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SUMMARY

The conversion of CO, to value-added products powered with solar energy is an
ideal solution to establishing a closed carbon cycle. Combining microorganisms
with light-harvesting nanomaterials into photosynthetic biohybrid systems
(PBSs) presents an approach to reaching this solution. Metabolic pathways pre-
cisely evolved for CO, fixation selectively and reliably generate products. Nano-
materials harvest solar light and biocompatibly associate with microorganisms
owing to similar lengths scales. Although this is a nascent field, a variety of ap-
proaches have been implemented encompassing different microorganisms and
nanomaterials. To advance the field in an impactful manner, it is paramount to un-
derstand the molecular underpinnings of PBSs. In this perspective, we highlight
studies inspecting charge uptake pathways and singularities in photosensitized
cells. We discuss further analyses to more completely elucidate these constructs,
and we focus on criteria to be met for designing photosensitizing nanomaterials.
As a result, we advocate for the pairing of microorganisms with naturally occur-
ring and highly biocompatible mineral-based semiconductor nanomaterials.

INTRODUCTION

For the first time in modern history, the atmospheric concentration of CO, exceeded 410 ppm in 2017.
While this number may seem inconsequentially small, it represents a level of CO, that has resulted in disas-
trous climatic patterns which will only continue to worsen (Sellers et al., 1996). Although several leading
countries are investing in renewable energy harvesting, the rate of decarbonization is much too slow to
affect meaningful change, especially now that greenhouse gas emissions are driven by industrializing coun-
tries (Mitchell et al., 2000; Samset et al., 2020). To avert permanent catastrophes, we must find a strategy to
reconstitute CO, to economically viable products.

Photosynthesis is the most crucial terrestrial process undertaking the absorption and conversion of CO; to
carbon-based chemicals (Barber, 2009). Plants and several microorganisms harvest solar light, which they
use to transform CO; and H,O to glucose and O, through Z-scheme linked catalytic centers. While plant-
based photosynthesis provides an avenue for decreasing atmospheric COy, it is important to develop other
approaches for CO, conversion that operate in faster time scales and do not require arable land (Fedoroff
and Cohen, 1999; Williams and Laurens, 2010; Zhu et al., 2010). Electrocatalyst-based CO, reduction has
made outsize strides in the past decades (Ross et al., 2019); however these platforms often require costly
metals and complicated catalyst synthesis. In order to overcome these challenges, inspiration can be drawn
from natural photosynthesis by reducing CO; biocatalytically driven with solar energy.

Society would beill-advised not to take advantage of the unmatched amount of energy provided by the sun. Earth's
biomass is a result of plants and organisms effectively utilizing solar energy (Kim et al., 2015; Bourzac, 2016). A critical
amount of research and development has yielded commercially viable photovoltaic cells that routinely reach 20%
solar-to-electricity conversion rates (Green et al., 2019). While solar cells are beginning to make a dent in the energy
landscape, the link between solar energy harvesting and CO, conversion remains elusive.

Materials that can both efficiently harvest solar energy and act as CO, reduction catalysts have not been
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platforms by external photovoltaic cells or integrated CO; catalysts into photoelectrochemical systems.
For instance, photovoltaic-driven electrolysis has reached 30% solar-to-water splitting efficiency through
a variety of engineering adaptations (Jia et al., 2016). While integrated photoelectrochemical platforms
typically consisting of metal nanocrystals in a semiconductor platform can reach high CO; turnover rates,
products are largely C; with poor selectivity (Barton et al., 2008; Kong et al., 2016; Sahara et al., 2016; Zhou
et al., 2016).

Recently, a new approach for solar-powered CO;, fixation has been introduced. Semiconductor nanomate-
rials have been directly interfaced with electroautotrophic bacteria to convert CO, to multi-carbon prod-
ucts, thus realizing photosynthetic biohybrid systems (PBSs) (Liu et al., 2015; Tremblay et al., 2015; Sakimoto
et al., 2016a; Zhang et al., 2018; Kumar et al., 2019). The cornerstone bacteria in these systems were ace-
togens encompassing the Wood-Ljungdahl pathway though other strains have now been incorporated
to diversify products (Wang et al., 2019a; Cestellos-Blanco et al., 2020; Xu et al., 2021). The interface be-
tween solar harvesting nanomaterials and whole-cell bacteria allows for solar energy to drive CO; reduc-
tion to multi-carbon products through “living” biocatalysts that self-repair, self-generate, and are highly
selective. As a diversity of scientists begin to move this field forward, it is essential to reflect on how we
can improve our understanding of the fundamental processes that underlie the biohybrid coupling to
create more seamless interfaces. In this perspective, we analyze studies that aim to enhance our compre-
hension and suggest new bioinspired semiconductor materials to realize the potential of PBSs.

