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Abstract: The biological process of photosynthesis was critical in catalyzing the oxygenation of Earth’s
atmosphere 2.5 billion years ago, changing the course of development of life on Earth. Recently,
the fields of applied and synthetic photosynthesis have utilized the light-driven protein—pigment
supercomplexes central to photosynthesis for the photocatalytic production of fuel and other various
valuable products. The reaction center Photosystem I is of particular interest in applied photosynthesis
due to its high stability post-purification, non-geopolitical limitation, and its ability to generate the
greatest reducing power found in nature. These remarkable properties have been harnessed for the
photocatalytic production of a number of valuable products in the applied photosynthesis research
field. These primarily include photocurrents and molecular hydrogen as fuels. The use of artificial
reaction centers to generate substrates and reducing equivalents to drive non-photoactive enzymes for
valuable product generation has been a long-standing area of interest in the synthetic photosynthesis
research field. In this review, we cover advances in these areas and further speculate synthetic and
applied photosynthesis as photocatalysts for the generation of valuable products.

Keywords: photosynthesis; photoelectrochemical devices; biohybrid; synthetic biology;
photochemistry; photoelectrochemistry; hydrogen evolution

1. Introduction

The generation of electricity through renewable, sustainable means is a crucial step for meeting
future anthropocentric energy demands. Several renewable energy technologies have been utilized,
such as wind, geothermal, hydroelectric, and wave/tide generators. However, these technologies
are dependent on local resources and are therefore location limited. One energy resource that is of
great interest and abundantly widespread is solar energy that can be captured through photovoltaics
technology. Converting solar energy via applied and synthetic photosynthesis could lower society’s
dependence on fossil fuels. However, the overwhelming majority of current photovoltaics in use
today are crystalline silicon solar cells, part of the first generation of photovoltaic technologies. These
utilize rare and precious metals in their materials that require specific recycling requirements, and
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are estimated to generate over 50 million tons of waste by 2050. Clearly, further improvement on
current photovoltaic technology is necessary for the future. Applied photosynthesis, being studied as
an emerging photovoltaic technology, takes inspiration from and utilizes the fundamental mechanisms
and components that nature has already developed for biological photosynthesis, specifically the light
reactions of biological photosynthesis.

Incorporating biological light-absorbing pigments into otherwise man-made devices is an attractive
approach for converting solar energy into electric potential or fuels due to their high internal quantum
efficiency of charge separation, non-toxic nature, and carbon-neutral production. One such device is
the dye-sensitized solar cell (DSSC), part of the third generation of photovoltaic technologies being
developed that has been of great interest to researchers. The fundamental charge generation processes
in DSSCs are similar to those found in natural photosynthesis, and are as follows: a chromophore
absorbs a photon, producing the dye excited state. The excited state transfers an electron to an n-type
semiconductor support, which results in current flow from the photoanode to cathode in the cell.
The resulting surface-oxidized dye regenerates the ground state by electron transfer from a reduced
redox mediator in solution, and the oxidized form of the mediator is then re-reduced at the cathode to
complete the electric circuit of the cell. This process allows the stable conversion of photon energy
to electric potential energy, which could also be used to drive net catalytic redox reactions to give a
photoelectrosynthetic cell in place of a photovoltaic device, such as a DSSC. In Figure 1 below, the key
components necessary for a biohybrid photoelectrosynthetic cell are shown.
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Figure 1. General schematic showing the key working components of a biohybrid photoelectrosynthetic
cell. The figure shows a bio-absorber (dye), after light excitation donating an electron through a linker
to a semiconductor surface. This electron is then passed to the counter electrode where it interacts with
a redox mediator that reduces the oxidized bio-absorber and completes the circuit.

Similarly, the first stage of photosynthesis requires a photon to be absorbed by pigments bound
within protein complexes in a light-harvesting antenna, promotion of an electron to an excited state
and then subsequent charge separation followed by multiple electron-transfer steps. Reaction centers
such as Photosystem I (PSI), Photosystem II (PSII), and bacterial reaction centers from organisms such
as the purple bacterium Rhodobacter sphaeroides (R. sphaeroides) are examples of such protein-pigment
supercomplexes, and they operate at internal quantum efficiencies approaching 100%. PSII performs
the biological oxidation of water at +1.2 V vs. SHE utilizing a MnyO5Ca oxygen-evolving complex to
generate electrons. In turn, PSI generates the greatest reducing potential found in nature of —1.2 V
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vs. SHE, yielding highly reducing electrons which go on to power ATP and NADH generation along
with carbon fixation in vivo in photosynthetic organisms. Reaction centers perform their primary
charge separation activity via a special pair of pigments. In PSI, this charge separation occurs with an
exceptionally high quantum efficiency of near 100%, far above that of many synthetic photosensitizers
utilized in inorganic DSSCs, and an electron transfer rate reported to approach 50 e~ s™! PSI™! in vivo [1].
Further, PSI and other biological photosensitizers are relatively low cost and carbon neutral to produce,
with easy waste management as compared to other photosensitizers, making them of interest for the
generation of carbon-neutral, sustainable devices [2].

Another area of interest for the generation of fuels and other valuable products takes inspiration
from the biological photocatalytic process of photosynthesis, that of synthetic photosynthesis. Instead of
utilizing biological materials such as pigments or reaction centers for performing the initial conversion
of photonic to electronic energy that are then incorporated into inorganic devices, synthetic man-made
reaction centers perform the initial conversion of photonic energy which are then coupled to drive
non-photoactive biological enzymes for product generation. Since this biohybrid uses non-toxic and
highly selective enzymes and takes advantage of their high catalytic turnover rates, this area is of
increasing interest for the sustainable generation of valuable chemical products. This approach is
similar to photosynthetic organisms, who do not directly couple their photochemical reactions to
terminal catalysis, instead performing the chemical reactions in a controlled, step-wise manner through
a limited subset of reactive chemical species that power the enzymatic catalysis of substrates.

In this review, we cover recent advances and areas of focus in these two research areas of applied
and synthetic photosynthesis, specifically on photocurrent and molecular hydrogen production through
applied photosynthesis, and generation of valuable products through artificial photosynthesis. We
also speculate on areas of improvement and future directions for these bio-inspired photocatalysis
research fields.

2. Applied Photocurrent

This section reports the most recent advances of photocurrent generation by photosynthetic
protein—pigment complexes incorporated into devices for energy or valuable product generation. We
focus on the reaction centers PSI and PSII and the light-harvesting antennas Light-Harvesting Complex
I (LHC I) and Light-Harvesting Complex II (LHC II) being used as the primary photocatalysts for
these applications. Many advances discussed herein include the studies of electrode materials
and semiconducting surfaces, redox mediators, chemical modification, and some examples of
photoprotection for device stability. An overview of the electrical steps necessary for function
of these photovoltaic devices is shown in Figure 2 below.
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Figure 2. Representation of electron transfer in a photovoltaic device. This is comprised of a
photosensitive dye(s), semiconductors, and electrolyte (redox mediator). In order for forward electron
injection from a dye to a semiconductor to take place, the lowest unoccupied molecular orbital (LUMO)
must have a more negative potential than the semiconductor. The electrolyte must bear a more negative
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potential then dye™. The steps of electron transfer are as follows: (1) first, the photosensitizer (PSI)
absorbs a photon, and (2) the photosensitizer is then promoted to an excited state. Next, charge
separation by the photoexcited sensitizer occurs, and (3) the excited electron is injected into the
conduction band of the semiconductor. (4) The photosensitizer is then reduced by the redox mediator
in the electrolyte, priming it for further photoexcitation events to generate more photocurrent. Finally,
(5) the redox mediator is reduced in turn at the counter electrode, completing the circuit. Adapted
from [3].

2.1. Light Absorption, Electronic Considerations, and Optical Cross Sections of Reaction Centers

Researchers have shown that optimal energetics of electron transport pathways occur when
photoactivated biohybrid energy harvesting constructs involve PSI interacting with a soluble carrier, a
solid-state electrode, or bound catalysts [4]. PSI, PSII, and LHC I and II are biological supercomplexes
composed of both proteinaceous subunits along with pigments and other redox-active cofactors. These
protein—pigment complexes function as light absorbers and energy converters that are active over
large specific regions of the UV-Visible spectrum based on the primary pigments present in their
light-harvesting antennas. There is a general consensus in the applied photosynthesis field that PSI can
further be modified for optimal energy conversion by modification of absorption wavelengths, whichis a
property of the biohybrid material, and through the incorporation of selective biocompatible electrodes,
mediators, and composite matrices in systems for solar energy conversion, or photocatalysis [5].
Enhancement of the optical cross section of photosensitizers to extend their photoexcitation capabilities
is one strategy of interest for increasing the output of these photocatalysts. These modifications have
also been seen in nature, with photosynthetic organisms utilizing novel forms of chlorophyll pigments
with unique optoelectronic properties to make use of the portion of the UV-Visible spectrum that is
available to them [6]. In this section, we will focus on the progress made in the studies that include
information on, or involve, light absorption and electronic considerations of reaction centers. In
Figure 3 below, we show the optical cross sections of the biological reaction centers and synthetic dyes
discussed in this section.
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Figure 3. Optical cross sections of reaction centers and dyes. The UV-Visible absorption spectra of
commonly studied biological reaction centers and dyes used to extend their optical cross sections are
shown. The maxima of each spectra were normalized to 1.0 for comparison.

