellular interactions of bac-
teria with the surface of the semiconductor. Important factors
are hydrophobic interactions, surface charge, surface rough-
ness, surface curvature, and the size and morphology of
nanoparticles.®® Polymers are ideal for adsorption on bacteria
due to their hydrophobic surface that reduces hydration and
maximises adhesion.”® Adhesion can be further increased
through the modification of the polymers with positively
charged functional groups, such as quaternary ammonium
groups. Increased electrostatic interactions are a result of the
negatively charged outer membrane of bacteria. Surface rough-
ness can be related to the increased surface area which in turn
increases bacteria adhesion,®® but patterning of surfaces and
submicrometric roughness has been shown to suppress the
adhesion of bacteria.”" Following primary adhesion to the
surface mediated by nonspecific interactions such as hydro-
phobic and electrostatic interaction’® irreversible adhesion
takes place forming non-equilibrium hybrids.”?

As discussed above, polymers have some benefits and can
also be further tuned to bind to bacteria surfaces. This has been
exploited to maximise selective and non-selective interactions.
Specific biomolecular recognition units have also been utilized
to obtain selective binding towards certain microbes, such as
aptamers,”® anti-E. coli antibody,”® boronic acid derivatives,”®
and mannose.”” The ability to copolymerize or functionalize
polymers with the above recognition elements give rise to
specificity. Other strategies include the grafting of polymers
to surfaces,”® cell encapsulation,”® surface-initiated polymeri-
sation,® polymerisation inside cells, and templating of poly-
mers on cell surfaces to maximise interaction.

Opto-electronic properties of organic molecules can also be
tuned through synthetic methods. This can be used to obtain
materials with strong and broad absorption in the visible
region of the solar spectrum, also tuning of the band positions,
charge separation, and charge migration efficiency.'® Further-
more, there are many widely available conjugated organic
monomers, enabling synthesis of a broad range of conjugated
polymers by well-established methods (Fig. 5(a)). As a result,
organic photocatalysts, such as carbon nitrides (C;N,),*" carbon
dots,** conjugated microporous polymers (CMPs),** covalent

This journal is © The Royal Society of Chemistry 2023
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organic frameworks (COFs),** and linear polymers,®* have recently
been studied as photocatalysts.

Organic hybrid systems have been explored and recently,
photosensitizers consisting of perylene diimide (PDI) derivative
and poly(fluorene-co-phenylene) (PFP) were coated onto the
surface of M. thermoacetica to create a biohybrid system for
solar-to-chemical conversion.”” It was found that PDI/PFP
interacted with the bacteria by electrostatic interactions and
the cationic side chains of organic semiconductors intercalate
into the cell membrane by hydrophobic interactions.?® Instead
of coating organic materials onto bacteria cells, the micro-
organisms can also be immobilised onto the material surface.>®
The study suggest that roughness appears to be the most crucial
physicochemical property of the surface.’” Surface roughness
increases the surface area available for bacterial attachment and
provides a scaffold for adhesion.®® In addition, roughness can
protect bacteria against shear forces resulting from flow in the cell
culture during incubation or measurements.*> Compared with
linear polymers, CMPs and COFs with porous structures and high
surface areas show even greater potential in this respect. Micro-
organism immobilisation has yet to be demonstrated using CMPs
and COF. However, enzyme immobilisation has been reported
with COFs, which also raises another important property of the
surfaces—the pore size. The reported chemically stable hollow
spherical COF possesses mesoporous (2-50 nm) shells that pro-
vide adequate space for enzyme immobilisation.’® Apart from
specific design and synthesis routes of CMPs and COFs, it was
also shown that simple inorganic salts could alter the formation
of micropores to macro-micro pores in CMPs,”" which might
facilitate the microorganism immobilisation in biohybrid applica-
tions. As such, porous organic materials such as CMPs and COFs
with high porosity and macropores/mesopores offer another
opportunity for the assembly of biohybrids through the immobi-
lisation of microorganisms.

The irreversible adhesion to surfaces by forming covalent
bonds is another promising alternative. Metal-organic frame-
works (MOFs) were reported to uniformly wrap Morella thermo-
acetica bacteria for cytoprotection in artificial photosynthesis.
The MOF-bacteria interface involves direct bonding between
phosphate units on the cell surface and zirconium clusters on
the MOF monolayer.”> Recently, a “saccharide bridge” has
been applied to promote the accumulation of conjugated poly-
mer nanoparticles around Pseudomonas aeruginosa®® and
E. coli.®* Adhesive bacteria such as E. coli can express type 1
pili where lectin domain FimH is the contributing adhesive
site,”” and mannoside have been shown to bind adhesion FimH
on E. coli.’® Phenylboronic acid (PBA) group in conjugated
polymers can interact with the mannotriose or lactulose on
the bacterial surface through the high affinity between diols
and PBA,”” and mannotriose, as mannose derivative, can
occupy adhesion sites of adhesive E. coli,’® both of which
promote the specific attachment of conjugated polymers on
the bacteria together. This strategy has been applied in the
antiadhesive treatment of bacteria and sterilisation applica-
tions, and we believe that it could also provide insights into
the assembly of material-bacteria hybrids in semi-artificial
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could be used for assembly of biohybrids.88” (

photosynthesis field. Taking fluorene-phenyl-based polymers
as an example, compared with polymer FP1 and FP2 which
mainly rely on nonspecific interactions, polymer FP3 with PBA
groups (Fig. 5(b)) could improve the attachment to bacterial
cells through both nonspecific and specific interactions; the
latter one may also facilitate electron transfer between materials
and microorganisms. Furthermore, instead of using PBA to
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interact with mannotriose that can occupy the adhesive sites on
bacteria, mannose-substituted conjugated polymers,” such as
FP4, are also potential candidates in organic material-based
biohybrids.

The conversion of bulk materials into nanosized structures
may be necessary for the successful construction of organic
material-based biohybrids because their much smaller size
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relative to bulk materials decreases the distance that has to be
covered by photogenerated charges migrating to the surface of
particles.'**'! The surface-to-volume ratio of nanoparticles is
also greater than bulk materials, meaning that there is a larger
interface available per unit mass. All other things being equal,
both of these effects might be expected to increase photocata-
lytic efficiencies in nanohybrid materials versus those based on
bulk particles. Compared with insoluble bulk polymers, soluble
conjugated polymers open up opportunities for the processing
of polymers into nanoparticles and films.'”> Due to their
inherent hydrophobicity, conjugated polymers can be self-
assembled into polymer (nano)particles in water, mainly by
mini-emulsion'®® and antisolvent precipitation methods.**
The first reports on colloidal dispersions of nanoparticles of
conjugated polymers appeared in the 1980s,'°> and nano-
particles of conjugated polymers have gained attention only
more recently in photovoltaics or biological imaging and cell
labelling or photocatalytic hydrogen production.'*®*”
Recently, the conjugated polymer NPs were reported to bind
to the outer membrane of E. coli cells through electrostatic
attractions and hydrophobic interactions for cell imaging and
barcoding.'® It was found that E. coli cells could be coated and
tightened together with a continuous and coarse layer of
conjugated polymer NPs.

