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ABSTRACT

Flavin compounds are found in Nature within a range of flavin-containing enzymes
(flavoenzymes) that are responsible for metabolic, antioxidant and photoreception
processes across animal, plant and bacteria kingdoms. Their broad redox and
photochemistry has seen the field of flavin-based catalysis emerge as a powerful
addition to sustainable catalysis thanks to being cheap, non-toxic and highly active.
Flavin photocatalysis in particular has shown great promise in a range of synthetic
procedures such as benzylic oxidations, sulfoxidations, decarboxylative
transformations, isomerisations and [2+2] cycloadditions to name a few. It has been
shown that flavin photocatalysts can be tuned to a specific application either through
chemical structure modification or by the design of advanced systems through
heterogeneous or polymer carrier attachment. The latter has shown encouraging
results to widen flavin photocatalyst applicability within organic synthesis but has
lacked in displaying characteristics like flavoenzymes which enable highly efficient and
selective catalysis of industrially relevant products with precise stereochemical control.
This thesis details the design and application of novel flavin photocatalysts through the
combination of polydopamine (PDA). It is shown that PDA not only acts as a carrier of
the flavin, but actively engages in the catalytic mechanism and improves flavin

photostability.

In the first instance, copolymer flavin-polydopamine (FLPDA) nanoparticles
were synthesised and their photocatalytic activity was characterised through model
oxidation and reduction reactions. This study revealed enzyme-like kinetics of the
catalysed reactions and improved photostability of the conjugated flavin moieties.
Additionally, the biocompatibility of the nanoparticles was assessed through in vitro
cell studies to ensure applicability to other fields such biomedicine or water
remediation. Subsequently, the flavoenzyme specific oxidation of indole to indigo and
indirubin dyes was explored using the FLPDA photocatalyst. The results showed that
the nanoparticle system exhibited higher production of the valuable dyes over a
homogeneous flavin photocatalyst. This increase in activity was investigated through

reactive oxygen species (ROS) scavenging experiments which revealed that FLPDA’s
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mechanism of action in this reaction partially resembled natural flavoenzymes and

therefore enhanced key product formation.

Finally, reduction reactions catalysed by flavoenzymes were investigated using
FLPDA and a chiral flavin-polydopamine system (RCPDA). The light-driven reduction of
azobenzene dyes was first explored using FLPDA which provided evidence that hydride
could be transferred from PDA-conjugated flavin moieties to a substrate upon
irradiation in the presence of an electron donor reagent. Next, the reduction of C=C
bonds within a,B-unsaturated ketones and aldehydes was explored by initially
screening buffered electron donor reagents and homogeneous flavin photocatalysts
with key substrates. The optimal conditions and compatible substrates were then
applied to the nanoparticle RCPDA system which produced the saturated products in
comparable yields to the homogeneous photocatalysts with very low catalyst loading
(<1 mol% vs. 10 mol%). The inclusion of a chiral linkage between PDA and flavin and its
effect on the stereochemical outcome of the reaction was also explored, with
preliminary data showing that adopting such a strategy could enable some

enantioselectivity over the product.

In summary, this thesis provides new methodologies to design advanced flavin
photocatalysts with enzyme-like characteristics that will help to further develop the

field of sustainable catalysis.
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Chapter 1: Introduction

1 INTRODUCTION

1.1 Flavin

Flavins are organic redox cofactors found within enzymes (flavoenzymes) in the form
of flavin adenine dinucleotide (FAD) or flavin mononucleotide (FMN) derived from
Vitamin B, riboflavin (Figure 1.1). Flavoenzymes are involved in a wide range of
biological metabolic processes thanks to a number of radical and ionic states (Figure
1.2) that allow for the catalysis of both one and two electron transfer reactions.*?
They can mediate both reduction and oxidation reactions, acting as either a
nucleophile or electrophile on a range of substrates including amines, amino acids,
dithiols, aldehydes, ketones, and carboxylic acids.’! Interestingly, although
flavoenzymes have been shown to induce oxidative stress through production of
superoxide, they are also antioxidative by being involved in the reduction of

hydroperoxides.!*°!
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Vitamin B, (Riboflavin) NH
| | 2
OH OH </N | N
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: R™ R N
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N N~ 20 OH OH
. ! 2 .
Isoalloxazine rij/"a . °NH 1 Adenosine |
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Flavin Adenine Dinucleotide (FAD)

Figure 1.1: Structures and nomenclature of flavins found in nature.

In addition to their catalytic roles, flavins are also found within
photoreceptors across bacteria, plant and animal kingdoms. More specifically, BLUF
(Blue-Light-Utilising FAD) domains, found primarily in bacteria, control enzyme activity

or gene expression in response to blue light,[®! LOV (Light Oxygen Voltage) domains are

L. B. Crocker — August 2020 1



Design and Application of Nanostructured Flavin Photocatalysts

crucial to phototropism and adjusting circadian rhythm within many plants,”! as well
as CRY (cryptochrome) domains being mainly responsible for circadian rhythm in
animals.®l Flavins are also crucial to the activity of light activated processes such as

DNA repair by photolyase® and also the light emission by bacterial luciferase.!*%
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Figure 1.2: Redox and acid-base equilibria of flavins. Adapted from Heelis et al.[?!

Their significant biological role has prompted numerous studies of their
properties and function.[211-13] As 3 result, there have been many applications of
flavoenzymes and related flavin compounds within green chemical synthesis and
biotechnology. This thesis is mainly concerned with the application of flavins within
green chemical synthesis as photocatalysts. Therefore, the following literature review
will focus on the recent developments of flavin-based catalysis and their applications

within biocatalysis, organocatalysis and photocatalysis.

1.1.1 Flavoenzyme biocatalysis

Flavoenzyme use in biocatalysis is wide-spread due to their extremely varied chemistry
that allows for a range of organic transformations to be achieved with regio- and
enantiospecific control over the product, which is for the most part almost impossible
to achieve by traditional synthetic means.!'* Some of the key catalytically active flavin

redox states within flavoenzymes and their related catalytic transformations are
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shown in Figure 1.3 and will be discussed in order to introduce the main flavin redox

states relevant to this thesis.

The oxidised flavin cofactor (FLox Figure 1.3A) can undergo reduction to yield
oxidised substrates. A key example of such a reaction is imine formation from amines -
a transformation catalysed by monoamine oxidases (MAOs) involved in the
neurochemical removal of neurotransmitters.l> Engineering of this class of enzymes
pioneered by the Turner group has seen MAOs being exploited for enantioselective
amine resolution and functionalisation to prepare numerous active pharmaceutical
ingredients.[®! Recently, the Hyster group discovered the ability of ene-reductase (ER)
enzymes to catalyse dehalogenation reactions through the single electron reduction of
FLox to form the anionic radical flavin semiquinone (FLsq~, Figure 1.3B). This allowed
them to perform enantioselective hydrodehalogenation on a range of a-

bromoesters.[17]

Further single electron reduction of flavin semiquinone, FLsq or the direct
reduction of FLox via hydride transfer from NAD(P)H results in the fully reduced flavin
hydroquinone (FLng, Figure 1.3C). FLnq is responsible for the activity of ene-reductases
(ERs), a group of enzymes derived from the Old Yellow Enzyme (OYE) family, that are
capable of C=C bond reduction via hydride transfer from FLnq to the substrate followed
by protonation. These enzymes have been employed in several reaction cascades and
industrially relevant processes due to inherent substrate promiscuity and excellent
stereoselectivity over products (a more detailed discussion of this enzyme class can be

found in Chapter 4).[181°]

Finally, FLhq can react with molecular oxygen to form peroxyflavin, FLOO"
(Figure 1.3D) which can also be protonated to form the hydroperoxyflavin species,
FLOOH (Figure 1.3E). These peroxy-flavin species are present in a large group of
enzymes known as flavin-containing monooxygenases (FMOs) and have been among
the most widely exploited enzymes in biocatalysis. There are several classes (A-F) of
FMOs that are generally classified by the type of chemical reaction that is catalysed,
the nature of the reducing and oxidising substrates, or the sequence and structural

data of the enzyme.[20
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A. Amine oxdiation
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Figure 1.3: Catalytically active species of flavin utilised in biocatalysts. (A) FLox within
MAOs can oxidise amines to imines. FLox can also act as a one or two electron acceptor
to afford either (B) flavin semiquinone (FLsg) that can catalyse dehalogenation
reactions, or (C) reduced flavin hydroquinone (FLnhg) that can perform two-electron
reduction of activated olefins within ERs. FLnq can also react with molecular oxygen to
form the C4a-peroxy (D) or hydroperoxy flavin (E) which can undergo Baeyer-Villiger
oxidation or hydroxylation of a substrate. Halogenation of a substrate can occur
through a chloride anion binding to FLOOH to form hypochlorous acid (F). Adapted

from Baker Dockrey et al.[?!

Class A FMOs are primarily attributed to the hydroxylation of aromatic species
which serves an important biological function in xenobiotic degradation (a more
detailed discussion of this topic can be found in Chapter 2).122-25 Within biocatalysis,
such FMOs have been employed in natural product synthesis to achieve sorbicilin
natural products through site- and stereoselective oxidative dearomatisation
steps.[2627] Hydroxylation of a particular substrate by this class is mediated by the

electrophilic hydroperoxyflavin species, FLOOH (Figure 1.3E) which has also been
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identified in other classes of FMOs such as class B Baeyer-Villiger monooxygenases
(BVMOs). Although BVMOs show promiscuous catalytic activity towards epoxidation
and heteroatom oxidation reactions, their primary mechanism of action utilises FLOO"
for the nucleophilic oxygenation of carbonyl compounds to form lactones or esters
(Baeyer-Villiger oxidation, Figure 1.3D).[?81 As a result, BVMOs have been used to
prepare various enantioenriched pharmaceuticals, fragrance compounds and Nylon

precursors, as well as some applications towards large scale industrial processes.[?°]

Another industrially relevant class of FMOs are the class F halogenases also
employ the hydroperoxyflavin cofactor in their catalytic activity, however, bind halide
ions which are oxidized by the C4a-hydroperoxide to form hypochlorous or
hypobromous acid. These reactive intermediates then interact with active site residues
to enable aromatic halogenation.% As a result, halogenases have been widely applied
to the production of valuable halogenated tryptphan/indole derivatives for use as

agrochemicals and pharmaceuticals.’3

In general, biocatalytic reactions are carried out using whole-cells or purified
enzymes, however the latter suffers from limitations in terms of initial protein
purification and external NAD(P)H cofactor recycling. Consequentially, various
NAD(P)H recycling strategies have been developed using other enzymes,[3233]
nicotinamide  derivatives,3¥ electrochemistry®*! or photochemical strategies
(discussed in more detail in Section 1.1.3.1).353°% The wide-ranging catalytic activity of
the flavin cofactor has also been exploited in organocatalytic applications within green
chemistry, utilising the flavin compound outside of a protein environment. This helps
to address some of the other disadvantages associated with biocatalysis such as
limited access, stability, and scale-up of protein enzymes whilst providing cheap and

environmentally friendly reagents.

1.1.2 Flavin organocatalysis

The most prominent use of flavins in organocatalysis are within oxidation reactions
catalysed by an N5-ethyl flavinium cation (1, Figure 1.4). By the addition of reducing
agents to 1 in the presence of air via dihydroquinone 2, or by directly adding H,0;the

stabilised hydroperoxyflavin species, 3 can be formed effectively resembling natural
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FMO activity. This can then interact with a substrate, such as an aryl sulfide, and finally

eliminate water as the only by-product to regenerate 1.

This methodology was initially developed in the late 20™" century by Bruice
and coworkers as a model for flavoenzyme activity because hydroperoxyflavins derived
from neutral flavins are extremely unstable outside of an enzyme and almost
immediately release H,0,.1*0*? Since then, a number of synthetic strategies using this
methodology have been exemplified such as Baeyer-Villager oxidations,*3#°1 5- and N-
oxidations,*®#7] hydroxylations,*® as well as aryl aldehyde oxidations to carboxylic
acids* or hydroxyls (Dakin oxidation).?%51 Another successful route to enable FMO-
like activity has been the combination of flavinium cations with inorganic cocatalysts
such as 0sO; or |, to perform hydroxylations?>3 and oxidative sulfenylations

respectively.47]

| (CIO% )
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Ar”"® CHj ) 5 O
A S CH, HO
3

Figure 1.4: General reaction mechanism N5-ethyl flavinium catalysed oxidations using

H.0; or air. S = substrate and AH, = reducing agent or sacrificial electron donor.

Another interesting approach was taken by Imada and co-workers by
designing a neutral flavin-tripeptide conjugate which acted as an effective BVMO
mimic through amino acid residue stabilisation of the C4a-hydroperoxyflavin.l*8 This
conjugate demonstrated efficient sulfoxidation of thioanisole as well as the
chemoselective Baeyer—Villiger oxidation of 3-phenylcyclobutanone. The Imada group

have also used both neutral and cationic flavins in the presence of hydrazine to

6 L. B. Crocker — August 2020



Chapter 1: Introduction

achieve aerobic hydrogenation of C=C bonds.[>*¢% As shown in Figure 1.5, the flavin (5)
acts as a catalyst to generate diimide from hydrazine via an initial reduction of 5 to
form a reduced flavin and diimide complex (6). This can then react with olefins to
afford hydrogenated products and N. Fully reduced flavin 7 can then interact with
oxygen to generate the short lived hydroperoxyl flavin 8 that either eliminates H.0; or
oxidises another hydrazine species to form an oxidised flavin diimide complex (9). A
similar reaction with an olefin can then regenerate 5 to complete the catalytic cycle.
The mechanism for cationic flavinium is analogous to this, however it is shows faster

kinetics for the initial rate determining step of flavin reduction. 0

R
/\ Y |
R N.__N_O
m %(\ITH HyN-NH,
/\R' -N2 N
5 0 rd.s
R R
N__N__O N__N_O
~ T HN=NH m [T+ HN-NH
P NH NH
N N
o) H o
6
9
Z R
-2H,0 -N;
H,N-NH
2 2 R
R R oW

Figure 1.5: Mechanism of aerobic hydrogenation by a neutral flavin catalyst in the

presence of hydrazine. R = ribityl tetrabutyrate.