One research group studied the photoelectrochemistry of PSI immobilized on a photoelectrode
surface and found that upon illumination with a 676 nm band-pass filtered light at 1.4 mW cm ™2, a
photocurrent of 4 pA cm~2 is obtained [7]. This 676 nm light is near the optimal excitation wavelength
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for PSI. However, the efficiency of PSI electron generation through the absorption of incident photons
is limited by its poor absorption in the “green gap” of its absorption spectrum [8]. One approach to
increase the optical cross section of reaction centers is the incorporation of synthetic dyes that absorb
in different regions of the UV-Vis spectrum, enabling a transfer of energy from the dyes to the reaction
center [8]. Dye-modified PSI activity has been shown to be enhanced even in solid-state devices as
evident via surface photovoltage (SPV) experiments [8].

Dyes have also been conjugated to photosynthetic reaction centers and light-harvesting antennas
beyond PSIin attempts to enhance their optical cross sections, and thus, their ability to be photoactivated.
The use of dyes to fill in the “green gap” of chlorophyll-based protein—pigment complexes has been
studied for the last decade. One of the earlier reports on modulating optical cross sections assessed
synthetic porphyrin and chlorin dyes with a variety of side groups and their spectral properties and
ability to self-assemble into biomimetic light-harvesting antenna systems [9]. The highly ordered
nature of these dyes, similar to the order of pigments in biological protein-pigment complexes, allowed
for photoexcitation even when aggregated and the photochemical efficiency was unaffected [10]. The
ability to couple together different dyes in synthetic biomimetic systems to enhance light-harvesting
capabilities led to interest in the conjugation of dyes to biological reaction centers such as PSI to
similarly supplement their optical cross section.

One report on dyes conjugated with a biological protein—pigment complex used recombinant
LHC I, a PSI and PSII light-harvesting antenna complex and either one or three Rhodamine Red dyes
covalently attached via cysteine residues on the protein [11]. Dye addition did not affect the assembly,
stability or activity of LHC II. While labelling efficiencies were low, electron transfer efficiency to LHC II
was near 100%. Other dyes that have been similarly utilized include Alexa Fluor 660, 647, and 750 dyes,
yielding similarly improved photogeneration of charge separated species while maintaining protein
stability [12]. To date, the dyes Lumogen Red and ATTO 590 have been utilized to fill in the “green
gap” of PSI. The coupling of approximately 30 ATTO 590 dye molecules to PSI increased the oxygen
consumption activity of PSI by over 4-fold, and the addition of Lumogen Red allowed for greater
energy transfer to PSI via Forster resonance energy transfer. Expanding the light-harvesting capabilities
of PSI through conjugation of dyes [8,13] is likely to be an area of further focus for improving outputs
of future reaction center-based biohybrid devices.

Artificial metal nanoparticle antennas can also be used to enhance PSI light absorption and PSI
circular dichroism over the protein’s entire absorption band as opposed to the utilization of spherical
metal nanoparticles (NP), which enhances only specific plasmon resonance wavelengths [14]. Metal
NP aggregates, due to the high dielectric constant of the metal, and NP-PSI-NP antenna junctions
cause broad-resonant and non-resonant electronic field enhancements, as well as enhancing PSI’s light
absorption capabilities [14]. Some researchers were able to achieve a 100% quantum efficiency with an
integrated photoexcited PSI in solar energy conversion devices as the photoactive electrode [15]. Ag
NPs have been found to enhance chlorophyll fluorescence up to 18-fold in peridinin-chlorophyll-protein
assemblies, and 5- to 20-fold for thin films of cyanobacterial PSI [16,17]. Similarly, incorporation of
Au NPs in leaves and chloroplasts in vivo increased reaction center reduction rates [18]. While metal
NPs may not directly expand optical cross sections, enhancement of the photoelectrochemical activity
of reaction centers, including PSI, should lead to improved photocurrent outputs of devices. The
use of metal nanostructures, such as nanopyramids [19], and NPs has been suggested to enhance
photochemical activity through plasmonic coupling, and further engineering to enhance interactions
of this biotic—abiotic interface is likely to be studied for further biohybrid device improvement [20].

Quantum dots (QDs) have also been incorporated with photosynthetic reaction centers in attempts
to enhance their photoelectrochemical properties and activities. The optoelectronic properties of QDs
are as a function of both size and shape [21], allowing for fine tuning to enhance their optical cross
section. QDs have previously been shown to be capable of transferring their photoexcitation energy to
reaction centers, including PSI [22,23]. Reaction center charge separation has been found to increase
anywhere from 3-5-fold upon QD conjugation. A study assessing the interaction of CdTe QDs with
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the R. sphaeroides reaction center found that use of a polyhistidine tag on the reaction center allowed
for targeted binding of the QD to the tag, and up to ~95% QD labeling efficiency was achieved as
well [24]. The ability to now fine tune the optoelectronic as well as binding properties of QDs makes
this an area with great potential for further enhancement of biological photosynthetic reaction centers
as light-activated catalysts.

2.2. Novel Semiconductor Materials, Architectures, and Electrode Surface Modifications

There are several publications on inorganic materials and surface shape used as semiconductors
for biohybrid devices in the applied photosynthesis field. By improving the interface between the
biological and inorganic portions of biohybrid devices, the aim is to increase the compatibility and
further improve both outputs and rates of constructive forward electron transfer in devices. In this
section, we will highlight recent advances in multiple methods for enhancing photosensitizer attachment
and activity with semiconductors, including covalently linking reaction centers, intermolecular forces,
and electrostatics along with novel semiconductor materials and architectures.

2.2.1. Semiconductor Materials, Architectures, and Modifications

Novel semiconductor materials for biohybrid-based devices are of interest in the applied
photosynthesis community to promote stronger affinity of the photosensitizer (PSI, PSII, bacterial
reaction center) with the working electrode and enhance the biocompatability. Further, the electronic
properties of the semiconductor material itself must be considered so that both charge collection and
forward electron transfer from the photosensitizer reaction center occur at a rate that outcompetes the
back reaction and charge recombination of the photosensitizer. Further, the conduction band of the
semiconductor must be well matched for forward electron injection from the biological photosensitizer
with minimal wasted energy, and electron injection into the working electrode material. The use of
semiconductor materials with these properties, along with the necessary biocompatibility, has led to
many research studies on this particular method of improving biohybrid device output.

One of the most commonly used and well-studied semiconductors for DSSCs in general, as well as
specifically for biohybrid devices, is titanium dioxide (TiO,). Isolated and purified biological pigments
along with PSI and spinach LHCII can be spontaneously adsorbed in an active manner on three types
of TiO; films [25]. The ability to engineer TiO, into novel semiconductor nanostructures has been well
studied, as the ability to form 3D semiconductor architectures can dramatically increase the surface area
of the electrode, permitting several orders of magnitude improvement in the amount of photosensitizer
active in the biohybrid device. In addition to increased photosensitizer loading, increased contact with
redox electrolytes is also achieved with 3D nanostructured semiconductor materials [26]. Some 3D
structures utilized to date include TiO, nanoparticles (NPs), nanotubes, nanopyramids, and inverse
opal designs [19,27-29].

There have been reports on the use of metal-binding peptides fused onto both reaction centers
and redox mediator proteins to help increase coverage on semiconductor surfaces. Subunits of
PSI have been recombinantly produced with ZnO-binding peptides (ZOBiP-PSI), and TiO,-binding
peptides (TOBiP) have been fused to ferredoxin, the native biological acceptor of electrons from PSI
to yield TOBiP-Fd. PSI can be chemically cross linked with TOBiP-Fd on its acceptor side, and these
PSI-Fd-TOBIP fusions along with ZOBiP- and MOBiP-PSI complexes show greater affinity upon
incubation with various metal oxide nanoparticles for the semiconductor materials as compared to the
native protein [30]. Use of the native electron acceptor partner, ferredoxin, may also help to increase
forward electron transfer rates and reduce changes of PSI charge recombination occurring.