Alongside the conjugated polymer NPs, synthetic supra-
molecular materials that have recently been applied for energy
harvesting'® have provided another perspective into this field.
Supramolecular materials comprise assemblies of molecular
units that can form discrete entities or extended networks
of both organic and hybrid nature."'® Supramolecular design
and functions have been reviewed elsewhere''’ and various
molecules such as porphyrin,'** carboxy-substituent perylene
diimide (PDI),'" and cyanocarbazole'"* are referred to in
Fig. 5(c). To our knowledge, synthetic supramolecular materials
according to the definition above have yet been explored as
light absorbers in semi-artificial photosynthesis. However, the
ability to access various nanostructures (such as nanofibers,'"?
nanobelts,"” and nanoplates''®) will enable coupling with
microorganisms.

Compared to inorganic-based biohybrid systems, organic
biohybrids have the advantage of leveraging assembly strategies
that are not accessible with inorganic semiconductors. Organic
semiconductors also have potential advantages due to their
synthetic modularity across a wide range of commercial con-
jugated organic monomers, enabling the synthesis of a broad
array of conjugated polymers through well-established meth-
ods (Fig. 5(a)). This allows the tuning of bandgaps and band
positions, as well as strong and broad absorption in the visible
region of the solar spectrum. It also offers a synthetic handle
for important surface properties such as surface charge and
wettability."” In addition, organic semiconductors are carbon
based which allows the materials to be designed to be closer in
terms of physio-chemical properties compared to inorganic
materials."” This plays an important role in biohybrid systems
as the surface of organic semiconductors is in the direct contact
with biological systems, thus, it must be biocompatible with
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the surface.'*®

However, there are also drawbacks for organic
materials due to intrinsic physical limitations. In particular, the
high binding energies of excitons, which leads to low charge
separation efficiencies at ambient temperature result in overall
low apparent quantum efficiencies. Nevertheless, organic mate-
rial biohybrid systems have not yet been studied extensively,
and more fundamental studies are needed before conclusions

on the long-term potential of organic biohybrids can be drawn.

6. Extracellular electron transfer
mechanisms in hybrid photosynthesis

Following the construction of the hybrid system, the next step
is to use and modulate the metabolic pathways of microorgan-
isms to produce value-added chemicals: the presence of multi-
ple metabolic pathways in biological organisms ensures the
selective generation of metabolic molecules from water, CO,,
and N,. An additional critical mechanistic requirement is the
flow of electrons, to perform redox chemistry, and much
research has gone into providing needed electron flow through
direct and indirect electrical pathways. Initial research mainly
focused on photocurrent production in microbial fuel cells
(MFCs)."*® In MFCs, a potential difference is created between
the anode and cathode, and resistance is placed across an
electrochemical cell to extract current from the microbial
metabolism (Fig. 2(b)). Another application is bioremediation
where metal-reducing microorganisms use metal as terminal
electron acceptors such as Fe**.'*° Recently, microbial electro-
synthesis (MES) reactors (Fig. 2(a)) have been studied as an
alternative approach. They share similar characteristics with
MFCs from the standpoint of circuitry, chamber layout, and
basic electrochemical parameters,® and apply current to the
microorganisms to stimulate microbial metabolism for the
reduction of CO,.

Extracellular electron transfer (EET) is a process in which
microorganisms transport electrons into and out of the cell
from or towards an insoluble electron donor or acceptor.®®*?*
The ability and efficiency of the organisms to exchange elec-
trons with electrodes and more importantly to connect this EET
to its original cellular metabolism is not only a crucial step in
MFCs/MES but also a primary operational objective in the
hybrid photosynthesis field. A more thorough understanding
of possible EET pathways is needed to optimise and advance
hybrid photosynthesis systems. Although there is abundant
mechanistic information about microbially catalysed electron
flow towards electrodes,®® not much is known about the
biochemical mechanisms of EET from cathodes. This section
discusses the possible strategies that organisms can employ to
gain electrons from electrodes which might provide some
consideration for material-based biohybrids in terms of EET.

6.1 Indirect extracellular electron transfer through hydrogen
and electron shuttles

The first potential extracellular electron transfer pathway
is through hydrogen. The cathodic electrolysis of water to
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hydrogen can be exploited to deliver electrons to microorgan-
isms indirectly. In a microbial electrosynthesis reactor, micro-
organisms accept reducing equivalents from an electrode in the
form of H, to reduce CO, or other chemicals. In the hybrid
photosynthesis field, the chemolithoautotrophic bacterium
Ralstonia eutropha has been used for the aerobic production
of bacterial biomass and liquid fuel alcohols." For instance,
Ralstonia eutropha H16 oxidises hydrogen using hydrogenases
to generate reduced cofactors (e.g. NADPH) and ATP, which are
then used to reduce CO, to 3-phosphoglycerate (3-PGA) via the
Calvin-Benson-Bassham cycle. 3-PGA is then converted into
biomass or may be diverted into isopropanol.’*® This process
mimics natural photosynthesis in which light harvesting,
charge transfer, and catalytic functions are integrated to achieve
solar-driven CO, fixation (Fig. 6(a) and (b))."**'*® However,
hydrogen-production approaches have several limitations: (i) the
low solubility of hydrogen makes it difficult to achieve high local
concentrations unless the microbial environment is pressurised;
thus, microorganisms may have difficulties in efficiently consum-
ing them;"*® (ii) hydrogen production has increased energy costs

a)
H*+ % O,
|
:_Inner membrane e -:
NADP* NADPH
| e
Y
co, Calvin
Cycle
Biomass
c)
! Cathode Potential
[MV]gx e~ [MV]rep Ecathode
Outer membrane _ ™
r====- it P 1
Y [MV]OK\_/ [MV]reo Emy
/Je\_.
[Hoase]ox [Hoaselrep Enyase
e
Inner membrane le
________ l________1

Potential
energy gain

Reduced end-
product e.g., acetate

Terminal electron

E,
acceptor e.g., CO, acceptor

122 (

Fig. 6 (a) The process of natural photosynthesis.

(c) Mediated electron transfer through methyl viologen (MV) to a hydrogenase.
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due to the high overpotential required at non-catalyzed electrodes.
Even when using a platinum-catalyzed cathode, the potential of
the cathode will be lower than the theoretical standard electrode
potential at pH 7, which is —0.410 V versus the standard hydrogen
electrode (SHE)."”” In situ hydrogen generation by photocatalyst
close to bacteria could be desirable to improve the efficiency and
the energy cost of this route.