More recently, the Cibulka group introduced an N1-N10 ethylene bridged
flavin catalyst with PPhs to prepare esters via an N5-PPhsz adduct flavin intermediate
similar to the Mitsunobu reaction.®ll Rather than using a conventional dialkyl
azodicarboxylate reagent at a stoichiometric amount, this method benefits from using
the flavin at 10 mol% without the need for low temperature activation with PPhs. In
addition, this N5-adduct position is rarely observed in natural flavoenzymes as most
mechanisms proceed via the C4a position, which demonstrates that there is scope for

flavin organocatalysts to resemble a range of flavoenzyme activity.
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Enantioselective transformations are crucial to the synthesis of many high
value pharmaceutical products. Often, this involves several steps and range of complex
chiral catalysts, all of which could be replaced by use of flavoenzymes or flavins that
contain optically active modifications. Attempts have been made to carry out
enantioselective flavin organocatalysis using chiral flavinium derivates, such as the
enantiomerically pure flavinophanes, 10 and 11 (Figure 1.6) prepared by Shinkai and
co-workers for enantioselective sulfoxidation reactions in 1988.1621 These derivates
were shown to mediate the enantioselective oxidation of aryl methyl sulfides (ee
values up to 65%) and methyl 2-naphthyl sulfide (ee of 72%), however the reactions
were carried out at -20 °C and over 5 days, which limits any potential for scale-up.[6263!
Later, Murahashi and Imada reported the chiral bisflavin 12 that mediated the
enantioselective Baeyer-Villiger oxidation of 3-arylcyclobutanones with ee values up
to 67% at -30 °C after 6 d using H20,.1*¥ It was found that yields and ee values were
dependent on the solvent used, favouring a protic aqueous solvent system
(CF3CH,0H/MeOH/water) in order to maximise hydrophobic m—m stacking interactions
between the aromatic ring of the catalyst and that of the substrate. The addition of
sodium acetate also improved the ee by neutralising perchloric acid formed as a by-

product from the reaction of H,0, and the flavinium counter anion.

A series of chiral flavinium catalysts (13) were developed by the Cibulka group
by installing an phenyl “cap” that covers one face of the isoalloxazinium structure
allowing the access of hydrogen peroxide and a substrate to only the uncovered face
of the catalyst.[®%%] They performed a range of asymmetric sulfoxidation reactions on
para-substituted thioanisoles with ee values ranging from 15-65%. These values
depended on the type substrate functional groups and R37/8 group substitution on the
catalyst, however reaction conditions still required low temperatures (-20 °C) and long

reaction times (72 h).

To further improve optical purity, two-component organocatalytic systems
were introduced employing a flavin catalyst and auxiliary chiral co-catalysts. For
example, Yahsima et al. utilised a chiral triazolium-derived N-heterocyclic carbene
(NHC) and N3-benzyl protected riboflavin tetraacetate (RTA) to afford asymmetric
esterification of aldehydes with various alcohols.®! More recently, Poudel et al.

combined a flavinium catalyst with a cinchona alkaloid dimer that enabled the
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asymmetric Baeyer-Villiger oxidation of 3-arylcyclobutanones using H.O; with
impressive ee values up to 98%.1°71 The observed enantioselectivity was attributed to
ionic pairing and an intermolecular assembly of the flavinium and substrate on the

chiral alkaloid dimer through both n—mn stacking and ionic pairing.

co, Et O

10

Me

N €
Oy Et 2CIO; r7  ClO4
N5 aN R®

Figure 1.6: Chiral flavinium catalysts used for enantioselective oxidation reactions.

Clearly, flavins can be successfully used to catalyse several flavoenzyme-like
reactions and can be employed as green organocatalysts for a variety of organic
transformations.[®86%1 Another branch of flavin catalysis takes advantage of their
photochemical properties. This enables the catalysis of higher potential reactions due
to the increased redox potential of excited state flavin (reduction potential of excited

state for riboflavin tetraacetate = 1.67 V vs SCE).[7]

1.1.3 Flavin photocatalysis

Visible light photoredox catalysis has gained a lot of momentum over the past decade,
providing a mild means of accessing radical chemistry for complex synthesis utilising an
energy source which is potentially limitless. The use of organic photosensitisers has
developed greatly within the field in order to offer a more sustainable alternative to
the classical ruthenium and iridium complexes that are costly and scarce resources.[”!]
Naturally occurring flavin compounds therefore pose as an even greener addition to

organic photoredox catalysis.
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Riboflavin (RBF) and its derivative, riboflavin tetraacetate (RTA) have been
shown to mediate a range of organic transformations using visible light (Figure 1.7).
The most prominent examples of flavin photocatalysis are the aerobic photooxidation
of benzyl alcohols,7>7771 benzyl amines,”® and sulfides’>8% (Figure 1.7A-C). Other
substrates include a range of methylbenzenes, styrenes and phenylacetic acids, all
forming benzyl aldehydes.B] More recently, flavoenzymes and other natural systems
have been used as inspiration for flavin photocatalysis. For example, aromatic
chlorination performed by halogenases was successfully achieved (Figure 1.7D),!®?! and
the catalytic E-Z isomerisation of activated olefins was inspired by retinal (Figure 1.7E).
[83-87] The versatility of flavin photocatalysis is further highlighted by their
demonstrated photocatalytic ability towards ester formation,[88 nitration of
protected aniline derivatives (Figure 1.7F),°°! the cyclisation of thiobenzanilides
(Figure 1.7G),®Yl as well as a number of aliphatic decarboxylative transformations to

yield fluorinated,®? cyanated®3 and alkylated/arylated products (Figure 1.7H).[%4%!
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Figure 1.7: Key examples of the organic transformations demonstrated by RBF and
RTA photocatalysts using visible light: (A) benzyl alcohol, (B) amine and (C) sulfide
oxidation; (D) aromatic chlorination; (E) E-Z isomerisation; (F) aromatic nitration; (G)
thiobenzanilide cyclisation; (H) decarboxylative transformations. EDG = electron

donating group, EWG = electron withdrawing group, PG = protecting group.

Such versatility of flavin-mediated photocatalysis can be explained through
their photochemical transitions that result in both energy and electron transfer
processes, as well as the generation of reactive oxygen species (ROS).[2 As shown in
Figure 1.8, the excitation of ground state FLox induces the formation of a singlet
excited state flavin (*FL*) that can then undergo intersystem crossing (ISC) to form the
triplet state flavin (3FL*). This reactive species can then interact with an electron-rich
substrate/donor (D) to generate the anionic semiquinone flavin (FLsg) and radical
cation substrate (D**) via a single electron transfer process. Consequently, FLsq~ can

interact with O, to regenerate FLo, yielding a superoxide radical species (02°*7). Finally,
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superoxide can then react with a substrate of interest in a Type | photooxidation

which is the most common flavin photooxidation mechanism.

FLss can also undergo a second electron transfer process with a
substrate/donor to yield the fully reduced flavin hydroquinone (FLng) Which is finally
reoxidised by O, to FLox producing H;0; as a by-product. This by-product has been
shown to be deleterious to flavin photocatalytic activity but can be removed by the use

of a scavenging additive such as molecular sieves.[#8

In addition, 3FL* can undergo an energy transfer process with molecular
oxygen to form singlet oxygen ('0;) and oxidise a substrate within a Type Il
photooxidation. This has been shown to be the primary mechanism of riboflavin
sensitized degradation of amino acids[®® and photooxidation of sulfides to sulfoxides in
alcoholic solvent systems.!”! However, this is often occurring in tandem with the free
radical mediated Type | process.l8%%7] Another advantage of 3FL* is its ability to
undergo energy transfer to a substrate which allows for photoinduced E-Z

isomerisation and [2+2] cyclisation events using visible light.[83-87,98-100]

Finally, single electron transfer processes can occur between a substrate and
3FL* to access radical chemistry mechanisms. This has been utilised to achieve
decarboxylative transformations®>=°! and thiobenzanilide cyclisations.l®!l Interestingly,
photochemically generated FLsg and an amine electron donor has been utilised in
reductive dehalogenation processes,'® and FlLnq has been utilised in the
photocatalytic reductive activation of PtV prodrugs.'02195] There are however, no
photocatalytic examples of an enzyme-like hydride-transfer from FLnqto a substrate to

achieve hydrogenation reactions.
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Figure 1.8: Photochemical pathways of flavins in the presence of oxygen that
generates ROS species, either by a Type | photooxidation to yield superoxide or a Type
Il photooxidation to produce singlet oxygen via energy transfer. ISC = intersystem

crossing, D = electron donating substrate.?

In recent years, several strategies have been developed to enhance flavin
photocatalysis and allow for more advanced transformations with higher redox
potentials. Fukuzumi et al. demonstrated that the redox potential of RTA can be
increased by metal ion coordination,’%1%! and the oxidation of benzylic C—=H bonds in
the presence of Sc3* ions was achieved which was otherwise not possible using RTA
alone.l’%1 This methodology however, was not as effective for electron-deficient
benzylic substrates prompting the design of cooperative systems. For example, Wolf et
al. employed a biomimetic iron co-catalyst which utilised H;0, produced as a by-
product from flavin photooxidation to enable further oxidation of electron-deficient

substrates.!1%! Tang et al. improved this strategy by employing cheap ferric chloride

L. B. Crocker — August 2020 13



Design and Application of Nanostructured Flavin Photocatalysts

and N-hydroxy succinimide (NHS) to achieve the photooxidation of benzylic C-H bonds
in presence of RTA.[1%! The Lin group have recently advanced this further by use of
photoelectrochemistry to enable facile aliphatic C-H oxidation mediated by RTA and a

thiourea additive.[110]

Other than the use of additives, chemical modification of the flavin
chromophore has also proven to be a useful tool to achieve higher level
transformations. The Cibulka group have shown that flavin redox potentials and
related photoactivity can be tuned through structural modifications to the
(iso)alloxazine ring system (Figure 1.9). Such modifications have enabled them to
achieve the photooxidation of electron-deficient benzylic substrates using flavin
derivates 14 and 15 without a co-catalyst.['%112] Fyrther changes to the core flavin
structure obtained deazaflavin 16 and alloxazine 17 that showed enhanced activity
towards [2+2] cycloadditions using visible light.[?8-1001 The group also found that the
alloxazinium salt 18 is a useful tool for oxidative [2+2] cyclobutane ring cycloreversion
using visible light, which was previously only achievable by the addition of a strong

acid to RTA.[113]
& o oo
OO, OGN, CLLK
FaC NN NcH,  FsC NN NcgH,, c ‘CqHo
o} 0 o}
Flavin 14 Flavinium salt 15 Deazaflavin 16
CaHo CIO,  CHs
Meo:CEN\ N\fO F3C\©:N\ N\fo
- O N,
MeO NJV}(N‘CH3 NL( CH,
0 l_©o
Alloxazine 17 Alloxazinium salt 18

Figure 1.9: Structures of the flavin derivates developed by the Cibulka group utilised
for benzylic C-H and alcohol oxidations (14, 15),[11%1121 [2+2] cycloadditon reactions
with visible light (16, 17),1°6-1001 and [2+2] cycloreversion reactions using visible light

(18).1113]

1.1.3.1 Flavin photobiocatalysis

The combined use of enzymes and photocatalysts has seen great interest in the last

decade thanks to the ability of photosensitisers, such as flavins, being able to act as

14 L. B. Crocker — August 2020



Chapter 1: Introduction

electron mediators to activate enzyme redox activity upon irradiation in the presence

of a sacrificial electron donor.[3639

In 1978, Massey reported a protocol which employed flavins as electron
mediators to activate several flavoenzymes using visible light in the presence of
ethylenediaminetetraacetic acid (EDTA) as the electron donor.[*1¥ This was inspired by
Frisell’s initial observation of free flavin photoreduction by a variety of amino acids,
carboxylic acids, and amines.['*®! Since then, the Hollmann group in 2007 applied this
methodology to drive enantioselective Baeyer-Villiger oxidations of cyclic ketones
using a Baeyer-Villiger monooxygenase (BVMO) enzyme, FAD as the flavin
photosensitiser and EDTA as the sacrificial electron donor (Figure 1.10).[216] This report
showed, for the first time, that light could be employed as an alternative to existing
NAD(P)H recycling methods for biocatalysis and the field of photobiocatalysis has since
developed significantly.3>3%1 This methodology has been applied to various
flavoenzymes such as FMOs and ERs,!1167125] 35 well as a halogenase.['??] A limiting
factor in these applications however, is generation of ROS by the flavin photosensitizer
that inhibits flavoenzyme activity. To combat this, flavin derivatives such as
deazaflavins have been utilised with some success as they exhibit low reactivity with

molecular oxygen.[127-12°]
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Figure 1.10: Photobiocatalysis using FAD as the photosensitiser and electron mediator
for a Baeyer-Villiger monooxygenase (BVMO) enzyme (PDB entry - 4D03) in the

presence of EDTA and light. R = adenine dinucleotide.[11¢]

More recently, morpholine-based buffer systems have been successfully used
as sacrificial electron donors for flavin photoreduction in order to activate Pt
prodrugs,[192-104 and activate flavoenzymes without damaging side reactions.[*30:131] |n
the context of flavoenzyme  activation, buffers  such as 3-(N-
morpholino)propanesulfonic acid (MOPS) show enhanced activity compared to EDTA
due to spin ion pair correlation with reduced anionic flavin semiquinone (FLsq™).1*3%
This formation was shown to prolong the lifetime of FLsg~ and reduce ROS generation

in an aerobic environment that would otherwise destroy the flavin and/or enzyme.