Some novel semiconductor materials being studied include gallium arsenide, carbon nanotubes
or nanoparticles, and other nanorods or nanoparticles made from TiO,, silicon, graphene, and gold.
Further modification of the semiconductor surface by using conductive films composed of Nafion or Os
polymers, oxides, metal nanoparticles, p-doped silicon, alkanethiolate self-assembled monolayer/Au,
and graphene influence the production of photocurrent.
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One such study utilized hematite as a semiconductor material with PSI. A biophotoanode
performed electronic coupling between a red algal PSI associated with its light-harvesting antenna LHCI
and nanocrystalline n-typed semiconductors, such as TiO, and hematite (o-Fe,O3), through a structured
multilayer of PSI-LHCI over both semiconductors organized as highly ordered nanocrystalline
arrays [31]. The o-Fe,O3/PSI-LHCI organization is prepared by immobilizing the PSI-LHCI complex
with its reducing side towards the x-Fe,O3 surface and nano structuring the multilayer in such a way to
organize the subsequent complex layers in a head-to-tail orientation [31]. This biophotoanode operated
at the highest quantum efficiency and generated the largest open circuit photocurrent reported to date
as compared to the tandem system based on TiO,/PSI-LHCI material [31].

The integration of large membrane proteins such as reaction centers into rapidly prepared
composite films needs to be a controlled process. One way this can be performed is through the
use of potentiostatic electropolymerization from an aqueous solution containing both polymer
and PSI to prepare polymer—protein films on Au electrodes [32]. A novel preparation with
poly(34-ethylenedioxythiophene)/single-walled carbon nanotube (PEDOT/SWCNT) composite films
with 0-50 wt.% SWCNT contents utilized a vapor-phase polymerization technique [33]. A 35
wt.% SWCNT provides a maximum power factor of 37.8 pW mK~2, which is 1.7-fold higher than
polymer—protein films prepared without SWCNTs [33].

The use of carbon-based semiconductor materials such as SWCNTs has been an area of increasing
interest in the applied photosynthesis field. A high photocurrent generation and efficiency of a
graphene-biohybrid light-harvesting electrode has been observed when it consisted of cyanobacterial
trimeric PSI complexes immobilized onto 7 system-modified graphene electrodes [34]. Cyanobacterial
PSI on glassy carbon electrodes (GCE) modified with multiwalled carbon nanotubes (MWCNTs) using
carboxylated pyrene derivative achieved covalent fixation of PSI [35]. There is a strong interaction
between conjugated aromatic compounds, such as graphene, due to m—n-stacking capabilities to adsorb
PSI onto a graphene-modified surface via electrostatic interactions [34]. A pyrene-based graphene—PSI
biohybrid system produced high photocurrent outputs up to 23-135 pA cm =2 [34].

Different polycyclic aromatic compounds can act as an interface between PSI and graphene-based
semiconductors while supporting the electrochemical communication of the biomolecule with the
electrode [36]. A PSI-polyaniline composite film best performed when deposited to a film thickness
of 185 nm, yielding an over 200-fold improvement in photocurrent output over a traditionally
deposited PSI multilayer film of similar thickness [32]. pH-dependent poly(vinyl)imidazole osmium
bis(2,2’-bipyridine) chloride redox polymer has also been utilized to improve electronic contact with
PSI, yielding an electron transfer rate of up to 335 + 14 e~ s* PS17! [1]. A completely organic, optically
transparent electrode can be constructed by using reduced graphene oxide (RGO) on which a functional
plant PSI multilayer can be deposited [37].

In 2012, the integration of PSI films with p-doped silicon resulted in the highest reported
photocurrent enhancement for a PSI biohybrid electrode [38]. Performing confined-plume-chemical
deposition (CPCD) enabled the construction of a semiconductor-biological interface for solar energy
conversion that optimizes biological and other temperature-sensitive substrates [39]. Depositing a
crystalline material zinc oxide (ZnO) anode on PSI-p-doped silicon films via CPCD helped prevent
damage to the PSI biomaterial and the need for seeding crystals [39]. Another way to maintain stable,
electrochemically active PSI is to encapsulate it in a conductive polymer, such as Nafion, which acts as
a support matrix for PSI electrodes [7]. Optimal effectiveness and efficiency are found in biohybrid
solar cells that consisted of PSI/Nafion films, specific mediators and polymers, a 10 pg cm~2 surface
density, and a 100 pg cm~2 photoactive protein loading surface density [7].

2.2.2. Electrode Materials and Modifications

The modification of a surface to improve biocompatiblity and constructive interactions at the
biological-inorganic interface is necessary to establish good contact between the material and reaction
center, which allows for electron transfer or interaction. The surface interactions and adsorption



Catalysts 2020, 10, 1016 8 of 30

of PSI onto electrodes or semiconductors could include self-assembled monolayers (SAMs), as well
as molecular tethers or peptide segments containing carboxylic acid anchoring groups, alcohols,
and thiols.

A novel biomimetic approach for an effective assembly of PSI with the electron transfer carrier
cytochrome c¢ (cyt c) deposited on a thiol modified gold surface was reported in 2014 [40]. Cyt cg acts
as the in vivo reducer of PSI in cyanobacterial photosynthesis. This approach involved using cyt c as a
template for the assembly of an oriented, densely packed PSI layer as well as a wiring agent to direct
electrons from the electrode towards PSI [40]. An intermittent cyt c layer was necessary in this study for
an efficient connection of PSI layers with the electrode, as well as for enhanced photocurrent density [40].
Further work on cytochromes yielded five distinct bioengineered hexahistidine (His6)-tagged cyt
¢ variants by introducing the specific linker peptides of 0-19 amino acids (AA) in length between
the cyt ¢ holoprotein and a C-terminal Hisé6-tag affinity tag used for specific immobilization on the
semiconductor surface [41]. This yielded a significantly higher number of feasible conformations of
immobilized cyt ¢ variants when longer, more flexible linker peptides were utilized. Tagged cyt cg
was able to biopassivate the semiconductor substrate, giving these biohybrid photoelectrochemical
cells some characteristics of the p-n-type diodes, although varying dark saturation current level (JO)
considered as the charge recombination parameter [41].

PSI has been immobilized on nanoporous gold leaf (NPGL) electrode surfaces to give a light
intensity-dependent photoinduced electric current [42]. Gold is a commonly utilized electrode
material in biohybrid electrodes and devices due to its high conductivity and biologically inert
nature. Au can be functionalized for covalent protein binding with 3-mercapto-1-propane-sulfonate
and 2,2’-dimethyl-4,4’-bipyridine to form a self-assembled monolayer (SAM) [43]. A uniform PSI
monolayer assembled on C9 alkanethiolate SAM/Au surfaces has increased photocurrent density
with increasing dissolved oxygen concentrations, potentially from oxygen helping to drive forward
electron transfer from PSI by acting as an electron acceptor [4]. The PSI-mediated electron transfer
for an analogous 2D system can be improved through dealloying, which would sufficiently enlarge
the pores on the electrode surface [42]. Another cross linker, 2-iminothiolane (2IT), is capable of
connecting protein molecules with covalent bonds to metal surfaces. 2IT was used to stabilize PSI
multilayer films on gold substrates against significant desorption and degradation upon addition
of the liquid electrolyte solution and upon performing photoelectrochemical activity, with superior
thickness retainment of the cross-linked PSI films compared to non-cross-linked films [44].

A biohybrid photoanode of PSII extracted from fresh spinach entrapped on mesoporous tungsten
oxide (WOs3) film can be fabricated on fluorine-doped tin oxide. This architecture communicates with
the WOj; electrode in the absence of any soluble redox mediators and sacrificial reagents under the
visible light of the solar spectrum up to 700 nm [45].

2.3. Redox Mediators

Beyond electrode materials and architectures, the performance of biohybrid devices can be
improved with redox mediators, which assist in both directing electrons to the biological photosensitizer
and in enhancing conductivity between the electrodes. Upon photo-oxidation, it is necessary for the
photosensitizer (such as PSI) to be reduced for another photo-oxidation event to occur. Mediators with
suitable redox potentials for accepting electrons are an essential component to the conversion of light
to energy. However, not all redox mediators are suitable for biohybrid photoelectrochemical devices.
The traditional DSSC I7/I3~ redox mediator is corrosive to both protein and metal, has a midpoint
potential similar to PSI, and intensely absorbs light in the visible spectrum [46]. Generation of reactive
oxygen species in devices operated under aerobic operation compromises the long-term stability
of photosynthetic biophotoelectrodes, even though molecular oxygen can help decrease PSI charge
recombination rates [47]. Under anaerobic conditions, the operation of a PSI-based photocathode using
an electron acceptor that enables photocurrent generation can substantially improve stability and allow
for exposure to higher light intensities [47].
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Further, the transfer of electrons to and from reaction centers is much slower than the
primary charge separation events of these photosensitizers, and the ability and rate of electron
donation/acceptance of mediators with photosensitizers plays a key role in biohybrid device
performance at the solution—electrode interface as governed by Butler—Volmer kinetics [48]. Publications
on research involving redox mediators include small organic-based molecules, such as methyl
viologen (MV), 2,6-dichlorophenolindophenol (DCPIP), and ferricyanide complexes. Organometallic
redox mediators include cobalt-, ruthenium-, and osmium-based complexes typically coordinated by
bipyridine ligands. Solid-state electrons can be shuttled and be donated to a secondary acceptor via
organic polycationic polymers, such as polyviologens [15]. There are multiple studies utilizing the
biological PSI electron donor cyt cs as well. However, this is one of the least-studied areas of biohybrid
photoelectrochemical electrodes and devices, and is likely an area where significant improvements in
performance could be made.

