Photobiocatalysis: The power of combining photocatalysis and enzymes.
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Abstract

Photobiocatalysts are constituted by a semiconductor with or without light harvester that
activates an enzyme. A logical source of inspiration for the development of photobiocatalysts
has been natural photosynthetic centers. In photobiocatalysis, the coupling of the
semiconductor and the enzyme frequently requires of the natural cofactor and a relay
transferring charge carriers from the semiconductor. The most widely studied
photobiocatalysts so far make use of conduction band electrons of excited semiconductor to
promote enzymatic reductions mediated by NAD*/NADH and an electron relay. The present
review presents the state of the art in the field and has been organized based on the
semiconductor and the reaction type including oxidations, hydrogen generation, CO,
reduction. The possibility of direct enzyme activation by the semiconductor and the influence
of the nature of mediator are also discussed as well as the use of mimics of enzyme active
center in combination with the semiconductor. The final section summarizes the state of the

art of photobiocatalysis and comments on our view on future developments of the field.

Introduction

Green algae and plants have developed during evolution a very complex machinery to
convert sunlight into biochemical energy in the form of NADH, FADH, and other reducing
agents as well as glucose and biomolecules from CO,.™" This complex biochemical system
requires a platform (thylakoids) acting as scaffold to immobilize and arrange in the space all
the individual components of the photosynthetic system. Moreover, a notable feature of the
natural photosynthetic system is that light is absorbed in two different centers (PSI and PSII)
that operate synchronously by transferring electrons from PSII to PSI system through the

@l Scheme 1 illustrates a simplified operation

cytochrome complex connecting them.
mechanism of the photosynthetic centers. In conventional photocatalysis using inorganic
semiconductors, this type of configuration and two photons coupled process is denoted as Z-
scheme.® ¥ The term Z derives from the shape of the common schematic representation of

two photon excitations rendering independently electrons and holes in two different



semiconductors and the transfer of one electron from the conduction band of one

semiconductor to the valence band of the other (Scheme 2).
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Scheme 1. Simplified description of the components and operation mechanism of the

natural photosynthetic system with two photoresponsive centers (PS) connected through the

cytochrome complex transferring electrons from PSIlI to PSI. Note that in PSIlI water oxidation

takes place, while in PSI highly reducing species are generated. LHC: light harvesting centers,

PS: photosynthetic site, Fd: ferredoxin. (Figure taken with permission from ref [2]).
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Scheme 2. lllustration and simplified operation mechanism of the Z-scheme where electron

transfer in a semiconductor 1-semiconductor 2 composite takes place upon synchronous

excitation of the two semiconductors. The driving force for electron transfer is the difference

in the energy levels between the two semiconductors. After the transfer, holes and electrons

are located in different particles.



In spite of the potential advantages, artificial Z-schemes based on semiconductors have
been found to operate not very efficiently so far.””! This inefficient operation of the artificial Z-
scheme using inorganic semiconductors is due not only to the need of generation of similar
number of electrons and holes in the two semiconductors with also similar reaction rates, but,
more importantly, the limitation derives from the coupling of the two semiconductors. One
general strategy for this coupling between the semiconductor particles is the use of electrolyte
with a redox system in suspension. However, in order to be efficient the redox pair of the
electrolyte should selectively take electrons from one semiconductor, delivering them to the
second one (Z-scheme), without making other redox processes, also possible. In the absence of
electrolyte, the Z-scheme should operate through the junction between the solid particles of
the two semiconductors, a process that also takes place with low yield. As consequence in the
present state of the art of photocatalysis, photobiocatalytic systems have to operate mostly
with absorption of a single photon on a single photocatalyst, there being a large interest and
potential in applying efficient Z-scheme as in natural photosynthetic systems.

Photobiocatalytic systems can be broadly defined as those photocatalytic systems
comprising an enzyme and/or the corresponding cofactors and mediators that could allow
operation of an enzymatic system.[5'7] According with the previous comments on the inefficacy
of Z scheme, most of the current photobiocatalytic systems are limited to four elements that,
in principle, should be present an aqueous media exposed to the light and lacking of any
spatial structuring among them that is another feature of the natural photosynthetic system
that still remains to be mimicked adequately. These four components include two active
materials, the photocatalyst and the enzyme, and at least two chemical compounds that
should act as sacrificial donor and electron relay between the photocatalyst and the enzyme,
respectively. Additionally, the presence of a cofactor recognized by the enzyme may also be

necessary. Scheme 3 depicts the components of a photobiocatalyst.
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Most commonly, the sacrificial donors should give electrons to the photocatalyst in the
state of charge separation and, similarly to PSI natural photocatalytic systems, it should leave
electrons with high reduction potential on the conduction band of the semiconductor available
to be transferred to the enzyme by means of the mediator or the combination of a mediator
and a cofactor. In a few of the reported examples, the sacrificial electron donor is, like in the
natural photosynthesis, water and, then, oxygen should be the final resulting byproduct from
the electron transfer to the photocatalyst as in the natural photosynthetic center PSII.
However, due to its high oxidation potential, these are more efficient electron donors than
water, such as alcohols, tertiary amines including ethylendiamine tetraacetate and even sulfur
compounds. Thus, according to the previous comments, in the most common
photobiocatalytic systems the mediator should accept electrons and, therefore, most common
enzymes operate promoting reductions in substrates by means of reductases. This is also the
situation of natural photosynthetic center PSI where CO, reduction is taking place.

Since besides quenching electrons from the conduction band of the semiconductor
mediators have to act as cofactors for the enzyme, the choice of mediator is so far very limited
and there is a lack of predictive capability on the mediator structure. Basically the two natural
cofactors that act as ubiquitous reducing agents in natural biochemical routes are NADPH and
FADH,.” ¥ While these two natural mediators act as cofactors in many enzymes, the problem
arises from their poor quenching ability to accept electrons from the conduction band of
semiconductors, particularly from TiO,. To solve this problem, an electron relay acting as
mediator of electrons from the photocatalyst particle to the cofactor has to be present as an
additional component in the system. Mediators are not present in natural biochemical
systems, but are most frequently required in photobiocatalysis as relays between the
photocatalyst and the enzymatic system. Considering that reductions are the most common
processes in the current state of the art in photobiocatalysis, the role of the mediator is to trap
efficiently electrons from semiconductor conduction band and promote the reduction of the
oxidized form of the cofactor recognized by the enzyme. Even for mediators, their choice is
limited at the present and Rh-based organometallic complexes are among the most general
and widely used. However, the high cost of Rh metal combined with the need of dedicated
synthesis to obtain the organometallic complexes make this relay notoriously unsatisfactory,
there being a need of expanding the number of mediators. Scheme 4 summarises the role and

operation of mediators in a photocatalytic system.
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Scheme 4. Role of mediator acting as efficient electron relay from the photocatalyst in the

charge separate state and transferring it to the cofactor recognized by the enzyme.

Enzymes in the characterisation of the reaction mechanism

Photobiocatalysis with specific enzymes can be used to gain insight into the reaction
mechanism of photocatalytic reactions. In this way, Pichat and coworkers have used catalase
and superoxide dismutase to address the nature of the active reactive oxygen species (ROS)
responsible for the decomposition of the organic poIIutants.”O] When photocatalysis is carried
out in the presence of O,, either in the gas phase or even in aqueous solution where the O,
concentration at atmospheric pressure and room temperature is submillimolar (8 ppm), the
most efficient electron acceptor of conduction band electrons is always O, due to the ease of
this molecule to undergo reduction. Single electron reduction of O, leads initially to O,”
superoxide that upon protonation and further reduction and protonation forms readily H,0,
(Equation 1). From the conceptual point of view, and considering the vast number of possible
ROS, including ozone, singlet oxygen, hydroxyl radicals, etc, it is important to determine which

of all these ROS play the major role in the photocatalytic, oxidative degradation of pollutants.

ecg .. H e - H*
0, —» 0, »H-0-0 - H-0-O —» HOOH (2)

In this context, using 1,2-dimethoxybenzene as model pollutant and TiO, and ZnO as
semiconductors, two enzymes were used to determine their influence on its disappearance by
intercepting selectively two types of ROS (Scheme 5). The presence of catalase decomposing
H,0, should decrease the apparent photocatalytic activity if H,0, were the key reactive oxygen
species responsible for 1,2-dimethoxybenzene disappearance. On the other hand, superoxide
dismutase, limiting the concentration of O, and generating from this radical anion H,0,,
should be detrimental for the photocatalytic activity if O, were the main species responsible

for the decrease in the 1,2-dimethoxybenzene concentration.
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Scheme 5. Use of catalase and superoxide dismutase to intercept the photocatalytically

generated ROS responsible for pollutant degradation.