The second option of EET is through electron shuttles
(Fig. 6(c)). Electron shuttles are redox-active molecules that
can accept electrons from electrodes or other chemicals and
delivery the electrons to microorganisms.'*® Many stable redox
shuttles have been used by bacteria to influence fermentation
patterns or to promote the reduction of inorganic electron
acceptors.’”>'*® Most commonly methyl viologen (MV**),
anthraquinone-2,6-disulfonate (AQDS), and neutral red (NR)
have been used. For example, MV>" has been used as the
electron shuttle in the genetically engineered E. coli cells
that produce the carboxysome shell-based nanoreactors to
encapsulate oxygen-sensitive hydrogenases for hydrogen
production;'*°"**? The advantages of electron shuttles involve
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126 (d) Direct electron transfer involving cytochrome-hydrogenase
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that they can be dissolved at a higher concentration and
typically be reduced at higher electrode potentials than hydro-
gen, thus saving energy.'*® However, the current systems may
have a high cost and need long-term stability,"** and the
possible toxicity of many shuttles precludes their use in open
environments and shuttles must be separated from products.
It is also known that coloured redox shuttles can cause
sacrificial loss of light that does not contribute to solar fuel
production.

However, some microbially produced redox mediators pro-
vide another way to exchange electrons with electrodes, such
as phenazines from Pseudomonas spp.** and flavins from
S. oneidensis,"*®> which represent important mediators for elec-
tron transfer between bacteria and from bacteria to anodes. It is
likely that intrinsic redox mediators also play an important role
in microbial biocathodes. Indeed, it was found that native
pyrroloquinoline quinone'*®
mediator for EET during biological oxygen reduction at a
biocathode. Except for the self-excreted redox mediators,
another possibility could be the secretion of whole enzymes
that facilitate electron flow toward organisms. It has shown that
cell-derived enzymes such as hydrogenases were released from
Methanococcus maripaludis cells and accumulated at the cath-
ode surface and the hydrogenase catalyzed the generation of
hydrogen which in turn was immediately taken up by the
cells.”” It has also been shown that native pyrroloquinoline
quinone'?® could act as a reversible redox mediator for EET
during biological oxygen reduction at a biocathode. Except for
the self-excreted redox mediators, another possibility could be
the secretion of whole enzymes that facilitate electron flow
toward organisms. It has shown that cell-derived enzymes such
as hydrogenases were released from Methanococcus maripaludis
cells and accumulated at the cathode surface and the hydro-
genase catalyzed the generation of H, which in turn was
immediately taken up by the cells.**’

could act as a reversible redox

6.2 Direct extracellular electron transfer involving c-type
cytochromes and oxidoreductases

The third and, perhaps, most attractive method of achieving
EET from electrodes is through direct electron transfer. Possi-
ble direct cathodic EET mechanisms have been studied, includ-
ing the involvement of c-type cytochromes,"*® the combination
of ctype cytochromes and hydrogenases (Fig. 6(d)),"*° the
utilization of hydrogenase-containing microorganisms,"*°
or the employment of other oxidoreductases like copper-
containing ones.**

Geobacter and Anaeromyxobacter species have been pre-
viously shown to accept electrons from graphite electrodes for
the reduction of fumarate to succinate'? and nitrate to
nitrite."*> Although Geobacter species have been shown to have
many redox-active components on their outer membranes,
including cytochromes and conductive pili,"**> whether or not
these could be used for accessing electrons in an oxidative
systems remains to be explored.

Including earlier bioremediation of metal and organic con-
taminants, another exciting potential application of directly

This journal is © The Royal Society of Chemistry 2023

View Article Online

Perspective

powering microbial activity is a microbial reduction of carbon
dioxide with the release of extracellular, multi-carbon products.
This form of microbial electrosynthesis is feasible with some
acetogenic bacteria. For instance, the acetogen Sporomusa ovata
formed biofilms on graphite electrodes and could accept elec-
trons directly from the electrodes with the reduction of CO, to
acetate and small amounts of 2-oxobutyrate."** Direct transfer
was assumed to occur because the applied potential of the
electrode was around —0.400 V versus SHE, which is higher
than the previously described potential for H, generation at
graphite cathodes.'*®

In contrast to electron transfer between electrodes and
microbes (Fig. 7(a)), much less is known about the mechanism
by which the cell takes up electrons from the photocatalysts in
the field of hybrid photosynthesis. Several potential electron
transfer pathways of photocatalysts-based hybrids have been
proposed, and some similarities in the EET could be found in
electrode hybrids (Fig. 7(b)). In TiO,/E. coli hybrids that were
developed for photocatalytic H, production, MV>* was used as a
redox mediator to shuttle electrons between microbes and
inorganic photocatalysts.'” Notably, H, formation was detected
even in the absence of MV>*, indicating that electrons may also
be transferred directly from the conduction band of TiO, to the
microorganism.”” Additionally, biosynthetic materials, like
CdS,"**® were reported to be constructed cell-material hybrid
systems without the addition of electron transfer agents.
Furthermore, a dual pathway was proposed through transient
absorption spectroscopy studies: a non-hydrogenase-mediated
pathway and a membrane-bound hydrogenase-mediated
pathway.'*®

6.3 Factors involved in extracellular electron transfer

The suggested electron transfer pathways discussed above
could be considered as electric interactions between elec-
trode/material and microbes, and several factors such as the
target site of EET, bacterial species, and environmental condi-
tions are involved in this process (Fig. 8).

The location of the target site decides if an organism will
perform direct or indirect EET. It was proposed that microbes
with outer membrane redox-components could perform direct
EET while organisms feature soluble intracellular complexes
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to have as large as possible redox potential differences to maximise energy gains.

such as hydrogenases of acetogens are more likely to conduct
indirect EET via mediators.'*® Additionally, the bacterial spe-
cies and environmental conditions such as pH, redox potential
of the solution, and specific concentrations of redox couples
could affect the required redox potentials in EET,"*” and thus
could influence the available energy gained through EET. Since
the achievable energy yield of each electron transfer pathway
relies on the difference in redox potential (AE) of all redox
reactions between electron donor and acceptor, microorgan-
isms will always choose available acceptors with the greatest
potential difference to the donor.™*®

In the electron transfer pathways of microbial cells, elec-
trons are transferred from a low potential electron donor to
a higher redox potential electron acceptor through redox
reactions. These reactions are usually catalyzed by important
systems that use the energy difference between the donor and
acceptor to establish an ion gradient across the membrane,
such as Na* and H".*® These systems include dehydrogenases
and transmembrane electron transporters including cyto-
chromes and terminal oxidoreductases."*® Also involved are
electron-carrying cofactors such as quinones, flavins, heme,
iron-sulfur clusters, or copper ions to shuttle electrons between
large enzymatic complexes inside the membrane."*® The ion
gradient established by those systems is a motive force across
the membrane that can drive ATP synthesis.'*® This is not only
a significant factor for bacterial growth but also crucial for
metabolic pathways that require energy.'>°

Apart from the factors discussed in Fig. 8, the role of redox
mediators and sacrificial electron donors (SED) applied in the
biohybrid systems must be studied as well. As shown in
Fig. 9(a) and (b), electrons are transferred from PS II to PS I
via electron carriers in the electron transport chain and
replaced with electrons from water."" In biohybrid systems,
redox mediators or electron shuttles such as MV** are normally

4314 | Energy Environ. Sci., 2023, 16, 4305-4319
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used. Involving a redox mediator in the biohybrid systems is
useful to suppress the charge recombination between photo-
sensitizer and bio-catalytic sites. However, the diffusion of the
redox couple has a significant influence on the electron transfer
rates in biohybrid systems. When polymer materials are used as
photosensitizers, the interaction and thus charge-transfer event
between the redox mediator and the polymer matrix may be the
rate-determining step. Using a high concentration of redox
mediators is an effective solution to overcome this. However,
the redox mediator such as natural red and reduced MV>" can
also result in competitive light absorption with the photosensi-
tizer. The role of the SED such as cysteine or ascorbic acid in
the biohybrid systems must also be considered (Fig. 9(c)), as it
might also determine the charge transfer pathway, thus influ-
encing the performance and stability of biohybrid systems. For
example, if the excited photosensitizer undergoes oxidative
quenching by the redox mediator, then the SED will determine
the regeneration rate of the photosensitizers, thus having a
significant effect on the stability of photosensitizer; however,
if the excited photosensitizer needs reductive quenching from
the SED first, then the electron transfer from the SED to the
photosensitizer could become the rate-determining step in the
entire photocatalytic processes.