One commonly used class of molecules as diffusible sacrificial electron mediators in PSI-based
systems are MV [15]. MV can also be used as a charge carrier for the collection of electrons at the
reduced Fg PSI site, as it can act as an acceptor of electrons from PSI [49]. Photoexcited PSI has also
been shown to interact with polyviologens in solid-state devices. PSI-polyviologen protein surfaces
immobilized in Nafion polymer have been shown to significantly enhance photocurrent, aid in electron
transfer, stabilize PSI through immobilization, and enhancing electrolyte conductivity [15]. Lower
Nafion concentrations have been shown to increase redox mediator diffusivity with both Os(bpy),Cl,
and MV redox mediators [7]. As another alternative redox mediator, cobalt complexes can be used in
PSI biohybrid solar cells because they are not corrosive and they offer more negative redox potentials
to drive the reduction of PSI [46].

PSI integrated within a redox hydrogel polymer acts as a conducting matrix for the transfer
of electrons from electrode surfaces to the photo-oxidized PSI [49]. Oxygen drives MV to initiate a
light-induced unidirectional electron transfer, which results in photocurrent from an electron donor
Au surface via surface assembled PSI trimers. PSI wet cells typically use MV and either ferrocyanide
mediators or osmium-based mediators. In PSI/SAM/Au systems, dissolved oxygen in solution forms a
complex intermediate species with MV to mediate redox pathways [4].

Developments with devices involving PSl-based light conversion to electrical energy have
increased the knowledge of materials and methods that optimize the photocurrents and photovoltages
generated. We have systematically analyzed research articles concerning PSI-based biohybrid devices
published within the past decade. Tables 1 and 2 briefly summarize some of the key characteristics of
plant and cyanobacterial PSI-based biohybrid solar cells that include a value for photocurrent and
have been recently investigated.

Table 1. Photocurrent Analysis of Higher Plant PSI-Based Biohybrid Devices t,

Current Density

Electrode Surface/Immobilization Redox Mediators Photocurrent (uA cm~2) (A cm—2 mW-1) Ref.
Terephthalic-dialdehyde SAM on Sodium ascorbate; 03 0.08 [42]
nanoporous gold 2,6-dichloroindophenol ’ '
Sodium ascorbate;
Bare gold 2,6-dichlorophenolindophenol N/A 01 501
. . Sodium ascorbate;
PSI-based biohybrid cells 2,6-dichloroindophenol 2 0.138 [51]
PSI films/p-doped silicon Methyl viologen 875 4.6 [38]

Ferrocyanide; methylene blue;
sodium ascorbate; methyl
PSI multilayer/reduced graphene oxide viologen; 1.2 N/A [37]
2,6-dichlorophenolindophenol;
ruthenium(IT) hexamine

PSI multilayer film on gold Ferricyanide 0.9 N/A [5]

Polyaniline-PSI film on gold surface Sodium ascorbate 5.7 N/A [32]
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Table 1. Cont.

Electrode Surface/Immobilization Redox Mediators Photocurrent (uA cm~2) Current Density Ref.

B (UA cm~2 mW-1) ’

PSI-polyaniline/titanium dioxide Methyl viologen 72 N/A [52]

Solid-state unetched p-doped . Non-etched: 21 Etched:

silicon/PSI Methyl viologen 127 N/A [39]

PSI multilayer film/SAM on gold-coated Osmium-based redox 2-iminothiolane-cross-linked: i1 a
e N/A [44]

silicon hydrogel ~8
PSI-poly(3,4-ethylene-dioxythiophene):
poly-styrenesulfonate/fluorine-doped N/A 960 N/A [2]
tin oxide
PSI multilayer 4. 3= 0-0.84 for PSI film )

film/gold/SAM/aminoethanethiol [Fe(CN)6J™; [Fe(CN)6] thickness 0-1.3 um N/A (48]
PSI-p-doped silicon Methyl viologen; polyviologen N/A N/A [15]

* PSI-based biohybrid solar cell component information with its respective generated photocurrent. PSI source is the
spinach plant. Electron donors and acceptors are indicated under the redox mediators category. The photocurrents
are reported in pA cm2, Any unavailable, multiple, or estimated data is indicated with (N/A). # Reference did not

report current density.

Table 2. Photocurrent Analysis of Cyanobacterial PSI-Based Biohybrid Devices .

Electrode

Photocurrent

Current Density

ESI Source Surface/Immobilization Redox Mediators (LA cm™2) (LA cm™2 mW-1) Ref.
T. elongatus PSI/SAM on gold surface Sodium ascorbate 0.088 N/A [43] 2
Osmium
T. elongatus PSI/Nafion film bis(2,2’-bipyridine)chloride; 4 N/A [7]
methyl viologen
PSI/osmium . .
T. elongatus complex-modified . Methyl viologen; N/A 322 [112
osmium-based redox hydrogel
polymer
Ascorbate-reduced
T. elongatus PSI/thiol-modified gold 2,6-dichloroindophenol; 1 0.97 [40] 2
methyl viologen
T. elongatus PSl/pi system-modified Methyl viologen 135 N/A [34]P
graphene
PSI/1D nanostructured Sodium ascorbate:
HT3 cells titanium dioxide thin . . ! 4150 N/A [53]
. 2,6-dichlorophenolindophenol
films
ZOBiP-PSI- or
TOBiP-Fd-PSI-based a
T. elongatus biohybrid dye-sensitized Cytes N/A N/A (301
solar cells
PSI/transparent
T. elongatus mesoporous indium tin N/A 150 N/A [54]
oxide
PSI on Cg alkanethiolate . ,,
T. elongatus SAM/Au Methyl viologen 0.006 N/A [4]
T. elongatus PSlpi system-modified Methyl viologen 4.5 N/A [36]
graphene
PSI/carboxylated pyrene . . No cytc: 0.8
T. elongatus derivative multiwalled Sodium as.corbate, methyl Cyt c present: N/A [35]
viologen
carbon nanotubes 18
R. sphaeroides ~ PSl-based biohybrid cells N/A 405,630 N/A [55]
R. sphaeroides PSI/graphene Aminomethylferrocene; 12,04 N/A [56]

coenzyme Qg

1 PSI-based biohybrid solar cell component information with its respective generated photocurrent. PSI source came
from the cyanobacteria Thermosynechococcus elongatus (orange) and Rhodobacter sphaeroides (blue). The HT3 cells are
from genetically PSII-modified Synechocystis sp. PCC 6803 strain. Electron donors and acceptors are indicated under
the redox mediators category. The photocurrents are reported in nA cm~2. Any unavailable, multiple, or estimated
data is indicated with (N/A). @ Reference was conducted to improve the photocurrent performance of PSI-based
biohybrid cells. ® Reference reported other estimated photocurrent values observed in different conditions or solar

cell composition.
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2.4. Biofilms, Microbial Solar Cells, and Thylakoid Membrane-Based Solar Cells

In this section, we will continue to look at other types of photocurrent-producing cells, focusing
specifically on biofilms, microbial, and thylakoid membrane-based solar cells. Another type of
bioelectrochemical system that generates an observable electric current is microbial fuel cells, which
can capture the produced electrons in the chemical reactions. Electrical photocurrents can occur in
biofilms through electron transfer across active photosynthetic bacterial membranes [57]. There is a
greater prevalence of a redox shuttle mechanism than a direct conduction mechanism in the electron
transfer from the bacteria to the electrode. The limitations of this mechanism for devices harvesting
solar energy is the charge transferred to the electrode [57].