Experimentally it was observed that the presence of catalase has no effect in the case of
ZnO as photocatalyst and only moderate influence when TiO, is employed as semiconductor.
Furthermore, purposely addition of H,0, has a negative effect on the photocatalysis by ZnO
and it can be favorable and unfavorable in the photodegradation by TiO, depending on the
H,0,/1,2-dimethoxybenzene ratio used in the experiment. These data indicate that H,0, has
no role when ZnO as photocatalyst and plays a secondary role in the case of TiO,
photocatalyst. In contrast, the presence of superoxide dismutase exerts a strong negative
influence on the photocatalytic activity of both TiO, and ZnO, supporting the essential role of

O, as the active ROS promoting the disappearance of 1,2-dimethoxybenzene.

Organic dyes as photosensitizers

One of the simplest possibilities to promote the photochemical reduction of enzyme
cofactors consists in the use of an organic dye dissolved in aqueous medium that in the
presence of suitable electron donors acting as quenchers undergoes upon excitation a
photoinduced electron transfer. A mediator molecule is generally needed to transfer electrons
from the dye in its excited state to the enzyme cofactor. The use of dyes as light harversters to
trigger the reduction of cofactors is quite general since electronically excited states are,
simultaneously, much easier to be reduced by electron donation to the semi occupied HOMO
orbital during the lifetime of the excited state than the ground state. Also it happens
frequently that relevant excited states of photosensitizers are triplets since they have much
longer lifetimes (typically a few microseconds) that makes electron transfer quenching more
efficient than for singlets (typical lifetime of few nanoseconds). The reduced species of the
organic dye generated in the electron transfer quenching of the excited state has enough red
potential to be able to reduce of NAD" to NADH that is the cofactor of many reductases,

although a mediator acting as relay is needed. In one of these studies, photocatalytically
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generated NADH obtained by NAD" reduction upon irradiation of organic dyes in the presence
of amines and a Rh (lll) organometallic complex ([Cp*Rh(bpy)H,01**, Cp*=C5Me5, bpy=2,2’-
bipyridine) has been used to activate L-glutamate dehydrogenase that is able to convert a-
ketoglutarate to L-glutamate ™. It was found that eosin Y (see structure in Scheme 6) can have
a turnover frequency up to 1200 h* ™ that is much higher than other alternative
photosensitizers such Ru(bpy);** or pegylated chlorophylle or even inorganic W,Fe,Ta,015. This
high performance of eosin Y is comparable to other xanthene dyes such as erythrosine B,

phloxine B and rose bengal ™.
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Scheme 6. Molecular structure of eosin Y.

This superior performance of eosin Y in this photobiocatalytic system was proposed to
derive from precomplexation in the ground state of eosin Y and organometallic Rh complex
leading to an efficient electron transfer between the dye in the excited state and the mediator
™ The photobiocatalytic activity of eosin Y, mediator system for the regeneration of NAD" in
the visible light can be further enhanced by attaching these dyes molecules near Au
nanoparticles (NPs) supported on a substrate. The multicomponent system is assembled using
polydopamine, a polypeptide with high adhesive properties reminiscent to mussel proteins.
Polydopamine is suppose to play three roles, namely, formation of Au NP by spontaneous
reduction of Au®* salts, embedding the dye near the surface of Au NP, and adhering the NP and
dye on a slide glass. In this way, excitation of eosin Y with photogeneration of electrons
becomes much more efficient due to the plasmon resonance effect caused by the proximity to

the Au NP surface (Scheme 7).
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Scheme 7. lllustration of plasmonic nanohybrid for light harvesting. Polydopamine (PDA)
coating enables formation of core-shell nanostructures integrated with metal NPs and dye
photosensitizers, irrespective of the material type and morphology of substrates. (Figure taken

with permission from ref %),

The ability of eosin Y in combination of triethanolamine (TEOA) as electron donor and
{Cp*Rh(bpy)H,0}*" as mediator to regenerate NADP" can be applicable to many enzymes using

this cofactor ¥

. Specifically P450 monoxygenase can operate with NADPH as cofactor
producing the photobiocatalytic dealkylation of 7-ethoxycoumarin to 7-hydroxycoumarin. The
operation of the enzymatic dealkylation can be simply followed by monitoring the
fluorescence growth caused by the formation of 7-hydroxycoumarin, since the ethoxylated

precursor is a non-fluorescent molecule (Scheme 8).
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Scheme 8. Visible light-driven O-dealkylation by P450 BM3 coupled with NADPH
photoregeneration. The catalytic turnover of P450 is achieved by photochemical regeneration

of NADPH. (Figure taken with permission from ref ).

On the other hand, eosin Y in combination of Rh mediator and an electron donor can
reduce efficiently analogs of NAD" with higher reduction potential such as 3-acetyl and 3-
carboxaldehyde pyridine adenine dinucleotide that can serve as an alternative to NAD" as
enzymatic cofactor, for instance, for glutamate dehydrogenase (GDH). I** ¢!

Other organic dyes that have been also employed as photosensitizers for the

photochemical regeneration of NADH have been Zn porphyrins and proflavine ™8,

Graphene oxide in photobiocatalysis

Although metal oxides and chalcogenides have been by far the most studied photocatalysts
due to their well-known semiconducting properties,”*?? there is an increasing interest in
exploiting and developing photocarbocatalysts.”>*! Photocarbocatalysis refers to the use of
metal-free carbonaceous materials as photocatalysts and is aimed at replacing costly and
critical metals using biomass as sustainable from renewable resources. Since the discovery of
fullerenes, a large family of carbon nanoforms with remarkable photochemical properties has
become increasingly available. Among the many different properties of carbon allotropes, one
that has attracted considerable attention refers to their ability to absorb light and participate

in photoinduced electron transfer reactions®®’??. Since charge separation upon light excitation
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is the general process that converts light into chemical energy, allowing to perform oxidations
(in the positive hole) and reductions (in the negative site), the use of carbon nanoforms can
expand the toolbox of materials to transform light into chemicals.

For instance, the remarkable electron acceptor ability of Cs, being able to accept at
moderate reduction potential up to 6 electrons, has been exploited in the preparation of dyads
and triads in which covalent attachment of fullerene units accepting electrons enhance charge
separation and at the same time increases the lifetime of these transients.*¥ Later, carbon
nanotubes (CNTs) became available, representing a transition from molecular species
(fulleroids) to materials. Also, CNTs have been widely used for photon induced electron

B4 and optoelectronic applications, including photovoltaic cells.®**®¥ More recently,

transfer
graphenes have been used as semiconductors.’® While ideal, defect-free graphene is
considered as zero band gap semiconductor, in which the conduction band bottom and the
valence band top have the same energy, the presence of defects, dopant elements or oxygen
functionalities converts graphene from a conductor to a semiconductor material.***?

The most studied graphene-based semiconductor is graphene oxide (GO), obtained by deep
chemical oxidation of graphite and subsequent exfoliation of the graphite oxide material™®.
GO as a semiconductor has many advantages, derived from easy and reliable preparation and
large availability from affordable carbon materials, large surface area, the possibility to reach
high concentration in water and other solvents, and notable photocatalytic activity. To put into
context the interest of GO as semiconductor it has to be considered that there are limited
resources of metals and, for the sake of sustainability, it is very convenient to substitute metal-
based materials for carbon-based materials. Apart from economic and environmental
considerations, also from a chemical point of view, GO offers the possibility to apply concepts
and procedures from organic chemistry to modify and functionalize these materials, while
modification of inorganic semiconductors has been found much more problematic.

In this context, GO and CNTs form strong association complexes with many aromatic
organic molecules due to the m-m stacking between orbitals of the molecules with the
extended 7 system of the graphene semiconductor. This type of association can be used for
the assembly of organic chromophores, particularly those having flat units such as porphyrins
and phthalocyanines, to introduce light harvesters centers on a carbon semiconductor. A
realization of this idea has been reported by Choudhury and coworkers Y to develop a
photocatalytic system able to effect the NAD" reduction with visible light (Scheme 9). As
photosensitizer a multianthroquinone-substituted porphyrin was used that assemblies on a
graphene sheet. In this system, graphene plays the role of co-mediator accepting several

electrons from the substituted porphyrin, transferring them to NADP" cofactor in an efficient
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way, mimicking the operation PSI system with an artificial system. It should be noted,
however, that GO does not avoid the need of a Rh cyclopentadienyl complex as electron relay
(Scheme 9). The photobiocatalytic system is complete by using an alcohol dehydrogenase from
Lactobacillus kefir (LKADH) as enzyme to effect the stereoselective reduction of acetophenone
to the corresponding chiral 1-arylethanol with high enantiomeric excess.