Without a deeper understanding of the underlying electron
transport mechanism, the development of hybrid photo-
synthesis will remain a trial-and-error exercise. Therefore, it is
of great importance to reveal the fundamental EET process to
optimise and advance different envisioned applications in
hybrid photosynthesis. Spectroscopic techniques,**®> such as
time-resolved single-photon counting, transient absorption
spectroscopy, and conductivity
should be studied more in the context of these systems to give
insight into the nature of charge carriers and their kinetics/
transfer rates.

time-resolved microwave

This journal is © The Royal Society of Chemistry 2023
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7. Using organic polymers as energy
transfer antennas between
photosensitizer and bio-catalyst

Besides electron transfer from the photosensitizer to the bio-
system to perform photocatalysis, energy transfer could also be
an important route to enhance photocatalytic reaction, parti-
cularly for those photosynthetic bacteria. Wang, Liu, and co-
workers™? proved that coating chloroplasts with conjugated
polymer NPs consisting of poly[2,7-(9,9-di-n-hexylfluorene)-co-
(para-phenylene)] (PFP) and poly[(9,9-di-n-octylfluorenyl-2,7-
diyl)-co-(1,4-benzo-{2,1’,3}-thiadiazole)] (PFBT) can enhance
the light-harvesting by chloroplasts due to efficient energy
transfer from polymer NPs to chloroplasts. This strategy pro-
vides the potential use of polymer materials as energy antennas
for photosynthetic bacteria. As the energy transfer is highly
dependent on distance, realising Forster energy transfer or
Dexter energy transfer requires proximity between the photo-
sensitizer and the biological light harvester, e.g., chloroplasts.
Whatever process is used for the energy transfer, polymers or
polymer NPs require high emission quantum yields and must
be matched in terms of their emission profiles to the absorp-
tion profile of the biological light harvester system.

8. Summary and outlook

A range of different methods has been used to assemble semi-
artificial systems. We believe that organic photosensitizers,
especially conjugated polymers, are promising because they
can provide specific interactions with the cell surfaces, which
could yield important breakthroughs in terms of performance.
To achieve this, it is important to study a wider range of organic
materials classes and their different forms (e.g., soluble

This journal is © The Royal Society of Chemistry 2023

polymers, insoluble CMPs and COFs, nanoparticles, crystalline
and amorphous analogues). It is still unclear what the optimal
materials are in terms of polymer backbone structure. It is also
unclear which surface interactions should be prioritized to
obtain high-performing hybrid systems, although there is a
growing body of literature to support this choice. The use of
specific binding units, such as aptamers, antibodies, boronic
acid derivatives, and sugars remains unexplored so far in
this field. The use of automation and robotics might greatly
accelerate the testing of large numbers of semiconductors. The
potential of such approaches was shown for abiotic photo-
catalyst discovery’®® and optimization,>* and for biohybrid
systems, the potential combinatorial space is even larger. These
strategies could be expanded to include, for example, dye-
sensitization strategies and the addition of mediator compo-
nents that might enhance charge transfer processes.

There is also an opportunity to use new, unexplored meth-
ods: strategies such as the grafting of polymer sensitisers to
surfaces, cell encapsulation with polymers, surface-initiated
polymerization, polymerization inside cells, and templating of
polymers on cell surfaces all remain unexplored in the context
of photocatalytically active hybrid systems. Porous organic
materials offer also the potential to increase the surface area
and thus to interact more effectively with cells, and this is an
area that has not been studied so far. Solution processible
materials can be cast into films that then can be used in hybrid
systems. This might have advantages for scale up and here cell
colonies and biofilms might also be studied, which could
possess greater stability and even the ability to regenerate.
As in abiotic photocatalysis, there is little standardization
between laboratories, with different equipment being used in
each study, making it hard to compare performance of different
systems directly. It would therefore also be highly desirable to
standardize performance metrics, for example by reporting
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quantum efficiencies and solar-to-fuel efficiencies using repro-
ducible (and ideally, standardized) protocols.

This area will not advance using methods such as auto-
mation and robotics alone. More effort should be made to gain
an understanding of the underlying fundamental processes in
these biohybrid systems. In particular, electron transport
chains and intracellular electron transport should be studied
in more detail, and spectroscopic techniques, such as transient
absorption spectroscopy coupled with metabolic analysis,
should allow further insight. Spectroscopic techniques will
not only assist in studying potential charge transfer mechan-
isms but also provide the opportunity to distinguish various
dominant electron/energy transfer mechanisms at different
timescales.'*> This will also be beneficial when it comes to
the fabrication of devices that rely on contact with external
circuits, such as electrode-based biohybrid photocatalytic sys-
tems, which currently suffer from poor charge collection effi-
ciency from the counter photoelectrode.

Finally, other more challenging reactions, such as CO,
reduction and N, fixation,'>>**¢ offer opportunities for biohy-
brid systems. Given the evolved ability of natural systems to
activate carbon dioxide and nitrogen products, it might be
possible to obtain products that are currently not accessible
using artificial photocatalysts.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

This work was supported by the National Key R&D Program of
China (2021YFA0909600), the National Natural Science Foun-
dation of China (32070109), the Engineering and Physical
Sciences Research Council (grant EP/N004884/1), The Royal
Society (URF\R\180030, RGF\EA\181061, RGF\EA\180233), and
the Biotechnology and Biological Sciences Research Council
grants (BB/W001012/1, BB/V009729/1). Y. Y. thanks the China
Scholarship Council for a PhD studentship. R. S. S. thanks the
University of Strathclyde for financial support through The
Strathclyde Chancellor’s Fellowship Scheme. H. T. thanks for
the financial support from Wallenberg Academy Fellow project
funded by K&A Wallenberg Foundation (KAW 2019.0156). A. L.
C. thanks the Royal Society for a Research Professorship.