Bioelectrochemical photocurrent harvesting and photo response rate are enhanced using ternary
indium tin oxide (ITO) electrodes with porosities lengths between nanometers and micrometers [58].
Researchers have also demonstrated how to generate the highest electrical power output with a
non-sulfur purple bacterium, such as R. sphaeroides [55]. A current density of 405.63 mA m~2 can be
obtained by using R. sphaeroides in the anodic part of a microbial fuel cell, permanganate as the cathodic
electrolyte, the platinum as the anodic electrode, the graphite as the cathodic electrode, and a 2.1 cm?
cathodic surface [55].

The difference between biophotovoltaic systems (BPVs) and microbial fuel cells is that the former
generates an extracellular electrical current through oxygenic photosynthetic microorganisms upon
illumination. BPVs can provide a power density of 0.5 W m~2, which is enough to power small
electrical devices. Progress has been made in the development of BPVs in terms of methods to improve
efficacy and the utilization of optimal biological materials, electrodes, and interfacial wiring [58].

The intact thylakoid membranes can be used in a photoelectrochemical cell to capture light. The
membrane can be adsorbed without a linker by using an aerosol technique and electrohydrodynamic
atomization [59]. Under these conditions and upon UV and visible light illumination, the maximum
photocurrent density was 6.7 mA cm~2, while a photocurrent density of 12 pA cm~2 was generated
upon visible light illumination [59]. A novel single-junction organic solar cell stack composed of
spinach PSI, tyrosine, ITO, C60, and Au would yield a current density of 3470 pA em™2 [60].

3. Hydrogen Evolution Photocatalyzed by Biological Reaction Centers

3.1. Early History of Photosynthetic Hydrogen Production

It has been known for nearly 80 years that green algae are capable of converting light energy into
molecular hydrogen. This observation was initially reported by Hans Gaffron in 1939 [61]. Gaffron
was later able to demonstrate, using inhibitors of the flow of electrons during the light reactions of
photosynthesis, that algae were able to catalyze the photoproduction of H, via non-cyclic electron
flow through Photosystem I (PSI) to a hydrogenase enzyme [62]. Further, it was shown [63,64] that
these algae are capable of simultaneously producing oxygen and hydrogen, with a ratio of H to O,
at 1.9, approaching the theoretical ratio of 2.0 [63]. The ability of these algae to produce hydrogen
was found to be linked to their ability to express a hydrogenase [65-67] that is capable of accepting
electrons donated by PSI. These algal hydrogenases are representative of the class of [FeFe]-type
hydrogenases that are linked to the photosynthetic electron transport chain [68]. Although itis accepted
that the plastids present in higher plants arose from cyanobacteria, genomic analysis indicates that
cyanobacteria contain only [NiFe] hydrogenases, and appear to lack the [FeFe]-type hydrogenases
that are found in green algae [69,70]. While these two hydrogenase classes catalyze the same chemical
reaction in the end, [NiFe] types are approximately 3-fold more abundant and tend to be more O,
tolerant as compared to [FeFe]-type hydrogenases [71]. Recent studies have suggested the possibility
of an in vitro method for stably and reversibly reversing O, inactivation of an [FeFe] hydrogenase from
the non-photosynthetic organism Clostridium beijerinckii (CbA5H), which may be able to be used with
other [FeFe] hydrogenases as well [72]. In vitro strategies for hydrogen production utilizing purified
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biological reaction centers have historically utilized either coupling with a hydrogenase enzyme or
platinization of the reaction center, as shown in Figure 4 below.

Donor,, Donor, 4

Figure 4. Comparison of methods for hydrogen evolution by reaction centers. Two common methods
for reaction center modification for hydrogen evolution are platinization, shown in (A), and coupling
to a hydrogenase enzyme, shown in (B). Shown in purple in both panels is the protein backbone of PSI,
with chlorophyll antenna shown in green. A [Fe-Fe] hydrogenase enzyme is shown in 4B in light blue,
with metal clusters shown in pink. The flow of electrons from the donor molecule through the reaction
center are shown in red arrows. Figure adapted from [73].

3.2. Bioengineered In Vivo Hydrogen Production

Recently, there has been considerable interest in using bio-inspired methods to produce hydrogen,
as current methods of H, fuel production still utilize natural gas, electricity, and conventional
COs-emitting power plants [74]. In principle, the utilization of either whole photosynthetic organisms
or purified biological enzymes is of interest as they can employ the highly efficient process of
photosynthesis to produce H, from two simple and abundant yet renewable resources, sunlight
and water. Previous work has identified two independent pathways of H, production catalyzed by
photosynthetic organisms that could potentially be utilized for energy production. Greenbaum and
co-workers demonstrated the existence of a low-level but continuous electron transport pathway based
on oxygenic photosynthesis [75-77]. This is distinct from a second, fermentative, pathway of electron
transport for H, production reported by Gaffron, Gibbs, and co-workers [62,65,78-80]. However, it
is now clear that both of these electron-transport processes have limitations in both sustainability
and yield. Photosynthetic H, production with H,O as the source of electrons cannot be sustained
beyond a few minutes because O, derived from the water splitting activity of Photosystem II (PSII),
functions to both inactivate the hydrogenase enzyme as well as a negative regulator of hydrogenase
expression [70]. On the other hand, hydrogen evolution derived from the catabolism of endogenous
substrates in green algae does not have the reservoir capacity to sustain high rates of electron transfer
to the photosynthetic apparatus necessary for scaled-up Hy production.

Although the incompatibility of simultaneous photocatalytic production of O, and Hj remained
problematic for many years [81], a simple and elegant solution was reported in the late 1990s [82]. By
using a nutrient-induced two-stage growth cycle for photosynthetic organisms, the processes of oxygen
evolution and hydrogen production may be separated temporally and is capable of being sustained
for hours. Using replete substrate-rich media in stage 1, normal oxygenic photosynthesis occurs, and
the algae are deprived of sulfur-containing nutrients in stage 2. This makes the organisms unable to
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repair PSII, thus attenuating oxygen evolution as water splitting is not occurring to evolve O,. This
alters the normal pathways of electron transport in photosynthesis; electrons are now derived from
substrate donation directly into photosynthetic electron transport without PSII via one or more catabolic
processes instead of via water splitting. These electrons are then in turn provided to a hydrogenase via
PSI yielding hydrogen. This system has been shown to work in the algae Chlamydomonas reinhardtii
and has been studied in some detail [83]. Chlamydomonas reinhardtii has also shown the ability to
utilize chlororespiration catalyzed by PSI and flavodiiron proteins to drastically increase its O, uptake
rate under high light conditions [84]. This has been found to generate microoxic niches within the
thylakoids of Chlamydomonas, allowing for microenvironments where its [FeFe] hydrogenases (Hy-ases)
are protected from oxidation by molecular O,, but to also improve hydrogenase catalytic activity
even significantly under aerobic culture conditions. Recently, live cyanobacterial cultures have been
incorporated into biohybrid devices and have been shown to generate a biophotoelectrochemical
system capable of producing stable photocurrent and molecular H; [85].

3.3. Overcoming Kinetic Limitations of Hydrogen Evolution

As described above, it has been shown in vivo that the cyanobacteria and eukaryotic algae and
plants utilize the photosynthetic reactions in their thylakoid membranes to divert electrons from PSI
under anaerobic conditions towards Hy-producing Hy-ases. Unfortunately, it has been shown that in
many organisms, the [FeFe] Hj-ases are irreversibly inhibited by O,, which makes this conversion
short lived and greatly limits the industrial or economic feasibility of H, by these [FeFe] Hy-ases [86].
Moreover, to efficiently couple electron transfer from the water splitting complex in PSII through PSI
to the Hy-ase, there are three diffusion-limited steps: PQ diffusion from PSII; plastocyanin (PC)/cyt cg
diffusion from the cyt be/f complex to PSL; and reduced ferredoxin diffusion from PSI to Hp-ase. All of
these processes represent rate-limited steps and impose kinetic limits on the overall synthesis.

Early work showed that this diffusion limitation could be overcome in vitro by covalently coupling
the electron donor PC to spinach PSI via a chemical cross linker. Following cross linking, it was
observed that the yield of hydrogen production from platinum nanoparticles could be increased
>300% [87]. Interestingly, by using bioengineering to directly attach the distal [4Fe-4S] cluster of the
[FeFe]Hy-ase from Clostridium acetobutylicum to the terminal [4Fe-4S] cluster of Fp on the acceptor side
of PSI, a > 2x increased yield in electron flow compared to the in vivo oxygenic photosynthesis process
was seen. By building this biological/organic biohybrid, the work further demonstrated the feasibility
of using synthetic biology methods to tether together and even redesign redox components to overcome
diffusion-based rate limitations on electron transfer reactions [88]. More recently, it was observed
that some of these diffusion-limited reactions could be influenced in vivo by genetic manipulation of
the grana diameter in the thylakoid membrane ultrastructure [89]. This work clearly demonstrated
that plastocyanin diffusion to PSI becomes much slower if the grana diameter exceeds ~500 nm. This
work is consistent with prior Brownian diffusion modeling work that indicates that PC diffusion limits
electron transport in linear electron transport (LET) where it was observed, that increasing the grana
diameter causes a 14-fold reduction in PC diffusion time between the cyt bg/f complexes and PSI [90].
These two reports would suggest that if bioengineering could engineer and significantly restrict the
grana diameter that it may be possible to enhance one of these rate limiting steps to allow fast and
efficient LET in higher plants and possible observe enhanced H; output from cultivated cyanobacteria
or algae in bioreactors.