As the field of photosynthetic semiconductor biohybrids advances, it is important to deeply investigate the
interfaces and processes that it is based upon. Several research groups have taken up this task through a
variety of methods, including spectroscopic, transcriptional, and proteomic analyses (Figure 1). Although
there remain unanswered questions, these studies build a foundation for further exploration.

CHARGE TRANSFER PATHWAY AND METABOLIC ANALYSES

Whole-cell biocatalysts can be coupled with semiconductor nanoparticles. The cells, typically autotrophic
bacteria, take up photoexcited electrons to perform cellular functions, including CO; fixation. Translucent
and light-activated photosensitized organisms provide the opportunity to study in situ charge uptake
through spectroscopic methods. Kornienko et al. (Kornienko et al., 2016) employed transmittance-based
transient absorption (TA) spectroscopy and time-resolved infrared (TRIR) spectroscopy to discern the
path of photoexcited reducing equivalents in Moorella thermoacetica— CdS. This was carried out by study-
ing the correlation between CO, conversion rates and hydrogenase activity over different timescales. TA
spectroscopy probed the M. thermoacetica— CdS system to understand charge carrier lifetime. The decay
lifetimes for electron transfer kinetics decreased with increased hydrogenase activity, with bare CdS
owning the slowest decay. This illustrates that cellular processes are responsible for quickly using the pho-
togenerated charge. However, inhibition of hydrogenase did not lead to significantly different lifetimes,
indicating that at least two mechanisms are present for electron uptake. To investigate this observation,
TRIR spectroscopy was employed to explain decreased photosynthetic rates at small timescales. The
absence of vibrational modes characteristic to the catalytic cycle of hydrogenase confirms other electron
transfer mechanisms that predominate at shorter timescales when hydrogenase expression has not yet
been elevated. Therefore, charge uptake from photoexcited CdS may occur through a molecular hydrogen
intermediate or directly by charge uptaking cellular proteins.

Genetic analysis of photosensitized bacteria may provide more information. A study conducted by Jin
et al. (Jin et al., 2021) performed a transcriptome analysis of the pairing between acetogen Clostridium
autoethanogenum and CdS nanoparticles to differentiate between direct electron transfer and Hy-medi-
ated mechanisms. Hierarchical clustering and principal component analysis of sequencing data were
used to compare gene expression in carbon metabolism and energy conservation pathways between
CdS light-exposure conditions and Hj-autotrophic growth conditions. Although genes for the Wood-
Ljungdahl pathway of CO, fixation were highly expressed in both systems, genes associated with energy
conservation were more activated in the CdS-driven system. Notably, the rnfC gene encoding for the Rnf
complex which couples ferredoxin oxidation with NAD + reduction was 1.6X more upregulated in the
CdS containing system. The authors suggest that photoexcited electrons from CdS are transported
across the cell membrane by metal or flavin molecules. Furthermore, Ni/Fe hydrogenase genes were
3.8X more upregulated than in the Hp-autotrophic cultures. This confirms that both hydrogenases and
the Rnf complex are involved in CO, to acetate conversion linked autotrophic growth in
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Figure 1. Overview of methods employed to study CdS-bacteria hybrids
These approaches encompass transcriptional, proteomic, and metabolic analysis, as well as transient absorption and time-resolved infrared spectroscopy.

C. autoethanogenum-CdS. It should be noted that it is not clear whether the authors performed tran-
scriptome analysis on light-deficient C. autoethanogenum-CdS in order to tease out any effects on
gene regulation stemming from the toxicity of Cd.