Besides using free flavins as electron mediators for enzyme activation,
innovative examples of direct illumination of a flavoenzyme itself has provided access
to chemistry not naturally seen in the dark. In particular, the identification of a flavin-
based algal enzyme responsive to blue light to produce hydrocarbons from fatty acids
has sparked great interest in utilising flavin-containing ‘photoenzymes’ for microbial

biofuel and feedstock production.['32-136] Additionally, the Hyster group discovered
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catalytic promiscuity within ene-reductase (ER) enzymes such that they can perform
enantioselective hydrogen atom transfer on a range of a-bromo substituted ethyl
esters.'”l This methodology was extended by directly irradiating the flavoenzyme itself
with cyan LEDs to access unnatural stereoselective radical cyclisation chemistry via an
initial electron transfer from the excited semiquinone flavin (FLsq*) to an a-chloro
amide substrate.[*371 A follow-up study using a different ER enzyme utilised a similar
methodology to achieve redox-neutral radical cyclisation of a-halo-B-amidoesters to
yield 3,3-disubstituted oxindoles, however the ground state FLsq was found to be

responsible for initiating the reaction in this case.[38

The Hyster group has also combined the use of ERs with ruthenium
photocatalysts to achieve synergistic photoenzymatic ketone reduction and
hydrogenation of heteroaromatic olefins, however the use of such photosensitisers are
unfavourable from a sustainability perspective.['3%1401 Hartwig and colleagues on the
other hand, developed a cooperative photoenzymatic catalytic system using FMN as
the photocatalyst to first carry out the E-Z photoisomerisation of an olefin which is
then asymmetrically reduced by an ER enzyme (a glucose dehydrogenase/NADPH

recycling system was also used, Figure 1.11).[1411

Ar\[R1 FMN, hv  Ar R’ ER Ar* R
L, T T
2

R R2 GDH, NADP* R2

Figure 1.11: Hartwig’s combination of photocatalytic isomerization and enzymatic
reduction of alkenes. The asterisk indicates the chiral centre. ER = ene-reductase, GDH

= glucose dehydrogenase. Adapted from Litman et al. 141]

This methodology achieved a variety of biologically active molecules and
valuable synthetic intermediates at preparative scale which clearly demonstrates the

excellent potential of flavin-based photocatalysis and enzymes in organic synthesis.
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1.1.4 Advanced flavin catalyst systems
1.1.4.1 Polymeric and heterogeneous systems

Despite the relative ease and high yields of flavin catalytic reactions either in the dark
using cheap oxidants (air/H202) or under irradiation with LEDs, there are issues relating
to their long-term stability, separation of the products from catalyst in a homogeneous
reaction mixture and catalyst reuse. In general, the (photo)stability of flavins are
significantly reduced when removed from a protein environment due to a lack of H-
bonding, aromatic stacking and other electrostatic interactions between amino acid
residues, all of which have been shown to stabilise and modulate flavin redox

potentials.l*2 Model systems for flavoenzyme activity have been developed by the

Rotello group and others using cyclodextrins,143-1451  polymers,[146:147]

dendrimers, 148149 peptides,[**° nanoparticles!*>7153 and sol-gels**#1>5] which has led

to the preparation of stable and catalytically active heterogeneous flavin systems
(Figure 1.12).
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Figure 1.12: Key examples of reported polymeric and heterogeneous flavin catalyst

systems: cyclodextrin-flavin  conjugates,[>671%9  polystyrene-based polymer, 167

mesoporous polymer networks,[®1 electrostatically bound flavin polymers,[162-164]
dendrimers,[165-167) and heterogeneous silica immobilisation. 75168169
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Thanks to their cavity-forming structure, cyclodextrins are a particularly useful
scaffold in developing flavoenzyme mimetic catalysts. For example, D’Souza showed
that flavin-cyclodextrin conjugates were effective catalysts for benzyl mercaptan
oxidation and photooxidation of benzyl alcohols with greater efficiency than riboflavin
(Figure 1.13A).1%81 The Cibulka group later prepared alloxazine- and alloxazinium-
cyclodextrin conjugates (Figure 1.13B and C) that were able to catalyse a range of
enantioselective sulfoxidations of aryl methyl sulfides obtaining near-quantitative
conversions with ee values up to 91% with very little catalyst loading (0.2-1 mol%) at
room temperature.l’>1571 The rate enhancement and enantioselectivity of these
reactions are the consequence of preorganisation of the substrate in the chiral

cyclodextrin cavity covalently attached to the flavin.

clo; \1@) %
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Figure 1.13: Examples of flavocyclodextrin conjugates synthesised by D’Souza (A)!>8
and Cibulka (B and C).['%6157] Chirality of the cyclodextrin (CD) cavity enables

enantioselectivity of the catalysed oxidations.

Polymeric flavin systems prepared using both covalent and non-covalent
strategies have been widely explored for dark organocatalytic transformations.!'”% For
example, the free radical copolymerisation of styrene derivatives 20 and 21 and
styrene-riboflavin monomer, 19 (Figure 1.14) resulted in a series of insoluble
polystyrene-supported flavin catalysts that showed activity towards aerobic reduction
of olefins with hydrazine.[2®% |t should be noted that this activity was related to the R
group of 20 and the type of substrate, such as hydroxyl and carboxylate styrene
derivatives showed enhanced activity towards phenolic substrates. Furthermore, the
recyclability of these catalysts was demonstrated up to 10 times which highlights their

suitability for heterogeneous applications.
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Figure 1.14: Free radical copolymerisation of styrene derivatives, 20 and 21 with

styrene-riboflavin monomer, 19 forming polystyrene-based flavin catalysts.[*60]

A recent study using a similar radical polymerisation strategy employed the
riboflavin derivative, 22 and ethylene glycol dimethacrylate (EGDMA) to form a flavin-
containing mesoporous network polymer (Figure 1.15).12%1 This mesoporous catalytic
polymer mediated the aerobic reduction of a range of olefins in the presence of
hydrazine and was recyclable up to 5 times. The photooxidation of 4-methoxybenzyl
alcohol was also demonstrated by the polymeric system at a higher yield than the

monomer 22 however recyclability of this reaction was not demonstrated.
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Figure 1.15: Free-radical copolymerisation of methacrylate-riboflavin monomer 22 and

EGDMA forming a mesoporous flavin polymer network. 161

Non-covalent strategies to formulate heterogeneous flavin catalysts have
been developed such as the self-assembly of flavinium cations onto anionic cation-
exchange resinsl'®2 and sulphated chitin.[*®* The latter strategy proved most
successful, showing enhanced activity towards Baeyer-Villiger oxidation and
sulfoxidation in the presence of alkali metals and H;0,. The heterogeneous catalyst
was also reusable and showed activity up to 7 runs for the sulfoxidation of aromatic

sulfides.

Another non-covalent strategy to formulate artificial flavoenzyme mimetic
catalysts employed FMN which was incorporated into a hydrophobic
microenvironment utilising a guanidinium and octyl functionalised polyethyleneimine
(PElgaun-oct, Figure 1.16).11%3! This catalyst mediated the Baeyer-Villiger oxidation of
bicylo[3.2.0]hept-2-en-6-one in the presence of O, and NADH, however more
challenging cyclic ketone substrates (5- and 6-membered rings) were not assessed, nor
was the recyclability of the catalyst. Although the discussed non-covalent strategies to

form heterogeneous flavin catalysts showed interesting enzyme-like kinetics and
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recyclability in some cases, their applicability to larger scale heterogeneous catalysis is

limited due to the lack of robust flavin conjugation.

FMN-PElgyan-oct
0
N

X

Figure 1.16: Self-assembly of FMN within PElgaun-oct to form a flavoenzyme mimetic

polymer catalyst.[163]

Dendron-based flavin systems were originally developed by the Rotello group
using a covalent attachment strategy which showed enhanced catalytic activity
compared to homogeneous riboflavin towards the aerobic oxidation of NADH
analogue, 1-benzyl-1,4,-dihydronicotinamide (BNAH).[*48! |n another example, Imada
and colleagues utilised the non-covalent assembly between flavin and a
diaminopyridine-based poly(benzyl ether) dendrimer (Figure 1.17) to obtain a catalytic
system for the aerobic reduction of olefins in the presence of hydrazine as well as the

oxidation of sulfides using a flavinium cation (1).1165-1671

Z 10O
Z-----I-
N\ /
Zz 1O
o

o
o

Figure 1.17: Self-assembly of lumiflavin within diaminopyridine-based poly(benzyl

ether) dendrimer.[165-167]
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To date, there are only a few examples of heterogeneous photocatalytic flavin
systems. One of the first examples prepared heterogeneous flavin catalysts capable of
benzyl alcohol photooxidation by immobilising flavin derivatives onto fluorous silica
gel, reversed phase silica gel and polyethylene pellets via physical absorption or
mechanical entrapment respectively.[’>! Although the photocatalytic activity of the
heterogeneous flavin systems was analogous to the equivalent homogeneous flavin
system, the reaction rates decreased by a factor of 8-20 for the silica gel derivative and
by a factor of 50 for the flavin-containing polyethylene pellets, most likely due to
inefficient light absorption. Recyclability of the best performing systems was observed

for up to 3 runs without loss of activity.

Recently, the Cibulka group utilised mesoporous silica (MCM-41) to covalently
attach flavin derivatives, 23 and 24 (Figure 1.18), to perform benzyl alcohol oxidations,
sulfoxidation, photoesterification and [2+2] cycloadditions.[1681%% This method showed
improved yields and ease of product-catalyst separation, but reuse of the catalyst
resulted in drastic decrease of activity due to flavin decomposition.!*®8! Additionally, it
was shown that solvent polarity also played a role in the stability of these
heterogeneous systems through cleavage of the flavin moiety from the 24-derived
silica catalyst being observed in aqueous acetonitrile reaction mixtures which was

circumvented by the use of alcoholic solvent systems.[16°]

Et;N H,N /\/(;Siig @ Et;N
DCM P DCM

Heterogeneous flavin-silica catalysts

Figure 1.18: Synthesis of heterogeneous flavin-silica catalysts derived from alloxazine

23 and riboflavin-derivate 24 using amino-functionalised MCM-41 silica.[168.16°]
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1.1.4.2 Micro- and nanostructured flavin catalysts

The rate and efficiency of heterogeneous catalytic systems are well known to be
improved using nanoparticles (NPs) or nanostructured elements due to an large
increase in surface-to-volume ratio.l'’! Examples of flavin-NP conjugates have been
known for some time thanks to the work of the Rotello group and others, however the
application of this work was aimed at molecular recognition as a model for
flavoenzyme activity rather than catalysis.[*>17153] Various catalytic flavin-NP hybrids
have now been reported (Figure 1.19) and riboflavin-NP conjugates were also
developed for biomedical applications in order to enable the targeting of

overexpressed riboflavin receptors on cancer cells.[172-178]

- S~ - S~

N
N

Figure 1.19: Key examples of micro- and nanostructured flavin catalyst systems using

nanoparticles!7218 and metal oxide semiconductors.[181-183

One of the first examples of flavin-NP conjugates for catalysis was from Imada
and Noata using PPhs stabilised Au NPs conjugated with octylthiol flavin-derivatives
(Figure 1.20A and B).['7?] The system was used for organocatalytic sulfoxidation and
olefin reduction in the presence of hydrazine. Interestingly, an increase in the kinetic
rates of both reaction was observed for the nanoparticle catalyst over the analogous
free flavin catalyst. This was explained using a Michaelis-Menten-type mechanism in
which substrates could coordinate into cavities on the Au NP surface through n-
stacking and hydrophobic interactions to the PPhs layered surface thereby improving

reaction efficiency.
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Figure 1.20: Flavin-functionalised gold nanoparticles (stabilised by PPhs) prepared by

Imada and Noata.!'7?!

Another approach recently reported by Metternich et al. was based on the
covalent immobilisation of riboflavin (RBF) to silica micro- and nanoparticles using an
atom transfer radical polymerization (ATRP) strategy (Figure 1.21).118% The silica
particles were first functionalised with an ATRP initiator and then copolymerisation of
riboflavin-acrylate conjugates and 2-hydroxyethylacrylate successfully immobilised the
catalyst to yield the heterogeneous system. This was utilised to mediate the E-Z
photoisomerisation of cinnamonitrile, with enhanced rates of reaction observed for
the 60 nm particle system compared to 500 nm particle system. However, the system
could not be recycled due to decomposition of the photocatalyst, most likely induced

by the acidic silica.[*8
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Figure 1.21: Design and structure of riboflavin-functionalised silica nanoparticles via an

ATRP linker strategy.[18]

Other photocatalytic examples have investigated the combination of flavins

with semiconducting nanomaterials primarily for water remediation applications, using
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the flavin to sensitise activity in the visible light range (dye-sensitised semiconductor
photocatalysis). The Paz group reported two separate flavin-conjugated semiconductor
systems in 2016 using BiOCl microparticles!*®!) and Degussa P25 TiO, nanoparticles, 182
to carry out the aerobic photocatalytic degradation of salicylic acid and ethanol
respectively. Conjugation of the flavin to the semiconductor was achieved using N3
phosphonic acid-functionalised flavin species 25a-d (Figure 1.22). In the case of BiOCI
particles, it was found that aromatic linker 25d showed the highest photocatalytic
activity compared to aliphatic chains (25a-c). The reason for this can be derived from
its conjugated electronic structure which enhances photo-induced charge transfer to
the semiconductor. As a results of this, ROS generation increased and subsequentially

more salicylic acid was degraded.[181]

The TiO; system showed a relationship between the photoexcitation
wavelength of light used and the photostability of the attached flavin. For example,
under UV light irradiation, an increase in the photooxidation of ethanol was achieved
accompanied by stabilisation of flavin against degradation. In contrast, irradiation of
the system with visible light led to flavin degradation. These results were attributed to
the propensity for charge transfer from excited flavin moieties to the semiconductor
under certain excitation wavelengths. UV light excites the flavin to its S, and S;3
electronic states, which can transfer charge to the TiO; conduction band whereas
excitation with visible light excites the flavin to an S; state that is less likely to transfer

charge to the semiconductor and induces flavin photodecomposition.[182]

Ph Ph 9 o1
N /N\(O 0 n=1a), N._N_O PO
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25a-c 25d

Figure 1.22: Structures of phosphonic acid functionalised flavin derivatives synthesised

by the Paz group.[181,182]

Another class of semiconducting material that has been explored in
combination with flavin is CeO,—reduced graphene oxide (RGO).[*3* |n this example,
riboflavin (RBF) was non-covalently immobilised within a Ce0,-RGO nanohybrid for use

in aerobic photocatalytic degradation of methyl orange and p-nitrotoluene using
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visible light (>400 nm).[*8% |n this case, the photostability of RBF was shown to be
enhanced through immobilisation within the nanohybrid and was able to be recycled

up to 4 runs using TEOA as the sacrificial electron donor.