Visible Light
A>420 nm

2+
PG YY)
- zé &\{\ OH,
- (H™+ 2¢")
__| NADPH
A \
N. _N :
4

i
(r NADP\ LKADH’_\ U

82-99% ee,

X
Z

Scheme 9. GO as component of a photobiocatalytic system based on multianthroquinone
porphyrin as light harvester, promoting the reduction of NADP* to NADPH. LKADH: alcohol

dehydrogenase from Lactobacillus kefir. (Adapted with permission from ref 4l).
Considering the large current interest in carbon-based photocatalyst and the potential that

these materials offer to interact with enzymes, there is no doubt that GO and related graphene

semiconductors will be used to develop more complex and efficient photobiocatalytic systems
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making use of the adequate morphology and large surface area offered by graphene and that

the use of graphene in combination with enzymes will grow in the near future.
Inorganic photobiocatalytic systems not based on TiO,.

Hydrogen-terminated silicon nanowires (NWs) have found to act as photobiocatalyst for
NADH generation from NAD" using TEOA as sacrificial electron donor and organometallic Rh
complex as mediator. The photocatalytic system generating NADH can be coupled with the
enzymatic GDH that performs the formation of L-glutamate from a-ketoglutarate. Comparison
with similar silicon nanowires lacking H termination according to FTIR spectroscopy shows that
this surface modification is crucial to observe photobiocatalytic activity since if H is removed
completely from Si NWs by thermal treatment, then, no photocatalytic activity is observed.
This requirement of surface modification has been rationalized assuming that photoinduced
charge separation in Si NWs only takes place when the silicon surface is hydrogenated.

In a further development of Si NWs as photobiocatalyst, these materials, conveniently
modified by deposition of Pt NPs on the surface, were used as photoanodes for the Rh

mediated NADH regeneration coupled with L-glutamate dehydrogenase ! (Scheme 10).
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Scheme 10. Pictorial illustration of the photo-electroenzymatic reaction using a silicon

nanowire (Si NW) photocathode. Photons absorbed by Si NWs generate excited electrons,

12



which drift to the electrode/solution interface and reduce the mediator (M). NADH
regeneration occurs triggered by photoinduced electron transfer. Finally, the regenerated
NADH is used to convert a-ketoglutarate to L-glutamate using GDH. (Figure taken with

permission from ref “¢).,

W,Fe,Ta,0,,, obtained by solid state synthesis and having XRD patterns alike in a large
extend to ferric tungstate (Fe,WQO;) with some additional peaks matching tantalum tungsten
oxide is able to act as a photocatalyst under visible light irradiation for the NAD" reduction by
EDTA as sacrificial electron donor in the presence of organometallic Rh mediator. The system
can be coupled with glutamate dehydrogenase giving rise to the formation of L-glutamate by
reduction of a-ketoglutarate. The photoelectrobiocatalytic system has the advantage of not
requiring sacrificial amine to reduce NAD" although it requires the application of a bias voltage
of -0.8 V in order to promote the photoelectrochemical NAD" reduction.

Cd quantum dots having small crystal size (average 5 nm), particularly, CdTe, in the
presence of cyclopentadienyl Rh complex as mediator have been found to be highly efficient
photocatalysts for the visible light (A < 400 nm) NAD" reduction in aqueous solution of TEOA
7 1t was found that the concentration of Rh mediator is a key factor to ensure an optimal
vectorial electron transfer from excited quantum dot to NAD" that is about six orders of
magnitude lower when the Rh mediator is absent. Under the best experimental conditions
most of the photogenerated excited electrons from quantum dots are transferred to NAD"
through the intermediacy of Rh complex. In contrast, analogous Cd chalcogenides samples of
micrometric particle size do not exhibit any photocatalytic activity, thus, revealing the
importance of using photocatalysts of nanometric dimensions. CdS quantum dots and the GDH
can be deposited on a microfluidic reactor having a zone illuminated with visible light in where
the quantum dots are located and another non illuminated zone where the enzymatic process
takes place consuming the photogenerated NADH . Additionally, CdS quantum dots can be

49 By means of

deposited on silica beads of uniform submicrometric particle size
{Cp*Rh(bpy)H,0}* mediator, silica beads coated with CdS are able to regenerate using visible
light NADH that can act as cofactor in the enzymatic synthesis of L-glutamate by GDH. It was
found that agglomeration of CdS or an increase in the CdS average particle size are detrimental

for the performance of this photobiocatalytic system.

Spatial structuring of photobiocatalytic systems.
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One strategy that has been used to enhance the photocatalytic activity of semiconductors
has been the control of the morphology and structuring the particles from the subnanometric
to the submillimetric length scale.”® Thus, for instance, reduction of particle size to a few
nanometers can enhance the photocatalytic activity by introducing quantum chemical effects
and confinement of electrons in a small spherical box.**** On the other hand, nanotubes and
nanorods can also enhance the photocatalytic activity of semiconductors, particularly by
allowing fast electron migration along the long axis direction of the nanorod. All these physical
strategies based on control of the semiconductor morphology and spatial structuring of
various components have been applied frequently in the case of Ti0,.*” One of the best
examples is the use as semiconductor of TiO, nanotube arrays prepared by anodic oxidation at
high voltages and current intensities of thin Ti metal foils in a fluoride medium.”**” Physical
studies have shown that in these nanotube arrays there is a preferential electron migration in
the direction of the nanotubes.®®®” Some of these systems, as the one reported by Grimes in
where the TiO, array is doped with N to increase the visible light absorption and coated with Pt
and Cu metals," is among the most efficient systems to promote the photocatalytic CO,
reduction by water using solar light.’*?

Not surprisingly, the concept of TiO, structuring as nanotubes has also been applied for the
development of a photobiocatalyst.[63] Specifically, CdS quantum dots have been deposited on
TiO, nanotubes to develop a heterojunction nanostructure for photoelectrocatalytic NAD"
reduction using a mediator. The narrow band gap CdS semiconductor absorbs visible light and
injects one electron into the conduction band of TiO, that due to its morphology allows fast
migration of the electron through the nanotube over long distances, favoring charge
separation. These electrons are finally transferred to NAD" through a mediator. Scheme 11
illustrates the concept of CdS-TiO, nanotube heterojunction to perform NAD" reduction.

It is clear that structuring of the photocatlyst allows developing more elaborate systems

that can have higher similarities with the natural photosynthetic centers and this methodology

should be further developed in the future.
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Scheme 11. CdS quantum dot-sensitized TiO, nanotube arrays for photocatalytic reduction
of NAD" allowing the operation of a coupled enzymatic system. (Taken with permission from
ref (%)),

Photobiocatalysts mimicking PSI|

Natural photosystem PSll is characterized by evolving oxygen from water and transferring
electrons to electron relays. Water is, however, a poor electron donor and in many examples
amines are used as sacrificial electron donors even if the photobiocatalytic process is carried
out in water and sacrificial agents would not be strictly necessary. For the sake of atom
economy, it would be of interest to develop artificial photobiocatalytic systems that can be
able to extract electrons from water mimicking the process occurring in the PSIl centers of
green plants. In this section we will describe those photobiocatalytic systems that in a certain
way have been reported to perform similar processes.

Upon excitation with photons of energy larger than the bandgap, a semiconductor
undergoes charge separation by the creation of holes in the valence band and electrons in the
conduction band. However, in order to increase the efficiency in the photocatalytic processes,
it is convenient to attach to the semiconductor some other centers that should provide a fast
management of electrons or holes. These centers are generally denoted as “co-catalysts”,
since their presence enhances considerably the efficiency of the photocatalytic processes,
frequently two orders of magnitude.’®® Noble metals such as Pt or Au are the most general
catalytic centers to store electrons from TiO, conduction band promoting efficiently their
transfer to substrates and, therefore, these noble metal NPs accelerate reduction processes. In
a similar way, transition metal oxides such as IrO,, RuO, and CoO are cocatalysts to promote
oxygen evolution from water. Further elaboration of co-catalysts can be inspired in the natural
photosynthetic center.

In a pioneering work coupling photocatalysis with enzymes, Hollmann and Corma'®” have
combined the photocatalytic activity of Au nanoparticles (NPs) supported on TiO, with the

enzymatic activity of oxidoreductase by means of FAD" as mediator and cofactor to achieve the
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stereospecific hydrogenation of conjugated C=C bonds of ketoisophorone (See Scheme 12). In
previous work in the Iiterature,[34] Au/TiO, has been found to be a highly efficient
photocatalyst for hydrogen generation from water-methanol mixtures under sunlight
irradiation and exhibiting photocatalytic response even under exclusive visible light irradiation.
In the present photocatalytic system, methanol is absent and water becomes the only
sacrificial electron donor present in the medium, generating oxygen in the process. Although
the absence of methanol should reduce the efficiency of the hole quenching, and consequently
the yield of electrons of TiO, conduction band available for reduction of FAD" mediator, the
exclusive use of water makes the system more alike to the enzymatic conditions in PSlII,
increasing the interest of the process. Electrons in the conduction band of TiO, or on Au NPs
should reduce FAD" to the corresponding reduced form FADH, that is the cofactor necessary to
activate the oxidoreductase. The oxidoreductase in this study was obtained from E. Coli BL21
(DE3) that was transfected with a gene encoding the wanted enzyme'®”. After activation of the
oxidoreductase with FADH,, the enzyme exhibits activity to convert ketoisophorone to the
corresponding (R)-levodione. Scheme 12 depicts the components of the photobiocatalytic
system and the enzymatic enantioselective reduction of the conjugated C=C bond with water
and light as reagents.