Proteomic and metabolomic characterization offers further insight into how increased genetic expression
of specific genes also activates certain metabolic pathways. Zhang et al. studied these changes in the
M. thermoacetica-CdS inorganic hybrid system using mass spectrometry and proteomic analysis (Zhang
et al., 2019b). The upregulation of electron transfer and energy conservation proteins flavoprotein
(moth_1517), ferredoxin (moth_1200), and NADP dehydrogenase (moth_2186) confirms that these proteins
are active in charge transfer from photoexcited CdS to M. thermoacetica. The authors posit that electrons
taken up by these enzymes are further shuttled across the cell membrane by menaquinones. Additionally,
enzymes part of the Wood-Ljungdahl pathway including formate dehydrogenase (Mt, moth_2312), CO de-
hydrogenase (CODH, moth_1972), acetyl-CoA synthase (ACS, moth_1201), and phosphate transferase
(moth_0864) are more upregulated in M. thermoacetica-CdS compared with bare M. thermoacetica. The
Wood-Ljungdahl pathway results in the production acetyl-CoA which is partially used to generate citrate
with oxaloacetic acid by citrate synthase. The authors found upregulation of citrate synthase and observed
a higher concentration of citrate in the M. thermoacetica-CdS samples. This suggests that photosensitiza-
tion with CdS impacts M. thermoacetica holistically in particular processes downstream of the Wood-
Ljungdahl pathway and that acetate production alone does not capture the full physiological changes in
PBSs.
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In addition to CO; fixation, bio-inorganic hybrids for light-driven denitrification have also been realized be-
tween T. denitrificans and CdS. In this study, the authors demonstrate that gaseous nitrous oxide (N,0), a
valuable chemical oxidant, can be produced with high purity from nitrate (N3O~) by hamessing bacterial
metabolism driven by light (Chen et al., 2019). A set of enzymes in autotrophic denitrifiers reduce nitrate
to nitrite (nitrate reductase), nitrite to nitric oxide (nitrite reductase), nitric oxide to nitrous oxide (nitric ox-
ide reductase), and nitrous oxide to N, (nitrous oxide reductase). Over the course of T. denitrificans-CdS
photosensitization, all of the initial nitrate was depleted. Of the nitrogenous products formed, 72% was
converted to nitrous oxide, while significantly smaller amounts of ammonia and N, were also detected.
Each of the enzymes involved in the denitrifying process was upregulated under the light-driven CdS con-
ditions compared with T. denitrificans alone, confirming activation of the enzymatic pathway from CdS
photosensitization. The authors propose that quinols and cytochromes embedded in the membrane of
T. dentrificans directly accept electrons from CdS nanoparticles and serve as electron donors for denitrify-
ing proteins.

Altogether these reports present important techniques applied to understanding the charge transfer path-
ways and cellular changes in photosensitized cells. However, narrowing down to specific pathways and
elucidating the mechanistic basis remains largely unexplored due to the complex nature of this semicon-
ductor/whole-cell interface. The field of bioelectrochemistry, where electrotrophic cells are paired with an
electrode, has seen the development of various approaches to specifically analyze proteins, redox shuttles,
and pathways involved in charge transfer (Bose et al., 2014; Wang et al., 2019b; Saunders et al., 2020,
Kretzschmar and Harnisch, 2021). Electrochemical techniques such as cyclic voltammetry and electrochem-
ical impedance spectroscopy can be applied to study redox-active molecules/proteins and characteristics
of biofilm-laden electrodes (Fricke et al., 2008; Kim et al., 2011). Light microscopy has been used in
conjunction with a fluorescent membrane potential indicator to elucidate extracellular electron transfer
bioenergetics (Pirbadian et al., 2020). Given that single charge uptake pathways have not been definitively
identified in photosensitized cells, it is important to note a model bioelectrochemical study that identified
the mode of extracellular charge transfer in gut bacterium Listeria monocytogenes (Light et al., 2018). The
authors found that a flavin-based pathway transports electrons intracellularly to a charge acceptor. Mutants
with reduced charge transfer identified via electrochemical output were then studied to reveal the genetic
locus responsible for extracellular electron transfer. The locus encodes for NADH dehydrogenase that links
electron transport to a membrane-bound quinone pool. A flavoprotein along with flavins then routinely de-
pletes the quinone pool stock through electron transfer to an extracellular species. It is worth mentioning
that orthologues of this locus are present in many other similar intestinal species. An emulative approach
could be applied to the study of PBS where a mutant screen is undertaken to ascertain if there is an acti-
vated pathway enabled by a specific genetic locus. It will be interesting to determine if the pathway dedi-
cated to extracellular electron transfer is activated, indicating that all or part of the pathway is necessary for
charge uptake from light-activated intracellular nanoparticles. This would then also aid in understanding
how to best design the nanoparticles to associate with the immediate biological charge uptake mecha-
nism. And finally, it would help to steer efforts toward targeting specific enzymes for the intracellular nano-
particle-enzyme association by having a specialized toolkit to analyze any changes in the charge uptake
pathway.