Other than water remediation, dye-sensitised semiconductor photocatalysis
(DSSPC) is widely utilised in solar fuel applications!®® and some of the design
strategies developed in this field have now been applied to an example of
heterogeneous flavin photocatalysis. Dongare et al. prepared photocatalytic glass
substrates utilising phosphate-bearing FMN and fluorine-doped indium oxide (FTO)
glass featuring mesoporous 4-um films of 10 nm ZrO; or 15-20 nm TiO2 NPs to
efficiently oxidise a range of benzyl alcohol substrates.['83 Atomic layer deposition was
used to coat a 1.0 nm overlayer of Al;Oz in order to stabilise the system as FMN
leaching was observed without an additional layer. Catalytic activity was achieved with
very low catalyst loading (<0.1 mol%) in presence of MnO; as a H,0; scavenging co-
catalyst. The system also benefitted from easy reaction workup which simply involved
removing the catalyst-loaded glass from the reaction mixture. However, the
recyclability of the system was not explored, so it is hard to conclude whether this
system could be suitable for implementation into large scale heterogeneous

photocatalytic flow reactors.[8°l

In summary, artificial flavin catalysis has shown great promise over the last
few decades in providing a green methodology to facilitate several redox reactions,
like their natural flavoenzyme counterparts. Flavin photocatalysis poses as an exciting
extension to this methodology thanks to the use of a naturally abundant sensitiser
with wide ranging capabilities under light irradiation. The development of polymer and
other heterogeneous flavin catalysts has demonstrated their applicability to large-scale
synthetic process as well as in applications outside of organic synthesis such as energy

and environmental applications.
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1.2 Polydopamine

Polydopamine (PDA) is a polymer, inspired by the adhesive proteins secreted by
mussels, originally developed by the Messersmith group to act as a universal surface
coating.[187188] As such, it has been widely exploited over the past decade in a number
of research fields such as biomedicine, environmental remediation and energy thanks
to its ease of synthesis in weakly alkaline aqueous conditions from dopamine
hydrochloride, strong adhesive properties used to form uniform coatings on organic,
inorganic and superhydrophobic surfaces, and its ease of functionalisation through
reactive amine, catechol and quinone moieties (see Figure 1.23).[18%-1921 ppA s
structurally analogous to naturally occurring melanin pigments (eumelanin) and
consequently displays similar optical, magnetic and electrical properties to eumelanin

including biocompatibility.1%3

HO NH, O,
J———
-HCI
. H,O
pH 8.5
Dopamine
hydrochloride Polydopamine (PDA)

Figure 1.23: Polymerisation of dopamine hydrochloride in basic agueous conditions to

form PDA (general structure of major repeating units).[194

The mechanism of formation and resulting structure of PDA has been widely
debated, however it is agreed that its structure is comprised of conjugated oligomers
bound together via supramolecular interactions such as H-bonding and m-stacking,
analogous to that of eumelanin.[?31%4 Ultimately, the synthesis conditions chosen will
play a role in the resulting PDA structure and a wide range of synthetic methodologies
have been developed to fit the end application.[**>"7] Classically, synthetic conditions
to achieve film formation on a substrate surface involved the use of TRIS buffer (pH
8.5) in presence of oxygen to initiate the autooxidative polymerisation of dopamine
hydrochloride.['88 Since then, polymerisation onto surfaces has been demonstrated
using chemical oxidants in acidic conditions/13-2%1 35 well as in neutral conditions by

UV-light irradiation.[20%:202]
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Besides the use of PDA as a surface coating, the synthesis of PDA
nanomaterials such as nanoparticles (NPs) and rods have also been developed.[*°¢!
Typically, PDA nanoparticles are prepared analogous to the Stdber process used to
prepare silica nanoparticles featuring ethanol-water mixtures in the presence of
NH4OH or NaOH as a catalyst.293-2951 particle size can be tuned according to the
amount of base catalyst used, whereby increased pH results in smaller particle size.
PDA nanomaterials have been prominently used within biomedicine applications,
mainly as drug delivery vehicles and in the design of theranostic agents.!196:206] The
nature of their structure allows for loading of aromatic drugs via n-rt stacking and
chelation of metal cations or radionuclides by catechol coordination.?%! The relatively
low reduction potential of catechol (dihydroxyindole) moieties within PDA (0.428 V vs.
NHE)!2%7] 3lso allows for in-situ metal cation reduction to obtain M°-PDA NP composites
which have been utilised for antimicrobial?°®! and energy storage!’®? applications as

well as catalysis.[2%°!

The applications and literature surrounding PDA is vast, however the
exploitation of PDA within catalysis is less explored. The state-of-the-art surrounding
its use in catalysis shall be discussed, focussing on topics relevant to this thesis

concerning organo- and photocatalytic behaviour.

1.2.1 Polydopamine in catalysis

PDA within catalysis has primarily been used as a support material for various metal
NPs (MO9-PDA). This is due to its ability to chelate and reduce metal cations
independent of additional reducing agents, efficient stabilisation of embedded metal
NPs and biocompatibility that makes it well suited for green chemistry applications.
The most studied reaction using M°-PDA composites is the reduction of nitroarenes,
such as the toxic 4-nitrophenol (R! = OH, Figure 1.24A), which has been demonstrated
using Au,[210-217] Ag [218-222] p( [223-226] 3 Ptl227] metals using an excess of NaBH4 as the
hydrogen source. Most of these formulations utilise M°-PDA in combination with
additional functional materials/supports such as magnetic Fe304 NPs,[212:214,217,221,227,228]
or immobilisation into polymer membranes[?18219.229.2301 3nd cellulose??! to enhance

catalyst recovery and recyclability.
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The role of PDA within these reactions has been shown to enhance catalysis
by allowing favourable coordination of the substrate to the M°-PDA surface.[?31-233]
Furthermore, PDA alone has been shown to mediate the reduction of other pollutant
dyes in the presence of NaBHs via redox mediation through catechol/quinone
moieties, illustrating PDA’s catalytic potential as not just an inert -carrier

material.[234.235]

M°-PDA
M = Au, Ag, Pt, Pd

Figure 1.24: Key examples of M°-PDA catalysis relating to dye degradation and organic
synthesis: (A) nitroarene reduction,?3®! (B) carbonyl reduction,?3¢! (C) Heck,[23¢:237] gnd

(D) Suzuki coupling.[236:238-241]

Pd>-PDA composites have been employed to achieve a wider range of
nitroarene reductions (Figure 1.24A),123¢! carbonyl reductions (Figure 1.24B),[23¢! and
cross-coupling reactions such as the Heck,!?3¢%371 and Suzuki reactions (Figure 1.24C
and D).[236238-241] Simjlarly to dye degradation applications, M°-PDA composites used
for organic synthesis are often combined with additional support materials to improve
recyclability, such as magnetic Fe304238241 cellulose spongel?3*! and within reactor
walls through silicone nanofilaments.[?3” M-PDA composites have also been employed
as catalysts for oxidation reactions such as benzylic C-H oxidation (Au and reduced

graphene oxide),!#*2 benzylic alcohol oxidation (Pd immobilised onto silica gel) (2431 and
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sulfide oxidation (oxo-vanadium chelated to Fe30s@PDA NPs).[?*4 |n all of these
examples, PDA plays a key role in enhancing recyclability and activity of the catalytic

system through actively engaging in a synergistic mechanism.

Besides being used as a metal carrier, PDA has also been utilised for enzyme
immobilisation to enhance enzyme loading, activity and stability thus potentially
decreasing the costs associated with industrial biocatalysis.[?*° The Messersmith group
demonstrated the ease of biomolecule attachment to PDA films through covalent
attachment of amino/thiol-containing residues to quinone moieties in PDA.[?*¢! Since
then, lipase enzyme immobilisation onto FesOs@PDA NPs greatly increased the
enzyme loading capacity in reactions, improved thermal and pH stability compared to
the free enzyme, and magnetic separation of the catalyst, all of which allowed
retention of 70% activity up to 21 cycles.”*”1 A different approach utilised
colloidosomes by inducing interfacial polymerisation of dopamine within the oil/water
phase of silica particles to allow covalent attachment of encapsulated lipases. This
system demonstrated improved esterification activity compared to the free lipase, as

well as efficient recycling which retained 86.6% of enzyme activity after 15 cycles.[?!

Many other enzymes have been immobilised using PDA to various solid
supports such as trypsin on silica/titania monoliths,!?*! alkaline phosphatase on quartz
glass,[% |accase on halloysite nanotubes,?*! formate dehydrogenase on Fes04
NPs,252 and glucose oxidase with a metal-organic framework.[?>3! PDA has also been
involved in the formulation of various multienzyme cascade systems, maintaining a
strong adhesion/entrapment of the enzymes without the loss of activity.[254-25¢] For
example valuable isomalto-oligosaccharide (IMO) was produced from starch by

immobilisation of glucosidase, a- and B-amylase within PDA microcapsules.[2>4

Interestingly, PDA has also been coated on bacterial Rhodotorula glutinis cells
that led to improved biocatalytic activity towards the asymmetric reduction of
acetophenone.?®”1 A five times increase in catalytic activity (product yield) was
observed for the PDA coated cells when compared to native cells, as well as an eight
times increase in biocatalyst reusability. The authors propose that the PDA coating
acts as a redox shuttle for the transfer of two protons and two electrons, thus
accelerating the rate of electron transfer in the reduction or from the cytoplasm to the

extracellular environment. Additionally, the PDA coating allowed further
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functionalisation with other inorganic components such as Fes3Os for magnetic

retrievability and TiO; for UV protection.

Overall, the use of PDA in catalysis as a support material has demonstrated a
key role in enhancing the catalytic properties of both metal and biological catalysts
through interplay of its inherent redox chemistry. The utilisation of this chemistry has
been further investigated through organo- and photocatalytic applications within

catalysis.

1.2.2 Polydopamine organocatalysis

PDA has demonstrated intrinsic organocatalytic activity towards a small number of
organic transformations as a result of reactive catechol, quinone and amino moieties
that also enable H-bonding, m-interactions and electrostatic stabilisation of
intermediates. For example, in 2014 the Liebscher group reported that PDA could
catalyse aldol condensation reactions between aryl aldehydes and cyclohexanone
under mild aqueous conditions in both its pure and Fes0s NP coated forms (Figure
1.25A).2°81  Aldehydes with electron-withdrawing groups (R! = NO>, Br) reacted well
however without activation (R! = H, OMe) low or no activity was observed.
Mechanistically, the authors proposed a transition state whereby cyclohexanone forms
an imine with PDA and undergoes nucleophilic attack to the non-covalently bound aryl
aldehyde (Figure 1.25A). The PDA catalyst was found to be reusable up to 5 runs
however, decreasing activity was apparent and more pronounced when using

Fe304@PDA NPs due to PDA leaching.!?>®]

In the same year, Yang et al. utilised PDA NPs in combination with Kl to
synthesise cyclic carbonates from a range of epoxides and CO, in solvent-free
conditions (Figure 1.25B).12°% |t should be noted that catalysis was only observed in the
presence of Kl, and recyclability was demonstrated up to six runs. The authors
proposed a synergistic mechanism between PDA and Kl through H-bonding activation
of the epoxide by catechol residues in order to facilitate Kl integration, CO, addition

and cyclisation, similar to that observed with cellulose/K].[26]

PDA NPs were also used as a catalyst for the formation of disulfide bonds
between a range of thiols under aqueous aerobic conditions (Figure 1.25C).[2%1 The

catalyst showed excellent recyclability up to five runs with no changes in the
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morphology of particles. It was proposed that the thiol conjugates via Michael addition
to quinone moieties within the PDA polymer and then reacts with another thiol to
form the disulfide bond and dissociate from the polymer. It should be noted that thiol
conjugation to PDA is a primary way to functionalise the material post synthesis, [188:26]
which indicates that anaerobic conditions must be employed to avoid catalytic thiol

oxidation.

PDA.._

Figure 1.25: Examples of PDA organocatalysis: (A) aldol condensation,?°8! (B) synthesis
of cyclic carbonates from epoxides using CO, and KI,12*®! and (C) oxidative thiol

coupling.[261]

Recently, the organocatalytic activity of PDA has been extended by taking
advantage of the similarity between PDA catechol/quinone moieties and naturally
occurring quinone redox cofactors within copper amine oxidases (CuAOs) to synthesise
a series of N-heterocycles in aqueous solvent conditions (Figure 1.26).02631 PDA
particles (100 wt%) were utilised as a heterogeneous catalyst to synthesise a series of
benzimidazole and quinoxaline compounds were synthesised at 80 °C in either H,O or
H,O/EtOH (1:1, v/v) under O, atmosphere with yields up to 92% after 6-24h depending
on R!and R%3 substituents (Figure 1.26A). Similarly, quinazolinone derivatives were
obtained using analogous conditions but the substrate scope was more limited as

electron-withdrawing groups (R* = CFs, Figure 1.26B) show no activity. Secondary
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amine oxidation was also demonstrated using the same reaction conditions through
the dehydrogenation of some tetrahydroquinolines and indole with isolated yields up
to 84% over 24h (Figure 1.26C). Furthermore, a large-scale reaction (1.5 mmol) and
recycling of both pure PDA and Fes04@PDA was demonstrated up to 3 runs with no
considerable loss of catalytic activity, however the magnetic system displayed longer
reaction times and lower yields due to less catalytically active PDA being present in the

reaction.

The mechanism proposed by the authors for the heterocycle formation
involves the formation of PDA-imine adducts with the substrate which then undergoes
transamination with the aniline and subsequent cyclisation-oxidation steps to yield the
final product. The oxidation of secondary amine substrates was presumed to proceed
through a similar imine adduct followed by hydrolysis and oxidation to form the

oxidized quinolines and indole.

A oo AN
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H,0 or H,O/EtOH, 80-100 °C, 11-48 h

Figure 1.26: Synthesis of N-heterocycles using PDA as an amine oxidase mimetic
catalyst: (A) substituted benzimidazole or quinoxaline formation, (B) substituted
quinazolinone formation and (C) oxidative aromatisation of substituted

tetrahydroquinolines or indoline.

In summary, this work alongside the previously mentioned examples, clearly
demonstrate that PDA shows promising biomimetic catalytic activity that has the

potential to expand and improve modern green chemistry methodology.
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1.2.3 Polydopamine photocatalysis

The structure of PDA features conjugated dihydroxyindole oligomers of varying length
and character stacked via m-interactions, resembling that of naturally occurring
melanins.'®3 As a result, melanin has historically been described as an amorphous
organic semiconductor due to its broad absorption spectrum, electrical conductivity
and photoconductivity,[2642651 however recent reports have shown that melanin acts
more as an electronic-ionic hybrid conductor.?%¢! |n either case, PDA has been utilised
in a number of photocatalytic applications thanks to its close relation to melanin and

related optical and electrical properties.[209267]

The use of PDA in photocatalysis has mainly been in conjunction with
semiconducting metal oxides or related materials to achieve water pollutant dye
degradation.[?%! Photocatalytic dye degradation using semiconductor-PDA (SC-PDA)
composites share many of the same advantages as previous examples of ‘dark’ M%-PDA
catalysis, whereby PDA helps to immobilise the catalytic metal into an elaborated
support material, and also enhances activity through redox mediation and/or
improved substrate binding. For wide-band gap semiconductors like TiO, PDA is also
employed to sensitise visible light activity due to broad absorption over the UV-Vis
light spectrum.[268-2711 Other examples include the addition of plasmonic metal
photocatalysts such as Au,[2722731 and Ag/AgCl,[274-276] 35 well as other semiconductors
such as carbon nitride,?7>2771 Zn0,[278] Cu,0,127°! and B-FeOOH.[?8% All these examples
however, focus on the degradation of organic dye compounds such as methylene blue,
rhodamine B or methyl orange as model substrates for water remediation applications.
There are fewer examples however, utilising PDA enhanced photocatalysis to achieve

useful organic transformations in synthesis.

Xie et al. demonstrated that PDA enhanced the activity of Pd NPs (10-30 nm)
towards Suzuki cross-coupling reactions under white LED irradiation.?81l The Pd NPs
were supported on an inert carrier material such as carbonised loofah (CL), utilising a
PDA nanofilm to attach the Pd NPs after initial in-situ reduction of Pd(OAc),. Without
irradiation, the reaction between iodobenzene and phenylboronic acid using the CL
supported catalyst gave only trace amounts of product at room temperature after 2h.