Coupling of these early results suggest that the direct fusion of hydrogenase mutants with PSI via
the stromal subunits could provide a much higher rate of in vivo hydrogen production. The feasibility
of these PsaD/E hydrogenase fusions has already been shown in cyanobacteria where an artificial
fusion protein composed of the membrane-bound [NiFe] hydrogenase from the Ralstonia eutropha H16
fused in vivo to the peripheral PSI subunit PsaE of the cyanobacterium Thermosynechococcus elongatus
to yield hydrogen production [91]. Following a similar strategy, it was recently reported that the NiFe
hydrogenase (HoxYH) of the cyanobacterium Synechocystis sp. PCC 6803 could be directly fused to
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the stromal-exposed PsaD subunit in PSI. This would allow electrons that would normally go from
[4Fe4S] cluster of FB in PSI directly to a soluble ferredoxin carrier to be directly transferred to the NiFe
hydrogenase. This psaD-hoxYH cyanobacterial mutant was shown to still fix carbon and able will
grow photoautotrophically while also yielding 500 M H, under anaerobic conditions in the light [92].
With a similar approach in Chlamydomonas it was also shown that by making a ferredoxin-HydA fusion
gene, the bipartite fusion protein was is able to accept photosynthetic electrons from PSI and use them
for efficient hydrogen production [93]. They observed that Fd-HydA construct has a ~4.5-fold greater
photosynthetic H, yield than the native WT HydA in vivo. This work has been extended to bring
the hydrogenase even closer to PSI by insertion of the HydA sequence into the PsaC subunit. This
synthetic construct promoted the self-assembly of the PSI and hydrogenase portions to yield an active
in vivo ensemble. Interestingly, the algal cells expressing this PSI-hydrogenase chimera continued to
make Hj in a light-dependent fashion for several days [94].

3.4. In Vitro Strategies for Hydrogen Evolution

However, as mentioned, this extracted PSI must then be either functionalized or linked to
a Hp-producing catalyst, either synthetic or biological [95]. An alternative approach to in vivo
photosynthetic hydrogen production that has been proposed employs biochemically-isolated PSI
reaction centers. The same kinetic and structural properties, which are unsurpassed by synthetic
systems for electronic current production, similarly make PSI an ideal candidate for inclusion in
biohybrid H; producing devices. In PSI, photon absorption initiates a unidirectional electron transfer
sequence that generates a reducing electron over a distance of 6 nm [96], a reaction that is completed
within 150 ns [97]. This photocatalysis is highly efficient, with a quantum yield close to 100% [98,99].
By coupling the low-potential electron-emergent end of PSI complexes (—0.6 V versus SHE) to
either platinum nanoparticles [87,100] or covalently linked hydrogenase [91,101], the photochemically
produced electrons can catalyze the reduction of protons to hydrogen in vitro.

The most commonly studied type of functionalization is the platinization of PSI with Pt
nanoparticles, first published in 1985 by Greenbaum [102], and has been found to be remarkably stable
with over 85 days of photocatalysis reported [73]. In these cases, the Pt was directly deposited onto
the surfaces of the photosynthetic catalysts, but other more recent studies found improvements in Hp
production when Pt nanoparticles were tethered using a molecular wire, giving spatial separation
between PSI electron generation and Pt-catalyzed H, production [103]. This has been further
corroborated by molecular dynamics studies on PSI/[FeFe] hydrogenase enzyme hybrid systems
that studied the effect of molecular wire length between the two enzymes on the stability of the
system. This system has the potential of utilizing solar energy twice: (1) first, light will be used to
grow the photosynthetic organism that will express and assemble the very complex biomolecular
hydrogen evolving machinery; (2) once extracted and functionalized, solar energy will be used to drive
photosynthetic electron transport in PSI a second time to produce hydrogen in vitro.

There are many potential methods being studied for the improvement of these biohybrid
Hj-producing systems. As these systems tend to be sensitive to oxygen, there is interest in developing
either anaerobic cells or in potentially the incorporation of oxygen and superoxide scrubbers to help
improve Hj yields. One study utilizing platinized PSI and an osmium-based conductive polymer
semiconductor for wiring the PSI protein to the electrode found good production of photocurrent
through the device, though actual H, production was not quantified [104]. Further, while the quantum
efficiency of PSI’s photoinduced electron generation approaches 100%, a report by Applegate found
a quantum yield of 10-15% when photoexcitation energy between 400-700 nm was assessed [105].
In attempts to improve this quantum yield, Nagakawa et al. utilized the addition of an artificial
light-harvesting dye, Lumogen Red, to improve the wavelengths of light available for PSI photocatalytic
activity and saw large improvements over the non-dye modified PSI-Pt constructs [13]. Utilizing
a different strategy to improve H, yields by reducing the light-harvesting chlorophyll pigments
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in Chlamydomonas reinhardtii 5-6-fold yielded approximately 2-5-fold increases in H, production
depending on the exact mutant strain studied [106].

3.5. Emerging Technologies for Bioengineering Hydrogen Evolution

The fact that PSI has been shown active in both the solid state [107] and in solution for over
280 days [51] suggests that we may be able to produce a highly stable, cell-free hydrogen-evolving
system that may prove to be a feasible, solar-driven energy solution [108]. Furthermore, future
improvements may allow direct electron extraction from water using a coupled PSII to PSI system
capable of recapitulating the photosynthetic electron transport chain in a new hybrid nanoparticle
similar to what has been done in solution [109] suggests that fully synthetic, biohybrid solar-to-fuel
ensembles may be possible. The ability to use solar energy to split water with only H, and O as the
products is an ideal, carbon-neutral energy goal with considerable promise. One challenge to such a
device is to somehow protect the hydrogenases that are sensitive to O, by some sort of sequestration
similar to how a similarly O, sensitive enzyme, nitrogenases, are separated from PSII O, evolution in
heterocysts [110,111].

It may be possible to use synthetic biology and nanofabrication to create an immobilization
platform that sequesters the hydrogen production chemistry (PSI and catalyst) from the water splitting
chemistry (PSII). In this way the O, sensitive catalyst, such as the Hj-ase or other catalyst, can
be separated from oxygen production by a water-splitting system (PSII or synthetic). One such
configuration is shown in Figure 5, where the use of a self-assembled 2D array of PSI and PSII can be
supported using some synthetic polymer matrix that replaces a lipid bilayer (Figure 5E). Recently, there
has been progress in isolating photosynthetic reaction centers [112,113] and other electron transport
complexes [114] without detergents using styrene maleic acid copolymers. These polymers surround
not only the membrane protein(s) but also a significant boundary layer that may stabilize the protein
in a more native confirmation. As a synthetic polymer, these SMAs are very amenable to chemical
functionalization that may permit cross linking within the lateral bilayer region [115]. Relevant to this
goal, these SMALP proteins have been shown to be more stable [116,117] and in the case of PSI have
even been shown to undergo more rapid photochemistry [118]. These layers can be assembled into a
multilaminar array with a conductive nanowire connecting PSII to PSI. Although cyt cg is not a normal
electron acceptor of PSII, there is over 800 mV of driving force that may enable this alternate path of
electron transfer in vitro (Figure 5A). Such a connection has been shown using soluble electron transfer
proteins such as cyt ¢4 to ferry electrons between PSII and PSI (Figure 5B). The diffusion time can be
reduced by making a nanowire to bridge this distance. As is shown in Figure 5C, we have already been
able to clone and express a multimeric cyt ¢4 polyprotein of five head-to-toe subunits that will assemble
correctly in E. coli. MD simulations suggest that each cyt-cyt linkage can extend the heme-heme spacing
by ~3.0 nm. The final device structure may involve multiple layers of a polymer-embedded PSII-PSI
complex. This design will successfully enable O, evolution from the splitting of H,O in one chamber
and the hydrogen evolving catalyst producing H; in a second chamber (Figure 5E). By physically
separating these two chemical conversions, the device will recapitulate the natural design of how
cyanobacteria separate these two processes during nitrogen fixation in a heterocyst.