CRITERIA FOR PHOTOSENSITIZER NANOMATERIALS

Mechanistic studies have rendered insight into the semiconductor-microorganism interface and how the
living systems adapt to light-harvesting nanomaterials. These studies also serve to highlight future chal-
lenges for semiconductor-microorganism pairings. Nanomaterial-organism incompatibility, such as nano-
material cytotoxicity and unoptimized charge flux across abiotic-biotic interfaces, limit the development of
more energy-efficient and sustainable PBS (Lewinski et al., 2008; Su et al., 2020). It is important to establish
the criteria which could be used to optimize the light-harvesting capability and subsequent charge transfer
to redox-active molecules.

One aspect is improving the properties of the semiconducting nanomaterial. Tailoring the bandgap of
these materials to absorb visible light is one such criterion. Gaps greater than 3.2 eV correspond to UV
or higher energy radiation, which comprises at most 5% of the incident sunlight and can also cause DNA
pyrimidine dimerization, damage, and cell death (Schreier et al., 2007). CdS is a prototypical material
that has successfully photosensitized microorganisms; however, it is dependent on the UV region and is
harmful to humans and the environment. By using materials that do not rely on UV irradiation for
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photoexcitation, the detrimental effects of UV light on living organisms can be avoided while allowing for
higher intensity light to be harvested. Notably, Guo et al. (Guo et al., 2018) showed that indium phosphide
can be used as a photosensitizing material that absorbs in the visible light spectrum. In addition to
bandgap customization, matching the potentials of the nanomaterial conduction band to those for reduc-
tive water splitting, electron transfer proteins (e.g. cytochromes), and charge carrying coenzymes, such as
NAD(P)*, improves the material-microbe interface (Chen et al., 2020). Through the coupling of these po-
tentials, electron transfer by hopping from the nanomaterial to the redox couples is facilitated (Nakamura
et al., 2013; Zhou et al., 2015; Ding et al., 2019).

Another important facet is fostering favorable interactions between nanomaterials and cell membranes to
maximize the biocompatibility of the material. Notable criteria are the dimensions of the material and its
surface charge. Because association with the membrane involves adhesion to the bilayer, subsequent
deformation, and sometimes endocytotic encapsulation of the particle, using larger particles risks the
chance of compromising the cell membrane by creating a pore/hole in the membrane (Verma and Stellacc,
2010; Contini et al., 2018). Spherical nanoparticles have been shown to be the more efficacious relative to
other morphologies, in terms of microbe acceptance, given the low surface area-to-volume ratio of a
sphere (Verma and Stellacci, 2010). Cell membranes generally are negatively charged, which results in
cationic nanoparticles having stronger affinities due to electrostatic attraction. Indium phosphide, for
instance, forms cationic nanoparticles and has seen much popularity in making biocompatible quantum
dots in addition to direct photosensitization of yeast biohybrids (Devatha et al., 2017; Guo et al., 2018;
Jo et al., 2020). However, highly charged cationic nanoparticles may also have antimicrobial properties
(Zhang et al., 2020).

Since cells are intrinsically anisotropic and compartmentalized, the location of the nanomaterial on or in the
cell could affect the synergy required for photosensitization. Gold nanoclusters can be assimilated within
the confines of the cell, where the nanoclusters absorb light and provide electrons necessary in the Wood-
Ljungdahl pathway and other cell functions (Zhang et al., 2018). In contrast, cadmium and iron sulfide nano-
particles adhere to the cell membrane (Sakimoto et al., 2016a; Deng et al., 2020). Nanomaterial location,
relative to the cell, impacts the electron transfer pathway (Luo et al., 2021). For intracellular nanomaterials,
photogenerated electrons may be transferred directly to enzymatic mediators and metabolic charge car-
riers. Extracellular and membrane-associated light harvesters supply electrons through both mediated and
direct transfer pathways. In the mediated pathway, for instance, H,O is reduced to H,, which then fuels the
reduction of redox molecules like NAD" and Fd., on bifurcating hydrogenase, whereas in the direct
pathway, membrane-bound proteins like ferredoxin, flavoprotein, cytochrome, or RnF directly take up
photoexcited charge carriers (Kremp et al., 2020). Either pathway ultimately provides reducing equivalents
to metabolic pathways such as the Wood-Ljungdahl pathway.