Using white LED irradiation resulted in an increase up to 96% isolated yield and overall,

L. B. Crocker — August 2020 35



Design and Application of Nanostructured Flavin Photocatalysts

very good substrate scope was demonstrated, however amino substituents were not
compatible due to interaction with the PDA film. Recyclability of the catalyst system
(using CL support) was demonstrated up to five runs with very little loss of activity and
Pd NP content. The authors proposed a mechanism to explain their observations
whereby charge separation within PDA upon irradiation enables the accumulation of
electrons on Pd NPs and positive charge on PDA (Figure 1.27). Addition of aryl
substrates to PDA via m-stacking could subsequently undergo rapid addition to Pd NPs,
with Ar-B(OH)s™ being activated by interaction with h* on PDA. Reductive elimination of

the aryl-Pd complexes yields the biphenyl products.
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Figure 1.27: Proposed mechanism of the photochemically enhanced Suzuki coupling

catalysed by a supported Pd/PDA catalyst. Adapted from Xie et al.[281]

In another example, PDA-coated TiO, nanotubes have been reported to
oxidise benzyl alcohol wherein the PDA coating acts as a visible light sensitiser for
Ti0,.12821 The mechanism proposed by the authors involves charge injection from
photoexcited PDA to the TiO2 conduction band which leads to the generation of O0;*
from dissolved O,. The superoxide radical then oxidises the benzyl alcohol substrate to
benzaldehyde. Interestingly, the system showed recyclability up to three runs of 24 h

reactions with no decomposition of PDA reported, however quantities of

benzaldehyde produced were low at around 30 umol or 3.2 mg per 24 h run.

It is clear from these examples that the applicability of PDA in photocatalysis
for organic synthesis is far from being fully explored but also demonstrates it could be

very useful in heterogeneous photocatalyst design. Outside of organic synthesis or
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water remediation, the photoactivity of PDA has also shown great potential in artificial

photosynthesis,[283284] dye-sensitised solar cells (DSSCs) 2851 and CO; reduction.[236-288]

To summarise, the use of PDA within catalysis is broad and despite its use
primarily being as a support for metals or other inorganic materials, it has shown the
ability to enhance (photo)catalytic processes by synergistic redox chemistry and
biomimetic organocatalytic ability. Collectively, these attributes position PDA as a good

candidate to advance green heterogeneous catalyst design.
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1.3 Aims & Objectives

This thesis aims to develop novel heterogeneous flavin photocatalysts using PDA
nanoparticles. So far, the only reported organic (metal-free) heterogeneous
photocatalysts systems comprise of carbon nitrides and related materials such as
carbon dots.28%2%0] The use of PDA as a catalytic support material has already
demonstrated interesting synergy between the carried catalyst (metal, semiconductor
or biological) and PDA’s inherent redox chemistry that enhances activity. This redox
chemistry has been further utilised in organocatalytic transformations and within
photocatalysis to sensitise semiconductor activity. The use of PDA-based
heterogeneous photocatalysts to achieve biomimetic transformations has not yet been
reported as well as its combination with an organic photosensitiser such as flavin. It is
therefore envisaged that the combination of flavin with nanostructured PDA, which is
not just a passive carrier of the photoactive moiety but actively engages in the catalytic
process, could yield a system with enhanced photocatalytic activity and give rise to a

new class of organic heterogeneous photocatalysts.

Hence, the major objectives of this thesis are to rationally design flavin-PDA
hybrid nanoparticles and characterise their photocatalytic activity. There is a distinct
lack of reports regarding flavin photocatalysis of reduction reactions as well as efficient
heterogeneous/supramolecular systems that can mimic flavoenzyme activity.
Therefore, following initial characterisation using model redox substrates,
photocatalysis of flavoenzyme-specific oxidation and reduction reactions using
flavin-PDA will be investigated. This therefore extends the current repertoire of
catalytic flavin systems towards efficient, biomimetic heterogeneous photocatalysts
which could be useful not only in organic synthesis but also in biomedical and energy

applications due to its expected biocompatibility.
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2 SYNTHESIS AND PHOTOCATALYTIC
ACTIVITY OF FLAVIN-
POLYDOPAMINE NANOPARTICLES

2.1 Introduction

This chapter details the synthesis and characterisation of flavin-polydopamine (FLPDA)
copolymer nanoparticles (NPs) as well as their related photocatalytic activity. A flavin-
DOPAC monomer (FLDA, Figure 2.1A) was first designed to mimic flavin adenine
dinucleotide (FAD, Figure 2.1A) and subsequently copolymerised with dopamine to
form self-assembled FLPDA NPs (Figure 2.1B). Initial characterisation of FLPDA’s
photocatalytic capabilities was assessed by monitoring both oxidation and reduction
reactions using a redox dye system based on resorufin (RF). There is far less data
available on photoreductions catalysed by flavins when compared to photooxidations,
so it was deemed important to establish this ability for FLPDA to widen the scope of
flavin photocatalysis. By probing the whole spectrum of the photocatalytic action of
FLPDA, a deeper insight into the mechanism can be gained to help in the design of
even more effective catalytic systems useful for industrially relevant organic
transformations. In order to demonstrate the green potential of enzyme inspired
FLPDA and its potential applicability in fields other than photocatalysis, the in vitro cell

biocompatibility of the system is also assessed.
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Figure 2.1: Structures of flavin-DOPAC (FLDA) monomer and flavin-polydopamine
(FLPDA) nanoparticles. (A) Comparison of naturally occurring flavin cofactor FAD and

FLDA synthesized in this work. (B) General structure of FLPDA NPs.

2.2 Collaborative Work

Resorufin photocatalytic assays were performed in collaboration with Philipp Koehler
in the group of Dr. Tijmen Euser (Nanophotonics Centre, University of Cambridge). Cell
culture and biocompatibility assays were performed by Patrick Bernhard in the group
of Dr. Ljiljana Fruk (Department of Chemical Engineering and Biotechnology, University

of Cambridge).
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2.3 Experimental

2.3.1 Materials and Methods

All materials were purchased from either Acros Organics, Alfa Aeser, Sigma-Aldrich or
TCI Chemicals in the highest purity available and used without further purification. 1-
Azido-2-(2-(2-iodoethoxy)ethoxy)ethane (1) was synthesised according to the
literature procedure by Deng et al.[?®¥ 2-(2,2-Dimethylbenzo[d][1,3]dioxol-5-yl)acetic

acid (5) was synthesised according to the literature procedure by Geiseler et al.[2%?]

'H and '3C NMR measurements were carried out using a 500 MHz DCH
Cryoprobe Spectrometer. HRMS was recorded on a ThermoFinnigan Orbitrap Classic
(Fisher Scientific). UV-Vis absorption spectra were obtained with an Agilent Cary 300
Spectrophotometer. Fluorescence emission spectra were obtained using a Varian Cary
Eclipse Fluorescence Spectrophotometer using excitation and emission splits of 5 nm
or 10 nm. DLS and zeta potential measurements were recorded using a Zetasizer Nano
Range instrument (Malvern Panalytical). FTIR spectroscopy was carried out using a
Bruker Tensor 27 spectrometer with samples pressed into KBr pellets. STEM images
were obtained using a Hitachi S-5500 In-Lens FE STEM (2009) at an acceleration
voltage of 1.0 kV. Samples were suspended in water (0.1 mg/mL) and drop cast on

lacey carbon copper grids (Agar Scientific).

2.3.2 Synthesis of FLDA
N1-(2-(2-(2-azidoethoxy)ethoxy)ethyl)-4,5-dimethylbenzene-1,2-diamine (2):

6 H o9 7 10
133 1N 0
1" 7 8
127 4 NH
5 207

4,5-Dimethylbenzene-1,2-diamine (1.00 g, 7.34 mmol) and K,COs (2.03 g, 14.68 mmol)
were dissolved in anhydrous DMF (30 mL) and heated to 50 °C under Ar atmosphere.
1-Azido-2-(2-(2-iodoethoxy)ethoxy)ethane (2.09 g, 7.34 mmol) dissolved in anhydrous
DMF (10 mL) was then added dropwise and the resulting mixture was stirred at 50 °C
overnight. DMF was removed under reduced pressure and the resulting residue was

re-dissolved in DCM (50 mL) and washed with water (3 x 50 mL) and brine (2 x 50 mL).
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The organic layer was then dried over anhydrous Na>SOs and evaporated. The crude
product was then purified by silica gel column chromatography using the solvent
system DCM/MeOH (99.5:0.5) to give the title compound as a red oil (1.50 g, 5.11
mmol, 70%).

14 NMR (500 MHz, CDCl3): & = 6.52 (s, 1H, H-5), 6.48 (s, 1H, H-6), 3.74 (t, 2H, 3/ = 5.2
Hz, H-9), 3.70-3.67 (m, 6H, H-7, H-9), 3.39 (t, 2H, 3/ = 5.1 Hz, H-10), 3.27 (br. s, 2H, H-
11), 2.15(2 x br. s, 6H, H-12, H-13) ppm

13¢ NMR (500 MHz, CDCl3): & = 134.91 (C-1), 132.93 (C-2), 127.72 (C-3), 126.90 (C-4),
118.24 (C-5), 115.11 (C-6), 70.68 (C-7), 70.35 (C-8), 70.11 (C-9), 50.71 (C-10), 44.45 (C-
11), 19.24 (C-12), 18.84 (C-13) ppm

HRMS (ESI) m/z: [M + H]* Calcd for C14H2402Ns5 294.1925; Found 294.1914.

10-(2-(2-(2-Azidoethoxy)ethoxy)ethyl)-7,8-dimethylbenzo[g]pteridine-2,4(3H,10H)-
dione (3):

NE

13%16
12J/O

o N
14

N3 N2 0]
:@‘I(NH19

Compound 2 (2.50 g, 8.52 mmol), B,03 (1.19 g, 17.04 mmol) and alloxan monohydrate
(1.21 g, 8.52 mmol) were dissolved in glacial acetic acid (25 mL) and left to stir in the
dark at room temperature under Ar atmosphere for 2 days. Water was added (25 mL)
and extracted with DCM (3 x 50 mL). The organic layer was evaporated and then co-
evaporated with toluene (3 x 50 mL) to remove any traces of water and acetic acid.
The crude product was purified by silica gel column chromatography using a gradient
solvent system of DCM/acetone (4:1 - 1:1) to give the title compound as an orange

solid (2.35 g, 5.89 mmol, 69%)

1H NMR (500 MHz, DMSO-ds): & =11.30 (s, 1H, H-19), 7.82 (s, 1H, H-9), 7.81 (s, 1H, H-
10), 4.76 (t, 2H, 3J = 5.8 Hz, H-15), 3.81 (t, 2H, 3 = 5.8 Hz, H-14), 3.54 (m, 2H, H-13),
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3.45 (m, 4H, H-11, H-12), 3.25 (t, 2H, 3/ = 5.8 Hz, H-16), 2.47 (s, 1H, H-17), 2.36 (s 1H, H-
18) ppm

13C NMR (500 MHz, DMSO-de): & = 160.33 (C-1), 155.98 (C-2), 150.66 (C-3), 146.65 (C-
4), 137.48 (C-5), 136.20 (C-6), 134.10 (C-7), 131.83 (C-8), 131.18 (C-9), 117.30 (C-10),
70.67 (C-11), 70.06 (C-12), 69.73 (C-13), 67.24 (C-14), 50.39 (C-15), 44.56 (C-16), 21.06
(C-17), 19.22 (C-18) ppm

HRMS (ESI) m/z: [M + Na]* Calcd for CigsH2104N7Na 422.1547; Found 422.1528.

10-(2-(2-(2-aminoethoxy)ethoxy)ethyl)-7,8-dimethylbenzo[g]pteridine-2,4(3H,10H)-

dione (4):
NH,
13 16
13/0
O 1

Flavin 3 (0.50 g, 1.25 mmol) was added to a dried 100 mL 3 neck round bottom flask
and dissolved in degassed glacial acetic acid (50 mL). The vessel was purged with Ar by
water aspiration before adding Pd/C (10 mg), rinsing any residual powder off of the
flask walls with degassed acetic acid. The vessel was purged with Ar again before
replacing the atmosphere with H, from a balloon. The reaction was then left to stir for
18 h at room temperature. The atmosphere was then replaced by Ar and the reaction
mixture filtered through celite, washed with methanol and evaporated. The crude
residue was subjected to flash silica gel column chromatography using the solvent
system DCM/MeOH/AcOH (70:20:10 - 20:70:10) to give the title compound as a red
residue (0.43 g, 1.05 mmol, 84%).

1H NMR (500 MHz, CDsOD): & = 8.20 (s, 1H, H-9), 8.14 (s, 1H, H-10), 5.17 (t, 2H, 3/ = 5.0
Hz, H-15), 4.13 (t, 2H, 3/ = 5.0 Hz, H-14), 3.68 (m, 2H, H-13), 3.64 — 3.59 (m, 4H, H-11,
H-12), 3.08 (t, 2H, 3/ = 5.0 Hz, H-16), 2.68 (s, 3H, H-17), 2.55 (s, 3H, H-18) ppm
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13C NMR (500 MHz, CDs0D): & = 158.9 (C-1), 151.6 (C-2), 150.8 (C-3), 145.9 (C-4), 140.6
(C-5), 137.1 (C-6), 134.4 (C-7), 131.3 (C-8), 130.5 (C-9), 117.3 (C-10), 70.4 (C-11), 69.8
(C-12), 67.7 (C-13), 66.4 (C-14), 42.8 (C-15), 39.2 (C-16), 20.3 (C-17), 18.2 (C-18) ppm

HRMS (ESI) m/z: [M + H]* Calcd for C1sH2404Ns 374.1823; Found 374.1828.

N-(2-(2-(2-(7,8-Dimethyl-2,4-dioxo-3,4-dihydrobenzo[g]pteridin-10(2H)-
yl)ethoxy)ethoxy)ethyl)-2-(2,2-dimethylbenzo[d][1,3]dioxol-5-yl)acetamide (6):

28 91611N.4 N3O
II Y
10 7N;8E[2(NH
27
13 S

Compound 5 (0.42 g, 2.02 mmol) was dissolved in anhydrous DCM (40 mL) before
adding SOCI; (1.46 mL, 20.17 mmol) and refluxing for 2 h under Ar atmosphere. The
reaction mixture was evaporated to remove the solvent and excess SOCl, was removed
by toluene co-evaporation (3 x 20 mL). The resulting dark brown oil was immediately

used in the following step without further purification (0.46 g, 2.02 mmol, quant).

Flavin 4 (0.40 g, 0.98 mmol) was dissolved in anhydrous DMF (40 mlL) under Ar
atmosphere and protected from light. EtsN (0.27 mL, 1.95 mmol) was added and the
solution turned form dark red to dark green. The mixture was then cooled to 0 °C
before adding the acyl chloride activated 5 (0.44 g, 1.95 mmol) dissolved in anhydrous
DMF (10 mL) dropwise over 20 minutes. The resulting dark red reaction mixture was
left to stir and warm to room temperature over 18 h. The solvent was then removed in
vacuo and the crude residue purified by silica gel column chromatography using the
solvent system DCM/MeOH/AcOH (98.5:1:0.5 — 90:6:4) to give the title compound as
an orange solid (0.355 g, 0.63 mmol, 64%).