The influence of the amount of Au/TiO, and enzyme on the product yield shows that for a
given operation condition once a certain amount of the two components is present in the
system the reaction rate reaches a plateau without significant changes in the enantiomeric
excess of the (R)-levodione. Kinetic studies have shown that the rate limiting step of the
process is the photocatalytic regeneration of the flavin FADH, due to the difficulty in achieving
water oxidation. The presence of mediators acting as electron relays between the
semiconductor and FAD" and/or the use of more efficient sacrificial donors could probably
alleviate this bottleneck and could enhance even, further, the photocatalytic activity. To
improve the activity of Au/TiO,, V-doped TiO, was used as photocatalyst showing higher
activity than Au/TiO,. Thus, it appears that this metal doped TiO, could have promising

photobiocatalytic activity under visible light.

16



H,0

20,

Scheme 12. Photobiocatalytic enantioselective reduction of ketoisophorone to (R)-
levodione by an oxidoreductase enzyme mediated by FADH, using Au/TiO, as semiconductor

and water as sacrificial electron donor. (Taken with permission from ref. 7).

In a study that has as key point also the use of water as electron donor in the
photobiocatalytic synthesis of L-glutamate from a-ketoglutarate by enzymatic reduction

%] ysed a homogeneous,

promoted by GDH employing NADH as cofactor, Park and coworkers
molecular photocatalytic system based on Ru(ll) trisbipyridyl complex as light harvester,
organometallic Rh as mediator and cobalt polyoxometalate as cocatalyst for hole scavenging
from the Ru complex (Scheme 13). The key point of the system is to use two different
cocatalysts namely the Rh complex and Co polyoxometalate for efficient management and
quenching of the triplet excited states of Ru(bpy),>" photosensitizer. In the previous sections
we have already amply commented the convenience of using a mediator to transfer
photogenerated electrons to NAD" in the form of hydride. Similarly, cobalt polyoxometalate is
a good catalyst to generate oxygen from water with low overpotential, therefore, making
unnecessary the use of alcohols or amines as sacrificial electron donors. In this way, the whole
molecular photosystem is pumping electrons from water to the enzyme, generating oxygen in

the process in a very similar way to the operation of natural photosynthetic centers in green

plants.
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Scheme 13. Diagram showing the whole cycle for the photocatalytic regeneration of
NAD(P)H cofactors using H,0 as sacrificial electron donor and a cobalt polyoxometallate as

cofactor. (Taken with permission from ref ).

One of the major targets in photocatalysis that should result in an increase in solar light
photoresponse has been to expand the photocatalytic activity from the UV to the visible
region. However, besides visible light sunlight reaching the Earth surface contains a large
percentage (about 46 %) of near infrared (NIR) wavelengths that in general have insufficient
energy to promote electronic transitions from HOMO-LUMO levels in dyes and
semiconductors. It would be also important if this large proportion of NIR energy present in
the sunlight could be used in photobiocatalysis. In one clever approach aimed at utilization of
NIR wavelengths, Park and coworkers ® have prepared nanoparticles of NaYF, that when
codoped with Yb/Er or Yb/Tm (less efficient due to poor overlap of the emission with the Rose
Bengal absorption) are able to perform an efficient up conversion in which NIR photons are
transformed into visible photons. NaY(Yb,Er)F, were coated with silica (8 nm thickness) and
functionalized with 3-aminopropyltrimethoxysilane to introduce positive charges on the
surface for a strong electrostatic interaction with negatively charged Rose Bengal that will act
as the light harvesting dye in the system. Scheme 14 summarizes the concept of NIR photon up
conversion to green light, resulting in electronic excitation of Rose Bengal. In the presence of
TEOA as hole quencher and a Rh complex as mediator, NIR photons promote the regeneration
of NADH cofactor from NAD® and in the complete photobiocatalytic system L-glutamate is

obtained from a-ketoglutarate using GDH as enzyme.
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Scheme 14. Schematic diagram of NIR-light-driven biocatalytic artificial photosynthesis.

(Taken with permission from ref ¢%).

In natural PSII system there is a CaMn,0s cluster that can be considered that is acting as co-
catalyst of the photocatalytic center. These CaMn,Os clusters are near a tyrosine and a
histidine of the enzyme structure. It is proposed that the role of these amino acids is assistance
of electron transfer by proton transfer. Inspired by the environment of natural oxygen evolving
center, a benzimidazole-phenol ligand has been attached through carboxylate groups to the
surface of IrO, nanoparticles to assist similarly the electron transfer from water to IrO, by
proton transfer from the organic linkers.”” It was found that the system consisting in
Ru(bpy)s®* (bpy: 4,4’-bipyridine) as light harvester, TiO, as photocatalyst, IrO, as oxygen
evolution center increases the photocatalytic efficiency for O, generation with a factor higher
than 2 when the benzimidazole-phenol ligand is present. Scheme 15 illustrates the concept
inspired in the natural oxygen evolution center to develop a photocatalytic system based on

TiO, exhibiting enhanced oxygen evolution.
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Scheme 15. Molecular arrangement of IrO, NPs modified by benzimidazole-phenol units to
assist H* transfer and Ru(bpy)s>* as light harvester in dye-sensitized TiO,. The drawing indicates
the electron transfer processes occurring in the mediator-based, dye-sensitized TiO,. (Taken
with permission from ref. %).

Natural photosynthetic centers PSI and PSIl have each of them an independent light
harvesting center spatially attached to the oxygen evolution center (PSIl) or to NADP reductase
through flavin as electron relay (PSI) (Scheme 1). The light harvesting center is characterized by
an array of porphyrins that harvest photons and funnel all the collected energy in one
direction towards the corresponding photocatalytic center. The key feature of the system is
the spatial arrangement and ordering of the porphyrin array that are immobilized in the
thylakoid membrane (Scheme 1). In an attempt to mimic this type of natural light harvesting
centers, the capsid of the M13 virus has been used as platform to attach in an ordered manner
porphyrin molecules at an appropriate distance on a linear configuration (Scheme 16).7"" 7
Apparently, the protein of the M13 virus contains in a regular and periodic way lysine amino
acids that are able to bind strongly to the porphyrin through their free primary amino groups.
The regularity of the arrangement of the porphyrin units is proposed to be responsible for the
high efficiency of the porphyrin/M13 assembly combined with IrO, nanoparticles for water

oxidation, reaching TON for oxygen evolution of about 800.
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Scheme 16. Arrangement of porphyrin complexes onto a one-dimensional light-harvesting

antenna using M13 virus capsid as scaffold. (Figure taken with permission from ref ’?).

A dipeptide of phenylalanine, functionalized at the free amino group by a Fmoc-FF and
having free carboxylate groups self-assembled in water leading to hydrogels. These hydrogels
can incorporate, mainly throw electrostatic interactions between the negative carboxylate
group and the positive pyridinium units with meso-tetra(4-pyridyl) porphyrin and the whole
having iridium oxide as oxygen evolution center can act as solar light driven photocatalyst for
oxygen generation from water using S,05” as electron acceptor 71 n principle, considering
the high efficiency for O, evolution from water, this system using a mediator would be equally
promising as photobiocatalyst using water as electron donor. ' As expected peptide
nanotubes spontaneously formed by self-assembly of diphenylalanine and containing meso-
tetra(4-pyridyl) porphyrin as light harvesting dye and Pt nanoparticles as cocatalysts for
conduction band electrons management can, in the presence of organometallic Rh as
mediator, promote the reduction of NAD* to NADH using visible light, much more efficiently
than the individual components of this system, other combinations or alternatives
photocatalysts such as Cd chalcogenides "%. 1r0, as cocatalyst of TiO, nanofibers synthesized
by electrospinning (about 200 nm diameter, long aspect ratio) have also shown high efficiency
for 0, generation . Other efficient photocatalytic system for O, evolution consists in the
assembly of polydopamine as electron gate, carbon nanotubes as electron acceptor, Ru(bpy);*
as light harvester using cobalt phosphate as hole scavenger and cocatalyst for O, evolution 7.

This combination of Ru complex as light harvester and cocatalysts and electron gates could be
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also of interest in those photobiocatalytic systems in which water should be the sacrificial
electron donor. Other examples are RuO,-Cos0, core shell 1D nanofibres as oxygen evolution

catalyst 7).