In the two-branch Wood-Ljungdahl pathway, CO; is reduced to CO while additional CO; is reduced to
formate and subsequently bound as a methyl group. These are combined by acetyl-CoA synthase to
form acetyl-CoA (Ragsdale and Pierce, 2008). Acetyl-CoA can be used as a building block in protein biosyn-
thesis or converted to acetate, extracting ATP in the process. Given the demonstrations of nanomaterials
binding to specific biostructures (Kornienko et al., 2018), photosensitizing nanoparticles could be designed
to target enzymatic complexes in the Wood-Ljungdahl pathway to provide photoexcited electrons directly.
Ding et al. (Ding et al., 2019) showcased this concept by synthesizing nanoparticles with a zinc sulfide shell
that enhance binding to proteins like hydrogenase. Brown et al. (Brown et al., 2016) also achieved specific
coupling between extracted and purified nitrogenase and CdS nanorods. For this purpose, it is important
to tailor the conduction band edge potential to that of a specific biological process and leverage surface
chemistry. While the basis of the Wood-Ljungdahl pathway is nearly identical among acetogenic bacteria,
each species has its own intrinsic hydrogenases and charge transporting conduits (Schuchmann and Muller,
2014). As such, matching the material conduction band potentials to those of the relevant redox couples is
paramount to synergistically joining material and microbe.

Our final criterion concerns biogenic nanomaterials, which are manufactured in situ by microorganisms.
This approach, which utilizes microbial biomineralization, has been successful in forming nanomaterial-
decorated membranes with no significant impairment on cell viability (Sakimoto et al., 2016a; Bandala
et al., 2020). Choi et al. (Choi and Lee, 2020) have compiled an extensive list of biomanufactured nanoma-
terials produced both through microbes and bacteriophages. Notably, Yu and Leadbetter (Yu and
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Figure 2. Bandgap positions of a representative photosensitizer CdS (black) and various promising minerals (red,
green)

The bandgap energies are shown with respect to standard hydrogen electrode at pH 7, and the redox potentials of H,O
and biological electron carriers. Red bars denote reported biosynthesized nanomaterials. Green bars represent yet-to-be
biosynthesized nanomaterials (Vogel et al., 1994; Sakai et al., 2005; Tvrdy et al., 2011; Kracke, Vassilev and Krémer, 2015;
Jiang et al., 2017; Shown et al., 2018; Zhang et al., 2019a; Guo et al., 2021). Fd, ferredoxin; NADP, nicotinamide adenine
dinucleotide phosphate; NAD, nicotinamide adenine dinucleotide; FMN, flavin mononucleotide.

Leadbetter, 2020) have shown that bacteria can oxidize extracellular manganese to synthesize tetravalent
manganese oxide (i.e., birnessite), a reported semiconductor and a major component of desert mineral
rock varnish. Microbes can directly play an important role in the formation of naturally formed mineral semi-
conductors (Bower et al., 2015). Several naturally occurring minerals are redox-active and electrically
conductive and, while maintaining close contact with microorganisms, support microbial metabolism (Lu
et al.,, 2019). These intimate interactions with minerals stimulate upregulation of key enzymes for central
metabolism and redox enzymes for extracellular electron transfer (EET) (Wang et al., 2018).