1H NMR (500 MHz, CDsOD): & = 7.94 (s, 1H, H-13), 7.91 (s, 1H, H-16), 6.64 (m, 2H, H-17,
H-18), 6.59 (d, 1H, 3/ = 8.1 Hz, H-14), 4.97 (t, 2H, 3/ = 5.4 Hz, H-23), 3.98 (t, 2H, 3/ = 5.4
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Hz, H-22), 3.58 (m, 2H, H-19), 3.46 (m, 2H, H-20), 3.36 (t, 2H, 3/ = 5.6 Hz, H-21), 3.34 (s,
2H, H-24) 3.21 (t, 2H, 3/ = 5.6 Hz, H-25), 2.56 (s, 3H, H-27), 2.46 (s, 3H, H-28), 1.58 (s,
6H, H-26) ppm

13C NMR (500 MHz, CDs0OD): & = 173.0 (C-1), 157.8 (C-2), 150.6 (C-3), 147.8 (C-4), 147.5
(C-5), 146.4 (C-6), 137.5 (C-7), 137.2 (C-8), 136.2 (C-9), 135.7 (C-10), 134.8 (C-11), 132.2
(C-12), 130.9 (C-13), 121.3 (C-14), 117.6 (C-15), 117.1 (C-16), 108.7 (C-17), 107.5 (C-18),
70.5 (C-19), 69.9 (C-20), 69.0 (C-21), 67.5 (C-22), 45.0 (C-23), 42.1 (C-24), 39.0 (C-25),
24.5 (C-26), 20.0 (C-27), 18.0 (C-28) ppm

HRMS (ESI) m/z: [M + H]+ Calcd for C29H3407Ns 564.2453; Found 564.2448.

2-(3,4-Dihydroxyphenyl)-N-(2-(2-(2-(7,8-dimethyl-2,4-dioxo-3,4-
dihydrobenzo[g]pteridin-10(2H)-yl)ethoxy)ethoxy)ethyl)acetamide (FLDA):

17
6
HN™ 1 231216 5 OH
20 24

19J/O
o 18
22H21

26 . 9 1S11N 4 N3 O
1 I “ T
10 7 N;gyszH
25
13 0
Flavin 6 (0.20 g, 0.35 mmol) was dissolved in DCM (20 mL) and TFA (4 mL) was added
dropwise at 0 °C. The reaction mixture was then left to stir at room temperature until
TLC analysis showed completion (2 h). The solvent and excess TFA were removed

under reduced pressure and co-evaporated with toluene (3 x 20 mL) to give the title

compound as a red solid (0.184 g, 0.35 mmol, 99%)

H NMR (500 MHz, CD30D): 6 = 7.84 (s, 1H, H-13), 7.82 (s, 1H, H-15), 6.67 (d, 1H,%J =
2.1 Hz, H-16), 6.64 (d, 1H, 3/ = 8.0 Hz, H-17), 6.54 (dd, 1H, 3/ = 8.0 Hz, %/ = 2.1 Hz, H-14),
4.90 (t, 2H, 3/ = 5.5 Hz, H-22), 3.94 (t, 2H, 3/ = 5.5 Hz, H-21), 3.55 (m, 2H, H-18), 3.44 (m,
2H, H-19), 3.36 (t, 2H, 3/ = 5.5 Hz, H-20), 3.29 (s, 2H, H-23) 3.21 (t, 2H, 3/ = 5.5 Hz, H-
24), 2.52 (s, 3H, H-25), 2.42 (s, 3H, H-26) ppm
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13C NMR (500 MHz, CDs0D): & = 174.8 (C-1), 162.3 (C-2), 151.7 (C-3), 149.4 (C-4), 146.4
(C-5), 145.3 (C-6), 138.9 (C-7), 138.7 (C-8), 137.3 (C-9), 136.1 (C-10), 133.5 (C-11), 132.2
(C-12), 128.2 (C-13), 121.5 (C-14), 118.5 (C-15), 117.2 (C-16), 116.4 (C-17), 71.9 (C-18),
71.3 (C-19), 70.5 (C-20), 68.8 (C-21), 46.4 (C-22), 43.3 (C-23), 40.4 (C-24), 21.4 (C-25),
19.4 (C-26) ppm

HRMS (ESI) m/z: [M + H]+ Calcd for C26H2907NsNa 546.1959; Found 546.1948.

2.3.3 Synthesis of DOPAC-free flavin (FLOH)
2-(2-(2-((2-Amino-4,5-dimethylphenyl)amino)ethoxy)ethoxy)ethan-1-ol (7):

133818 9o T 10
11 7 8
127 4 NH
5 2 7

4,5-dimethylbenzene-1,2-diamine (1.41 g, 10.32 mmol) and TEA (2.40 mL, 17.20 mmol)
were dissolved in dry THF (40 mL) and heated to 60°C before adding an excess of Nal
(5.16 g, 34.40 mmol) and the dropwise addition of 2-(2-(2-chloroethoxy)ethoxy)ethan-
1-ol (1.00 mL, 6.88 mmol) dissolved in THF (5 mL). The resulting heterogeneous
mixture was then stirred overnight under inert atmosphere at 60°C. After cooling, the
mixture was diluted with water (100 mL) and extracted with DCM (5 x 50 mL). The
combined organic layers were dried over anhydrous Na;SOs and reduced under
reduced pressure. The resulting dark red residue was purified by silica gel column

chromatography in DCM-methanol (98:2) to yield a red oil (1.242 g, 4.63 mmol, 67%).

1H NMR (500 MHz, CDCls): & = 6.52 (s, 1H, H-5), 6.47 (s, 1H, H-6), 3.76 (t, 2H, 3/ = 5.1
Hz, H-10), 3.70 (t, 2H,3J = 5.1 Hz H-9), 3.67 (br. s, 4H, H-7), 3.59 (m, 2H, H-8), 3.26 (t,
2H, 3/ = 5.1 Hz, H-11), 2.16 (s, 3H, H-12), 2.12 (s, 3H, H-13) ppm

13¢ NMR (500 MHz, CDCl3): & = 135.15 (C-1), 132.44 (C-2), 128.01 (C-3), 126.71 (C-4),
118.45 (C-5), 114.82 (C-6), 72.79 (C-7), 70.36 (C-7), 70.00 (C-8), 69.63 (C-9) 50.71 (C-
10), 44.2 (C-11), 19.27 (C-12), 18.82 (C-13) ppm

HRMS (ESI) m/z: [M + H]+ Calcd for C14H2403N2Na 291.167914; Found 291.16703.
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10-(2-(2-(2-Hydroxyethoxy)ethoxy)ethyl)-7,8-dimethylbenzo[g]pteridine-
2,4(3H,10H)-dione (FLOH):

20
OH

13H 15
12J/O

o n"
14

N3N2 O
:Q’I(NH19

Compound 7, B;0s (0.778 g, 11.18 mmol) and alloxan monohydrate (0.894 g, 5.59
mmol) were dissolved in glacial acetic acid (17 mL) and left to stir in the dark at room
temperature under Ar atmosphere for 2 days. Water was added (25 mL) and the
mixture extracted with DCM (3 x 50 mL). The organic layer was evaporated and then
co-evaporated with toluene (3 x 50 mL) to remove any traces of water and acetic acid.
The crude product was purified by silica gel column chromatography using a gradient
solvent system of DCM/acetone (4:1 - 1:1) to give the title compound as a yellow solid

(1.49 g, 3.98 mmol, 71%)

'H NMR (500 MHz, DMSO-de): 6 =11.19 (s, 1H, H-19), 7.84 (s, 1H, H-9), 7.82 (s, 1H, H-
10), 4.79 (t, 2H, 3/ = 5.9 Hz, H-15), 4.40 (t, 1H, 3/ = 5.5 Hz, H-20), 3.85 (t, 2H, 3/ = 5.9 Hz,
H-14), 3.56 (t, 2H, 3/ = 5.9 Hz, H-13), 3.45 (m, 4H, H-11, H-12), 3.34 (m, 2H, H-16), 2.47
(s, 1H, H-17), 2.36 (s 1H, H-18) ppm

13C NMR (500 MHz, DMSO-de): & = 160.12 (C-1), 155.76 (C-2), 150.58 (C-3), 146.56 (C-
4), 137.34 (C-5), 136.05 (C-6), 134.05 (C-7), 131.74 (C-8), 131.14 (C-9), 117.18 (C-10),
72.74 (C-11), 70.59 (C-12), 70.10 (C-13), 67.13 (C-14), 60.60 (C-15), 44.56 (C-16), 20.91
(C-17), 19.05 (C-18) ppm

HRMS (ESI) m/z: [M + Na]* Calcd for C1gH220sN4Na 397.1482; Found 397.1467.
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2.3.4 Synthesis of Flavin-Polydopamine

General Procedure: A mixture of ammonia solution (0.1 mL, 28%), ethanol (1.5 mL)
and Milli Q water (4.5 mL) was stirred at room temperature for 30 minutes in reaction
vessels protected from direct sunlight. Dopamine hydrochloride* dissolved in Milli-Q
water (0.5 mL) and FLDA** dissolved in ethanol (0.5 mL) were mixed before being
added dropwise to the reaction mixture. The resulting dark brown/black mixture was
left to stir in the presence of air for 24 h. The mixture was then centrifuged at 25000 x
g for 30 min and the supernatant was removed. The precipitate was washed with Milli-
Q water (3 x 40 mL) and then suspended in Milli-Q water (20 mL), frozen in liquid N;
and lyophilised to yield a dark brown/black powder.

*Dopamine . Molar Ratio
S Hydrochloride / mg A/ (DA-HCI:FLDA)
FLPDA- 5 15.80 8.73 5:1
FLPDA-10 17.24 4.76 10:1
FLPDA-20 18.06 2.49 20:1
PDA 18.96 - -
2.3.5 Fluorescence Calibration Curve
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Figure 2.2: Fluorescence calibration curve of FLDA at Asy7 in 0.05 M KPi buffer pH 7.4

(ex/em slits = 10 nm). All measurements were carried out in 200 L total volume.
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Table 2.1: Correlation data obtained from the calibration curve. All measurements

were carried out in 0.05 M KPi buffer pH 7.4 and 200 pL total volume (ex/em slits = 10

nm).

Sample T;/:a;:;z; 50w Intensity  [FLDA] (uM)  (umol/mg
(50 pg/mL) FLPDA)

FLPDA-5 5:1 325.35 536.73 55.51 1.11

FLPDA-10 10:1 248.16 409.39 42.10 0.84

FLPDA-20 20:1 210.82 347.79 35.61 0.71

2.3.6 Laser Diode Emission Spectrum and Experimental Setup
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Figure 2.3: (A) Intensity spectrum of the OSRAM laser diode used in the setup (B)

Experimental setup of laser diode and fibre-optics.

The time-dependent sample concentrations and reaction rates during excitation with

an OSRAM laser diode (Figure 2.3A) were measured with a custom-built modular

absorption spectroscopy setup as shown in Figure 2.3B. A fibre-coupled white light

halogen light source (Ocean Optics DH-2000) was collimated with a 4x Olympus Plan N

objective and penetrates the sample in a clear 1x1 cm plastic cuvette. The outgoing

beam is coupled with a 7.86mm focal length lens into a 300 um multimode fibre, which

was connected to an Ocean Optics QE65000 spectrometer. The reaction is driven with

L. B. Crocker — August 2020

49




Design and Application of Nanostructured Flavin Photocatalysts

an OSRAM 458 nm laser diode, spectrum shown in Figure 2.3A, through the cuvette

perpendicular to the spectroscopy beam.

2.3.7 Photooxidation of Amplex Red

General Procedure: FLPDA catalyst (1-10 pg/mL) and Amplex Red (100 puM) were
added to a cuvette containing KP; buffer (2 mL, 10 mM, pH 7.4) under stirring in the
dark. The cuvette was then irradiated with a laser diode (458 nm) and spectra were
recorded over time. Absorbance values were converted to molar equivalents using the

molar extinction coefficient of resorufin at pH 7.4 (67 700 M-1cm1).12%3]

2.3.8 Photoreduction of Resazurin

General Procedure: FLPDA catalyst (1-10 ug/mL), EDTA (100 uM) and resazurin (25
uM) were added to a cuvette containing KP; buffer (2 mL, 10 mM, pH 7.4) with stirring.
The mixture was purged with N in the dark for 15 minutes. It was then irradiated with
a laser diode (458 nm) under N; atmosphere and spectra were recorded over time.
Absorbance values were converted to molar equivalents using the molar extinction
coefficient of resorufin at 572 nm (67 700 M-cm™, pH 7.4)2%31 and for resazurin at 602
nm (35 510 Mcm™, pH 7.4) which was calculated using known concentrations of

resazurin.

Recycling experiments were carried out by irradiating FLPDA-5 (50 pg/mL) in the
presence of RZ (0.2 mM) and EDTA (1 mM) in KPi buffer (0.1 M, pH 7.4) for 1 hour
under Ar atmosphere. The catalyst was then removed by centrifugation (4000 rpm, 30

min) and washed with MilliQ water (2 x 10 mL).

2.3.9 Cell studies

2.3.9.1 Cell Culture

A549 cells were cultured within 25, 75 or 175 cm? flasks in Dulbecco’s Modified Eagle’s
medium (DMEM) supplemented with 10 % (v/v) sterile filtrated (0.2 uM CA membrane
filter) fetal bovine serum (FBS), 100 U/mL penicillin and 100 pg/mL streptomycin
sulphate (PS) at 37 °C and 5 % CO: in a humidified incubator and sub-cultured at 80 %
confluency. For passaging cells, the medium was removed, cells were washed with 2-5

mL Dulbecco’s Phosphate buffered saline (PBS) before incubating the adherent cells
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for 5 min with 2-5 mL trypsin-EDTA solution (0.25 % v/v) in order to detach the
adherent cells from the culture flask. After stopping trypsinization by adding at least
the same volume of DMEM, the cells were separated from the medium by
centrifugation (5 min, 100 x g, RT). Subsequently, the cell pellet was resuspended and
diluted in DMEM according to the desired size and cell density of the following cell

passage.

2.3.9.2 LDH release cytotoxicity assay

To evaluate the in vitro cytotoxicity of FLPDA NP treatment on A549 cells, the activity
of the cytosolic enzyme lactate dehydrogenase (LDH) present in the culture media was
determined by using the commercially available fluorometric LDH assay kit in a 96-well
plate format (abcam, UK) monitoring with an excitation of 535 nm and emission at 587

nm.

2.3.9.3 MTS viability assay

To evaluate the in vitro viability of FLPDA NP treatment on A549 cells, the metabolic
activity of the cells was determined by using the commercially available MTS viability
assay kit in a 96-well plate format (Promega, USA) monitoring with colorimetric

detection between 450-540 nm.