In the natural photosynthetic systems, chlorophylls having porphyrinic macrocycle are the
light harvesters centers. In a very interesting work porphyrin molecules have been
incorporated into the porous matrix of lignocelluloses 8. While cellulose provides porosity
and capacity to adsorb porphyrin, lignin plays apparently an additional active role in the
photocatalytic process by accepting electrons from porphyrin excited state and favouring the
coupling of electron transfer with protons transfer by means of the guaiacyl and hydroquinone
units present in lignin (Scheme 17). In a certain way the role of lignocellulose resembles that of
the quinones present in the cytochrome complex acting as electron relays from PSll to PSl in
the natural photosynthetic system. Accordingly, it was observed that when the percentage of
lignin in the lignocellulosic matrix increases, the efficiency of porphyrins as photosensitizers to

promote the photocatalytic reduction of NADP* also increases.

“ NADH
C
L P
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Scheme 17. Photocatalytic activity of porphyrin (P) embedded in the cellulose (C) part of
the lignocellulose. The lignin part (L) contains hydroquinone/quinone pairs that act as efficient

relays in the reduction of NAD" to NADH.

Photobiocatalysis without mediators

One important point in photobiocatalysis is to address the possibility to avoid the use of
mediators and even cofactors by transferring directly electrons from the semiconductor
surface to the active site of the enzyme. Since the field of photobiocatalysis is now emerging
and the current systems are still far from achieving optimal performance, future work should

address this important issue trying to solve in an efficient way which are the best mediators to
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shuttle electrons from the photocatalyst to the cofactor and if they are convenient from the
point of view of efficiency of the process. The possibility to inject directly electrons from the
semiconductor to the active center of some enzymes should be determined. Understanding of
the interplay between mediator and cofactor and the possibility to activate directly the
enzyme by the semiconductor can be also important to expand the type of enzymes and
processes that can be promoted by photobiocatalysis.

At the present, most of the mediators reported so far to transfer the electrons from the
semiconductor to the cofactor or the enzymatic system contain noble metal either as
coordination complexes or organometallic complexes. It would be of interest to develop
alternative mediators using affordable first-raw transition metals, such as complexes
containing Fe, Co, Mn or other abundant metals. Even purely organic mediators with quinone-
hydroquinone structure or other organic redox pairs should also be explored for the different
types of photobiocatalytic processes.

The possibility to activate directly the active site of the enzyme by the semiconductor in the
absence of cofactors or cofactor and mediator will simplify considerably the operation of
photobiocatalytic systems. Most probably this approach requires some kind of pre-association
between the semiconductor and the enzyme, in such a way that a channel through which
electrons can travel throughout the enzyme to reach the redox active center become attached
close to the facets and planes of the semiconductor on which electrons are preferentially
located, if this happens to be the case. For instance, recent progress in the synthesis of TiO,
using F ions to control the growth and morphology of TiO, crystallites has shown that it is
possible to obtain truncated octahedral particles with various possible ratios between the
areas of the 100 vs. 111 planes by controlling the synthesis conditions and more specifically
the F concentration.” By observing the location of NPs formed by photocatalytic reduction
(Pt NPs from Pt") or oxidation (PbO, NPs from Pb*") it has been possible to determine that
electrons are preferentially located on the 111 planes of TiO, truncated octahedra, while holes
in contrast concentrate preferentially on the 100 facets of these particles. According to this, if
one enzyme is attached predominantly on one of these two faces, then, it will be in better
contact either with electrons and holes, depending on where the enzyme is located. If the
enzyme supported on this type of morphologically defined TiO, NPs offers an open channel for
electron migration to reach the active center from the semiconductor, then, no mediator or
cofactor would be needed. Of course, this preassembled semiconductor-enzyme conjugate
should probably require of semiconductor samples with defined particle morphology and
adequate particle size and also of adequate enzymes having pathways to channel electrons or

holes from the enzyme external surface to the internal active site. These enzymes would be
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suitable for operation in the absence of mediators and cofactors. Thus, although this approach
is probably not general and limited to a few examples, those examples would be of large
interest as a proof of principle of the direct channeling of electrons from the semiconductor to
the enzyme. As it will be commented below, hydrogenase and CO, reductase are two classes of
enzymes that have been reported that they can operate in combination with TiO, as
photocatalyst in the absence of mediators and cofactors.

To experimentally gain insight into the possibility of electron injection directly from the
semiconductor to the enzyme, transient absorption spectroscopy appears as a very useful tool.
For instance, transient absorption spectra of P25 suspensions in water show a signal with
lifetime of about 1 ps. This transient in water is very short compared to the lifetime of the
charge separation state of this semiconductor in acetonitrile or other solvents, in which it can
reach tens of microseconds.®®®" Most probably water, either as electron donor or acceptor, is
quenching electron-hole pairs in photoexcited TiO,, shortening the lifetime of charge
separation in this medium.®Y The transient spectrum of TiO, in water is a continuous
absorption in the whole wavelength range from the UV to visible region, with no independent
band for electrons and holes. If one enzyme is attached to P25, then, direct electron injection
from TiO, to the enzyme should lead to a shortening of the lifetime of electrons in P25 as
consequence of their quenching or, alternatively, to an increase in the lifetime of holes as
consequence of the selective removal of electrons and the impossibility of holes to recombine
with electrons that have migrated to the enzyme. Both situations, shortening of electron
lifetime or increase of hole lifetime have been observed in previous cases for quenchers, when
monitoring the charge separation state of the TiO,.%” What is important in the transient
absorption measurement is to observe a clear variation of the temporal profile of the P25
transient signal, as consequence of the presence of increasing concentrations of the enzyme.
Routine application of transient absorption spectroscopy techniques can serve to determine in
which cases mediators and cofactors are not needed and in which other cases
photobiocatalytic systems would not work without electron relays. Unfortunately, transient
absorption spectroscopy still has to be used as a routine technique for photochemical

characterization in photocatalytic systems.

Photobiocatalysis for aerobic oxidations

Cytochrome P450 is a monooxygenase enzyme that is able to introduce an oxygen atom at
the a— or P— position of long chain fatty acids using H,0, as oxidizing reagent.®? H,0, is
formed in the cells as consequence of the cellular respiration metabolism and is a natural

oxygen reactive species present in the cytosol. As commented earlier, when a semiconductor is
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illuminated with photons of sufficient energy and electrons and holes are generated, electrons
can be efficiently captured by oxygen if this gas is present. Therefore, virtually all
photocatalytic systems operating under ambient conditions, in the presence of oxygen,
generate ROS as consequence of this efficient trapping of conduction band electrons by
oxygen. The primary species after accepting one electron is superoxide O,", but this primary
species is strongly basic and is protonated by water to form ‘OOH hydroperoxyl radicals that
can end up in H,0, by a sequence of a second electron and protonation step (Eq. 1). Therefore,
the combination of monooxygenase P450, requiring H,0, as oxidant, and a semiconductor
irradiated in the presence of oxygen to provide stationary amounts of H,0, from oxygen could,
in principle, promote the hydroxylation of fatty acids (Scheme 18).

This concept has been experimentally proved, achieving in equal amounts both the o- and
- isomers of hydroxymyristic acid using P450/CdS as photobiocatalytic system that operates
analogously to the reaction where P450 oxidation of myristic acid is initiated by H,0,.?
Photobiocatalytic oxidation may have several advantages with respect to the chemical
oxidation, the most important one being the facile on/off control of the reaction by turning the
light on and off. It should be, however, commented that the stationary concentration of H,0,
generated photocatalytically is generally low, typically around mM, due to the fact that H,0,
also decomposes photocatalytically very easily and it is not stable under irradiation conditions.
Therefore, a stationary concentration is reached due to the continued formation from O, and
decomposition of H,0, as indicated in Scheme 19.

The key point is that the stationary concentration of H,0, reached in the photocatalytic
reduction of O, has to be sufficiently high and compatible with the operation of the enzyme. It
should be, however, commented that most of the peroxidase and catalase enzymes can

operate with low H,0, concentration.
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Scheme 18. Monooxygenation of myristic acid (R=(CH,)10CHs) using P450gs,/CdS quantum

dots nanohybrids (Taken with permission from ref #%).

Photocatalytic H,0, generation: O, + 2H* + 2e" — H,0, Identical reaction rates
for both processes
leads to a stationary
Photocatalytic H,0, decomposition: H,0, + 2h* — O, + 2H* H,0, concentration.

Scheme 19. Photocatalytic steady state generation of H,0, by oxygen reduction.

Photobiocatalysts for hydrogen evolution

Platinum as cocatalyst has as main role to act as H, evolving center, forming H, with the
minimal overpotential ™. However, Pt as a noble metal is extremely costly and its limited
availability will thwart most of the commercial applications of photobiocatalytic systems if they
contain Pt as component. For this reason, even though Pt is highly efficient as hydrogen
evolving center, there is a need to replace this precious metal by other affordable alternatives.