EARTH-ABUNDANT SEMICONDUCTOR MINERALS AS BIOGENIC AND COMPATIBLE
PHOTOSENSITIZERS

This relation between microorganisms and minerals has motivated the creation of more seamlessly inter-
faced and biocompatible systems. Recent publications on the redox and electrochemical activity between
minerals and microorganisms have noted the remarkable metabolic versatility and diversity of electroactive
microbes. Lu et al. (Taylor-George et al., 1983; Lu et al., 2019) have reported that desert rock varnish is bac-
teria-driven and consists mainly of semiconducting iron and manganese (hydr)oxides that absorb in the
visible light spectrum. They claim that the main compounds in the photoactive varnish can supply Pseudo-
monas aeruginosa with extracellular electrons upon exposure to light. Liu et al. (Liu et al., 2020), however,
have noted that minerals can also “courier” electrons. From their findings, hematite can mediate the reduc-
tion of outer membrane c-type cytochromes under dark conditions by shuttling electrons from a ferrous
iron source to the ferric iron bound in the c-type cytochromes. Mineral iron sulfides can also mediate elec-
tron flow (Nakamura et al., 2013). Sulfate-reducing bacteria could biomineralize these compounds on their
membranes, which acts as an electrical conduit and facilitates transmembrane electron transfer. In another
study, Yu et al. (Yu et al., 2020) report improved rates of EET by using iron sulfide nanomaterials. In all of
these investigations, microbes were able to either utilize extracellular minerals or decorate and function-
alize themselves with these naturally occurring inorganic compounds, further highlighting the ability of mi-
crobes to mesh with inorganic compounds and create functional photosynthetic hybrids.

Mineral-based photosensitization looks to be a promising direction of study. Through functionalizing microbes
with biocompatible and biomanufactured analogs, the all-too-common problematic cytotoxic properties of
nanomaterials can be dodged. The minerals themselves pose to be natural, “organic” counterparts to labora-
tory synthesized “artificial” nanomaterials. Figure 2 depicts several semiconducting minerals with their respec-
tive band edge positions, which have either been successfully integrated into autotrophic microbes as light
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harvesters or are promising photosensitizers. The photoactive minerals whose conduction band edges are posi-
tioned lower than the redox potential of proton reduction, such as MnO, and InP, could provide a platform to
investigate direct electron transfer pathways. Along with the efficient electron transfer to microorganisms, em-
ploying an apt hole scavenger is crucial to avoid creating a cytotoxic oxidative environment. The oxidation of
sulfur substances is a common strategy that can provide reducing reagents necessary for anaerobic respiration,
and sulfur compounds such as cysteine have been used as sacrificial hole scavengers in typical biohybrid sys-
tems (Luther et al., 2011; Sakimoto et al., 2016a).

Itis necessary to promote long-term and economically viable solar-to-chemical production in PBSs. In photosen-
sitized bacteria, typical hole scavengers such as cysteine, ascorbic acid and HEPES limit large-scale application.
Sakimoto et al. (Sakimoto et al., 2016b) devised TiO, nanoparticles loaded with Mn(ll) phthalocyanine for the so-
lar-driven regeneration of cysteine hole scavengers. However, TiO, coupled water oxidation creates oxygen and
reactive oxygen species (ROS) which are cytotoxic to autotrophic bacteria. A metal organic framework nanosheet
coating was conceived in order to protect autotrophic bacteria from oxygen and ROS (Ji et al., 2018). Further-
more, strictly anaerobic S. ovata were adapted to resist higher oxygen concentrations (Shi et al., 2021). However,
these techniques have not yet been applied to photosensitized bacteria. In addition to hole scavenger regener-
ation it is important to identify and employ alternative hole scavengers that are more inexpensive relative to the
products and lack biological activity (Kamat and Jin, 2018; Gébbels et al., 2021). The cost of the photosensitizer
needs to also be taken into account. While gold nanoclusters (Zhang et al., 2018) or indium phosphide nanopar-
ticles (Guo et al., 2018) as photosensitizers are unlikely to render economically viable systems, these have shown
that cells can be photosensitized by a wider variety of light-active nanoparticles. With this in mind, we advocate
for the exploration of earth-abundant and inexpensively processed minerals as photosensitizers. Another advan-
tage of using semiconducting minerals is that these can be biogenically re-fabricated in case of degradation or
loss of the material thus potentially prolonging the stability of PBS. Overall, in order to ensure economic viability
and applicability of PBS, the hole scavenger needs to be regenerated and low cost, as well as biocompatible hole
scavengers need to be employed. These measures could also increase product titer and scalability.

PBS presents a strategy for the conversion of CO; to value-added chemical production using solar photons.
While much effort has gone into elucidating how these hybrid systems function, explicit pathways with
comprehensive explanations remain elusive. Furthermore, there is room for improvement in semicon-
ductor nanomaterial selection. Bandgap and band edge design and synergistically meshing nanomaterial
with cells are areas where progress can be made. Last, naturally occurring semiconducting minerals play an
active role in microbial electron transport. This specific marriage looks to be a promising area of research,
which could shed light on the origins of photosynthesis.
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