2.3.9.4 Superoxide detection assay

To evaluate the level of oxidative stress on A549 cells by FLPDA NPs treatment, the
amount of intracellular ROS was detected using the commercially available superoxide
detection kit in a 96-well plate format (Enzo Life Sciences Ltd., UK) monitoring with an

excitation of 550 nm and emission at 620 nm.
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2.4 Results and Discussion

2.4.1 Synthesis and Characterisation

The FLDA monomer was synthesised according to the route shown in Figure 2.4. First,
the functionalised triethylene glycol, 1 was used in a mono-substitution reaction with
4,5-dimethylbenzene-1,2-diamine to form compound 2. Isoalloxazine formation was
achieved through the double condensation reaction with alloxan monohydrate to
obtain flavin derivative 3. The azide functionality was then reduced via catalytic
hydrogenation to yield the amine-bearing flavin derivative 4. Conjugation of this
compound to the activated catechol-protected dopamine analogue 6 resulted in
protected FLDA derivative 7, which was subsequently deprotected to afford the target
FLDA monomer. Copolymerisation of dopamine and FLDA was carried out following a
room temperature procedure adapted from Ai et al. and using ammonia addition to a
water/ethanol solvent system in the presence of air (Figure 2.4).2°% The reaction
vessels were protected from direct light exposure to avoid any possible side reactions

through the excitation of flavin moieties.
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Figure 2.4: Synthesis of FLDA and FLPDA. Reaction conditions: a) 4,5-dimethylbenzene-
1,2-diamine, K2CO3, DMF, 50 °C, 12 h (70%); b) alloxan monohydrate, B,Os, AcOH, RT,
dark, 48 h (69%); c) Pd/C, Ha, AcOH, RT, dark, 18 h (84%); d) i) 5, SOCl,, DCM, reflux, Ar,
2h then ii) 4, TEA, DMF, RT, dark, 18 h, (62%) e) TFA/DCM, RT, dark, 2 h (99%); f)
dopamine hydrochloride, NH4OH, EtOH/H,0, RT, 24 h.
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In order to explore the effect of the amount of the FLDA monomer on the
copolymerisation and formation of NPs, different molar ratios of dopamine to FLDA
were used (5:1, 10:1 and 20:1) resulting in NPs referred to as FLPDA-5, FLPDA-10,
FLPDA-20 respectively. Prepared samples were washed extensively and lyophilized to
avoid any thermal decomposition of the polymer that could occur through vacuum
heating. Flavin modified NPs were noticeably browner in colour when compared to
black unmodified PDA NPs. The zeta potential values ranged from -35.7 mV for FLPDA-
5 to -41.5 mV for FLPDA-20 indicating good colloidal stability and dispersibility (see
Table 2.2). The size and shape of FLPDA particles were further investigated by STEM
(Figure 2.5) showing that all samples contained spherical NPs of similar size (approx.
200 nm) with relatively large size distribution (x ~50 nm). Some conjoined particles and
the largest size distribution were observed in FLPDA-5 (see Figure 2.5A/B and Table
2.2). In contrast, PDA NPs synthesized under the same conditions displays a narrow
size distribution with an average size of 110 + 18 nm (see Figure 2.5G/H), which
indicates that the presence of flavin moieties affects the polymerization mechanism
and oligomer aggregation leading to particle formation. This change in shape and size
is most likely a consequence of H-bonding and electrostatic interactions between the

flavin group and oligomeric units.

Table 2.2: Size and zeta potential measurements of FLPDA samples.

Monomer Hydrodynamic Zeta potential
Sample molar ratio ysize (‘r,\m)a PDI? (r:nV) Particle size (nm)®
(DA:FLDA)

FLPDA-5 5:1 577.3+37.32 0.448 -35.7+0.3 202 £110
FLPDA-10 10:1 495.5+23.05 0.382 -37.7+0.8 207 £53
FLPDA-20 20:1 389.4+16.83 0.334 -41.5+0.8 201 +£58

PDA 1.0 155.0+1.12 0.044 -55.0+1.2 110+ 18

2 Measured by DLS
®Measured by STEM
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Figure 2.5: STEM images of FLPDA NPs prepared with different molar ratios of
dopamine to FLDA monomer. (A and B) FLPDA-5 (5:1), (C and D) FLPDA-10 (10:1), (E
and F) FLPDA-20 (20:1), (G and H) PDA (1:0).

To validate the presence of flavin moieties, particles were first analysed by

UV-Vis absorption and fluorescence spectroscopy. The UV-Vis spectrum of the FLDA
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monomer shows absorption bands at Amax = 445 nm and 373 nm corresponding to the
transitions from the ground state (So) to the Si (Amax ~ 442—450 nm) and Sy (Amax ~
360-375 nm) excited states (see Figure 2.6A).12 These bands are red-shifted to ~ 456
nm for the So = Sitransition and ~ 376 nm for the So - S;transition in FLPDA (Figure
2.6B). This can be explained by an increase in proton donation from PDA,[>** and by
electron-withdrawing inductive effects on the flavin moieties due to incorporation into

the highly conjugated PDA system.[?%]
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Figure 2.6: UV-Vis absorption spectra of (A) FLDA (80 uM in H,0) and (B) FLPDA
samples with PDA reference (50 pg/mL in 0.05 M KPi buffer pH 7.4 ).
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The fluorescence emission spectrum of FLDA is characterized by emission
maxima at ~ 527 nm (Aex = 450 nm) which correlates well to other known flavin
compounds (see Figure 2.7A).12°¢1 FLPDA samples also exhibit this signal, as shown in
Figure 2.7B, confirming the presence of flavin moieties in the particles. An earlier study
in which flavin compounds were incubated with melanin (structurally analogous to
PDA) showed that the fluorescent properties of flavins did not change upon binding
and there was no significant fluorescence quenching by the polymer.?*”l That study,
however, focussed on the non-covalent binding of flavin derivatives to melanin, and

not on the covalent attachment used in this work.
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Figure 2.7: Fluorescence emission spectra of (A) FLDA (80 uM in H,0) and (B) FLPDA
samples with PDA reference (50 pg/mL in 0.05 M KPi buffer pH 7.4).
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In order to validate the assumption that flavin content can be indeed
quantified via fluorescence measurements of particles, a DOPAC-free flavin analogue,
FLOH was prepared and compared to the DOPAC conjugated monomer FLDA (Figure
2.8). Despite the UV-vis absorption of FLDA being only slightly weaker in signal that
FLOH (Figure 2.8), the fluorescence intensity is much lower for FLDA when compared
to same concentration of FLOH (Figure 2.9A) This observation indicates some
intramolecular isoalloxazine-catechol fluorescence quenching similar to that found for
FAD and adenosine due to a possible formation of a ‘closed’ structure.[?®®! Kozik et al.
suggested that the key phenolic and indolic groups in the melanin polymer do not
incur any fluorescence quenching due to their inability to form charge-transfer
complexes with the isoalloxazine ring.[?*’! Although it was initially observed that there
was a fluorescence decrease when FLOH was incubated with PDA NPs, this was no
longer valid after correcting for the absorbance of PDA at the excitation and emission
wavelengths. A correction factor was therefore applied by multiplying the Amax
intensity value at 527 nm by the percentage absorbance of PDA (50 pg/mL) at A = 450
nm (41%) followed by the percentage absorbance of PDA at A = 527 nm (17%). As a
result, a representative emission spectrum of FLOH was obtained showing negligible
guenching by PDA and indicates that any attenuation in intensity is absorbance
dependent (Figure 2.9B). Additionally, it can be observed that the emission of the
absorbance corrected FLOH + PDA spectrum exhibits a red-shift to 527 nm. This is the
same value as FLDA and FLPDA but in this case, the emission has the same intensity as
FLOH alone. It can therefore be assumed that there is negligible fluorescence
guenching of the flavin moiety bound covalently to the PDA backbone and the only
appreciable quenching is derived from the catechol moiety attached to the monomer

FLDA.

A fluorescence calibration curve was subsequently obtained using known
concentrations of FLDA to approximate flavin concentration within the NPs. As
expected, FLPDA-5 contains a higher proportion of flavin than FLPDA-10 and FLPDA-
20; approximately 1.11, 0.84, 0.71 umol/mg FLPDA respectively (see Section 2.3.5 for
full details). Clearly, the relative amounts of flavin do not exactly match the initial

monomer ratios used for the synthesis. This could be explained by base-catalysed
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cleavage and/or hydrolysis of some flavin moieties during the polymerization, which

was previously reported for other flavins.[22%300]
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Figure 2.8: Comparison of FLOH and FLDA structures and their corresponding UV-Vis

spectra (100 uM in H;0).
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Figure 2.9: Fluorescence emission spectra of (A) FLDA and FLOH (20 uM in H,0) and (B)
the effect of PDA (50 pg/mL) incubation which decreases fluorescence emission

intensity that can be corrected by factoring in the absorbance of PDA.

Flavin presence within nanoparticles was additionally confirmed by Fourier
transform infrared (FTIR) spectroscopy by comparing FLPDA samples with FLDA and
PDA. As shown in Figure 2.10, the FTIR spectrum of PDA (Figure 2.10A) contains
characteristic bands at 3356 cm™ relating to O-H and N-H stretching vibrations. The
spectrum of FLDA has a much broader band at 3414 cm™ relating to these vibrations,
and as a result, FLPDA samples show very similar bands through the contributions of
both modes. Unlike PDA, the spectra of FLPDA samples clearly contain C-H stretching
vibration bands at 2924 and 2855 cm™ that correlate well to the spectrum of FLDA. As

seen in Figure 2.10B, the main characteristic bonds corresponding to the flavin
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moieties in the polymer can clearly be observed when compared to the monomer
FLDA, from the sharp bands at 1545 cm™ and 1580 cm™ relating to v(C=N) modes in
the isoalloxazine ring.?% Contributions from the flavin carbonyl v(C=0) (1711 and
1680 cm™) and v(C=C) be seen in FLPDA samples in combination with C=0 and C-O
vibrational modes of PDA, seen at 1610 and 1512 cm™ respectively in its spectrum.
Further C=N and C=C combined contributions can also be observed at lower

wavenumbers in the spectra of FLPDA (1292 cm™?).
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Figure 2.10: FTIR spectra of FLPDA samples including PDA and FLDA references at (A)

full scale and (B) zoomed scale. All samples were measured as KBr discs.
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2.4.2 Photocatalytic Assays

Following the preparation and characterization of the FLPDA NPs, their photocatalytic
activity was initially investigated using model chromogenic dyes to explore both
oxidation and reduction reactions (Figure 2.11). Amplex Red (AR), a common
peroxidase enzyme substrate and marker for oxidation3923% was chosen as a suitable
substrate to monitor FLPDA photooxidation activity. The fluorescent product, resorufin
(RF, absorption Amax = 572 nm) can also be produced by the reduction of blue dye
resazurin (RZ, absorption Amax = 602 nm), a commonly utilised marker for enzymatic
reduction activity.3%! Thanks to the differences in characteristic absorption bands of
the substrates and product, monitoring the reaction progress can easily be achieved

using real-time UV-Vis absorption spectroscopy (see Section 2.3.6 for full custom set-

up).
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Figure 2.11: Schematic of photo-redox catalytic cycles of resorufin (RF) production
from Amplex Red (AR photooxidation) and resazurin (RZ photoreduction) in presence

of FLPDA.

2.4.2.1 Amplex Red Photooxidation

Initially, 10 pg/mL FLPDA-5 NPs (~10 mol% flavin) were incubated with AR (100 pM) in
KPi buffer at pH 7.4 (10 mM, 2 mL) and then irradiated with a blue laser diode (458
nm). Clear oxidative conversion of AR to RF was observed upon irradiation evidenced
by a rapid increase in absorption at 572 nm (Figure 2.12A). FLPDA-5 showed the

highest reaction rate of 3.69 pM/h using an excitation intensity of 1.19 mW/cm?, when
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compared to the other FLPDA samples, which can be correlated to the higher

concentration of flavin moieties within the particles.

o R
N N /NYO
o, < XL e
HO O OH N
Amplex Red (AR) ©

Visible
Light

R
| H
Iowel Lo
o] (o] OH n NI‘TNH H,0,
Ho o

Resorufin (RF)

2.5
A T T ] " .
572 nm 4 — 8.1 min
2.0
]
c 15
©
fe]
[ .
& 1.0
Q0
<
0.5
0.0 " r ;
450 500 550 600 650
Wavelength / nm
5
B T T T T T T 40
=, | ¥
= a4l | 1302 )
=3 Ty
= i C-Fit 120 :
(@) ! L
o 3rt J10 & T
o |
2 TR 0
g 2+0 2 4 6 8 10 -
@ Reaction Time / h
g1t -
[
S ]
o L — I ]

PDA blank FLDA FLPDA-10 FLPDA-5

Figure 2.12: FLPDA catalysed photooxidation of Amplex Red (AR) to resorufin (RF). A)
Plot of the absorbance changes observed for the photooxidation of AR to RF by FLPDA-
5 (10 pg/mL) in KPi Buffer (10 mM, pH 7.4, 2 mL) using 6.40 mW/cm? excitation
intensity. (B) Comparative plot of AR photooxidation in presence of FLPDA

photocatalysts and controls (10 pg/mL, [FLDA] = 10 mol%) using 2.95 mW/cm?

excitation intensity.

Control experiments were performed using FLDA (10 mol%) which showed
that in comparison to FLPDA, the reaction was far less efficient with only 0.43 uM RF

being produced per hour. Such as significant difference between the monomer and
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polymer NP indicates a potential synergistic relationship between PDA and flavin
within the hybrid particles, which results in stabilization of reactive intermediates
and/or enhancement of charge transfer. Further control experiments using PDA (10
ug/mL) and without any catalyst exhibited no or very little activity. The blank control
experiment without any catalyst was carried out as it has been previously reported
that trace amounts of excited state RF can catalyse the oxidation of AR.[3%! |ndeed,
there was some conversion, however, it was at a significantly slower rate (0.24 uM/h
vs. 3.69 uM/h for FLPDA-5). In addition, the reaction displayed a dependence on laser
power indicated by accelerated conversion at higher laser powers, as shown in Figure
2.13. This clearly demonstrates the photocatalytic character of FLPDA as one would
expect more absorbed photons would to lead to higher activity. Furthermore, no
reaction occurred between the catalyst and substrate in dark (0 mW) over a period of

>10 hours.

40 T T T T

35 F -

[RF1/ uM

Time / h

Figure 2.13: Plot of laser diode power (458 nm) dependence (including dark
measurement at 0 mW) on the photooxidation of AR (100 uM) in KPi buffer (10 mM,
pH 7.4, 2 mL) with FLPDA-5 (10 pg/mL).