References

1 P. V. Kamat, J. Phys. Chem. C, 2007, 111, 2834-2860.

2 N. S. Lewis and D. G. Nocera, Proc. Natl. Acad. Sci. U. S. A.,
2006, 103, 15729-15735.

3 Q. Wang, C. Pornrungroj, S. Linley and E. Reisner, Nat.
Energy, 2022, 7, 13-24.

4 T. R. Cook, D. K. Dogutan, S. Y. Reece, Y. Surendranath,
T. S. Teets and D. G. Nocera, Chem. Rev., 2010, 110,
6474-6502.

4316 | Energy Environ. Sci., 2023, 16, 4305-4319

5

6
7

9

10

11
12

13

14
15

16

17

18

19

20

21

22

23

24

25

26

27

28

View Article Online

Energy & Environmental Science

R. ]. Detz, J. N. H. Reek and B. C. C. van der Zwaan, Energy
Environ. Sci., 2018, 11, 1653-1669.

J. Barber, Chem. Soc. Rev., 2009, 38, 185-196.

C. W. Mullineaux and L.-N. Liu, Annu. Rev. Microbiol., 2020,
74, 633-654.

L.-S. Zhao, T. Huokko, S. Wilson, D. M. Simpson, Q. Wang,
A. V. Ruban, C. W. Mullineaux, Y.-Z. Zhang and L.-N. Liu,
Nat. Plants, 2020, 6, 869-882.

E. H. Thorndike, Energy and Environment: A Primer
for Scientists and Engineers, Addison-Wesley Publishing
Company, 1976.

C. Jiang, S. ]J. A. Moniz, A. Wang, T. Zhang and J. Tang,
Chem. Soc. Rev., 2017, 46, 4645-4660.

N. S. Lewis, Science, 2016, 351, aad1920.

M. Sachs, R. S. Sprick, D. Pearce, S. A. J. Hillman, A. Monti,
A. A. Y. Guilbert, N. J. Brownbill, S. Dimitrov, X. Shi,
F. Blanc, M. A. Zwijnenburg, J. Nelson, J. R. Durrant and
A. 1. Cooper, Nat. Commun., 2018, 9, 1-11.

H. Nishiyama, T. Yamada, M. Nakabayashi, Y. Maehara,
M. Yamaguchi, Y. Kuromiya, Y. Nagatsuma, H. Tokudome,
S. Akiyama, T. Watanabe, R. Narushima, S. Okunaka,
N. Shibata, T. Takata, T. Hisatomi and K. Domen, Nature,
2021, 598, 304-307.

A.J. Bard and M. A. Fox, Acc. Chem. Res., 1995, 28, 141-145.
K. K. Sakimoto, A. B. Wong and P. Yang, Science, 2016, 351,
74-77.

K. K. Sakimoto, S. J. Zhang and P. Yang, Nano Lett., 2016,
16, 5883-5887.

Y. Honda, H. Hagiwara, S. Ida and T. Ishihara, Angew.
Chem., Int. Ed., 2016, 55, 8045-8048.

S. F. Rowe, G. Le Gall, E. V. Ainsworth, J. A. Davies,
C. W. J. Lockwood, L. Shi, A. Elliston, I. N. Roberts, K. W.
Waldron, D. ]J. Richardson, T. A. Clarke, L. J. C. Jeuken,
E. Reisner and ]. N. Butt, ACS Catal., 2017, 7, 7558-7566.
B. Wang, C. Zeng, K. H. Chu, D. Wu, H. Y. Yip, L. Ye and
P. K. Wong, Adv. Energy Mater., 2017, 7, 1-10.

W. Wei, P. Sun, Z. Li, K. Song, W. Su, B. Wang, Y. Liu and
J. Zhao, Sci. Adv., 2018, 4, eaap9253.

H. Zhang, H. Liu, Z. Tian, D. Lu, Y. Yu, S. Cestellos-Blanco,
K. K. Sakimoto and P. Yang, Nat. Nanotechnol., 2018, 13,
900-905.

P. Gai, W. Yu, H. Zhao, R. Qi, F. Li, L. Liu, F. Lv and
S. Wang, Angew. Chem., Int. Ed., 2020, 59, 7224-7229.
H.-X. Han, L.-J. Tian, D.-F. Liu, H.-Q. Yu, G.-P. Sheng and
Y. Xiong, J. Am. Chem. Soc., 2022, 144(14), 6434-6441.

X. Wang, J. Zhang, K. Li, B. An, Y. Wang and C. Zhong, Sci.
Adv., 2022, 8, 1-12.

W. Yu, H. Bai, Y. Zeng, H. Zhao, S. Xia, Y. Huang, F. Lv and
S. Wang, Research, 2022, 2022, 1-13.

Q. Wang, S. Kalathil, C. Pornrungroj, C. D. Sahm and
E. Reisner, Nat. Catal., 2022, 5, 633-641.

W. Yu, M. V. Pavliuk, A. Liu, Y. Zeng, S. Xia, Y. Huang,
H. Bai, F. Lv, H. Tian and S. Wang, ACS Appl. Mater.
Interfaces, 2023, 15(1), 2183-2191.

N. Kornienko, J. Z. Zhang, K. K. Sakimoto, P. Yang and
E. Reisner, Nat. Nanotechnol., 2018, 13, 890-899.

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ee01265d

Open Access Article. Published on 16 August 2023. Downloaded on 3/14/2026 12:13:17 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Energy & Environmental Science

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43
44

45

46

47

48

49

50

51

52

53

54

A. A. Krasnovsky and V. V. Nikandrov, FEBS Lett., 1987, 219,
93-96.

J. Tschortner, B. Lai and J. O. Kromer, Front. Microbiol.,
2019, 10, 866, DOI: 10.3389/fmicbh.2019.00866.

X. Fang, S. Kalathil and E. Reisner, Chem. Soc. Rev., 2020,
49, 4926-4952.

S. Cestellos-Blanco, H. Zhang and P. Yang, Faraday
Discuss., 2019, 215, 54-65.

S. Cestellos-Blanco, H. Zhang, J. M. Kim, Y. Xiao Shen and
P. Yang, Nat. Catal., 2020, 3, 245-255.

M. Hambourger, M. Gervaldo, D. Svedruzic, P. W. King,
D. Gust, M. Ghirardi, A. L. Moore and T. A. Moore, J. Am.
Chem. Soc., 2008, 130, 2015-2022.

E. Reisner, D. ]J. Powell, C. Cavazza, J. C. Fontecilla-Camps
and F. A. Armstrong, J. Am. Chem. Soc., 2009, 131,
18457-18466.

M. V. Pavliuk, M. Lorenzi, D. R. Morado, L. Gedda,
S. Wrede, S. H. Mejias, A. Liu, M. Senger, S. Glover,
K. Edwards, G. Berggren and H. Tian, J. Am. Chem. Soc.,
2022, 144, 13600-13611.

S. Freguia, B. Virdis, F. Harnisch and ]. Keller, Electrochim.
Acta, 2012, 82, 165-174.

K. Rabaey and R. A. Rozendal, Nat. Rev. Microbiol., 2010, 8,
706-716.

D. R. Lovley, Nat. Rev. Microbiol., 2006, 4, 497-508.

E. M. Nichols, J. J. Gallagher, C. Liu, Y. Su, J. Resasco,
Y. Yu, Y. Sun, P. Yang, M. C. Y. Chang and C. J. Chang,
Proc. Natl. Acad. Sci. U. S. A., 2015, 112, 11461-11466.