In this context, electrochemical studies have also shown the high activity of hydrogenases
to produce H, also with low overpotential, comparable to that needed with Pt that is only of a
few mV over the thermodynamic value.® In addition, hydrogenases may have the advantage
over Pt NPs that they are not poisoned by the presence of CO, H,S or even O, that are known
to strongly deactivate Pt, either by strong adsorption or by preferential electron quenching.

Considering the well documented efficiency of hydrogenases in electrochemical H,

generation, it is not surprising that these enzymes can also act as replacement of Pt NPs in
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photobiocatalytic systems aimed at the conversion of light into hydrogen. In these cases,
hydrogen could be considered as the product of the enzymatic process triggered by light
absorbed by the semiconductor, occurring a vectorial electron transfer from the photocatalyst
conduction band to the dehydrogenase. Thus, for instance, an assembly consisting in TiO, P25
as semiconductor, a ruthenium polypyridyl dye having peripheral phosphonic groups to bind to
the TiO, surface as light harvester and [NiFeS] hydrogenase as H, evolution center exhibits at
pH 7 and 25 °C using triethanolamine as sacrificial electron donor a TOF of 50 (molH,)s*(mol

total hydrogenase)” (Scheme 20).5
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Scheme 20. Operation and advantages of a photobiocatalytic system based on TiO,
semiconductor, ruthenium polypyridyl dye as light harvester and a {NiFeS} hydrogenase as
cocatalyst in the absence of cofactors and electron mediators (TEOA: triethanolamine). (Figure
taken with permission from ref ).

An important parameter to be considered in the operation of this photobiocatalytic system
for the generation of H, is pH of the aqueous solution. It was found that the hydrogenase
photobiocatalytic system operates adequately in the pH range around neutrality (pH 5-8).
Higher pH values lead to the desorption of the ruthenium complex from TiO,. Lower pH values
could result in inactivation of the enzyme. With regard to the temperature, it was determined
that the TOF for H, production increases from 10 s to 72 s™ when the temperature increases
from 5 to 45 °C. Operation of the system at 45 °C was considered as an evidence of the
thermal stability of the enzyme in the photobiocatalytic system.

This remarkable high photocatalytic efficiency seems to derive from the combination of
several favorable factors including excellent attachment on TiO, of both, the photosensitizer
and the hydrogenase, efficient light harvesting and electron injection activity of ruthenium
polypyridyl dye, fast intraprotein electron channeling from TiO, conduction band to the
prostetic center of hydrogenase without the need of mediator among other requirements. The

excellent anchoring of [NiFeS]-hydrogenase to TiO, seems to derive from the presence in the
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enzyme of lateral carboxylate groups. Carboxylic acid groups are known to attach strongly to
the TiO, surface’®.

As indicated in a previous section, one of the features of this photobiocatalytic system that
deserves further study is the reasons why it does not require cofactors and mediators and that
the migration of TiO, conduction band electrons to the enzyme active site takes place with
interfacial channeling. The mechanism through which electrons are directly injected to the
hydrogenase and the nature of the channel of electrons needs to be fully substantiated in
order to take the maximum advantage of this system.

Since both ruthenium polypyridyl complex and hydrogenase enzyme have to be attached to
the surface of TiO, NPs, their relative concentration, and even, the order in which these two
components are supported on the photocatalyst is important in order to prepare a sample of
the system with the optimal photocatalytic activity. For instance, if a high concentration of
ruthenium polypyridyl complex having phosphate units is employed, then almost complete
coverage of the TiO, surface could be achieved and, then, hydrogenase will not be able to find
suitable positions on TiO, to anchor. Accordingly, high loadings of ruthenium polypyridyl can
be detrimental from the point of view of the photocatalytic activity. In fact, it may happen that
just a small concentration of ruthenium polypyridyl complex could be sufficient to harvest
most of the photons reaching TiO, NPs due to their high molar absorptivity. In this case, higher
loading of the ruthenium complex will not increase the photoactivity of the system and will,
probably, play a negative effect due to the limitation on the loading of hydrogenase on TiO,.
Since surface attachment of both light harvester and hydrogenase are considered to be a
prerequisite, the presence of phosphate and other ions in the solution was also found to be
strongly detrimental for the operation of the photobiocatalytic system by competing with the
anchoring of the ruthenium complex and hydrogenase enzyme for attachment to the TiO,
surface.

Another observation regarding the ruthenium complex-P25-hydrogenase system is that the
photocatalytic activity data was frequently hard to reproduce, observing variations of about
50% in the amount of hydrogen generated upon exposure of the system to daylight at the
open air for just 0.5 h. It was determined that low-intensity daylight and atmospheric O, are
apparently sufficient to promote the oxidative degradation of a large percentage of the
enzyme decreasing significantly the photocatalytic activity of the system. Therefore, it is
strongly recommended that all the preparation steps should be carried out protecting the
system from ambient light or from atmospheric O,. Probably this good practice should also be
extended to the preparation of any photobiocatalytic system or, at least, the issue of enzyme

stability under normal operational laboratory conditions should be fully substantiated. This
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degradation of the hydrogenase enzymatic activity would be a consequence of the generation
of sufficiently high reactive ROS under these conditions. It should be noted that total absence
of O, is a prerequisite in the photocatalytic water splitting, so no ROS are generated when H,
evolves. Overall, the H, TOF achieved with this system, either calculated with respect to the
amount of enzyme (2070 micromolH,/(h*mg Enz.)) or with respect to the semiconductor (712
micromolH,/(h*g TiO,)) is among the highest ever reported for any light-driven H, production
system, including not only enzymatic, but also noble metal-based photocatalyst. This fact is
particularly notable considering that no cofactor or mediator is required in this
photobiocatalytic system. The issue of photostability of the system for long irradiation periods
appears, however, as a possible limitation for the scale up of the system and is a point that
deserves a detailed study.

In a further elaboration of photobiocatalyst for H, generation, a photoelectrochemical cell
with two compartments separated by a porous Nafion membrane having an anodized titanium
electrode on metal titanium as photoanode connected electrically to the photocathode
containing hydrogenase enzyme has been reported (See Scheme 21).[86] The system operates
in the absence of sacrificial electron donor and producing overall water splitting (simultaneous
generation of H, and O, in stoichiometric amounts). In this photoelectrochemical cell, the
enzyme and semiconductor are physically separated and connected electrically. This situation
can have advantages with respect to most common experimental setup in terms of no need of
surface anchoring and higher stability. However, efficiency of the cell can be limited by the

slow activation of the enzyme.
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Scheme 21. Components and operation mechanism of overall water splitting with separate
compartments for oxygen and hydrogen generation in the absence of sacrificial electron
donors assisted by a bias potential from a solar cell. NF: Nafion. (Figure taken with permission
from ref ),

The system operates with an external bias provided by a solar cell that assists the overall
water splitting without the need of sacrificial agents. The anodized tubular titanium electrode
has to be previously thermally annealed at temperatures between 450 and 650 °C to increase
the crystallinity of the anatase phase, produce the sintering of the NPs constituting the tubes
and to achieve the highest photocatalytic activity. Similarly, among possible hydrogenases, it
was found that the one obtained from Pyrococus Furiosus was the best performing one. The
data obtained showed that the origin of the enzyme plays an important role on the
photocatalytic activity. This enzyme was present in solution in the cathode in which the
working electrode was also anodized titania. Under these conditions, oxygen and hydrogen
evolved in quasi stoichiometric amounts separately in the photoanode and cathode
compartments, respectively. The maximum H, production rate was 40 umol/(cm”h) that
roughly corresponds to 9 I/(m*h). Interestingly, extrapolation of these numbers to a 6.5 h
sunlight day in a field having a surface of 100x100m would lead to the production of 585 m* H,
under ambient conditions. It remains, however to be determined the mechanism through
which electrons reaching cathode are transferred to the hydrogenase in the solution,

particularly the transport mechanism of the electron to the active site of the enzyme. It could
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be possible that the presence of an electron mediator could enhance the H, production rate
even further.

Photobiocatalysis for CO, reduction

An extension of the previous photocatalytic system, but replacing hydrogenase by a CO,
reducing enzyme (CO, dehydrogenase |, CODH |) obtained from the anaerobic microbe Ch
(Carboxydothermus hydrogenoformans) has been applied to the reduction of CO, to co.®B” As
in the previous case using hydrogenase, the photocatalytic system operates by photoinduced
electron injection from a ruthenium polypyridyl complex to the active center of CODH |
through the intermediacy of TiO, NPs using mercaptoethylsulphonate (MES) as sacrificial
electron donor with no need of cofactor or mediator. It was found that the photocatalytic
activity of the system increases with the loading of enzyme, indicating that the rate determing
steps in this photobiocatalytic CO, reduction to CO are the processes taking place at the
enzyme. It was, however, observed that the photobiocatalytic system decreases in activity in a
few hours. This lack of stability under operation conditions contrasts with that of the
analogous photobiocatalyst for H, evolution based on dehydrogenase.[87] This fact was
presumed to be related to the higher endoergonicity of CO, reduction compared to H,
generation, although other possibilities, particularly detachment of the enzyme from the TiO,
surface, could also explain the observed deactivation.