This device illustrates only one possible biohybrid device derived from combining advances in
synthetic biology with innovations in material science [3]. Moreover, the ever-expanding genomics
and structural biology already known to exist in extremophiles suggest many new possible chemical
conversions that may be stable at very high temperatures, pressures, and pH extremes [119-121].
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Figure 5. Design of the optimized photosynthetic energy converter (OPEC). (A) Energy level of the
two photosystems in the Z-scheme, with changes shown in the two grey boxes: (1) the first box shows
the result with the bypassing of the bg/f complex with cyt ¢4 acting as the mobile carrier from PSII to
PSI; (2) the second box shows the result of using bioengineering to lower the midpoint potential of
the terminal FeS acceptors of PSI (Fx 4 p) to provide a larger driving force for Hp production via a
hydrogenase or catalyst (not shown). (B) An avidin-mediated coupling of PSII to PSI via multiple
biotinylation of newly inserted, site-directed Cys mutants on the stromal side of PSII and the lumenal
side of PSI is shown. The left panel shows the distances of the cofactors that would result from this
cross-linking strategy (all distances are shown to scale). The middle panel shows the protein structures
(PSTI, cyt.cq, 3x-avidin, and PSI) based on published PDB files 11ZL, 1C6S, 2AVI, 1JB0). (C) As is clear
from the distance in Panel B, the distance from QB to P700 is ~90 A. To facilitate electron transfer over
this long distance, we have designed and expressed a linker-less Cyt c6 polyprotein. These gene fusions
are reflected by * and demonstrate the ability to make a penta-cyt ¢4 polyprotein. (D) Demonstration of
a short 90 msec MD simulation of a di-cyt ¢4 fusion protein: the upper left panel shows the backbone
trace of the starting fusion protein; the top right shows the superimposition of cyt cg¢ monomers based
on the starting NMR structure in pink and after the MD simulation; finally, the lower panel shows the
Fe-Fe distance (~20 A) of the two hemes following this 90 msec simulation. This would suggest that
at least a tetra-cyt ¢4 polyprotein would be needed to bridge the PSII-PSI distance shown in (B). (E)
Ilustration of the direct attachment of a NiFe hydrogenase to the stromal subunit PsaD of PSI with
a docked cyt ¢4 on the lumenal surface. The path of electron transfer is shown by the dashed grey
arrow and the multiple FeS centers are shown with white arrows. (F) This schematic illustrates how
these coupled PSII-cyt cs—PSI complexes could be assembled in a biomimetic polymer that provides
a diffusion barrier much like a natural lipid bilayer may function. This complex may be embedded
in the amphiphilic polymer (shown in purple) that could be alternated during the assembly process,
projecting the oxygen-evolving sides of PSII into one microfluidic zone, analogous to the thylakoid
lumen (blue) and the hydrogen evolving surface of PSI would be projected into a second microfluidic
cavity analogous to the stroma (yellow).

4. Biohybrid Photosynthesis with Artificial Reaction Centers

Biohybrid, or applied photosynthesis entails coupling man-made light-harvesting materials with
enzymes for carrying out selected light-driven catalytic processes [122-124]. The work discussed in
this section will specifically focus on applied photosynthetic systems that do not rely on PSI or PSII for
capturing and converting light energy to chemical or electric potential energy. A common thread with
all the work presented throughout this review, however, is that an enzyme is key to achieving overall
photocatalysis. This approach takes advantage of nature’s ability to do more with less, which is to say
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enzymes combine high chemical selectivity and turnover rates while using abundant elements. This
contrasts with the general reliance on scarce or precious elements as with most highly active inorganic
catalysts to generate valuable chemical products.

Oxygenic photosynthetic organisms do not directly couple photochemical reactions to terminal
catalysis. The processes of light absorption, charge separation, and initial redox catalysis produces
O, protons, and reducing equivalents from water, but the products formed directly by PSII and PSI
are not the terminal reduced products formed by the photosynthetic organism. Instead, nature relies
on use of specific energy carriers, a small set of reactive chemical species that are generated as a
direct result of photosynthesis that then serve as substrates coupled to most all the other enzymatic
processes in the organism. These reactive intermediates produced during photosynthesis include
plastoquinol, NAD(P)H, ATP, and O,. This presents a straightforward approach to developing
biohybrid photosynthetic systems by coupling engineered materials for capturing and converting
light to redox equivalents used to generate the reactive intermediate that is then consumed by the
enzyme along with the other necessary substrates to achieve the desired catalytic product. In Figure 6,
a timeline is shown of products that have been made using the varying photoactivation techniques
described further in this section.
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Photoactivation Method

Figure 6. Timeline of selected biohybrid artificial photosynthetic studies. This has been organized by
light active material and targeted catalytic product. Chemical products are color coded and separated
by photoactivation method.

4.1. Light-Driven ATP Synthesis

A direct result of the chemical processes of oxygenic photosynthesis is the generation of a proton
motive force across the thylakoid membrane. The ATP synthase protein complex couples the dissipation
of this proton motive force to the synthesis of adenosine triphosphate (ATP). The work of Moore,
Moore, Gust and co-workers used artificial reaction centers [125,126] based on covalently linked
naphthoquinone, porphyrin, and carotenoid moieties imbedded in a liposomal bilayer [127]. Light
capture by the artificial reaction center resulted in acidification of the internal volume of the liposome
mediated by the lipophilic quinone mediator. An FyF;-ATP synthase imbedded in the liposome
catalyzed ATP formation by dissipation of the proton gradient across the lipid bilayer resulting in a 7%
quantum yield. Other types of reaction centers have been shown to produce membrane potential under
visible light irradiation though such activity has not yet been coupled to ATP synthesis [123,128-130].
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4.2. Bacteriorhodopsin as a Catalyst to Improve Device Performances

Rhodopsins are a family of light-responsive transmembrane proteins found in Eukaryotes, Archaea,
and Bacteria [131]. Of particular interest to biotechnological applications is the well-characterized
bacteriorhodopsin (bR), first isolated from Halobacterium salinarum, which functions as light-driven
proton pump [132-134]. Both wild-type and mutant strains of bacteriorhodopsin have been used
as light absorbers in dye-sensitized solar cells based on TiO, [135-137] and ZnO [138] mesoporous
semiconductor surfaces. In such applications, the visible light absorption (Amax = 568 nm) and good
photochemical stability of the bound retinal cofactor make bR a good photosensitizer. Recently,
the incorporation of bR in a methylammonium lead(Il) iodide (MAPbI3)-based perovskite solar
cell improved the overall energy conversion compared to the same architecture without bR, with
performance gain attributed to a decreased charge carrier recombination in the photoactive layer [139].
Such applications do not directly utilize the light induced proton release activity of bR, though some
researchers have taken advantage of this to produce photoelectrochemical devices for generating
transient photocurrents induced by changes in the local proton concentrations, of interest in the
biosensors and wearable devices fields [140,141].

Both the sensitizer and photon pumping activity of bR has been leveraged in heterogeneous
and homogeneous catalytic systems for light-driven hydrogen production. Crystalline [142] and
amorphous [143] TiO, suspensions combined with bR, a sacrificial reductant (e.g., methanol), and Pt
catalyst can generate H, under illumination with visible light. In a related study, Allam et al. observed a
more negative onset potential and increased photocurrent densities with bR coated TiO, nanotube-based
photoanodes compared to the same electrodes without bR under photochemical conditions for solar
water splitting [144]. Zhao et al. found improved electrochemical and photoelectrochemical activity
under cathodic bias of carbon-cloth electrodes with surface-immobilized coating of bR and Ag
nanoparticles (AgNP, ~8 nm diameter) that surpassed that just containing bR or AgNP alone [145].

4.3. Light-Driven Enzymatic Catalysis by Inorganic Photocatalysts

Using a light absorber to convert photon energy to oxidizing or reducing equivalents and
then transferring this chemical potential energy to a non-photoactive catalyst to drive a chemical
process can overcome the difficult challenge of unifying these two processes in a single chemical
species [146]. In early demonstrations of this approach, visible light was used to drive the generation
of NADPH and coupled to the chiral-specific formation of (-)-2-butanol from 2-butanone using alcohol
dehydrogenase [147]. A similar approach using glutamic dehydrogenase formed glutamic acid and
the amino acids alanine and aspartic acid [148].