A. S. J. L. Bachmeier, Metalloenzymes as Inspirational Elec-
trocatalysts for Artificial Photosynthesis, Springer, 2017,
pp.179-191.

J. Guo, M. Suastegui, K. K. Sakimoto, V. M. Moody, G. Xiao,
D. G. Nocera and N. S. Joshi, Science, 2018, 362, 813-816.
K. Gurunathan, J. Mol. Catal. A: Chem., 2000, 156, 59-67.

T. Zhang and P. L. Tremblay, Biotechnol. Biofuels, 2017, 10,
1-13.

A. Nel, T. Xia, L. Médler and N. Li, Science, 2006, 311,
622-627.

H. Schwegmann, A. J. Feitz and F. H. Frimmel, J. Colloid
Interface Sci., 2010, 347, 43-48.

T. Xia, M. Kovochich, M. Liong, J. I. Zink and A. E. Nel, ACS
Nano, 2008, 2, 85-96.

W. Zhang, M. Kalive, D. G. Capco and Y. Chen, Nanotech-
nology, 2010, 21, 355103.

M. Zhu, G. Nie, H. Meng, T. Xia, A. Nel and Y. Zhao, Acc.
Chem. Res., 2013, 46, 622-631.

X. Cheng and J. C. Smith, Chem. Rev., 2019, 119,
5849-5880.

Y. Li, X. Chen and N. Gu, J. Phys. Chem. B, 2008, 112,
16647-16653.

E. M. Curtis, A. H. Bahrami, T. R. Weikl and C. K. Hall,
Nanoscale, 2015, 7, 14505-14514.

W. Wang and H. Mattoussi, Acc. Chem. Res., 2020, 53,
1124-1138.

K. E. Marusak, Y. Feng, C. F. Eben, S. T. Payne, Y. Cao,
L. You and S. Zauscher, RSC Adv., 2016, 6, 76158-76166.

This journal is © The Royal Society of Chemistry 2023

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

75

76

77

78

View Article Online

Perspective

R. Y. Sweeney, C. Mao, X. Gao, ]J. L. Burt, A. M. Belcher,
G. Georgiou and B. L. Iverson, Chem. Biol., 2004, 11,
1553-1559.

K. K. Sakimoto, A. B. Wong and P. Yang, Science, 2016, 351,
74-77.

D. P. Cunningham and L. L. Lundie, Appl. Environ. Micro-
biol., 1993, 59, 7-14.

C. L. Wang, D. S. Clark and J. D. Keasling, Biotechnol.
Bioeng., 2001, 75, 285-291.

W. Wei, X. Liu, P. Sun, X. Wang, H. Zhu, M. Hong, Z.-
W. Mao and ]. Zhao, Environ. Sci. Technol., 2014, 48,
3363-3371.

Y. Konishi, T. Tsukiyama, T. Tachimi, N. Saitoh,
T. Nomura and S. Nagamine, Electrochim. Acta, 2007, 53,
186-192.

K. E. Marusak, Y. Feng, C. F. Eben, S. T. Payne, Y. Cao,
L. You and S. Zauscher, RSC Adv., 2016, 6, 76158-76166.
C. L. Wang, A. M. Lum, S. C. Ozuna, D. S. Clark and
J. D. Keasling, Appl. Microbiol. Biotechnol., 2001, 56,
425-430.

K. N. Thakkar, S. S. Mhatre and R. Y. Parikh, Nanomedicine,
2010, 6, 257-262.

Y. Choi, T. J. Park, D. C. Lee and S. Y. Lee, Proc. Natl. Acad.
Sci. U. S. A., 2018, 115, 5944-5949.

J. Huang, L. Lin, D. Sun, H. Chen, D. Yang and Q. Li, Chem.
Soc. Rev., 2015, 44, 6330-6374.

N. Duran, P. D. Marcato, M. Duran, A. Yadav, A. Gade and
M. Rai, Appl. Microbiol. Biotechnol., 2011, 90, 1609-1624.
T. J. Park, K. G. Lee and S. Y. Lee, Appl. Microbiol
Biotechnol., 2016, 100, 521-534.

S. H. Kang, K. N. Bozhilov, N. V. Myung, A. Mulchandani
and W. Chen, Angew. Chem., Int. Ed., 2008, 47, 5186-5189.
S. Achinas, N. Charalampogiannis and G. J. Euverink, Appl.
Sci., 2019, 9.

P. Di Ciccio, A. Vergara, A. R. Festino, D. Paludi, E. Zanardi,
S. Ghidini and A. Ianieri, Food Control, 2015, 50, 930-936.
N. Encinas, C.-Y. Yang, F. Geyer, A. Kaltbeitzel, P. Baumli,
J. Reinholz, V. Maildnder, H.-]. Butt and D. Vollmer, ACS
Appl. Mater. Interfaces, 2020, 12, 21192-21200.

B. Carpentier and O. Cerf, J. Appl. Bacteriol., 1993, 75,
499-511.

W. M. Dunne, Clin. Microbiol. Rev., 2002, 15, 155-166.

E. Sheikhzadeh, M. Chamsaz, A. P. F. Turner,
E. W. H. Jager and V. Beni, Biosens. Bioelectron., 2016, 80,
194-200.

C. Li, L. Zhang, L. Ding, H. Ren and H. Cui, Biosens.
Bioelectron., 2011, 26, 4169-4176.

R. Wannapob, P. Kanatharana, W. Limbut, A. Numnuam,
P. Asawatreratanakul, C. Thammakhet and P. Thavarungkul,
Biosens. Bioelectron., 2010, 26, 357-364.

N. Elgiddawy, S. Ren, A. Yassar, A. Louis-Joseph, H. Sauriat-
Dorizon, W. M. A. El Rouby, A. O. El-Gendy, A. A. Farghali
and H. Korri-Youssoufi, ACS Appl. Mater. Interfaces, 2020,
12, 39979-39990.

J. T. Wilson, W. Cui, V. Kozlovskaya, E. Kharlampieva,
D. Pan, Z. Qu, V. R. Krishnamurthy, J. Mets, V. Kumar,

Energy Environ. Sci., 2023, 16, 4305-4319 | 4317


https://doi.org/10.3389/fmicb.2019.00866
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ee01265d

Open Access Article. Published on 16 August 2023. Downloaded on 3/14/2026 12:13:17 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Perspective

79

80

81

82

83

84

85

86

87

88

89

90

91

92

93

94

95

96

97
98

99

J. Wen, Y. Song, V. V. Tsukruk and E. L. Chaikof, J. Am.
Chem. Soc., 2011, 133, 7054-7064.

J. Barlow, K. Gozzi, C. P. Kelley, B. M. Geilich, T. J. Webster,
Y. Chai, S. Sridhar and A. L. van de Ven, Appl. Microbiol.
Biotechnol., 2017, 101, 455-464.