Evaluation of the nature of the semiconductor for this CODH I-containing photocatalyst
among P25, anatase, rutile, ZnO and SrTiO; shows that the best performing semiconductor is
P25 and that the amount of CO evolved depends significantly on the nature of the
semiconductor as well as the nature and concentration of the ruthenium dye and sacrificial
electron donors. The combination that was found to give the highest CO evolution rate
comprises mercapto ethyl sulfonate, ruthenium polypyridyl and CO-dehydrogenase Il. In the
last case, optimization of the orientation of this CO-dehydrogenase Il enzyme with respect to

TiO, surface can be achieved without requiring linkers to attach CODH Il to the TiO, surface.’®”

Enzyme mimicking

One further development of photobiocatalytic systems would be the design and
preparation of synthetic molecules or semiconductor-cocatalyst conjugates that contain the
photosensitizers attached to a model of the active center of the enzyme.®® The power of this
strategy would be that by learning the operation mechanism of enzymes, an artificial system
targeting a photocatalytic process considerably more simple and affordable obtained by
biomimetic design could be available in large scale. This approach could be specially appealing

for solar fuel production that requires very stable photobiocatalysts to ensure long-term
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stability of the material. In this context, one of the enzymes whose active center can be
mimicked are hydrogenases that will be applicable for H, production.

Towards this goal of mimicking hydrogenases coupled to light harvester, a silafluorene
having [FeFe]COg unit has been synthesized (Scheme 22). The system has been characterised
and tested for H, generation in acetonitrile containing triethylamine as electron-donor and

trifluoroacetic acid as H* source.
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Scheme 22. Structure and operation mechanism of the light-driven production of hydrogen

by [FeFe]-hydrogenase mimic. (Taken with permission from ref #8).

Although the system based on the silafluorene represents a proof of concept of mimicking
the [FeFe] hydrogenase active center, there is still a considerable room for improvement of the
photocatalytic activity. In addition, since the biphenyl chromophore only absorbs in the UV
region, the mimic system does not have response under visible light irradiation and this
limitation should be overcome for its use as solar photocatalyst. The rationale behind the use
of Si, a non-biological element, in the chromophore center transferring electrons to the b
center was to avoid more expensive noble metals typically used as mediators, while still
allowing electron migration. However, it seems that other more appropriate heteroatoms with
higher electron donor ability should be desirable. Also, it would be highly desirable that the

photosensitizer — [FeFe] center conjugate would be soluble in water, rather than in organic
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solvents. This water solubility could be achieved by introducing appropriate substituents to
increase the hydrophilicity of the conjugate. Another point is that the source of hydrogen
should be water and not a strong carboxylic acid. Furthermore, the two major limitations to be
overcome are the low quantum efficiency of H, generation and the poor stability of the
system. Specifically, it was found that the CO ligands around the [FeFe] centers progressively
disappear upon irradiation. Interestingly, when H, evolves the photochemical stability of the
Fe(CO); centers is higher than under conditions in which no H, is generated, this meaning that
the two processes, H, generation and active center decomposition, are probably competing. In
any case, the silafluorene compound exhibits a TON of 29 that is currently among the records

for a simple molecule acting as hydrogenase mimic.

Scheme 23. Photocatalytic system for H, generation based on chitosan-confined mimic of
the diiron subsite of [FeFe]-hydrogenase using CdTe quantum dots as semiconductor and

ascorbic acid (H,A) as electron donor. (Taken with permission from ref. &%),

While in the previous example, the idea was to build a small molecule having covalently
attached the photosensitizer and the {Fe,Fe} hydrogenase center, a more flexible approach is
just to have both components i.e. light harvesting, and the hydrogenase diiron center in
proximity but without covalent binding. This more versatile approach has been recently
developed by using chitosan, a natural biopolymer of glucosamine, to embed, due to
electrostatic interaction, CdTe quantum dots and a diiron hexacarbonyl dithio center bonded
to benzylamine.lgg] The CdTe quantum dots were capped with mercaptopropionic acid (MP) to
increase the affinity of these quantum dots for chitosan. The system operates using ascorbic

acid in methanol-water mixture to provide protons and to act also as hole quencher (Scheme
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23). The optimal conditions were when MP-CdTe (0.86 micromol/l), {Fe,Fe} hydrogenase (10
micromol/l) mimic were embedded in the fibrils of chitosan at a concentration of 1 g/I,
whereby a H, evolution of 1.27 ml in 10 h was achieved. It was proposed that the enhanced
efficiency and durability of the photocatalytic system derives from the strong interaction and
close contact between CdTe quantum dots, the {Fe,Fe} center and ascorbic acid in the chitosan
environment provided by chitosan.

By fluorescence intensity measurements, it was found that chitosan stabilizes CdTe
quantum dots preventing their aggregation. Electrochemical measurements of {Fe,Fe}
hydrogenase center mimic in the absence and in the presence of chitosan indicate that the
biopolymer stabilizes mixed valences and low valence states of COs;Fe-FeCO; motif, making
possible the build-up in solution of sufficiently high concentration of these electron reservoirs
involved in H, generation. In addition, laser flash photolysis studies have provided direct
evidence for the occurrence of photoinduced electron transfer from excited CdTe quantum
dots to (CO);Fe-Fe(CO); centers, the transient absorption at ca. 400 nm being attributable to
the mixed (CO);Fe-Fe’(CO); species.®™ Overall this study shows the opportunity that
assembling of photocatalytic components by intermolecular forces developing supramolecular
systems can provide to mimic natural photosynthetic centers, replacing the protein scaffold by
other type of more widely available polymer.

In another example of mimicking the prostetic centers of enzymes, a Fe' porphyrazin was
synthesized and after anchoring on an ion-exchanging Amberlite CG-400 resin, the resulting
active center-polymer material tested for the decolorization of rhodamine B dye (RhB) either
in solution at acid or neutral pH or adsorbed on the resin (Scheme 24).% The mechanism of
the decolorization involves coordination of Fe" porphyrazin with O, to form an adduct that

upon excitation undergoes electron transfer generating Fe'"

and O, superoxide anion radical
initially bonded to the iron cation. This process generates undetermined ROS that can migrate
reaching and promoting the degradation of the RhB dye under visible light irradiation.

0, 0,

0, |
2z :‘ﬂr" *®
Fe'' Pz(hmdtn); —— Fe'l Pz(hmdtn); ——  Fe!! Pz(hmdtn), ——>

or ' -
— o —Fe' Pr(hmdm), ~—n [ O = FePz(hmdtn), 1'%

Scheme 24. Elementary steps in the reaction of O, with the iron(ll) tetrahydoxymethyl-
tetra(1,4-dithiin) porphyrazine (abbreviated as FePz(hmdtn),). (Reproduced with permission

from ref. ).
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In another work also aimed at developing photobiocatalytic systems mimicking enzyme
centers, an iron thiolate complex insoluble in water has been suspended in aqueous solution
using sodium dodecylsulfate (SDS) surfactant. The presence of SDS leads to the formation of
micelles containing iron thiolate that was considered as a simplified model of {Fe,Fe}
hydrogenase center.” Irradiation of the {Fe,Fe} hydrogenase model dispersed in SDS micelle
using eosin Y as sensitizer and triethylamine as sacrificial electron donor leads to the
generation of H, with a TON of 117 molH,/g catalyst. Scheme 25 summarizes the mechanism
for H, generation that involves changes in the oxidation state of the {Fe,Fe} model. It was
found that the stability of this system is limited by the gradual degradation of the eosin dye

under irradiation conditions.

Y

YEY=
FeFe! —f— HFe!Fe!
k {H*}
Et;N EY
Fe'Fe!

Scheme 25. Mimic of the center mimicking hydrogenase {Fe,Fe} active center and proposed
mechanism for the formation of the corresponding hydride intermediate in the system based
on eosin Y (EY) dye as light harvester and triethylamine (Et;N) as electron donor in aqueous
SDS solutions at pH 10.5. (ISC: intersystem crossing from singlet to the triplet excited state)

(Taken with permission from ref. °4).

Mediators in photobiocatalytic systems

As commented earlier, one of the main problems in the design of a photobiocatalyst is the
need of a mediator that should be able to reduce the cofactor that subsequently will activate
the prostetic center of the enzyme. One fact that is well established is the strong dependence
of the nature of the mediator on the efficiency of the photobiocatalytic system.