Controlled oxidations can be performed in a similar fashion using alcohol dehydrogenase
for substrate-specific oxidations. For instance, cyclohexanol can be converted to cyclohexanone
or 2-butanol converted to 2-butanone in a photochemical reactor with NADH formed by alcohol
dehydrogenase photochemically oxidized to NAD™ using a (tris-bipyridine) ruthenium(Il)) light
absorber and MV primary acceptor, with the buildup of reduced MV used to drive the production of
H,; [149]. Flavin-based light absorbers have been used to drive the photochemical formation of H,O,
in solution, which in turn serves as co-substrate for the oxyfunctionalization of organic molecules
mediated by peroxidase enzymes [150]. Recent work has shown that Au-TiO, nanoparticles [151]
and tandem semiconductor-based PEC systems [152] can be used for the photochemical generation of
H,0O; from water to drive such enzymatic processes. The photochemical generation of peroxide was
similarly coupled to the formation of olefins from the corresponding fatty acid using the enzyme P450
fatty acid decarboxylase [153]. A variety of other reactions have been carried out via enzyme-assisted
photocatalysis such as the selective reduction of acetophenones [154], reduction of carbon—carbon
double bonds, [155] and lipase catalyzed alkylation reactions [156] with this work detailed in recent
review articles [122,124]. A completely inorganic photocatalytic method for production of molecular
H, from glycerol has been recently published, utilizing aluminia-doped TiO,, an example of a fully
artificial photosynthetic catalytic process [157].
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4.4. Light-Driven Enzyme Systems for CO, Reduction

Artificial photosynthesis endeavors to mimic the overall chemistry of converting water (and CO,) to
oxygen and a fuel (either H; or reduced carbon species) with light using technological components [158].
This can entail the exclusive use of inorganic materials [159,160] or some combination of inorganic,
organic, and biological substances combined in some organized way [123,161-163]. This section will
focus on one particular approach to artificial photosynthesis that involves coupling a non-biological
light absorber for the light-driven production of reducing equivalents to drive an enzymatic process
resulting in CO, reduction. Reduction of CO, to more chemically complex valuable products and fuels
has a secondary benefit of carbon sequestration, and could potentially help act as negative emissions
technologies to help reduce atmospheric CO, concentrations, further boosting the potential benefits of
these solar technologies.

Early work by Willner and co-workers demonstrated homogeneous light-driven formation of
malic acid from pyruvate and CO; or isocitric acid from oxoglutaric acid and CO, using NADP-malic
enzyme and isocitrate dehydrogenase, respectively [164]. The upstream photochemical steps leading
to CO, fixation involved light absorption by (tris-bipyridine) ruthenium(II) to drive the formation of
NADPH in the presence of a sacrificial donor and ferrodoxin-NADP* reductase. Recent work with
nanoparticulate semiconductor photocatalysts has demonstrated similar enzyme mediated C-C bond
formation with CO, as a substrate [165].

The photochemical reduction of CO, to CO was reported by Armstrong and co-workers using
TiO, nanoparticles with the surface-adsorbed (tris-bipyridine) ruthenium(Il) photosensitizer and
carbon monoxide dehydrogenase protein [166]. In this approach, the TiO, semiconductor nanoparticle
mediates electron transfer from the synthetic light absorber to the enzyme to drive catalysis, with
a sacrificial donor (EDTA or TEOA) consumed in the regeneration of the ground-state ruthenium
chromophore. The system demonstrated a turnover of 0.14 s~! per enzyme over a 4 h period for the
production of CO. Reisner and co-workers have used a similar approach for light-driven formate
production from CO, with a turnover frequency of 11 s [167].

Another biohybrid approach to CO; reduction involves the light-driven production of
NADH [168] or reduced MV [169] to drive the formation of formic acid by formate dehydrogenase.
A variety of light absorbers can be used in these systems including organic dyes such as
porphyrins [168,170], xanthenes [171], flavins [172], and perylenes [173] as well as visible
light-absorbing semiconductors [169,174-176], nanostructured materials [177], polymers [178], and
transition metal complexes [179]. If carried out in homogeneous conditions, a sacrificial donor such as
ethylenediaminetetraacetic acid (EDTA) or triethanolamine (TEOA) in solution is essential to initiating
the photochemical cascade by facilitating the formation of a reducing equivalent from the excited state
light absorber. The photogenerated reducing equivalents are used to activate a cocatalyst for driving the
production of NADH from NAD*, with [(Cp*)(bpy)Rh(OHz)]zJr (Cp* = pentamethylcyclopentadiene,
bpy = 2,2’-bipyridine) a commonly employed catalyst [168,174,180]. The formation of formic acid
in a complete photochemical reactor has been demonstrated, though this system relied on TEOA
for the regeneration of NADH equivalents [168]. A recent study used a hematite photoanode with
an amorphous cobalt-phosphate water oxidation catalyst to generate reducing equivalents for the
enzymatic production of formic acid from CO; in the cathodic side of the cell [181]. An applied bias of
0.56 V was required for the onset of photocurrent at pH 7. However, this approach spatially separates
the reduced chemical product from the anodic reactions to prevent non-productive re-oxidation to CO,
which can occur under homogeneous conditions. A similar system with a BiVO,-based photoanode
and surface-immobilized enzyme coating on the cathode showed spontaneous photocurrent under
pH 7 conditions [182]. As the photocurrent, and therefore rate of production of the reduced product,
depends on the photovoltage generated by the PEC under illumination, improved performance has
been achieved in enzyme-based PECs by incorporating tandem junctions, such as BiVO,/perovskite
systems [183,184].
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The generation of methanol from CO, has been pursued using a similar approach as that
described above, however, with the additional inclusion of formaldehyde dehydrogenase and alcohol
dehydrogenase to the reaction conditions [171]. As each enzyme in the cascade utilizes NADH
as a co-substrate, the sequential reduction of CO, can proceed with a pool of NADH maintained
by the presence of a photocatalyst and Rh-based cocatalyst. Baeg and co-workers demonstrated
the production of methanol as the only detected product of CO; reduction with a porphyrin-based
photocatalyst for photoregeneration of NADH [185]. Park and co-workers employed this same
enzyme cascade in a tandem photoelectrochemical cell with a hematite-based photoanode and bismuth
ferrite-based photocathode to achieve methanol production from CO, with water as the sacrificial
source of electrons [186]. While non-spontaneous under illumination, with sufficient applied bias, the
photochemical tandem cell produced methanol at an average rate of 1280 pmol ge, ' h™1.

4.5. Light-Activated Nitrogenase

The reduction of dinitrogen in biology is concomitant with the hydrolysis of ATP. However,
several studies have demonstrated the ability to activate the nitrogenase molybdenum-—iron protein
photochemically. Using a modified (bis-bipyridine)(phenanthroline)ruthenium(II) complex for covalent
attachment to nitrogenase, Tezcan and co-workers first showed the ability to drive two electron/two
proton reductions, specifically H, formation or ethylene formation, from acetylene [187]. Subsequent
work extended the photochemical activity of the Ru sensitizer-conjugated iron-molybdenum protein
to the six-electron reduction of hydrogen cyanide to methane [188]. King and co-works later showed
that the use of CdS nanorods could photosensitize surface-adsorbed nitrogenase to drive the formation
of ammonia via the eight-electron reduction of N, with a turnover frequency of 1.25 s~1[189].

5. Conclusions

Herein, we have reported on recent advances in the generation of photocurrents and the
generation of solar fuels in biohybrid solar cells utilizing reaction centers. These include PSI, PSII, and
the light-harvesting complexes LHCI and LHCII. Several factors must be considered to obtain high
photocurrents from biohybrid electrodes and devices. These include electrode material and surface
coverage, semiconductor material and architectures, enhancements of reaction center photoexcitation
optical cross sections, electron transfer pathways and redox mediators, as well as electrolytes and
working conditions. Optimization of nanostructured biohybrid solar cell devices has increased the
generated photocurrent and maximizes the potential of utilizing biological photoactive reaction centers
as catalysts for energy and valuable product generation.

Hydrogen has long been considered as an alternative for traditional carbon-based fuels. The
biological process of photosynthesis has been able to utilize reaction center-catalyzed photochemistry
to generate molecular hydrogen with great efficiency, though yields in vivo historically have been low.
Emerging approaches and methods to bioengineer greater yields both in vivo and in vitro have been
discussed herein, and significant improvements have been made, especially in areas to improve the
activity and stability of these photocatalytic biological reaction centers.

The use of native and synthetic reaction centers to generate light-to-electrical energy conversion is
a promising technology to help meet growing energy needs in a sustainable, carbon-neutral manner.
Taking this technology a step further to produce valuable chemical products by which the converted
solar energy may be stored in the form of chemicals bonds is of great interest. These fuels could then
be transported and stored for use at times when solar irradiation is not available. This work in the
applied photosynthesis field on improving the magnitude of energy production of biologically-based
photoelectrochemical devices and yields of valuable products from light-coupled enzymatic catalysis
hopes to result in a more environmentally friendly production of valuable products and fuels, and
help mitigate the need for utilizing fossil fuels and other unsustainable resources.
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