J. Niu, D. J. Lunn, A. Pusuluri, J. I. Yoo, M. A. O’'Malley,
S. Mitragotri, H. T. Soh and C. J. Hawker, Nat. Chem., 2017,
9, 537-545.

X. Wang, K. Maeda, A. Thomas, K. Takanabe, G. Xin,
J. M. Carlsson, K. Domen and M. Antonietti, Nat. Mater.,
2009, 8, 76-80.

L. Juan, L. Yang, L. Naiyun, H. Yuzhi, Z. Xing, H. Hui,
L. Yeshayahu, L. Shuit-Tong, Z. Jun and K. Zhenhui,
Science, 2015, 347, 970-974.

J. S. M. Lee and A. I. Cooper, Chem. Rev., 2020, 120,
2171-2214.

O. M. Y. Adrien, P. Coté, A. I. Benin, N. W. Ockwig,
M. O’Keeffe and A. J. Matzger, Science, 2005, 310, 1166-1170.
C. Dai and B. Liu, Energy Environ. Sci., 2020, 13, 24-52.
X. Zhou, L. Zhou, P. Zhang, F. Lv, L. Liu, R. Qi, Y. Wang,
M. Y. Shen, H. H. Yu, G. Bazan and S. Wang, Adv. Electron.
Mater., 2019, 5, 1-10.

M. Fletcher and G. I. Loeb, Appl. Environ. Microbiol., 1979,
37, 67-72.

I. Yoda, H. Koseki, M. Tomita, T. Shida, H. Horiuchi,
H. Sakoda and M. Osaki, BMC Microbiol., 2014, 14, 1-7.
C. M. L. Bollen, W. Papaioanno, J. Van Eldere, E. Schepers,
M. Quirynen and D. Van Steenberghe, Clin. Oral Implants
Res., 1996, 7, 201-211.

S. Kandambeth, V. Venkatesh, D. B. Shinde, S. Kumari,
A. Halder, S. Verma and R. Banerjee, Nat. Commun., 2015,
6, 6786.

J. Chen, W. Yan, E. J. Townsend, J. Feng, L. Pan, V. Del
Angel Hernandez and C. F. J. Faul, Angew. Chem., Int. Ed.,
2019, 58, 11715-11719.

Z.Ji, H. Zhang, H. Liu, O. M. Yaghi and P. Yang, Proc. Natl.
Acad. Sci. U. S. A., 2018, 115, 10582-10587.

L. Liu, X. Wang, S. Zhu, C. Yao, D. Ban, R. Liu, L. Li and
S. Wang, Chem. Mater., 2020, 32, 438-447.

L. Liu, X. Wang, D. Ban, S. Zhu and L. Li, Colloids Surf., A,
2020, 591, 1245609.

A. Barras, F. A. Martin, O. Bande, ].-S. Baumann, J.-
M. Ghigo, R. Boukherroub, C. Beloin, A. Siriwardena and
S. Szunerits, Nanoscale, 2013, 5, 2307-2316.

C. N. Spaulding, R. D. Klein, S. Ruer, A. L. Kau, H. L.
Schreiber, Z. T. Cusumano, K. W. Dodson, J. S. Pinkner,
D. H. Fremont, J. W. Janetka, H. Remaut, J. I. Gordon and
S. J. Hultgren, Nature, 2017, 546, 528-532.

R. Ma and L. Shi, Polym. Chem., 2014, 5, 1503-1518.

X. Yan, A. Sivignon, N. Yamakawa, A. Crepet, C. Travelet,
R. Borsali, T. Dumych, Z. Li, R. Bilyy, D. Deniaud,
E. Fleury, N. Barnich, A. Darfeuille-Michaud, S. G. Gouin,
J. Bouckaert and J. Bernard, Biomacromolecules, 2015, 16,
1827-1836.

C. Xue, S. Velayudham, S. Johnson and R. Saha, Chem. -
Eur. J., 2009, 2289-2295.

4318 | Energy Environ. Sci., 2023, 16, 4305-4319

100

101

102

103
104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119
120

121

122

123

124

View Article Online

Energy & Environmental Science

C. M. Aitchison and R. S. Sprick, Nanoscale, 2021, 13,
634-646.

K. Hola, M. V. Pavliuk, B. Németh, P. Huang, L. Zdrazil,
H. Land, G. Berggren and H. Tian, ACS Catal., 2020, 10,
9943-9952.

D. J. Woods, R. S. Sprick, C. L. Smith, A. J. Cowan and
A. 1. Cooper, Adv. Energy Mater., 2017, 7, 1-6.

K. Landfester, Adv. Mater., 2001, 13, 765-768.

C. Wu, C. Szymanski and J. McNeill, Langmuir, 2006, 22,
2956-2960.

J. Pecher and S. Mecking, Chem. Rev., 2010, 110(10), 6260-6279.
L. Wang, R. Fernandez-Teran, L. Zhang, D. L. A.
Fernandes, L. Tian, H. Chen and H. Tian, Angew. Chem.,
Int. Ed., 2016, 55, 12306-12310.

J. Kosco, S. Gonzalez-carrero, C. T. Howells, T. Fei, Y. Dong,
R. Sougrat, G. T. Harrison, Y. Firdaus, R. Sheelamanthula,
B. Purushothaman, F. Moruzzi, W. Xu, L. Zhao, A. Basu,
S. De Wolf, T. D. Anthopoulos, ]J. R. Durrant and
I. Mcculloch, Nat. Energy, 2022, 7, 340-351.

X. Feng, G. Yang, L. Liu, F. Lv, Q. Yang, S. Wang and
D. Zhu, Adv. Mater., 2012, 24, 637-641.

B. Moulton and M. J. Zaworotko, Chem. Rev., 2001, 101,
1629-1658.

A. Comotti, S. Bracco and P. Sozzani, in Comprehensive
Supramolecular Chemistry II, ed. J. L. Atwood, Elsevier,
Oxford, 2017, pp. 75-99, DOIL: 10.1016/B978-0-12-409547-
2.12494-1.

D. Astruc, E. Boisselier and C. Ornelas, Chem. Rev., 2010,
110, 1857-1959.

N. Zhang, L. Wang, H. Wang, R. Cao, ]J. Wang, F. Bai and
H. Fan, Nano Lett., 2018, 18, 560-566.

J. Wang, W. Shi, D. Liu, Z. J. Zhang, Y. Zhu and D. Wang,
Appl. Catal., B, 2017, 202, 289-297.

G. Zhang, X. Yang, Y. Li, P. Zhang and H. Mi, ChemSusChem,
2019, 12, 5070-5074.

M. Xu, K. Kong, H. Ding, Y. Chu, S. Zhang, F. Yu, H. Ye,
Y. Hu and J. Hua, J. Mater. Chem. C, 2020, 8, 930-934.

D. Liu, J. Wang, X. Bai, R. Zong and Y. Zhu, Adv. Mater.,
2016, 28, 7284-7290.

C. Laurencin and M. Deng, Natural and synthetic biomedical
polymers, Newnes, 2014.

R. Ma and T. Tang, Int. J. Mol. Sci., 2014, 15, 5426-5445.
D. R. Lovley, Curr. Opin. Biotechnol, 2008, 19, 564-571.

K. H. Williams, K. P. Nevin, A. Franks, A. Englert,
P. E. Long and D. R. Lovley, Environ. Sci. Technol., 2010,
44, 47-54.