Concerning the nature of the mediator, one study that has illustrated the importance of the
structure of these components on the catalytic activity has used laccase as a case of study.[gz]
Laccase is able to oxidize NADPH to NADP" that subsequently can be a cofactor of alcohol
dehydrogenase to oxidize alcohols. A suitable mediator should shuttle electrons from the

laccase center to oxidize NADPH. Scheme 26 illustrates the laccase-mediator system coupled

with alcohol dehydrogenase to catalyze the aerobic oxidation of alcohol.
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Scheme 26. Mechanism of alcohol oxidation by oxygen as oxidant using laccase and
mediator. Med®=oxidised mediator, Med™‘=reduced mediator. (Figure taken with permission

from ref %),

In that study, eighteen mediators were screened for the efficient reduction of laccase.
Among them, acetosyringone and syringaldehyde, as well as caffeic acid were found the most
efficient compounds to effect the generation of NAD". Other molecules, even if they appear to
be structurally closely related, are much less efficient or total inefficient for this purpose. This
raises the issue of the current lack of a conceptual framework to rationalize or even predict the
most suitable molecule mediator acting for each enzyme. Furthermore, it is likely that the
most adequate mediator could also vary depending on the operation conditions and the origin
of the enzyme.

A well-established methodology to promote visible light activity in TiO, is doping, either
with metal or non-metallic elements.”** In a study about the effect of P-doping on TiO, for
NAD" reduction, it was found that NADH regeneration using water as sacrificial electron donor
can be achieved under visible light illumination by P-doped TiO,.®® The system requires a
rhodium cyclopentadiene organometallic complex as mediator to shuttle electrons from P-TiO,
conduction band to NAD'.® |t was found that the photocatalytic efficiency of NADH
regeneration increases with the content of P in the doped TiO, in the range from 0 to 6 at. %,
reaching a maximum NADH generation yield of 34.6 %. The beneficial influence of P doping on
the visible light photocatalytic activity was attributed to the increase in the surface area of TiO,
upon doping and to the narrower band gap of the doped material allowing visible light
excitation. Scheme 27 summarizes the operation mechanism. It should have been, however,
convenient to show if other dopants act similarly and with the same efficiency in the

photoregeneration of NADH. A logical follow up of this study would be to combine the
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photogeneration of NADH with some enzymatic system that uses this cofactor in a catalytic

reduction, making an efficient visible-light photobiocatalytic system based on titania.

[C,"Rh (bpy) (H,0)? NADH

P-TiO,

y
e[y RN bpy) HE T NAD®

v

Electron doner

Scheme 27. Mechanism of photocatalytic NAD+ reduction based on P-doped TiO, and a

rhodium complex as mediator. (Figure taken with permission from ref °°).

In the search for simple organic molecules as mediators, there are several studies reporting
the use of bipyridinium ions that have a chemical structure similar to NAD" and are also
susceptible to accept hydride ions. One of these studies is focused on the operation of
glutathione reductase (GR). Glutathione is a natural oligopeptide that acts as antioxidant in
biological systems to control the oxidative stress in the cells caused by ROS generated in the
cellular oxidation. Glutathione is a constituted by three aminoacids, the central one being
cysteine that is able to form a disulfide bridge with another glutathione (Scheme 28). The
redox pair constituted by glutathione (GSH) and the corresponding disulfide dimer (GSSG) is
controlled by an enzyme that is able to perform GSSG reduction, namely GR. It has been found
that GR can be activated photochemically using Ru(bpy)s>* as photosensitizer absorbing visible
light, N,N’-bis(carboxyethyl)-4,4’-bipyridinium covalently attached to the enzyme as electron
relay and EDTA as sacrificial electron donor.®” Based on the known behavior of the Ru(bpy)s**
and viologens, it was proposed that the triplet excited state of Ru(bpy)s;>" generated upon
visible light absorption is quenched by the bipyridinium ion, resulting in an electron transfer
from the Ru complex as electron donor to bipyridinium as electron acceptor. Since
bipyridinium is attached and immobilized to the modified GR enzyme these units can act as
electron mediators, transporting this electron to the enzyme active site without the need of
the natural cofactor. This electron relayed by bipyridiniums once in the center of GR promotes
reduction of GSSG to GSH. The photocatalytic cycle is completed by EDTA giving one electron
to the oxidized form of the photosensitizer. Scheme 28 illustrates the components of this

photocatalytic system and the operation mechanism, the key point being that bipyridinium can
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efficiently perform two roles i.e. accepting one electron from Ru(bpy)s®* triplet and as

mediator providing the electron to the enzyme.

hv

Oxidation Ru(bpy);’* /
Products

EDTA Ru(bpy);”*

Scheme 28. Operation mechanism of GR promoted by visible-light photosensitized electron
transfer between Ru(bpy);** and a viologen anchored to the GR enzyme. (Figure taken with

permission from ref 7).

In a further development of the modified photobiocatalytic GR enzymatic system, GR
conveniently modified by pyridinium ions was immobilized in a crosslinked redox copolymer
obtained by copolymerization of acrylamide and a bipyridinium having also an
acrylamidopropyl unit in one of the nitrogen atoms (Scheme 28). In this assembly of redox
copolymer containing modified GR, the operation of an electron transfer from EDTA to GSSG
was proposed to occur through the redox polymer backbone and modified enzyme.

Other alternative systems to activate native GR for photocatalytic GSSG reduction have
been accomplished using carboxyalkyl bipyridiniums attached to polylysine, the latter
component acting as electron relay. It was found that the ability of the enzyme to perform
GSSG reduction depends on the tether length connecting the bipyridinium units and the
polymer. Transient absorption spectroscopy shows that the electron transfer rate from the
bipyridinium electron relay to the enzyme is controlled by the length of the tether connecting

bipyridinium and the polymer, long chains enhancing the electron transfer rate.

Photobiocatalysis in living systems.

In the context of determining the potential effects of nanomaterials in plants, one
interesting observation has been that anatase TiO, NPs affect markedly to living spinach plants
by increasing the vigor in aged sites and promoting chlorophyll formation leading to faster
growth and higher development of the plant.®® This effect of TiO, as small size NPs was

presumed to derive from their photobiocatalytic activity. In fact, more detailed studies have
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shown that anatase TiO, NPs promote CO, assimilation in living spinach plants. Purification of
Rubisco by electrophoresis in TiO, NP-treated spinachs and comparison with the same enzyme
in controls has found that the activity of TiO, NP treated spinach Rubisco was 2.67 times higher
than that of Rubisco from the control. Rubisco is a protein that is present in the chloroplast
and is responsible for photosynthetic CO, assimilation by catalyzing the reaction of CO, with
ribulose-1.5-biphosphate leading to two molecules of D-phosphoglyceric acid.

Characterization of the secondary structure of Rubisco from TiO, NP-treated spinach
showed that its structure is very different from that of Rubisco present in untreated spinach
plants. This seems to indicate that the presence of TiO, NPs induces changes in natural spinach
Rubisco and these induced changes are responsible for the observed benefits in the plant.
Characterization of this Rubisco fraction shows that TiO, NPs activate the formation of a
complex of Rubisco and Rubisco activase, this complex being responsible for the effects

observed in the growth of spinach promoted by TiO, NPs (Scheme 29).

SPINACH SPINACH
RUbisCO Tio, NPs Rubisco_- Rubisco
Spinach > activase

complex

- Enhanced plant growth
- High CO, assimilation

Scheme 29. Consequences of the addition of TiO, NPs to living spinaches.

Conclusions

Photocatalysis is a field experiencing a renewed interest, since besides degradation of
pollutants in air and water, it can be applied to the production of solar fuels. At the present the
efficiency of many photocatalytic processes is still very low and far from application. Aimed at
increasing this low yields and inspired in Nature, a promising approach that is currently at the
early stages of investigation could be the combination of photocatalysis and enzymes, leading
to photobiocatalysis. Since enzymes are the perfect catalysts under physiological conditions,
the points to be improved are related to the charge transfer from the photocatalyst and the
intrinsic efficiency of charge separation at the photocatalysts. At the moment, most of the
examples reported on photobiocatalysts employ TiO,, but certainly other efficient
photocatalysts including perovskites, chalcogenides, nitrides, double layered hydroxides and

graphenic materials are worth to be used in the preparation of photobiocatalysts.

39



Besides expanding the type of semiconductors, communication of the photocatalyst and
the enzyme requires of a general conceptual framework of how to couple both components.
Examples have been presented of the several possibilities described to transfer electrons or
holes from the semiconductor to the enzyme including direct attachment of the two
components, but generally cofactors and more frequently cofactors and mediators a needed.
The use of rhodium organometallic complexes that are the ubiquitous electron relays are
unsatisfactory for any commercial application.

From biomimicking of photosynthetic centers, a step forward would be to move towards
bioinspiration in which the knowledge on the operation of the natural systems can lead to the
development of efficient photobiocatalytic systems in which the enzyme could be satisfactorily
substituted by a suitable copy of the active center embedded or not on a polymer.

Due to the potential impact of photobiocatalysis, there is no doubt that the field will
continue to grow in the near future and all these issues will be investigated with the long term
goal of achieving more efficient artificial systems that could be commercially applicable for

solar fuel production or pollutant degradation.
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