Following these experiments, the temporal control of the photooxidation
reaction was investigated by performing intermittent ON/OFF irradiation cycles over a
period of 9 h as shown in Figure 2.14. A clear increase in absorption of the product RF
at 572 nm is observed when the system is irradiated (ON state) and no further reaction
takes place when the laser is switched off for 30 min (OFF state) as evidenced by the
absorption plateau. Such behaviour demonstrates that the catalytic activity of FLPDA

towards substrate oxidation is light-dependent and has excellent capacity for temporal
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control, a feature that is widely sought after in green chemistry to minimize the cost

and maximize the efficiency of a reaction.!3%7]
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Figure 2.14: Photooxidation of AR by FLPDA-5 under intermittent ON/OFF irradiation
cycles. Reaction conditions: AR (100 uM), FLPDA-5 (10 pg/mL) in KPi Buffer (10 mM,
pH 7.4, 2 mL) using 2.95 mW/cm? excitation intensity (458 nm).

To gain a better understanding into FLPDA’s oxidative mechanism, the kinetic
profile of AR photoxidation by FLPDA-5 was modelled using Michaelis-Menten theory.
As seen in Figure 2.15, the catalyst’s kinetic behaviour fits the model well over the
majority of substrate concentrations indicating a possible enzyme-like mechanism
involving substrate binding, followed by reaction and product dissociation. However,
as these data do not fit perfectly, a deeper investigation into the modelling the kinetic
profile of the catalyst should be investigated in future work as this model may not be
the best for this system. The Km value obtained from the Michaelis-Menten fit was
166.7 UM and a Vmax of 1.66 uM/min (Figure 2.15A and B). Compared to enzymes with
high specificity to Amplex Red, such as horseradish peroxidase (HRP), these values
indicate less specificity and efficiency (6.4 uM and 2.2 uM/min for HRP respectively),

but still in a range to be considered as an effective enzyme mimic.3%!
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Figure 2.15: Michaelis-Menten plot (A) and reciprocal Lineweaver-Burke plot (B) for
the photooxidation of AR by FLPDA-5 (10 pg/mL) in KPi buffer (10 mM, pH 7.4, 2 mL)
using 50.3 mW laser diode (458 nm).

The enhanced photocatalytic activity of FLPDA compared to the FLDA
monomer can therefore be attributed to aromatic stacking and other intermolecular
interactions between AR, PDA and flavin, similar to previously reported flavin-PPhs-
functionalised gold nanoclusters,'”?! which allows for favourable orientation for
catalysis to occur (Figure 2.16). It is also possible that non-specific binding of AR to the
PDA surface is responsible for a decrease in activity for FLPDA-10 (less flavin, more

PDA) when compared with FLPDA-5 (less PDA, more flavin).
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Figure 2.16: Possible intermolecular interactions between AR, PDA and flavin moiety

that could enhance catalytic activity.

2.4.2.2 Resazurin Photoreduction

After successful demonstration of efficient photocatalytic activity of FLPDA towards
oxidation, the photoreduction of resazurin (RZ) was then investigated. In this case,
EDTA was utilised as the electron donor to first reduce flavin moieties within FLPDA to
afford RF.[1143%1 As with previous experiments, 10 pg/mL FLPDA-5 NPs (~10 mol%
flavin) were irradiated with a blue laser diode (458 nm) at different excitation
intensities now in the presence of RZ (25 uM) and EDTA (100 uM) in degassed 10 mM
KPi buffer at pH 7.4 (2 mL) under N, atmosphere. The spectral changes were then
monitored in real time, following the decrease of RZ absorption at 602 nm and the
increase of RF absorption at 572 nm (Figure 2.17A). Fast reduction of RZ substrate and
production of RF was observed showing complete conversion after 4 min of irradiation
(Figure 2.17B). Further decrease in RF concentration after 4 min can be attributed to

the product bleaching.
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Figure 2.17: Photoreduction of resazurin (RZ) to resorufin (RF) in the presence of
FLPDA and EDTA. (A) Plot of the absorption changes observed for the photoreduction
of RZ to RF by FLPDA-5 (10 pg/mL) in the presence of EDTA (100 uM) in KPi Buffer (10
mM, pH 7.4, 2 mL). (B) Plot showing the relative consumption of RZ and production of
RF by FLPDA-5 (10 pg/mL) in the presence of EDTA (100 uM) in KPi Buffer (10 mM, pH
7.4, 2 mL). (C) Comparative plot of RZ photoreduction in presence of FLPDA
photocatalysts and controls (10 pg/mL, [FLDA] - 10 mol%). All experiments were
carried out under N> atmosphere and using 458 nm light source with 6.40 mW/cm?

excitation intensity.
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Control runs were also performed (Figure 2.17C) showing that PDA (10 ug/mL)
displayed almost no activity whereas, some conversion of RZ to RF (0.58 uM/min
compared to 5.7 uM/min for FLPDA-5) was observed in the blank measurement
containing EDTA, but no catalyst. Such behaviour has been previously reported and is
attributed to the interaction of triplet state RZ and electron dense tertiary aliphatic
amines.’319 |rradiation of RZ without EDTA led to RZ bleaching and no conversion to
RF. Following the trend observed in the photooxidation assay, the conversion was
doubled for FLPDA-5 compared to FLPDA-10 due the larger number of flavin active
sites. 10 mol% of FLDA showed 6 times lower reaction rate (0.95 uM/min) providing
further evidence of the enhanced activity of FLPDA through substrate-PDA-flavin

interactions.

Finally, the recyclability of FLPDA-5 was explored by removing the catalyst
post-reaction via centrifugation. The catalyst was then washed and reused in
subsequent reactions, maintaining good activity for up to 4 runs (see Figure 2.18).
Note that increases in RF concentration for runs 2 and 3 are as a result of random
experimental error. Due to the inherent losses experienced during catalyst recovery by
washing/centrifugation future work should look at developing a continuous flow

system using immobilised films of FLPDA.
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Figure 2.18: Recycling experiments for RZ photoreduction using FLPDA-5 (50 ug/mL) in
the presence of RZ (0.2 mM) and EDTA (1 mM) in KPi buffer (0.1 M, pH 7.4) for 1 hour

runs under Ar atmosphere.
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2.4.3 Photostability and decomposition

In order to fully characterise the photocatalytic activity of FLPDA NPs, the
decomposition of the system under irradiation was explored due to the photostability
issues of flavin compounds. Namely, upon irradiation the absorbance of flavin at ~445
nm decreases due to dealkylation to either lumichrome or lumiflavin as well as scission

of the isoalloxazine ring.[311

As an initial assessment of the prepared flavin system’s stability, the
photodegradation of monomer FLDA and its analogue FLOH was analysed to observe
the effect of a catechol functionality. Homogeneous solutions of FLDA and FLOH were
irradiated using 458 nm light (50.3 mW) under N; atmosphere and in air over 30 mins
at pH 7.4. Remarkably, in both air and under N, atmosphere, FLDA exhibits almost no
photodecomposition (Figure 2.19A and B) when compared to FLOH (Figure 2.19C and
D). This could be explained by a stabilising charge-transfer process between
isoalloxazine and catechol in a ‘closed’ conformation akin to FAD as rationalised based
on the previous fluorescence quenching data (Figure 2.9). This process can stabilise the
flavin by limiting the amount of degrading ROS formed in an aerobic environment

which is clearly seen in the case of FLOH in air (Figure 2.19C).
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Figure 2.19: Photostability of flavin compounds investigated by UV-Vis absorption. (A)
FLDA in air (B) FLDA under N, atmosphere, (C) FLOH in air, (D) FLOH under N;
atmosphere. All experiments contained 0.5 mM flavin, 50 mM KPi buffer (pH 7.4) using

458 nm light source with 6.40 mW/cm? excitation intensity.

The same study was also performed for FLPDA-5 by recording the UV-Vis
absorption and fluorescence spectra of the particles before and after 30 minutes
irradiation, as well as the supernatant after centrifugation of washed particles (see
Figure 2.20). The absorption spectra of the washed particles in both air and nitrogen
still showed presence of characteristic flavin bands (Figure 2.20A) but the fluorescence
of the particles after irradiation had decreased (Figure 2.20B). Analysis of the
supernatant revealed an emission at ~524 nm that most likely indicates the presence
of lumiflavin®®1l or another detached flavin species (Figure 2.20A). The cleavage of
flavin moieties from the particles could be remedied by the inclusion of a sacrificial
electron donor, such as EDTA, which very effectively limited the extent of this

degradation (Figure 2.20A and B).[10?]
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Figure 2.20: Changes in UV-Vis absorption and fluorescence of FLPDA-5 (50 pug/mL)
after 30 min irradiation (50 mW, 458 nm) in KPi buffer (50 mM, pH 7.4) with or without
EDTA (5 mM). (A) UV-Vis spectra of FLPDA-5 in air and under N, atmosphere. (B)
Fluorescence spectra of FLPDA-5 after irradiation in air and under N, atmosphere and

respective supernatants after centrifugation of particles (inset).

Despite the loss of some flavin species, analysis of FLPDA-5 particles by STEM
showed no considerable changes to their size and shape after both photooxidation

(Figure 2.21C and D) or photoreduction (Figure 2.21E and F).
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Figure 2.21: STEM images of FLPDA-5 (A and B) before, (C and D) post photooxidation

reaction and (E and F) post photoreduction reaction.

Overall, it is clear from these data that the incorporation of PDA does enhance
photostability of the flavin moieties through the formation of charge-transfer

complexes that increase its recyclability.

2.4.4 Biocompatibility studies

Finally, a preliminary investigation of the inherent toxicity of FLPDA nanoparticles
using three in vitro assays was performed. First, FLPDA was PEGylated to increase the
stability in cell culture media (DMEM) and to reduce immunogenicity when applied to
future in vivo experiments.[312 This was achieved through the covalent attachment of

amino terminated mPEGsooo to FLPDA by incubation in TRIS buffer (10 mM) at pH 8.5
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for 18 h. Cell viability was investigated via MTS assay after 24 h of incubation with the
particles. As shown in Figure 2.22 (black diamonds), PEG-FLPDA has a negligible effect
on cell proliferation over a wide dosage range until the concentration of particles is
significantly increased (to 1.0 mg/mL) at which point the viability is reduced to 54.6%.
The cytotoxicity of PEG-FLPDA was also investigated using a lactate dehydrogenase
(LDH) assay, which measures release of LDH and signals significant cell damage. This
was only observed for very high concentration dosages of 1.0 mg/mL after incubation

for 24 h (Figure 2.22, blue dots), correlating well to the MTS assay.
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Figure 2.22: Summary of in vitro assay data for A549 cells showing the MTS assay data
for cell viability (black diamonds), LDH assay data for cytotoxicity (blue dots) and

superoxide generation (red squares) in the presence of PEG-FLPDA after 24 h.

To compliment these assays, the effect of PEG-FLPDA on cell oxidative stress
using a superoxide detection assay was explored to monitor the induction or
scavenging of superoxide within the cells due to the presence of the particles. The data
in Figure 2.22 (red squares) show that amount of superoxide decreases (relative to
untreated controls) upon incubation with up to 10.0 pg/mL PEG-FLPDA . This indicates
that FLPDA has antioxidant properties similar to PDA and melanin.[1?3:203313] However,
at a concentration of 0.1 mg/mL, incubated cells showed an increased accumulation of
superoxide, although this seems not to impact the viability of the cells. Decrease of the

superoxide production again at 1.0 mg/mL is correlated to widespread cell death at
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this high concentration. However, these three assays clearly indicate that FLPDA NPs
are non-toxic below concentrations of 1.0 mg/mL, and even show an antioxidative
effect below 0.1 mg/mL. This initial study indicates that flavin-polydopamine systems
could be useful not only for photocatalysis, but for potential use in nanomedicine as
antioxidant drug carriers or photosensitisers for photodynamic therapy and water

remediation.

2.5 Conclusion

Hybrid flavin-polydopamine (FLPDA) nanoparticles were prepared by the
copolymerisation of a flavin-catechol monomer (FLDA) and dopamine vyielding a
system displaying versatile photocatalytic activity. Using model redox substrates, it
was shown that FLPDA is capable of efficient oxidative and reduction catalysis upon
irradiation. The hybrid catalyst was significantly more efficient than the flavin-catechol
monomer, FLDA which was rationalised by enzyme-like kinetic mechanism that is
enabled by PDA. Excellent temporal control was achieved for the photooxidation of
Amplex Red (AR) through the demonstrated ON and OFF activity upon irradiation. In
addition, fast and efficient photoreduction of resazurin (RZ) was achieved in presence
of EDTA as the electron donor, and the catalyst could be reused over 4 cycles without
significant loss of activity. Furthermore, the photodecomposition of the catalyst was
investigated showing that catechol conjugation improves flavin photostability through
a charge-transfer process which was evidence by fluorescence quenching
measurements. Finally, in vitro assays demonstrated the non-toxicity of the system
and indicated some antioxidative properties. Combined, these data show that flavin-
polydopamine is a promising candidate for photocatalysis applications as well as in

biomedical applications.
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3 LIGHT-DRIVEN
MONOOXYGENASE ACTIVITY OF
FLAVIN-POLYDOPAMINE

3.1 Introduction

This chapter will discuss the application of flavin-polydopamine to a flavoenzyme-
specific oxidation reaction which has not been reported in flavin photocatalysis. The
investigation will also explore the system’s ability to access key reactive flavin

intermediates upon irradiation through the cooperation of polydopamine and flavin.

Flavin-containing monooxygenases (FMOs) are an important group of
xenobiotic-degrading enzymes present in both eukaryotic and prokaryotic organisms.
They can add molecular oxygen to the lipophilic xenobiotic compounds, thereby
increasing their solubility to allow excretion. As a result, organisms are protected from
potentially toxic exogenous compounds derived from natural sources and, particularly
important for humans, the metabolism of drugs and pollutants.314313 One of the
substrates for FMOs, which is also widespread in nature is the N-heterocycle indole.
Indole is considered to be an aromatic pollutant due to its toxicity and potential
mutagenicity,3%® but it is also a versatile intermediate species and signalling molecule
across families of organisms.317-3201 FEMOs, as well as the other xenobiotic-degrading
enzymes such as cytochrome P450s, have been shown to convert indole to the blue
indigo dye through initial oxidation to indoxyl and subsequent dimerization to form the

dye as shown in Figure 3.1.
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Figure 3.1: Indole oxidation to indoxyl by flavin-containing monooxygenase (FMO from
S. pombe, PDB Entry - 2GVC) and subsequent oxidation by O, and dimerization to

indigo.[321l322]

This transformation has been utilized as an enzymatic assay to screen for
oxygenases, 3237326 byt also as a greener alternative to the industrial manufacture of
indigo and related indigoid dyes.327329 |ndigo dyes are currently commercially
produced starting from aniline, formaldehyde, and hydrogen cyanide to form
phenylglycinonitrile. This is subsequently hydrolysed to yield phenylg