P. Wang, A. Frank, J. Appel, M. Boehm, N. Strabel, M. M.
Nowaczyk, W. Schuhmann, F. Conzuelo and K. Gutekunst,
Adv. Energy Mater., 2023, 2203232.

C. Liu, B. C. Colén, M. Ziesack, P. A. Silver and D. G.
Nocera, Science, 2016, 352, 1210-1213.

J. P. Torella, C. J. Gagliardi, J. S. Chen, D. K. Bediako,
B. Coldn, J. C. Way, P. A. Silver and D. G. Nocera, Proc. Natl.
Acad. Sci. U. S. A., 2015, 112, E1507.

F. A. Armstrong and ]. Hirst, Proc. Natl. Acad. Sci. U. S. A.,
2011, 108, 14049-14054.

This journal is © The Royal Society of Chemistry 2023


https://doi.org/10.1016/B978-0-12-409547-2.12494-1
https://doi.org/10.1016/B978-0-12-409547-2.12494-1
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ee01265d

Open Access Article. Published on 16 August 2023. Downloaded on 3/14/2026 12:13:17 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Energy & Environmental Science

125

126

127

128

129

130

131
132

133

134

135

136

137

138

139

140

141

L.-N. Liu, Biochim. Biophys. Acta, Bioenerg., 2016, 1857,
256-265.

F. Aulenta, P. Reale, A. Catervi, S. Panero and M. Majone,
Electrochim. Acta, 2008, 53, 5300-5305.

R. A. Rozendal, H. V. M. Hamelers, G. J. W. Euverink,
S. J. Metz and C. J. N. Buisman, Int. J. Hydrogen Energy,
2006, 31, 1632-1640.

D. R. Lovley, Environ. Microbiol. Rep., 2011, 3, 27-35.

J. C. Thrash and J. D. Coates, Environ. Sci. Technol., 2008,
42, 3921-3931.

T. Li, Q. Jiang, J. Huang, C. M. Aitchison, F. Huang,
M. Yang, G. F. Dykes, H.-L. He, Q. Wang, R. S. Sprick,
A. 1. Cooper and L.-N. Liu, Nat. Commun., 2020, 11, 5448.
L.-N. Liu, Trends Microbiol., 2022, 30, 567-580.

Q. Jiang, T. Li, J. Yang, C. M. Aitchison, J. Huang, Y. Chen,
F. Huang, Q. Wang, A. I. Cooper and L.-N. Liu, J. Mater.
Chem. B, 2023, 11, 2684-2692.

K. J. J. Steinbusch, H. V. M. Hamelers, ]J. D. Schaap,
C. Kampman and C. J. N. Buisman, Environ. Sci. Technol.,
2010, 44, 513-517.

K. Rabaey, N. Boon, M. Hofte and W. Verstraete, Environ.
Sci. Technol., 2005, 39, 3401-3408.

E. Marsili, D. B. Baron, I. D. Shikhare, D. Coursolle,
J. A. Gralnick and D. R. Bond, Proc. Natl. Acad. Sci. U. S.
A., 2008, 105, 3968-3973.

S. Freguia, S. Tsujimura and K. Kano, Electrochim. Acta,
2010, 55, 813-818.

J. S. Deutzmann, M. Sahin and A. M. Spormann, maBio,
2015, 6, 1-8.

M. Rosenbaum, F. Aulenta, M. Villano and L. T. Angenent,
Bioresour. Technol., 2011, 102, 324-333.

H. T. Dinh, J. Kuever, M. MufSmann, A. W. Hassel,
M. Stratmann and F. Widdel, Nature, 2004, 427, 829-832.
R. A. Rozendal, A. W. Jeremiasse, H. V. M. Hamelers and
C. J. N. Buisman, Environ. Sci. Technol., 2008, 42, 629-634.
D. E. Holmes, T. Mester, R. A. O’'Neil, L. A. Perpetua,
M. J. Larrahondo, R. Glaven, M. L. Sharma, J. E. Ward,

This journal is © The Royal Society of Chemistry 2023

142

143

144

145

146

147

148
149

150
151

152

153

154

155

156

View Article Online

Perspective

K. P. Nevin and D. R. Lovley, Microbiology, 2008, 154,
1422-1435.

K. B. Gregory, D. R. Bond and D. R. Lovley, Environ.
Microbiol., 2004, 6, 596-604.

G. Reguera, K. D. McCarthy, T. Mehta, J. S. Nicoll,
M. T. Tuominen and D. R. Lovley, Nature, 2005, 435,
1098-1101.

K. P. Nevin, T. L. Woodard, A. E. Franks, Z. M. Summers
and D. R. Lovley, mBio, 2010, 1, €00103.

N. Kornienko, K. K. Sakimoto, D. M. Herlihy, S. C. Nguyen,
A. P. Alivisatos, C. B. Harris, A. Schwartzberg and P. Yang,
Proc. Natl. Acad. Sci. U. S. A., 2016, 113, 11750-11755.

F. Kracke, 1. Vassilev and ]J. O. Kromer, Front. Microbiol.,
2015, 6, 1-18.

W. Buckel and R. K. Thauer, Biochim. Biophys. Acta, Bioe-
nerg., 2013, 1827, 94-113.

Y. Anraku, Annu. Rev. Biochem., 1988, 57, 101-132.

K. Schuchmann and V. Miiller, J. Biol. Chem., 2012, 287,
31165-31171.

F. Kracke and J. O. Kromer, BMC Bioinf., 2014, 15, 410.

L. X. Chen, Proc. Natl Acad. Sci. U. S. A., 2020, 117,
8672-8673.

Y. Wang, S. Li, L. Liu, F. Lv and S. Wang, Angew. Chem., Int.
Ed., 2017, 56, 5308-5311.

Y. Bai, L. Wilbraham, B. J. Slater, M. A. Zwijnenburg,
R. S. Sprick and A. I. Cooper, J. Am. Chem. Soc., 2019,
141, 9063-9071.

B. Burger, P. M. Maffettone, V. V. Gusev, C. M. Aitchison,
Y. Bai, X. Wang, X. Li, B. M. Alston, B. Li, R. Clowes,
N. Rankin, B. Harris, R. S. Sprick and A. I. Cooper, Nature,
2020, 583, 237-241.

C. Liu, K. K. Sakimoto, B. C. Colén, P. A. Silver and
D. G. Nocera, Proc. Natl. Acad. Sci. U. S. A., 2017, 114,
6450-6455.

S. Cestellos-Blanco, R. R. Chan, Y. Shen, J. M. Kim,
T. A. Tacken, R. Ledbetter, S. Yu, L. C. Seefeldt and
P. Yang, Proc. Natl. Acad. Sci. U. S. A., 2022, 119, 1-10.

Energy Environ. Sci., 2023, 16, 4305-4319 | 4319


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3ee01265d



